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Introduction  
Connected and Automated Vehicle (CAV) technologies are quickly advancing and are 

expected to transform the transportation landscape in the coming years. For there to be 

a smoother transition to CAV transportation, state and local agencies must understand 

how and when traditional highway and street infrastructure may be affected as well as the 

impacts this could have on design, operation, and maintenance. The objective of this 

research was to provide guidance for state and local transportation agencies in 

evaluating, and potentially adapting their standards and practices for roadway and 

intelligent transportation system (ITS) designs and operations to reflect the deployment 

of CAV technologies. This research approach consisted of five main tasks and its 

respective sub-tasks to develop in-depth findings from the technological, policy, and 

deployment aspects of integrating these new elements into the nation’s future 
transportation ecosystem.  

 

Figure 1 Tasking Approach for 20-102 (15) 

 

Task 1: State-of-the-art Assessment 
The project began with a literature assessment that covered technical implications of CAV 

features, deployment trends, and existing regulations in this space. Three separate 

technical memorandums (Appendix A) were developed as an outcome that details the 

state-of-the-art assessment.  

Task 1.1: Assessment of Existing HAV and CAV Technologies 
This first memorandum describes CAV deployment timelines and provides a focused 

review of trends and impacts on infrastructure for enabling technologies. The 

memorandum summarizes timelines and market trends for automated vehicle (AV) 

features, reviews the technologies that enable these features, and identifies technology-

related challenges and opportunities related to infrastructure. It explores these concepts 
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through a systematic review of internal resources, popular and technical press sources, 

academic journal publication, and conference and seminar presentations. The timeline of 

AV feature deployment informs how soon infrastructure updates may be needed, and 

what factors to consider in planning upgrades. This assessment groups technologies into 

the following categories: sensors and perception; human-machine interface (HMI); 

communications; digital infrastructure and mapping; data sharing; position, navigation, 

and timing (PNT); and systems engineering. 

CAV functionality is enabled by a variety of technologies that were categorized and 

reviewed, for each technology area, this assessment revealed how the technology 

supports AV features, emerging trends and forecasts, and infrastructure impacts. Below 

is a summary of each technology area: 

• Systems engineering: CAVs are systems-of-systems that are expected to 

increase in complexity, especially with CAV features. Managing the requirements 

and interactions systems is a major challenge. CAV architectures and functional 

safety frameworks describe intersections with physical and digital infrastructure 

features, and MBSE tools may be useful for understanding and tracking 

requirements and test cases between CAV and infrastructure touchpoints. 

• Sensors and perception: Radar, LIDAR, and vision sensors, as well as 

perception algorithms, were reviewed, including how they support various AV 

features. Generally, sensors are becoming cheaper, higher performing, and 

smaller. Perception algorithms are improving roadway feature and object 

detection, and localization capabilities. Many factors that influence infrastructure 

perception were reviewed; for example, perception is negatively impacted by sign 

disorientation, occlusion, and non-uniformity, as well as influenced positively by 

high retroreflectivity and high contrast.  

• HMI: Although automated systems offer the promise of increased safety and 

reduced human error, substantive human factors challenges need to be 

addressed; especially, since human driver behavior is a complex topic and there 

is much heterogeneity between drivers. Humans interact with the CAV inside the 

vehicle as drivers/operators, and outside of the vehicle as pedestrians. 

Infrastructure owners coordinate interactions of these systems by influencing how 

AVs interact with pedestrians and how drivers interact with the ITS and the CAV. 

• Communications: Connected Vehicle (CV) communications allow CAVs to 

exchange information with each other, as well as with road side and remote 

infrastructure. Although the underlying communications technology has not been 

determined, extensive work on data messages and securing the communications 

have been successfully conducted. Depending on the V2X protocol to be 

implemented, either DSRC RSU or C-V2X equipment will need to be installed and, 

in many cases, integrated with traffic signal controllers.  
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• Digital infrastructure and mapping: Digital maps are a key enabler of CAV 

features that can provide information that sensors may not detect, generally 

improving the resilience of localization and mapping. IOOs own data that can 

improve digital maps for CAV, and should consider what data to collect, maintain, 

and disseminate. Conversely, CAV HD maps may benefit IOO efforts, such as 

infrastructure inventory and condition assessment data. 

• Data sharing: New data-sharing platforms, protocols, and tools are being 

developed, but face challenges with broad adoption in part due to industry 

fragmentation. IOOs seeking to accelerate deployments that can prioritize 

candidate data elements for sharing (such as work zone and road closure data); 

harmonize around common message formats and protocols to improve 

interoperability and scalability; and work with data consumers to develop sharing 

platforms and build communities of interest. 

• PNT: Highly accurate Position, Navigation & Timing (PNT) inputs are essential to 

enable cooperative AV operations, especially at higher speeds. The availability 

and accuracy of GPS signals can be increased through deployed GPS repeaters, 

and the use of network supplied NDGPS corrections, which are relayed (i.e., 

broadcast) to AV onboard positioning systems.  

In addition, this first memorandum highlighted impacts on several facets of infrastructure 

design, maintenance, and operation influenced by new technologies. Below is a summary 

of some of these impacts: 

• Design: The geometry, color, reflectivity, contrast, uniformity, and connectivity of 

traffic control devices (TCDs) and roadways impacts the performance of AV 

sensor and perception systems. The geometry of the roadway can limit sensor 

line-of-sight. The color of signs can impact detection, especially if it is similar to 

foliage or other typical backgrounds. Roadway markings are easier to see with 

higher retroreflectivity at night and high contrast during the day. Connectivity 

through RSUs and cellular devices can improve road safety and AV performance 

(i.e., improving localization accuracy or providing collision warnings). Adopting the 

latest version of the USDOT national architecture and the use of tools (i.e., SET-

IT, RAD-IT) will improve interoperability and scalability. 

• Maintenance: Adequately maintaining infrastructure for CAVs includes 

considering aspects of signs (e.g., vandalism, occlusion, and disorientation) and 

markings (e.g., degradation). Information about infrastructure inventory and 

conditions may be available to IOOs from AVs and digital maps. This information 

can help inform and prioritize maintenance needs. 

• Operations: Roadways are not static, and many aspects of infrastructure 

operations will impact CAVs. Road weather remains a formidable challenge for 

AVs, so timely and accurate information about road weather conditions is 

important. Temporary traffic conditions – such as work zones, road closures, and 
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dynamic message signs – are not easily navigated by AVs without prior 

information about lane geometry, speed, and other driving information. Data 

sharing of temporary traffic information to AVs can accelerate safe deployment. 

Task 1.2: Assessment of Existing Physical Infrastructure 
This next memorandum assessed the transportation infrastructure of the United States in 

terms of readiness and capabilities to support CAV technologies and related services. 

CAV systems have different applications and associated infrastructure requirements that 

complicate infrastructure readiness assessment: 

• Automated Vehicle (AV) systems use various onboard (in-vehicle) sensors 

and data processing systems to pilot the vehicle without the input of a human 

driver. AV systems can control every element piloting the vehicle without a 

human driver being engaged at all in the process.   

• Connected Vehicle (CV) applications communicate information to a vehicle’s 
onboard systems from external data sources such as other vehicles or 

roadside infrastructure. CV systems complement AV systems with additional 

contextual data that improves awareness of the surroundings. 

This memorandum built on Task 1.1 by providing a baseline understanding of the scope 

and condition of necessary supporting infrastructure across the United States using 

current nationally reported metrics and reporting of conditions to help IOOs make 

informed decisions on prioritizing certain transportation projects and investments. This 

report also analyzed available data resources to determine the readiness of state 

infrastructure to deploy CAVs and develop an understanding of how infrastructure needs 

for CAV will affect a system life-cycle for IOOs.  

Key infrastructure elements assessed in this memo include the following: 

• Traffic Control Devices  

o Pavement Markings 

o Signage 

o Traffic Signals 

o Work Zone TCD 

• Roadway Pavement and Configuration 

o Unpaved Roadway Impacts 

o Roadway Configurations 

• Bridges 

• ITS 

• Cellular Network Services 

The overall assessment of infrastructure readiness was framed in terms of the most likely 

use cases to be deployed by 2030 and the ODD elements associated with that 

deployment. This assessment was also tempered by several limiting factors, owing 

primarily to either the lack of consistency, at state-level, in reporting for several 
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infrastructure asset types and the newness of CAV applications relative to existing 

infrastructure assets. These factors limit the ability to determine or even approximate the 

proportion of the national roadway system most suitable for CAV operation in the near-

term.  Limitation on CAV infrastructure readiness includes the following: 

• A lack of readily available data as to scope, condition, and maintenance cycles of 

critical infrastructure elements including pavement markings, signage, and ITS 

infrastructure 

• The lack of consistent measures for infrastructure condition, outside of federally 

reported metrics for pavement and bridge condition 

• The varying ODD requirements by use case, and anticipated differences between 

manufacturers of even similar technologies  

Task 1.3: Review of MUTCD and other Standards 
This memorandum builds on the efforts Task 1.2 which identified the relationships 

between infrastructure elements and CAVs. This memorandum discusses the relevant 

standards for infrastructure and the processes by which standards are created or 

amended. Reviewed standards included: The Manual on Uniform Traffic Control Devices 

(MUTCD), the American Association of State Highway and Transportation Officials 

(AASHTO) publication, as well as A Policy on Geometric Design of Highways and Streets 

(the Green Book), to identify design/maintenance elements that will directly affect CAV 

deployment and operations, and sensing-related issues. 

Task 2: Scenarios of HAV/CAV Deployment 
Following outcomes from the literature assessment, an analysis was developed to identify 

the extent to which asset management gaps impede the ability of the agency to properly 

identify and maintain deficient infrastructure elements. The resulting output from this task 

resulted in two additional technical memorandums of Tasks 2.1 and 2.2 (Appendix B) 

entailing the specific gaps and challenges in current physical infrastructure, to support 

CAVs and HAVs. Key Deployment Scenarios were developed: 

Table 1 Scenario Table  

AV Feature Scenario ID* 
Main Infrastructure 

Covered 

Timing and 

Necessity 

L2 Partially Automated 

Autopilot 

L2AutoLD1 Divided Highways Short Term 

L2 Heavy-Duty Highway 

Drive 

L2HWYHD1 Dedicated/Managed 

Lanes  

Short Term 

L3 Conditional Automated 

Traffic Jam Drive 

L3TJDLD1 Divided Highways  Short Term 
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AV Feature Scenario ID* 
Main Infrastructure 

Covered 

Timing and 

Necessity 

L3 Conditional Automated 

Highway Drive  

L3HWYLD2 Divided Highways Medium Term 

L4 Highly Automated 

Vehicle/ TNC  

L4TNCLD2 Intrastate; Rural and 

Urban RoCAV 

Medium Term 

L4 Highly Automated Low-

Speed Shuttle 

L4ShutT2 Fixed Routes, Central 

Business Districts 

Medium Term 

 

Task 2.1: Trends and Timelines of CAV Deployment 
The findings from the Task 1 report indicated that existing infrastructure may not be 

sufficient in its current form to enable CAV technologies. To identify requirements and 

gaps in infrastructure readiness, IOOs can benefit from an understanding of how CAVs 

interact with and rely on infrastructure components both in the current and future 

environments. The following CAV features were investigated:  

• Level 2 (L2) Partially Automated Autopilot - A feature that uses Advance Driver 

Assistance System (ADAS)-enabling technologies such as cameras and radar to 

detect physical infrastructure elements to perform supporting navigation roles to 

aid the driver 

• L2 Heavy-Duty Highway Drive - A feature that uses Vehicle-to-Vehicle (V2V) 

communications as well as onboard sensors to handle the dynamic driving task 

(DDT) on a highway route, allowing the driver to maintain close heading with other 

vehicles within a fleet. 

• Level 3 (L3) Conditional Automated Traffic Jam Drive (TJD) – A feature that 

enables automated travel for stop-and-go-traffic. This feature can be applied to all 

vehicle types. It allows the vehicle to act without input from the human operator at 

slower speeds if a preceding car can be followed. A human operator must be ready 

to take full control of the vehicles at any time. The car steers, accelerates, and 

brakes automatically, and allows the driver to take his/her hands off the steering 

wheel only in slow-moving traffic. 

• L3 Conditional Automated Highway Drive - This feature allows the vehicle to 

act without input from the human operator on highways. Like TJD and all features 

in L3 automation a human operator must be ready to take full control of the vehicles 

at any time. 

• Level 4 (L4) Highly Automated Vehicle (HAV)/Transportation Network 

Company (TNC) - This feature is an Automated Driving System (CAV) that allows 

the vehicle to operate without the need of a driver in densely populated areas. This 
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system automatically harnesses onboard sensors and handles the V2V 

communications to monitor the driving environment and perform all driving tasks – 

essentially, do all the driving – under certain environmental and surrounding 

conditions.  

• L4 Highly Automated Low-Speed Shuttle – An CAV feature that enables a 

vehicle to operate along a fixed route at low speeds in a geofenced area using 

advanced sensing technologies that eliminate the need for an operator. 

In memorandum Task 2.1, the research team developed a prediction model to assist in 

gaining insight into the expected market share of the candidate CAV features during the 

next 10 years. The anticipated growth in HAVs market will positively impact the market 

growth of all CAV features. Accordingly, the prediction model anticipates the HAV/TNCs 

to comprise 20 percent of the market by 2030. The model estimates the market of 

autopilot, platooning, traffic jam, and automated highway drive to reach 29 percent, 29 

percent, 19 percent, and 20 percent, respectively, by 2030.  

Using information from this model, the team prioritized scenarios based on predicted 

penetration rates at different timelines. The other set of criteria used for the prioritization 

includes infrastructure coverage, timing, and necessity, as described in earlier chapters. 

While many of the infrastructure requirements may need to be implemented and 

maintained by IOOs, this is not the case for all infrastructure requirements (e.g., dynamic 

high definition maps).  

Task 2.2: Gaps of Physical Infrastructure 
The Task 2.2 technical memorandum, reviewed the infrastructure dependencies of the 

AV scenarios from Task 2.1, identified gaps in the needed infrastructure, and classified 

those gaps based on why they are present. Understanding the needs for IOOs can be 

bifurcated into two domains—Digital and Physical.  

The role of infrastructure elements in supporting CAVs considers the relationship between 

infrastructure and technology elements, including sensor and communications systems 

on board the CAV, as well as the environments within which the CAV is designed to 

operate. To address these relationships, the gap analysis in this memorandum is 

structured as follows:  

• Infrastructure: the fixed assets owned and maintained by IOOs and third-party 

providers. For these scenarios, the infrastructure types are traffic control devices; 

technology and communications, and road and bridge infrastructure  

• Relevance to the scenario: describes how the dependency between each 

scenario and the specific infrastructure elements.  

• Performance factors: specific measures of infrastructure performance that are 

central to the gap analysis process for each scenario.  
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• Condition/gaps: summarizes the current condition and gaps of the infrastructure 

as it relates to the scenario and the specific performance factors.  

Tables 3-1 through 3-6 in Task 2.2 memorandum listed the identified gaps, showed the 

relevance of each gap to each scenario, and categorized the gaps as follows: 

• Deficiency of the existing infrastructure standard 

• Inconsistency of the infrastructure treatment 

• Absence of a needed infrastructure standard 

• Inability to maintain infrastructure at a serviceable level 

• Deficiency of the technology which a third party must address 

Task 3: Stakeholder Engagement 
Stakeholder engagement for this task provided insight from industry leaders as well as 

infrastructure owners and operations (IOOs) who will be impacted the most from this 

effort.  A common framework was developed to assess this engagement which funneled 

feedback from an in-depth stakeholder engagement task that engages important 

stakeholders in all relevant aspects of the project. Two sub-tasks describe how 

stakeholder feedback was implemented into this research effort. 

Candidate Identification 
The research team identified the stakeholders relevant to this project. This involved 

public-sector agencies, private organizations, non-profit and for-profit standards 

developments organization (SDOs).  

As a first step, the team developed a list of potential stakeholder categories from the 

aforementioned types of organizations. After the stakeholder organizations (including 

agencies, industry, and non-profits) were confirmed, the Team considered whether 

specific individuals with administrative and technical awareness of these organizations 

may be helpful in navigating the group. The team clustered them into four sets as 

shown in the following list: 

1. Low interest and low influence 

2. Low interest and high influence 

3. High interest and low influence 

4. High interest and high influence 

Of these, the last category consists of high-priority stakeholders who were identified and 

engaged through stakeholder engagement webinars. Specifically, stakeholders were 

engaged at two different webinars throughout the project life-time. The first webinar was 

conducted right after Task 2, while the second webinar was conducted during Task 4, 

once a draft version of the guidance document was ready.   

Stakeholder Webinar 1 
The purpose of the first stakeholder engagement webinar was three-fold: 
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1. Present our scenarios and the priority list to the stakeholders and understand 

their priorities. 

2. Present our gaps summary of existing highway infrastructure and gather 

feedback. 

3. Identify potential strategies and champions to carry the initiatives forward and 

document action-items for the team. 

The post-webinar activities consisted of developing detailed summary reports on the 

inputs that were gained during the webinar.  

 

Stakeholder Webinar 2 
After the draft guidance document was developed and reviewed by the Panel, the team 

conducted a second stakeholder engagement webinar. While the webinar structure was 

similar to the first one, the main focus and purpose were to get feedback on the 

guidance document as well as to help develop implementation products and identify 

champions of change. The purpose of the second webinar that was held in February the 

11th, 2019 was two-fold: 

1. Gather feedback on the draft guidance developed as part of Task 4 “Draft 
Guidance Document”  

2. Identify potential near-term next steps and champions of change to carry 

forward some actions. 

The post-webinar activities consisted of developing detailed summary reports on the 

inputs that were gained during the webinar. 

 

The slides and summary report for both webinars can be found in Appendix C. 

Task 4: Draft Guidance for CAV Infrastructure Design 

Task 4.1: Draft Guidance Document 
In addition to developing guidance to enhance existing standards and practices, the 

research team also identified innovative infrastructure design elements. Such guidance 

was developed in conjunction with challenges and gaps identified in Task 2 to achieve 

sensory redundancy so that CAVs can produce their expected safety and efficiency gains. 

A second stakeholder engagement webinar was then performed prior to finalizing the 

guidance document.   

Task 5. Develop FINAL Guidance and Other Deliverables. 
In the view of the feedback received in Stakeholder Webinar 2 the research team 

completed the guidance document and produced other final deliverables for submission 

to the NCHRP. 
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Task 5.1: Final Guidance  
This standalone guidance document (Appendix D) describes how the scenarios 

presented and prioritized in the Task 2 contributed to specific guidance regarding 

evaluating existing standards and practices in roadway design, operations and 

maintenance and updating these as per the expected technological timeline. The 

guidance document also entails innovative design elements pertaining to each of these 

categories to help CAVs and HAVs achieve their intended safety and efficiency potential. 

The FINAL Guidance Document covers impacts of CAVs on Physical Highway 

Infrastructure based on the following fronts: 

• Pavement Markings  

• Traffic Signs  

• Traffic Signals 

• Work Zones 

• Intelligent Transportation Systems 

• Roadway Infrastructure 

• Bridge Infrastructure 

The document summarized the anticipated CAV impacts on the following areas:  

• The National Committee on Uniform Traffic Control Devices (NCUTCD), which 

recommends updates to the Manual on Uniform Traffic Control Devices for 

Streets and Highways to FHWA for approval 

• The American Association of State Highway Transportation Officials (AASHTO), 

which authors A Policy on Geometric Design of Highways and Streets 

(commonly referred to as the “Green Book”) 
• The U.S. Department of Transportation (U.S. DOT) ITS Joint Program Office 

(JPO). 

• Associations with Input to CAV-related Standards Development for IOO 

Involvement  

The guidance was provided across the following four categories: 

• Capital and Maintenance Investments 

• Research and Piloting 

• Policy and Procedures 

• Outreach and Communications. 
 

To enhance the implications of standards and practices explored in the previous chapter, 

a set of innovative design concepts are presented in the guidance document. These 

concepts were developed in conjunction with gaps and challenges found in earlier tasks 

to bridge the gap between technology and infrastructure. These design concepts can help 

IOOs enable some AV functions to produce positive impacts in terms of safety, mobility, 

and the environment.  Since some of the innovative technology and infrastructure for 
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supporting CAV technologies are innovative, investment in them would come with 

inherent risks, and benefits would likely be more qualitative, such as gaining agency 

experience with technology.  To this end, the guidance document outlined the key 

limitations for applying cost-benefit analysis as a tool for evaluating the benefits of a 

specific CAV infrastructure investment 

Task 5.2: Future Needs 
This technical memorandum (Appendix D) documents future research needs and 

priorities based on project on findings gathered from earlier tasks in this study, as well as 

stakeholder feedback. Findings were considered in the context of new applications, a 

well-rounded analysis on future research needs can be identified. These include technical 

and policy challenges identified in Task 1, prioritized scenarios and identified 

infrastructure gaps from Task 2, stakeholder feedback from Tasks 3 and 4, as well as 

other research needs identified by team members. 

Task 5.3: Implementation of Research Findings and Products  
A second memorandum (Appendix D) was developed to summarize IOO actions and 

identify the stakeholders and logical approaches for implementing the guidance. This 

implementation plan will support the guidance document by offering approaches to foster 

collaboration between the public and private sectors so as to develop and advance 

needed standards and practices, including for data access and sharing.  The 

implementation plan has been developed with input from discussions with stakeholders 

during the two workshops as well as based on our review of what challenges and gaps 

need to be addressed. 
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Introduction 
This state-of-the-art assessment of connected and automated vehicle (CAV) technologies is the first of 

three state-of-the-art assessments to be conducted under Task 1 of the National Cooperative Highway 

Research Program (NCHRP) 20-102(15) - Impacts of Connected and Automated Vehicle Technologies on 

the Highway Infrastructure. The following two assessments will cover: (1) the state of physical 

infrastructure conditions; and (2) the Manual on Uniform Traffic Control Devices (MUTCD) and other 

standards. Combined, the Task 1 assessments will identify and characterize the most important aspects 

of standards and practices for roadway and intelligent transportation system (ITS) designs, and related 

maintenance and operations to accommodate the deployment of CAVs according.  

This CAV technology assessment provides insights that will improve the following two Task 1 

assessments by pointing out the most important infrastructure features to focus on when applying the 

lens of CAVs. For example, sign orientation (i.e., angle) and occlusion tend to be more of an issue for 

perception algorithms than sign fading. Furthermore, understanding CAV technology trends and 

deployment timelines are critical to providing time-phased guidance to help state and local agencies to 

plan for the future. This technology-focused state-of-the-art assessment describes CAV deployment 

timelines and provides a focused review of trends and impacts on infrastructure for enabling 

technologies. 

CAV technologies are rapidly evolving as more advanced functionality is being deployed each year. 

While there are synergies between automation and connectivity, automation technology development 

is proceeding independent of V2I development. Waymo’s automated ridesharing services may be 
available commercially in Arizona as soon as 2018 and Audi is deploying Traffic Jam Pilot in certain 2019 

models outside the United States. This functionality is enabled by advances in sensors and perception, 

communications, digital maps, and other technologies that help to safely navigate roadways in a myriad 

of driving scenarios and conditions. CAVs must detect and respond to infrastructure elements, which 

may be easier or more challenging based on certain aspects of infrastructure design, maintenance, and 

operations. Infrastructure owner operators (IOOs) and stakeholders preparing for the deployment of 

CAVs may wish to reconsider standards, practices, and business models based on the interaction 

between CAV technologies and infrastructure. Public and private entities have opportunities to 

accelerate deployment (for example, through streamlining access to transient road data, such as work 

zones, or services for High-Definition (HD) mapping). Similarly, CAVs can provide opportunities for IOOs 

to prioritize investments (for example, by identifying dangerous intersections, pot holes, and broken 

traffic control devices). 

This technical memorandum summarizes deployment timelines and market trends for automated 

vehicle (AV) features, reviews the technologies that enable these features, and identifies technology-

related challenges and opportunities related to infrastructure. It explores these concepts through a 

systematic review of internal resources, popular and technical press sources, academic journal 

publication, and conference and seminar presentations. The timeline of AV feature deployment will 

inform how soon infrastructure updates may be needed, and what factors to consider in planning 

upgrades. This assessment groups technologies into the following categories: sensors and perception; 

human-machine interface (HMI); communications; digital infrastructure and mapping; data sharing; 

position, navigation, and timing (PNT); and systems engineering. For each category, current literature 

was reviewed and synthesized to understand aspects of these technologies: 
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• How does each technology category support various AV features (such as where the deployment 

timeline and operational design domain [ODD] have been covered previously)? 

• What are the emerging trends?  

• How is the technology forecasted to change in coming years? 

• What are the known impacts on infrastructure design, maintenance, operations, and business 

models? 

This assessment uncovers challenges and opportunities in detecting, perceiving, and interacting with the 

roadway environment. Infrastructure-related considerations and lessons learned are captured from 

research, testing, and deployment of CAV technology. These findings are the key to understanding CAV-

readiness of infrastructure.  

Deployment Timeline 

Summary of ADS Features and ODD 

There are many forms of automation that may be deployed over the next five to 20 years that will 

impact physical and digital infrastructure. This section introduces the various types of automation and 

potential deployment timelines. Technology-enabled CAV functionality is packaged by a vehicle 

manufacturer or aftermarket company as a “feature.” These features will determine which use cases 

vehicles can support and may influence the design of other vehicle attributes, such as the powertrain 

and cabin. The Society of Automotive Engineers (SAE J3016) defines an ADS feature as “a driving 
automation system’s design-specific functionality at a specific level of driving automation within a 

particular operational design domain (ODD).” (SAE, 2016)  

SAE International has defined five levels of vehicle automation, summarized in Figure 2. Level 1 

describes vehicles that automate only one primary control function (i.e., longitudinal or lateral control). 

Level 5 describes vehicles capable of driving without human control and with unlimited ODD (SAE, 

2016). Advanced driver assistance systems (ADAS) fall under Levels 0, 1 and 2 automation, and 

automated driving systems (ADS) refer to SAE Levels 3 through 5. Many AV vehicles are being imagined 

as Level 4 ADS-dedicated vehicles (ADS-DV) that operate in limited ODDs, such as low-speed shuttles. 

Figure 1. CAV technologies must detect, classify, and sometimes communicate with 

infrastructure. The condition and standards for infrastructure may impact CAV 

performance (Vyshnyk, 2018). 

https://www.google.com/url?sa=i&rct=j&q=&esrc=s&source=imgres&cd=&cad=rja&uact=8&ved=2ahUKEwj9oo-ElsLdAhUOSN8KHVT4BO8QjRx6BAgBEAU&url=https://www.intellias.com/computer-vision-keep-sharp-eye-road/&psig=AOvVaw3IZw70eHDW-9O3yWaKLGCm&ust=1537278288597718
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ADS-DV features are provoking a redesign of the vehicle interior since it can be reimagined without the 

need for human control. This redesign is also an opportunity for more accessible design features for 

persons with disabilities.  

 

Figure 2. SAE International automation levels (SAE, 2016). 

It is important for IOOs to understand the ODD in which these features are operating, as it will influence 

the types, location, and jurisdictions of infrastructure that is impacted. A summary of the relation 

between levels of automation and ODD from SAE J3016 is shown in Figure 3 and Figure 4. An ODD 

includes specific conditions under which a given driving automation system or feature thereof is 

designed to function. The ODD is defined by key roadway characteristics (e.g., roadway types, speed 

limits) and roadway conditions (e.g., weather conditions, time of day). For example, a given ADS feature 

may be designed to operate a vehicle only on fully access-controlled freeways in speeds below 37 mph. 

For this reason, the ODD may be more important than the level of automation when discussing 

differences between AV technologies. The ODD for some AV features is known. However, for many ADS 

features still being developed, manufacturers have not committed to a specific ODD.  
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Figure 3. Significance of ODD relative to the level of automation (SAE, 2016). 

 

Figure 4. Example ODD parameters relative to the level of automation (SAE, 2016). 

This analysis presents known and forecasted ODDs for specific AV features. This ODD information 

combined with deployment timelines can help prioritize infrastructure investments in areas that will 

help accelerate safe deployment. While there is no assumption that any of these features will depend 

on connectivity, many manufacturers are testing ADSs with high-definition mapping services and signal 
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phase and timing (SPAT) messages (Boudette N. E., 2017) (Bloomberg, 2018a) (UC Berkley, 2011).1 The 

following sections provide an overview of ADAS and ADS features, as well as possible deployment 

timelines. 

ADAS Features (Level 1-2) 

The paramount goal of ADAS is to assist the driver with various driving tasks such as lane keeping and 

lane departure prevention, in limited driving environments. ADAS features include Level 0 warning 

systems, such as lane departure warning, however this analysis is focused on Level 1 and Level 2 ADAS 

features that provide some form of longitudinal (i.e., braking and acceleration) and lateral (i.e., steering) 

control. When using ADAS features, the driver must be alert and monitor the environment at all times. 

This differs from ADS features where the driver can remove themselves from the driving tasks but must 

be available to reengage manual control when necessary.  

Many ADAS features are currently commercially available with manufacturers offering these systems as 

add-on features and, in some cases, as a standard feature (Toyota, 2016). Some example ADAS features 

are listed in Table 1 below. It should be noted this list may not be comprehensive since there may be 

other features continually emerging that are not included in the table. A number of automakers, such as 

GM, Ford, and Nissan, as well as many other companies in the automotive industry, have agreed to 

make automatic emergency braking standard on all vehicles by 2022 (Insurance Institute for Highway 

Safety, 2016).  

In 2015, the National Highway Traffic Administration (NHTSA) proposed changes to its new car 

assessment program that would give favorable ratings to vehicles that are equipped with rear-visibility 

cameras, lane departure warning (LDW), and forward collision warning (FCW) crash avoidance systems, 

with the goal of encouraging manufacturers to begin offering these technologies on a larger scale 

(USDOT, 2015). These systems use cameras, radar, laser, and sonar detection systems for sensing and 

perception of objects (e.g., pedestrians and other vehicles) and infrastructure (e.g., lane markings and 

stop signs). In NHTSA AV 3.0, the successor to ADS 2.0, NHTSA included the discussion of voluntary 

Safety Self-Assessment (VSSA) when testing future technologies on a shared road. AV 3.0 also alludes to 

updates to the 2009 MUTCD to reflect changes with emerging CAV technologies. 

 

 

Lane keeping assist (LKA) systems detect the lane markings in the roadway, assisting the driver if they 

drift out of their lane and in some cases providing steering input. One limitation with these systems is 

that they use sensors that may not be able to detect other vehicle movements or accurately identify 

objects during adverse weather conditions (e.g., rain, sleet, snow, or fog). Even with these limitations, 

these technologies possess large potential safety and economic benefits in terms of crash prevention 

and reducing crash severity. Improvements in sensing technologies and supportive infrastructure could 

provide even greater safety and economic benefits (Harper, Hendrickson, & Samaras, 2016).  

                                                           
1 A Signal Phase and Timing (SPaT) message defines the current intersection signal light phases. The current 
state of all lanes at the intersection are provided, as well as any active pre-emption or priority. 
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Table 1. Sample list of advanced automated driving systems features, adapted from (Abraham, Mcanulty, Mehler, & Reimer, 

2017). 

ADAS Technology Direction Function of System 

Active Park Assist Longitudinal/Lateral 

Helps steer the vehicle in reverse into a 

perpendicular parking spot or steer the vehicle into 

or out of a parallel parking space. 

Adaptive Cruise 

Control (ACC) Longitudinal 

Automatically speeds up and slows down your car 

to keep a set following distance relative to the car 

ahead. Provides some braking.  

Automatic Emergency 

Braking (AEB) Longitudinal 

This feature can sense slow or stopped traffic 

ahead and urgently apply the brakes if the driver 

fails to respond. 

Autopilot Longitudinal/ Lateral 

This feature has lane centering, ACC, and ability to 

change lanes without requiring driver steering. 

Forward Collision 

Warning (FCW) Longitudinal 

Forward collision warning can alert you of an 

impending collision with a slower moving or 

stationary car in front of you. 

Lane Keeping Assist 

(LKA) Lateral 

Steers you back into your lane if you begin to drift 

out of it. 

Eco-Approach/ Eco-

Departure (ARPA-E, 

2016) Longitudinal 

Adjusts braking and throttle to optimize fuel 

consumption and emissions while navigating 

intersections by taking advantage of signal and 

traffic information, such as SPAT messages. 

Coordinated Adaptive 

Cruise Control Longitudinal 

ACC with added coordination between vehicles in 

the platoon.  

 

The technical progress of ADAS started with first-generation systems such as LKA, lane departure control 

(LDC), and low-speed AEB. These systems eventually evolved into more advanced, affordable, and 

effective systems over time through technological improvements and economies of scale. Many of these 

first-generation warning systems first appeared on luxury cars then made their way onto non-luxury 

vehicles. Figure 5 displays the technological trends of ADAS for various application areas. 
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Figure 5. Advanced driver assistance system application technological development (Denso International America, Inc, 2016). 

ADS Features (Level 3-5) 

Technology enables ADS functionality that is packaged and classified as features, either by a vehicle 

manufacturer or an aftermarket adaptation, as with Waymo and Uber. These features will determine 

the use cases the vehicle can support and the environments they will be used in. The U.S. Department of 

Transportation (USDOT) National Highway Traffic Safety Administration (NHTSA) research has identified 

seven categories of ADS features (SAE Level 3 through 5) (Thorn, Kimmel, & Chaka, 2018), summarized 

in Table 2 below. These features will be deployed on different timelines, driven by factors such as 

technical difficulty (e.g., more challenging ODDs) and market demand. In this section, we explore the 

unique ODD characteristics of these seven generic ADS features.  

Table 2. ADS features by generic ADS category (Thorn, Kimmel, & Chaka, 2018). 
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Category 
Generic ADS Feature (Anticipated 

Commercial Deployment Date) 

Examples of Commercially Marketed 

Brands and Features 

1 
L3 Conditional Automated Traffic Jam Drive 

(2019) 
Audi Traffic Jam Pilot 

2 
L3 Conditional Automated Highway Drive 

(2020) 
Mercedes Highway Pilot Truck 

3 
L4 Highly Automated Low-Speed Shuttle 

(2018) 

Auro Self Driving Shuttle, CityMobil2 

Automated Shuttle, EZ10 Self Driving 

Shuttle, NAVYA ARMA Shuttle, Olli Local 

Motors Shuttle, Varden Labs Self Driving 

Shuttles, Smart vision EQ fortwo 

4 L4 Highly Automated Valet Parking (2020) Bosch Valet Parking 

5 
L4 Highly Automated Emergency-Take Over 

(Date TBD) 
Toyota Guardian 

6 L4 Highly Automated Highway Drive (2020) 

Audi Highway Pilot, Bosch Highway Pilot, 

Otto Trucking 

Highway Assist, Volvo Highway Assist 

7 
L4 Highly Automated Vehicle (HAV)/TNC 

(2020) 

Audi Elaine, Audi Aicon 

Baidu Automated TNC, Chevrolet FNR, 

GM Cruise Automation TNC, Waymo 

Automated TNC, Honda Automated 

Drive, Mercedes-Benz F 015, NIO EVE, 

Nissan Autonomous Drive, Rolls Royce 

103EX, Tesla Self-Drive, Uber Automated 

TNC, Volkswagen I.D. Pilot, Volkswagen 

Sedric, Volvo Intellisafe Auto Pilot, Ford 

Automated TNC, Toyota Chauffeur 

 

L3 Conditional Automated Traffic Jam Drive: L3 Traffic Jam Drive features autonomous travel for stop-

and-go traffic. It allows the vehicle to act without input from the human operator at slower speeds if a 

preceding car can be followed. A human operator is the fallback for the dynamic driving task (DDT). An 

example of this feature is Audi’s Traffic Jam Pilot, which is expected to be available on Audi A8 in Europe 

in 2019, with no set release date for the U.S. (Davies A. , Wired, 2018). The system likely uses radar and 

cameras to follow the traffic ahead and orient itself using lane markings and other vehicles on the road. 

L3 Conditional Automated Traffic Jam Drive will likely operate within a speed range of 0-37 mph, in clear 

and dry weather conditions, and in highway environments. ODD categories and associated examples for 

L3 Conditional Automated Traffic Jam Drive are shown in Appendix A. It should be noted that the 
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theoretical traffic jam feature ODD presented here is purely demonstrative, not representative of any 

commercially marketed ADS feature. 

L3 Conditional Automated Highway Drive:  L3 Highway Drive allows the vehicle to act without input 

from the human operator on highways. The feature implements lateral and longitudinal control to 

maintain the current lane of travel; achieve the specified speed; and, if necessary, alter that speed to 

follow an immediate lead vehicle at a safe following distance. This feature likely operates in a highway 

environment, at high speeds (e.g., 45-75 mph), and in clear or dry weather conditions. This feature likely 

uses several radars and sensors to scan the road ahead at long and short ranges, as well as to identify 

lane markings and objects. Mercedes Benz is currently developing a L3 Automated Highway Drive 

feature, as part of the Mercedes Benz Future Truck 2025 concept (Diamler, 2018).  

L4 Highly Automated Low-Speed Shuttle: L4 Highly Automated Low-Speed Shuttle is an automated 

shuttle that drives within a limited area, often along a predetermined route. The system does not need 

an onboard driver control interface and is limited to speeds below 25 mph. An example of an L4 Highly 

Automated Low-Speed Shuttle is Olli (Local Motors, 2017). Olli is a self-driving electric vehicle that has 

undergone trials in several U.S. locations and is currently deployed in Germany. Olli can be part of a fleet 

management system with a central operation center designed to solve the transportation needs of large 

campuses and municipalities. A smart phone application is available for users to find existing routes, 

share a ride, and input pick-up and drop-off locations for door-to-door service. Table 3 lists L4 

Automated Low-Speed Shuttle pilots that are currently underway and summarizes important attributes, 

such as the vehicle type and ODD.  

Table 3. Shared AV pilots for low-speed shuttles currently underway in the U.S. as of July 2018, SAE L4 Highly Automated Low-

Speed Shuttles. 

Operators Location Testing 

Environment 

Description 

Easymile / 

CCTA 

San Ramon, 

CA 

Public Roads 

and City 

Streets 

In March 2018, Easymile began SAV shuttle service at Bishop Ranch, an 

office park of about 30,000 employees. The SAV shuttle service is one of 

the first to be granted approval by the CA DMV to operate on public roads 

(Bloom, 2018)    

Easymile / 

Transdev 

Babcock 

Ranch, FL 

Private 

Roads/Planned 

Communities 

A shuttle that operates as an amenity for homeowners in the Babcock 

Ranch development. Passengers can access the shuttle’s fixed-route 

services for free, or request on-demand rides for a fee. (Daniel, 2018) 

(WINK News, 2018) 

Easymile / 

Transdev 

Gainesville, 

FL 

Public Roads 

and City 

Streets 

A first-and-last mile downtown service planned to launch in Summer 2018 

(Caplan, 2018) 

Local 

Motors – 

Olli, IBM 

 National 

Harbor, MD 

Public Roads 

and City 

Streets 

With a 3-D printed, “crowd funded” design, Olli has had their shuttles in the 
DC area streets since 2016 (Local Motors, 2018) (Warren, 2016) 

May 

Mobility 

and 

Quicken 

Loans 

Detroit, MI Public Roads 

and City 

Streets 

A pilot launched in June 2018 in Detroit, with plans to remove the safety 

attendant from vehicles in early 2019. At present, May Mobility is 

responding to RFPs from other municipalities and plans to expand its 

services(Noble, 2018) (Martinez M. , 2018) 

Navya and 

MCity – 

University 

of Michigan 

Ann Arbor, 

MI 

Private 

Roads/Planned 

Communities 

Launched in 2018, this SAV shuttle carries students and faculty from a 

campus research complex to a parking facility and bus stops. This shuttle is 

part of a research endeavor to understand how passengers react to SAVs 

and will gauge consumer acceptance of the technology (University of 

Michigan, 2018) 
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Operators Location Testing 

Environment 

Description 

Optimus 

Ride 

Boston, MA; 

South 

Weymouth, 

MA 

Public Roads 

and City 

Streets 

Testing in Boston since 2017, now Optimus Ride is in agreement with the 

Union Point development in South Weymouth, and is testing to provide 

SAV service for the “smart city” (Prevost,2018) (Etherington, 2017) 

 

L4 Highly Automated Urban Valet Parking: L4 Highly Automated Valet Parking involves a car, potentially 

unoccupied, that can find a parking spot and park itself (Thorn, Kimmel, & Chaka, 2018). This feature 

allows passengers to leave their car in a drop-off zone (e.g., in front of a parking lot), while the car 

accomplishes the task of parking on its own. Automakers such as BMW, Tesla, and Volvo have all shown 

or offer some form of automated parking (Montenegro, 2017) (Fast Company, 2014). Volkswagen has 

been testing its Valet Parking feature, with plans to put the technology into consumer vehicles by 2020 

(Fingas, 2018). Bosch, in conjunction with Mercedes-Benz, is working to develop a Valet Parking feature 

(release date unclear) utilizing a new laser technology that is capable of operating without the 

assistance of Global Positioning System (GPS) signals (Bosch, 2018). 

L4 Highly Automated Emergency-Take Over: In the event a driver is in impending danger, Emergency 

Takeover assumes control of the vehicle and guides it to a safe stop. Toyota is developing a system, the 

“Guardian,” which is distinct from other ADS features and operates in parallel with a human, rather than 

in series (Simonite, 2017). Radars and sensors outside of the car monitor what’s happening outside of 
the vehicle, while cameras inside the car track the driver’s head movements. 

L4 Highly Automated Highway Drive: The L4 Highway Drive system handles the entire DDT on a highway 

route, allowing the passenger to engage in other tasks; the system is responsible for the fallback 

performance of DDT. L4 Automated Highway Drive could utilize sensing and perception technologies 

such as cameras, radar units, and Light Detection and Ranging (LIDAR), which would allow the vehicle to 

position itself on the road and monitor the traffic conditions around it. Volvo is also working on an 

Automated Highway Drive feature, which it calls Highway Assist. Volvo expects this featured to be 

offered as an option on its vehicles by 2021. Bosch has publicly outlined its concept for a Highway Pilot 

system that can assume all driving duties on open highways, from entrance ramp to exit ramp. 

According to Bosch, emerging technology will be aided by vehicle-to-vehicle (V2V) and vehicle-to-

infrastructure (V2I) communication. Bosch expects a fully self-driving Highway Pilot by 2020 (Stoklosa, 

2016). Otto demonstrated a highly automated truck (Barber, 2016) in 2016 in coordination with the 

Colorado Department of Transportation that was intended as an SAE International L4 system operating 

on highways.  

L4 HAV/TNC: L4 HAV/TNC enables the vehicle to pick up passengers or goods and drive to a destination 

without the need for an onboard driver. This feature may operate within a broad ODD and could be 

equipped with a suite of sensors and navigation systems, as shown in Figure 11. However, confirmation 

has not yet been provided that these features will operate in all ODDs; thus, they are categorized as L4 

as opposed to full driving automation (L5). For example, these vehicle fleets may initially be limited to 

the cities in which they are tested. Original equipment manufacturers (OEMs) developing this 

technology have stated that they intend to pursue full autonomy. This feature has been tested on public 

and city streets, as well as on private roads and planned communities. This feature could become 

commercially available as soon as 2020. Table 4 lists L4 Automated Vehicle/TNC pilots underway and 

summarizes important attributes, such as the vehicle type and testing environment. 
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Table 4. Shared AV pilots for conventional vehicles currently underway in the U.S. as of July 2018, SAE L4 Highly Automated 

Vehicle/ TNC. 

Operators Location Testing 

Environment 

Description 

Cruise/ GM San 

Francisco, 

CA 

Public Roads 

and City 

Streets 

In 2017, Cruise launched its pilot, “Cruise Anywhere”, a SAV service for its 
employees to use for pre-selected destinations in San Francisco. Cruise 

intends to launch a commercial SAV offering in 2019. (Marshall, 2017) 

(Felton, 2018) 

Drive.ai Frisco, TX Public Roads 

and City 

Streets 

After a test period that began in January 2018, a limited SAV pilot launched 

in July 2018. The vehicles feature LED screens that display messages to 

pedestrians and other road users (Hawkins, 2018b) 

Nuro and 

Kroger 

Foods 

Scottsdale, 

AZ 

Public Roads 

and City 

Streets 

As of August 2018, Nuro is running its grocery delivery pilot using Toyota 

Prii (Prius), but intends to start delivery with its specialized R1 vehicle in Fall 

2018. The R1 is designed to exclusively have space for delivery goods, 

without any passengers (Nuro, 2018) 

NuTonomy 

and Aptiv 

Boston, MA Public Roads 

and City 

Streets 

NuTonomy has been testing their vehicles in the Seaport neighborhood of 

Boston since 2017, and recently in June 2018, they have been approved for 

testing city-wide. They are required to submit quarterly update reports to 

the City of Boston (Locklear, 2018) 

Ford/ 

Domino’s 

Ann Arbor, 

MI; Miami, 

FL 

Public Roads 

and City 

Streets 

A Ford Fusion hybrid delivers pizzas with test driver in Ann Arbor in 2018 

and announced plans for Miami (Marakby, 2018) 

Aptiv and 

Lyft 

Las Vegas, 

NV  

Public Roads 

and City 

Streets 

A commercial pilot accessed through the Lyft app, 20 SAVs are servicing 

popular destinations on the Las Vegas strip (Hawkins, 2018a) 

Uber Pittsburgh, 

PA; Tempe, 

AZ (ended) 

Public Roads 

and City 

Streets 

In September 2016, Uber began a SAV pilot in Pittsburgh, and was the first 

SAV service in the U.S. to serve passengers selected from the public. 

However, testing stopped in both cities after the high-profile crash and 

death in Tempe, Arizona in 2018. While Uber is banned from testing in 

Arizona, it has begun testing SAVs in “manual mode” with a specialist in 

control at all times in Pittsburgh. (Bliss, 2018) (Rogers, 2018) 

Voyage The Villages, 

San Jose, CA 

Private 

Roads/Planned 

Communities 

Voyage operates SAV pilots at The Villages retirement community in San 

Jose. It has operated in San Jose since 2017 (Cameron, 2017) 

Voyage The Villages, 

FL  

Public Roads 

and City 

Streets 

Voyage operates SAV pilots at The Villages retirement community in in 

Central Florida. Service launched in Florida in 2018 (Corder, 2018) 

Waymo Phoenix, AZ  Public Roads 

and City 

Streets 

Waymo launched an Early Rider program in early 2017, allowing select 

Phoenix residents to request rides in their automated minivans. Waymo 

engineers have now moved to the backseat as of November 2017 (Barr, 

2018) (Grisworld, 2017) 

 

All AV features are likely to need information about the infrastructure, whether through sensing and 

perception or digital maps, including information on lane markings, speed limit, roadway signs, dynamic 

messaging, and roadway conditions for the expected safety benefits to be realized. Niche AV features, 

such as valet parking, would likely need different information (i.e., parking availability) than the features 

that automate highway driving. 

https://nuro.ai/
https://www.engadget.com/2018/06/21/nutonomy-test-autonomous-vehicles-city-wide-boston/
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Deployment Timeline 

The technical progress of vehicle automation can be characterized into two development paths: (1) 

evolutionary, where improvements in advanced driver assistance systems evolve into autonomous 

systems over time; and (2) revolutionary, where new automated systems are introduced into the market 

due to technology transfer from the field of robotics (Dokic, Muller, & Meyer, 2015). Figure 6 outlines 

these development paths for AV feature deployment, where the solid line represents the evolutionary 

scenario and the dashed line represents the revolutionary one.  

In the evolutionary scenario 

development, automated features 

pass through increasing levels of 

autonomy, progressively operating in 

more complex environments at higher 

speeds. If AV features such as L3 

Conditional Automated Traffic Jam 

Drive are followed by L4 Highly 

Automated Highway Drive followed by 

urban features such as L4 HAV/ TNC, it 

would indicate an evolutionary 

scenario. In comparison, the 

revolutionary scenario is the 

development of more highly 

automated systems through 

technological breakthroughs in sensing and 

perception technologies. Earlier deployment 

of Level 4 TNC features that operate in cities would indicate a revolutionary development path. With the 

Audi A8 expected to have a L3 Conditional Automated Traffic Jam Drive feature in 2019 and Waymo 

announcing their intentions to go commercial in 2018, we may be witnessing something closer to the 

revolutionary path. Both paths will likely lead to full automation (i.e., Level 5 as defined by SAE). The 

deployment timelines for AV features could change and should be revisited regularly as technology, 

policies, and regulations (e.g., Federal Motor Vehicle Safety Standards and data privacy) could impact 

the timeline of commercial availability of these features for consumers.  

While consumers are eager to purchase vehicles with AV features, higher vehicle prices due to the 

inclusion of additional automated features are likely to slow down the adoption of ADSs in their first 

years of availability. Current sensor technologies that enable many highly automated AV features cost 

upward of $100,000 per vehicle, with high-end LIDAR systems making up about 75 percent of this cost 

(Mitchell, 2017). While these prices are expected to drop due to economies of scale and technological 

improvements, the first wave of ADSs could be available at large price premiums and adopted by high-

income early adopters, eventually becoming available to a wider range of users (Litman, 2018). By 2025, 

the penetration of vehicles with autonomous features is expected to reach 12 to 13 percent of global 

vehicle sales, with nearly all of them partial ADSs. From 2025 to 2030, annual sales of partially and fully 

automated vehicles could increase by 500 and 13 percent, respectively. By 2035, the penetration rate of 

vehicles with AV features could reach 25 percent, with about 10 percent of those vehicles being fully 

automated and the remaining 15 percent partially automated (Boston Consulting Group, 2015). Partially 

Figure 6. Forecasted timelines for deployments of AV features (Dokic, 

Muller, & Meyer, 2015). 
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automated ADSs refer to Levels 3 and 4 ADSs, while fully automated refers to Level 5 ADSs, as defined 

by SAE. Forsgren et al. (2018) estimates that ADSs could reach 2 percent of light-duty vehicle sales by 

2030, rising to 10 percent by 2040, under low disruption scenarios. Under high disruption scenarios, 

ADSs could reach 30 percent of vehicles sales by 2030, reaching almost 50 percent by 2040. Based on 

earlier technology adoption experiences, it could take one to three decades for ADSs to dominate 

vehicle sales and another one or two decades to dominate vehicle travel. A significant portion of travel 

may continue to be human operated, even at high AV penetration rates (Litman, 2018).  

 

Figure 7. Global market for partially and fully automated vehicles, adapted from (Litman, 2018). 

AV features will be deployed over the next several years, driven by market, technical, regulatory, and 

social factors. Forecasts range widely in their estimates, with the advent of SAE Level 4 automated taxis 

ranging from 5 to 20 years. Certain infrastructure investments may only pay off once enough ADSs are 

on the roads, so it is important to also understand the rate of market penetration. In summary, 

technology readiness, regulation, and sophistication are driving market penetration for CAV 

deployment. In the next section, the enabling technologies, such as wireless communications and 

sensing, that exist today in the field of CAV are discussed. 

Enabling Technologies 
CAVs require advanced technologies to allow them to perceive the environment around them, make 

decisions, and act on those decisions. There is no “silver bullet” technology that solves these problems. 

Each of the enabling technologies in this section have strengths and limitations that allow it to help solve 

a piece of the complex technical challenge of safely operating CAVs. This section will discuss the 

following technology areas that enable CAV deployment: 

• Sensors: radar, LIDAR, vision, perception and sensor suites 

• Perception algorithms and artificial intelligence (AI) 

• HMI 

• Communications: Dedicated Short-Range Communications (DSRC), 4G Long-Term Evolution 

(LTE) Wireless, 5G Wireless, Wi-Fi, etc. 
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• Digital maps 

• Position Navigation and Timing (PNT) 

• Systems engineering 

Each of these technologies is discussed in the context of: (1) how it supports AV features discussed in 

the previous section; (2) the trends and forecasts for how the technology is changing and may change in 

coming years; and (3) how the technology may influence infrastructure design, construction, 

maintenance, and operations.  

Sensors and Perception 

Support for ADS Features 

This section explores recent trends, strength, limitations, and infrastructure implications of different 

sensors. ADSs are being deployed with multiple types of sensors, including radar, LIDAR, and vision. 

Sensors are the transducers that provide raw data about the environment that perception algorithms 

use to detect environmental elements, such as physical infrastructure (e.g., road geometry, lane 

markings, buildings); road furniture (e.g., barriers, signage); objects (e.g., other road users, debris); and 

events (e.g., status of signalized 

intersection, temporary traffic 

patterns). There is innovation in 

both sensor technology and 

perception algorithms that will 

be discussed in this section.  

ADSs require a sensor suite to 

deal with the strengths and 

limitations of individual sensors. 

For example, radar has 

insufficient resolution and 

information richness to 

accurately classify a range of 

objects; however, radar can 

“see through” dust and fog that 

can blind vision systems. A 

typical sensor suite found on 

ADS is shown in Figure 8, 

including radar, LIDAR, 

cameras, GPS, and ultrasonic 

sensors. Position, navigation, and timing, including GPS, are covered later in a dedicated section of the 

report. Ultrasonic sensors are also used for specific events such as parking or monitoring adjacent 

vehicles while this technology is not crucial for infrastructure operators directly, the data obtained may 

have a role in traffic management and right of way planning, but are not often used for infrastructure 

detection. Infrastructure elements and environmental conditions create distinct challenges for different 

sensors.  

Figure 8. Summary of existing and next generation sensors used for ADSs (Center for 

Sustainable Systems, 2017). 
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Radar 

Automotive Radar (Radio Detection and Ranging) is a range finding technology that supports perception. 

Radars operate by transmitting a radio signal towards a region of interest, then detecting the signals 

reflected back from objects within the field of view. Radar is a popular choice for AVs because they are 

relatively inexpensive and robust. Radar has proven to work well in all weather conditions such as fog, 

rain, snow, dust, and various lighting conditions (Rudolph & Voelzke, 2017), (Hasch, 2015) (Greco, 2012). 

Radar emits radio waves of varying bandwidth and, from accurate time of flight measurements, 

calculates features of surfaces that reflect the waves. Importantly, the distance and size of objects can 

be determined. The ability of a radar to detect 

other road users and infrastructure elements 

depends on a number of factors, including 

frequency, weather conditions, and infrastructure 

conditions. 

The frequency of the radar influences 

performance factors, such as range, resolution, 

and accuracy. Automotive radar can be classified 

into three groups: short, medium, and long range 

(SRR, MRR, and LRR, respectively), and LIDAR. 

Current production automotive radar systems are 

either short range (24 GHz) or long range (77 GHz). LIDAR uses a much higher frequency and is currently 

used on many research platforms. LIDAR is discussed in a dedicated LIDAR section of this document. The 

advantages of the 77 GHZ lie mainly in the higher accuracy for distance and speed measurements, as 

well as in the more precise angular resolution. 77 GHz also has a smaller antenna size and more robust 

to interference. Radar supports AV features in different ways, as illustrated in Figure 12. The ranges of 

SRR and LRR are compared in Figure 10. 

The main differences lie between SRR and MRR/LRR applications. While SRR serves the purpose of 

safety mitigation, LRR controls features such as ACC (Martinez J. , 2016), (Rudolph & Voelzke, 2017). 

However, one considerable challenge of having a vehicle strictly depend on radar is the accuracy of 

angularity features (e.g., curved roads) as it loses the sight of the target vehicle on curves when 

compared to LIDAR. (Rudolph & Voelzke, 2017).  

 

Figure 10. Automotive radar with SRR (green) and LRR (orange) max range of detection (Wenger, 2007). 

Figure 9. Radar and its safety implementations 

(Martinez M. , 2018). 
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SRR can enable a variety of applications including ACC supporting with driver assistance systems such as 

collision warning, collision mitigation, blind spot monitoring, parking aid (forward and reverse driving), 

lane change assist, and rear crash collision warning. Typically, LRR sensor performance degrades for 

targets very close to the vehicle (< 20 m), resulting in a drop of range measurement stability and angular 

measurement accuracy. The range resolution of most LRR systems on the market today comes close to 

the physical limits imposed by the sensor’s transmit frequency bandwidth. Because of this limitation, 
many vehicles on the road today use a combination of SRR and LRR to achieve multiple necessary 

functionalities (Issakov, 2010).  

Multiple SRR sensors are usually equipped to fully cover the nearest surroundings of a vehicle. Because 

of the large bandwidth and large angular coverage, these systems have large angular and range 

resolution which allows these systems to accurately attain large amounts of information regarding the 

environment surrounding a vehicle and can be used for advanced safety measures, such as collision 

mitigation or blind spot monitoring (Issakov, 2010). 

LIDAR  

LIDAR is a subset of radar, and has been continually growing as a key enabling technology for AVs. LIDAR 

allows for generations of high-definition 3D 

maps by sending and receiving high 

frequency radar. LIDAR works in the same 

principle as Radar: it transmits a wave (in 

this case, light) and detects the reflected 

light pulse from an object within the 

detectable region.  LIDAR has a much higher 

resolution and frequency (900 – 1500 nm 

wavelengths) than SRR and LRR, enabling 

vehicles to detect contoured surfaces and classify 

objects that other radar could not. LIDAR is an active 

system that continually scans for objects when powered. The 3D scanning capability of some LIDAR are 

designed in an array of smaller units which cover narrower FOVs in order to optimize the overall region 

of interest, keeping beams angles small. The data collected from these units represents a 3D array of 

range points, often referred to as a point cloud. 

LIDAR is not currently used in production vehicles; however, it is used in many ADS test vehicles. Level 3 

and above automation features are likely to use LIDAR sensors (Yole, 2015). More details on specific 

LIDAR technologies is discussed in the trends and forecasts section. 

Vision 

Vision is the main sense that humans use to drive and, similarly, vision sensors are one of the most 

important sensors for AVs. Vision sensors are passive; they accept ambient light waves rather than 

sending an active signal. Cameras detect light waves with a variety of technologies that range in 

resolution, frames-per-second, and signal-to-noise ratio. Cameras provide rich information about colors, 

shapes, heat, and other physical properties, which are helpful in classifying objects and detecting edges. 

Derivatives of imaging sensors also include infrared and microbolometers (thermal imaging) sensors 

which can be used to Camera sensor sales in vehicles are projected to see the largest volume growth: 

Figure 11. LIDAR detecting dynamic objects (Ors, 2017). 
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sales are expected to double by 2025 (Yole, 2015) and close to 400 million units are expected to be sold 

by 2030 (Ors, 2017). 

While stereo cameras provide more depth perception and precise image classification, vision algorithms 

currently allow AVs to drive with just one camera (Knight, MIT Technology Review, 2015). Vision 

hardware technology has advanced incrementally, while software (perception algorithms) have 

experienced more rapid advancement, especially for stereo-/multi-vision systems that are emerging as 

an important part of AV sensor packages. 

 

Figure 12. Camera location and functions (Ors, 2017). 

Figure 15 shows the expected development of automotive camera systems and their designated use and 

placement on a vehicle (Islam & Raj, 2017). Cameras support both external and internal monitoring. 

While cameras are rich with contextual data, they have certain disadvantages, including sensitivity to 

environmental conditions and image processing reliability. Vision systems are more impacted by 

environmental conditions than radar because the visual wavelength attenuates faster than radar waves. 

Since vision systems are passive, they have difficulty detecting objects in non-illuminated and varying 

lighting conditions. The reliability of vision sensors is dependent on perception algorithms, which is 

discussed in more detail in the perception section. 

Perception & Artificial Intelligence 

While physical sensors on AVs are continually being improved, the means of processing raw data and 

interpreting feedback is no different. Sensor perception algorithms and current trends may be of 

interest for infrastructure, as findings from literature suggest trends in conventional algorithms used. 

Similar research topics are being explored in NCHRP 20-102(6) – Road Markings and Machine Vision, 

where the focus is to develop information on the performance characteristics of pavement markings 

that affect the ability of machine vision systems to recognize them. In general, advances in vision and 

sensor fusion technologies, especially using machine learning, have improved the robustness of 

perception. Machine learning may be applied beyond perception, to include vehicle control as well 

(NVIDIA, 2018). 
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Determining what algorithm to use on a sensor depends on factors 

such as processing power, resolution, and physical sensors used. The 

follow algorithms were the consensus for understanding a benchmark 

means of classifying intrastate features such as roadway marking, 

signs, and obstacles: 

• Histogram of Oriented Gradient (HOG) 

• Hough Transforms 

• Haag Wavelets 

• Convoluted Neural Networks (CNNs) 

• Simultaneous Localization and Mapping (SLAM) 

Trends and Forecasts 

There are some important emerging trends that the research team identified, and are explored in this 

document: 

• Decreasing cost: Prices for individual units have been decreasing due to economies of scale 

and technology advances. 

• Increasing performance: Accuracy and functionality have been increasing with improved 

electronics, algorithms, and computing power. 

• Sensor fusion: System developers use a combination of information from two or more sensors 

to improve detection range, accuracy, and classification of obstacles. Most ADS developers are 

using a combination of radar, LIDAR, and vision, in combination with other information 

sources, such as GPS, IMUs, digital maps, and situational information received through 

communications (e.g., DSRC Basic Safety Message). 

Radar 

With technological breakthroughs in sensor fusion and packaging, next generation radar is anticipated to 

be more capable than its current state. Cooperative operation of multiple sensors promises better 

detection of objects (e.g., when strong mirroring reflections occur, as well as achieving a larger field-of-

view). Key technology trends are the facilitation of state-of-the-art semiconductor technology to allow 

more complex functionality, new modulation schemes enabled by complex digital circuits, and novel 

concepts for angle information determination (Hasch, 2015). Regulations and market-based incentives, 

such as EURO NCAP, may encourage widespread use of radar on vehicles, however, research suggest 

that this market penetration of radar can lead to issues with interference (European Commision, 2016) 

(Bloecher, Sailer, Rollmann, & Dickmann, 2013).  

Radar sensors will remain a key component in driver assistance systems in the future. Long range radar 

is becoming increasingly important for vehicles. China saw a dramatic increase in 77 GHz automotive 

radar units sold in early 2018, and they are projected to surpass the 24 GHz market around 2020 

(MarketWatch, 2018). Automotive radar has always benefited significantly from technological advances, 

especially in semiconductor technology and packaging, allowing a better performance and much more 

functionality in the radar frontend. A second key area is the antenna system, where new concepts to 

acquire more information about signals reflected from the environment can significantly improve 

resolution and detection performance. In addition, extending environment information gathering from 

Figure 13. Image identification in 

autonomous vehicles (EFY, 2018). 
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single sensors to sensor groups, and finally to distributed networks, will become a key enabler for future 

automated driving. 

LIDAR 

There are several types of LIDAR that vary in measuring techniques, some of which are summarized in 

Figure 14. Mechanical scanning LIDAR, such as the Velodynes used in the Defense Advanced Research 

Projects Agency (DARPA) Urban Challenge, contain a rotating reflector that directs a single beam in a 

range of angles to obtain 2D and 3D coverage. Durability and maintenance of moving components is a 

challenge for these systems. Electromechanical LIDAR can run for between 1,000 and 2,000 hours 

before failure. With the average American spending 293 hours in a car per year, most of us would end 

up replacing our LIDAR before our tires. Solid state LIDAR, including MEMS LIDAR, flash LIDAR, and 

optical-phased array LIDAR, has the potential to decrease unit cost and improve mean time between 

failure. Quanergy claims its solid-state LIDAR will run for 100,000 hours, more than most cars will ever 

drive (Mokey, 2018). 

The automotive LIDAR sensor market is projected to grow with a compound annual growth rate of 35.3 

percent between 2017 and 2023 (i-HLS, 2018). Sensors have fallen in price by about 70 percent since the 

autonomous arms race began, and new startups have been investing heavily in LIDAR technology  

(Nichols, 2018) (Nanalyze, 2017). Most Level 3-ready vehicles are expected to have solid-state LIDAR 

(Gain, 2017). Cheaper and more responsive sensors will be outfitted easier (Harris, 2018) (Neal, 2018). 

 

Figure 14. Summary of Automotive LIDAR companies (Yole, 2015). 

Vision 

Cameras are poised to be one of the major sensors for AV systems, and are seeing major market growth 

and investment as a result. The camera module market was estimated at $25 billion in 2015 and is 

expected to double by 2025 (Yole, 2015). Camera sensor counts in vehicles are projected to see the 

largest volume growth, with close to 400 million units by 2030 (Ors, 2017). Intel recently acquired 

Mobileye, a company that develops cameras for AV use, for over $15 billion (Locklear, 2017). As camera 
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technology advances, they will support more advanced ADS applications, improve performance, 

increase power consumption, and evolve beyond complementary metal–oxide (CMOS) semiconductor 

nodes (see Table 5). 

Table 5. Projections for future Mobileye camera systems (Mobileye, 2018). 

Mobileye[47]  EyeQ1  EyeQ2  EyeQ3  EyeQ4  EyeQ5  

On market  2008  2010  2014  2018  2020  

Claimed autonomous level  Driver Assistance  2  3  4–5  

Performance (FP16 

TFLOPS)  
0.0044  0.026  0.256  2,5  24  

Power consumption  2.5 watt  2.5 watt  2.5 watt  3 watt  10 watt  

Semiconductor node  
180 nm 

CMOS  

90 nm 

CMOS  

40 nm 

CMOS  

28 nm FD-

SOI  

7 nm 

FinFET 

 

Perception and AI 

There have been significant advances in the field of AI, driven by large investments. The U.S. 

Department of Defense is investing $2 billion in artificial intelligence in order to create explainable 

systems with common sense, contextual awareness, and better energy efficiency. Specifically, within the 

automotive industry, similar large investments are being made, such as Ford investing $1 billion in Argo 

AI, a startup out of Carnegie Mellon University (Ford, 2017). Advancements in OTA updates have 

allowed some vehicles to navigate their surroundings more efficiently. For example, recently introduced 

software updates in v8.1 that can enable the vehicle to navigate without detecting lane markings 

(Alvarez, 2018). The development and advancement of algorithms will be focused on improving 

functionality in a range of conditions and determining safety of these systems. 

Impact on Infrastructure 

Sensor Suites and Performance Comparison 

Radar, LIDAR, and vision sensors all have strengths and limitations. A comparison of sensor technologies 

is summarized in a table in Table 6. LIDAR has exceptional accuracy; radar has long range and good 

performance in all weather conditions; and vision is the best at reading signs. A comparison between 

these sensors and human performance, as well as CAV performance, is summarized in Table 7. While a 

human can essentially out-perform any one given sensor, the full CAV package provides the best overall 

performance.  

Table 6. General comparison of sensor capability and detection performance  (Yole, 2015). 

 LIDAR Radar Vision 

Sensing Dimensions 3D 1D 2D 

Range (m) 100 250 100 

FOV (deg) 100-120 20-70 50-150 

Accuracy (in cm) ±5  ±120 ±15 

https://en.wikipedia.org/wiki/Mobileye#cite_note-47
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Weather (Rain, snow 

dust) 

++ +++ - 

Fog + +++ - 

Pitch darkness +++ +++ + 

Direct sunlight ++ +++ ++  

Ambient Light 

Independence 

+++ +++ ++ 

Read signs and Sees 

colors 

- - +++ 

Main function Pedestrian protection  Collision avoidance, CC Sign reading, lane 

markings 

+, ++, +++: Limited advantage, Moderate advantage, High advantage 

-: Limited performance  

Metrics were adapted from various findings in literature that compared LIDAR, RADAR and Vision 

sensors to performance during driving conditions (e.g. lighting conditions and range of perception). 

Due to these tradeoffs between sensors, AV system developers equip vehicles with multiple sensors. 

Redundant sensors increase the probability of correct detection and classification and improve a 

system’s reliability in a variety of conditions (Hall, 2004). Most sensor packages for Level 1 automation 

vehicles include at least a mono camera and long-range radar (see Figure 15). Level 2 automation may 

include an additional short-range radar. Level 3 and above ADS features are forecasted to depend on 

LIDAR and stereo cameras. This sensor package has higher accuracy and robustness because of the 

additional depth perception, high resolution mapping, and redundancy. Figure 16 shows a typical 

configuration of sensors for ADS systems with ranges of sensors to scale. Each sensor contributes to the 

field of view, range, and object detection capabilities of the sensor suite to support applications that 

sense lane position, signage, drivable area, and surrounding vehicles and obstacles. 

Table 7. Performance aspects of human vs. CAVs for vehicle navigation and perception (Schoettle, 2017). 
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Figure 15. Sensor technology roadmap and associated autonomous functions (Yole, 2015). 
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Figure 16. Scaled illustration of the various sensors, with reasonable estimates of coverage area (field of view) (Schoettle, 2017). 

Markings and Signs 

Markings and signs provide important information required for navigation, including right of ways, lanes, 

and hazards. This information is often provided via painted shapes on surfaces, including the roadway 

surface, metal signs, and lighting. Cameras were found to be the most prevalent and robust sensor for 

interacting with markings and signs on roadways (Feldmaier, 2016), however LIDAR is also used to 

detect road markings using reflectivity of the road surface (Zhou & Deng, 2014). Traditionally, cameras 

are used to detect edge lane for ADAS features such as lane departure warning and object detection 

(Dagan, Mano, & Stein, 2011). NCHRP 20-102(6) – Road Markings and Machine Vision, is a current 

research effort that is developing information on the performance characteristics of pavement 

markings, outcomes of (6) will be monitored and tracked in later stages of this report. As explored in this 

document, all forms of lane departure warning employ a low-cost camera mounted in the windshield 

near the rear-view mirror that continuously watches the striped and solid lane markings of the road 

ahead (Howard, 2017). 

The American Traffic Safety Services Association (ATTSA) developed a report evaluating the effects of 

pavement marking detectability by machine vision. This study explored the effect of longitudinal 

pavement marking width on the detectability of performed tape pavement markings by a machine 

vision-based ADAS.  (Pike, Barrette, & Carlson, 2018). More specifically, this research investigated the 

machine-vision technology relative to 4-inch and 6-inch-wide pavement markings. Research showed that 

6-inch-wide markings consistently improved detection performance under wet daytime conditions and 
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external factors such as weathered markings (cracked seal, glare from a wet road, etc). Existing testing 

requirements for pavement markings are determined by industry standards and NHTSA. ISO 17361:2007 

places no requirements on types of road markings and environmental conditions.2 It dictates that lane 

markings must be in accordance with the nationally defined visible lane markings standards and visibility 

range must be greater than 1 km (Carlson, 2016). NHTSA specifies high contrast and uniform pavement; 

lane marking specification adherence to MUTCD; and avoiding inclement weather, including rain, fog, 

snow, hail, smoke, or ash. 

 

Perception performance of pavement markings are influenced by retroreflectivity, contrast ratio, and 

width, as well as lighting conditions, road weather, shadowing, and vehicle speed. At night, marking 

retroreflectivity is the most important factor in detection confidence, and contrast ratio is the least 

important (Davies C. , 2016). Other factors to consider include width of pavement markings and physical 

features such as Bott’s Dots or extruded thermoplastic markings  (Carlson P. , 2011). In daytime 

conditions, contrast ratio is the most important and retroreflectivity has little impact on detection 

confidence (Davies C. , 2016). The width impacts the amount of light returned to the sensor and can 

achieve the same light output with lower retrorefletivity (Davies C. , 2016). Companies such as 3M are 

developing machine-readable pavement markings that improve reflectivity and contrast, as shown in 

Figure 17. 

 

Figure 17. 3M machine-readable striping technology. 

Without prior information, such as digital maps, vehicles must detect and classify signs to interpret the 

driving laws. This section discusses benchmarks for comparing perception algorithm performance for 

                                                           
2 ISO 17361:2007 specifies the definition of the system, classification, functions, human-machine interface 
(HMI) and test methods for lane departure warning systems. These are in-vehicle systems that can warn the 
driver of a lane departure on highways and highway-like roads. 
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traffic signs, as well as infrastructure considerations, such as sign blockage, angle, degradation, weather, 

and vehicle speed.  A need for training sets has been observed in this literature scan, where sets can be 

used to train algorithms on known infrastructure such as roadway markings, lanes and signs. 

For example, the German Traffic Sign Detection Benchmark (GTSDB) provides publicly available data 

comprising a training set with manual annotations as ground-truth and an evaluation set (Houben S. , 

Stallkamp, Salmen, Schlipsing, & Igel, 2013). A comparison was conducted between Histograms of 

Oriented Gradients (HOG) linear discriminant analysis (LDA), Hough Transforms, and Viola-Jones (Haar) 

algorithms, summarized in Table 8.  

From these initial findings, it can be seen that mandatory traffic signs are harder to detect. This can be 

attributed to their blue color shades, that seems to be hard to distinguish in natural scenes, and the fact 

that they are installed near the ground, which might make them prone to vandalism. This comparison 

suggests that algorithms have tradeoffs in terms of which signs they detect most effectively, and that 

some combinations of colors, shapes, and geometry are easier to detect than others. U.S. traffic sign 

data set, LISA-TS, provides a collection of videos and annotated frames containing U.S. traffic signs. This 

collection is used to train perception algorithms in identifying and classifying U.S. road signs for vehicle 

testing (Mogelmose, 2015). 

 

Traffic sign recognition is influenced by a number of factors besides algorithms, including degradation, 

weather, lighting, and angle. The color of the sign fades with time as a result of long exposure to 

sunlight, so it is important to consider when a sign must be replaced. Visibility is affected by weather 

conditions such as rain and clouds. The color information is very sensitive to the variations of the light 

conditions such as shadows, clouds, and the sun. It can be affected by the illuminant color (daylight), 

illumination geometry, and viewing geometry. It is also affected by the presence of objects similar in 

color to the road signs in the scene under consideration, such as buildings or vehicles. Signs may be 

found disoriented, damaged, or occluded. A recent study of commercial traffic sign recognition systems 

on Australia and New Zealand signs identified some challenges: 

• “Electronic signs could not be consistently read by traffic sign recognition (TSR) systems 

including gantry mounted signs. 

• Variation from the core Australian and New Zealand standards and the placement of signs near 

motorways, such as on side roads or offramps, are key issues. 

• Many Australian and New Zealand advisory signs are mistaken for statutory signs and 

qualifications placed on the signs are ignored. 

• Advisory/information signage or control signs cannot be read by TSR systems, although it is 

intended that they will be in future. 

• The regulatory significance of signs will mean most vehicle manufacturers will continue to rely 

on them as their source of ‘ground truth’ for speed assistance and automated driving systems. 
However, spatial databases of speed zones will continue to supplement TSR systems, and well-

maintained databases will remain important.” (Roper, et al., 2018) 
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Table 8. Comparison of vision algorithms for different signs. 

Algorithm 

 

Prohibitory signs 

                

Danger Signs  

 

Mandatory Signs 

  
HOG+LDA 91.3% 90.7% 69.2% 

Hough-like 55.3% 65.1% 34.7% 

Viola-Jones 98.8% 74.6% 67.3% 

 

This study identified specific recommendations for changes to enhance traffic sign readability across 

electronic signs, installation and maintenance, sign positioning and location, sign face design, vehicle 

mounted signs, and other advisory and information signs. (Roper, et al., 2018) 

Researchers studied the performance impacts of certain factors on detection of Malaysian road signs 

(see Figure 18). Factors that were investigated included lighting, fading, occlusion, motion blur, distance 

from sign, and angle of sign to evaluate performance (e.g., precision, recall, specificity, F-Measure, false 

positive, accuracy, and processing time) of algorithms. 

 

Figure 18. Different road signs in Malaysia: (a) standard Malaysian road signs from JALAN 2A/85; (b) non-standard road signs 

appearing in Malaysian highway systems (Islam & Raj, 2017). 

Some of the study results are replicated in Figure 19 and Figure 20. Sign angle can significantly degrade 

performance, with a 30-degree angle reducing accuracy by about 72 percent. Degraded signs are less of 

an influential factor. Occlusion causes significant degradation in performance, including instances where 

significant portions of the sign are blocked, or when other geometric shapes intersect the sign shapes. 
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Figure 19. Results of disorientation and faded sign tests. 

 
Figure 20. Results of natural and artificial blocked sign tests. 

Nowadays, the algorithms have developed fairly well and the main efforts to improve detection 

accuracy lie in collecting, cleaning and labeling large and comprehensive training data, i.e., various 

classifications of sign images. With the increased development of algorithms used for bench testing, new 

data exchange sites are available for researchers to experiment with environmental data sets ranging 

from common traffic signs, to wet road surfaces. 
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Table 9: Non-Exhaustive list of current driverless vehicle training sets 

Name  Link Notes 

GTSRB http://benchmark.ini.ru

b.de/ 

The German Traffic Sign Recognition Benchmark (GTSRB) is a 

large multi-category classification benchmark that classifies 

objects and signs for computer-vision testing. It was recognized 

as a foundational piece of reference for academic research 

papers. 

CommaAI 
https://github.com/com

maai/research 

This is a data set and source code for learning a driving 

simulator 

Octant https://www.octant.io/ Octant is a platform providing access to driving data through 

crowd-sourced information. The data collected for this 

platform come from professional drivers operating in an urban 

environment in different times of day. Data sets are diverse in 

terms of weather conditions, pedestrian behavior, and road 

conditions.  

Nexar 2 https://www.getnexar.c

om/challenge-2/ 

Nexar is a deep learning challenge using NEXET, a massive data 

set consisting of 50,000 images to encourage users to build a 

smart collision prevention system in different operation 

environment scenarios 

TUSimple http://benchmark.tusim

ple.ai/#/  

This is a data set that is comprised of 10,000 one-second long 

video clips  to help train vehicles in real-world vehicle driving 

scenarios.  

Cambridge http://mi.eng.cam.ac.uk

/research/projects/Vide

oRec/CamVid/ 

The Cambridge-driving Labeled Video Database (CamVid) is a 

motion-based segmentation and recognition dataset that 

provides ground truth labels to train computer-vision 

algorithms for driverless vehicle testing. 

Virtual KITTI http://www.cvlibs.net/d

atasets/kitti/ 

KITTI is a photo-realistic synthetic video dataset designed to 

evaluate computer vision models for benchmarking. Tasks of 

interest include: stereo, optical flow, and 3D tracking. 

Mococo http://mscoco.org/ Common Objects in COntext (COCO) is a large-scale object 

detection, segmentation, and captioning dataset  

Cityscapes https://www.cityscapes-

dataset.com/ 

The Cityscapes Dataset focuses on semantic understanding of 

urban street scenes. In the following, we give an overview on 

the design choices that were made to target the dataset’s 
focus. 

Synthia http://synthia-

dataset.net/  

SYNTHIA (SYNTHetic collection of Imagery and Annotations), is 

a dataset that has been generated with the purpose of aiding 

semantic segmentation and related scene understanding 

problems in the context of driving scenarios. SYNTHIA consists 

of a collection of photo-realistic frames rendered from a virtual 

city and comes with precise pixel-level semantic annotations. 

UBC (rain) 
http://www.cs.ubc.ca/~f

tung/raincouver/ 

This is a benchmark for self-driving navigation in adverse 

weather and low-light driving. 

 

http://benchmark.ini.rub.de/
http://benchmark.ini.rub.de/
https://github.com/commaai/research
https://github.com/commaai/research
https://www.octant.io/
https://www.getnexar.com/challenge-2/
https://www.getnexar.com/challenge-2/
http://benchmark.tusimple.ai/#/
http://benchmark.tusimple.ai/#/
http://mi.eng.cam.ac.uk/research/projects/VideoRec/CamVid/
http://mi.eng.cam.ac.uk/research/projects/VideoRec/CamVid/
http://mi.eng.cam.ac.uk/research/projects/VideoRec/CamVid/
http://www.cvlibs.net/datasets/kitti/
http://www.cvlibs.net/datasets/kitti/
http://mscoco.org/
https://www.cityscapes-dataset.com/
https://www.cityscapes-dataset.com/
http://synthia-dataset.net/
http://synthia-dataset.net/
http://www.cs.ubc.ca/~ftung/raincouver/
http://www.cs.ubc.ca/~ftung/raincouver/
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Road Structure and Surface 

Assessing the road structure is important to defining the 

drivable area for the vehicle and identifying where other 

road users may be expected to enter/exit. In areas where 

lane markings may not exist or digital maps may not be 

available, detection of road structure is important. Road 

edges are among the most widely-used features in lane 

representation and detection (Beck & Stiller, 2014). LIDAR 

play a significant role in identifying and interpreting path 

and road structure when navigating a vehicle, such as curb 

detection shown in Figure 21. LIDAR also uses reflective 

intensity data of the road surface to detect road structure (Zhou & Deng, 2014). Cameras can detect 

road edges, including using non-visual-light-spectrum ranges, such as infrared, to detect foliage at the 

road edge. Various environmental factors, such as road weather and maintenance, affect the ability of a 

sensor to detect road structure. Standing water, snow, and ice occlude and cause reflections that 

degrade perception performance.   

Human Machine Interface (HMI) 

Support for AV Features 

The human’s role in the dynamic driving task varies by level of automation. Level 2 automation requires 

the driver to monitor the roadway and to be ready to always take control. Level 3 automation does not 

require the driver to monitor the environment, but the driver is expected to be available to take control 

with adequate transition time. At Level 4, the driver is only expected to be available for control if the 

vehicle will be operating outside its ODD (e.g., a geographically subscribed central business district). 

Level 4 vehicles may improve mobility for persons with disabilities, but this will require accessibility to 

be considered in the design of vehicles and infrastructure. For the purposes of this assessment, we focus 

on HMI related to the transition of control and accessibility. It is important for infrastructure 

stakeholders to understand how the state of infrastructure could impact these dimensions of HMI. 

Trends and Forecast 

This section explores recent trends, challenges, and implications of human-machine interface (HMI) to 

infrastructure. There have been considerable advances in understanding factors that influence transition 

of control. While accessibility is touted as a major benefit of ADS, there is still little evidence to suggest 

ADS designs will accommodate elderly occupants or occupants with disabilities and/or special needs. 

HMI technologies are developing rapidly for automated vehicles, several gaps related to human factors 

remain. As technology evolves, a human’s trust in the automation may have unanticipated challenges 

when engaging in other tasks such as operating a smartphone or moving out of the driver seat even 

though the system is not designed to support this (Cunningham & Regan, 2015).If drivers are engaged in 

non-driving tasks, situational awareness may deteriorate for heads up displays compared to manual 

driving (de Winter, Happee, Martens, & Standton, 2014). Automation is still a growing topic, so these 

potential gaps for the operator have yet to be further explored. 

Table 10, shown below, provides an overview of human range of sight and the speed at which they have 

sufficient time to react in ideal and degraded conditions in comparison to long range sensor systems. As 

Figure 21. Curb detection in urban streets occluding 

obstacles in the sides (Hata & Wolf, 2014). 
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evidence suggests, technology has reached a point where sensors outperform human reaction times. In 

a recent study, both heads up display systems can result in improved situation awareness compared to 

manual driving if human drivers are motivated or instructed to detect objects in the environment.  

Table 10. Vehicle type long range sensor systems and reaction types (Schoettle, 2017). 

Vehicle type (longest range sensor) 

[range limit] 

Ideal conditions 

(dry, faster reaction) 

Degraded conditions 

(wet, slower reaction) 

Human driver (eyes) [night: 75 m]  85 km/h 

(53 mph) 

60 km/h 

(37 mph) 

AV (radar) [250 m]  210 km/h 

(130 mph) 

145 km/h 

(90 mph) 

CAV (DSRC) [500 m]  305 km/h 

(190 mph) 

215 km/h 

(134 mph) 

Human driver (eyes) [day: 1000 m]  405 km/h 

(252 mph) 

285 km/h 

(177 mph) 

 

At the same time, our understanding of safe duration for transition of control, driver indicators, and 

external communication to other road users has improved. Human drivers generally have slower 

reaction times for unexpected hazards such as debris or animal crossing. Table 10 shows the maximum 

speed allowing for minimum stopping distance within the range limitations of each vehicle type and 

sensor combination corresponding to various preview times for the driver before being required to take 

control. The research team was unable to find studies on the impact of infrastructure elements and 

conditions on transition time. This may be an area to consider future research for Level 3 vehicles. 

 

Table 11. Transition time required for different vehicle types under different conditions (Schoettle, 2017). 

Preview time 

before required 

takeover 

Vehicle type 

 

Ideal conditions 

(dry, faster reaction) 

Degraded conditions 

(wet, slower reaction) 

10 seconds AV (radar @ 250 m) 75 km/h 

(47 mph) 

65 km/h 

(40 mph) 

CAV (DSRC @ 500 m) 135 km/h 

(84 mph) 

120 km/h 

(75 mph) 

20 seconds AV (radar @ 250 m) 40 km/h 

(25 mph) 

40 km/h 

(25 mph) 

CAV (DSRC @ 500 m) 80 km/h 

(50 mph) 

75 km/h 

(47 mph) 

30 seconds AV (radar @ 250 m) < 35 km/h 

(< 22 mph) 

< 35 km/h 

(< 22 mph) 

CAV (DSRC @ 500 m) 55 km/h 

(34 mph) 

55 km/h 

(34 mph) 

 

Considering elderly and users with disabilities can be addressed through design standards. For example, 

the Rehabilitation Engineering and Assistive Technology Society of North America (RESNA) has published 
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several ISO standards, as shown below in Table 12, regarding wheelchair tie-downs and occupant 

restraint systems for use in motor vehicles. However, these systems require manual operation to secure.  

Advocacy groups have reviewed applicable standards and found gaps and are calling for action to 

develop targeted ADS design standards for persons with disabilities. 

Table 12 Rehabilitation Engineering and Assistive Technology Society of North America (RESNA) ISO Related Activities (RESNA, 

2018) 

Standard Title/Description 

ISO 7176-19 Wheelchairs Part 19: Wheeled mobility devices for use in motor vehicles 

ISO 10542-1 
Wheelchair tiedown and occupant-restraint systems Part 1: Requirements 

and test methods for all systems 

ISO 10865-1 

Wheelchair tiedown and occupant restraint systems for rearward facing 

wheelchair-seated passengers Part 1: Systems for accessible transport 

vehicles designed for use by both seated and standing passengers 

ISO 10865-2 

Wheelchair tiedown and occupant restraint systems for forward facing 

wheelchair-seated passengers Part 2: Systems for accessible transport 

vehicles designed for use by both seated and standing passengers 

ISO 16840-4 Wheelchair seating Part 4: Seating systems for use in motor vehicles 

 

Impacts on Infrastructure 

The interaction of humans and infrastructure in an AV environment can be looked at from three 

perspectives: 1) inside the vehicle (i.e. drivers/operators), 2) outside the vehicle (i.e. pedestrians), and 3) 

from a top view (i.e. infrastructure owners and operators)- influencing how those both inside and 

outside the vehicle interact with each other and the intelligent transportation system (ITS). Humans 

interact with infrastructure and AVs from inside of the vehicle when taking the role of driver/operator 

from the human and placing it on the vehicle. Drivers need to be able to fully understand the capabilities 

and limitations of the vehicle and maintain situational awareness of what the vehicle is doing and when 

manual intervention is needed, especially for first-generation systems that will require the human to 

resume control when the vehicle is incapable of controlling itself. CAV interactions with a mixed fleet 

can affect right of way at traffic signals, such as impact on queues, driving speeds, and signal 

infrastructure changes (e.g. detection requirements) may be impacted.  

Poorly maintained infrastructure (e.g., lane markings) could result in more frequent disengagements, 

while well maintained infrastructure could result in less frequent disengagements. Roadways free of 

debris will improve human reaction time and ability to safely transition control. AVs could enable 

greater mobility for the elderly and users with disabilities, but only with the development of proper ADS 

design standards. If individuals in these populations begin to operate vehicles more frequently, there 
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needs would need to be considered in intelligent infrastructure design as well. In addition, humans 

interact with AVs from outside of the vehicle as road users, such as pedestrians and cyclists. These 

interactions could take place in urban environments (e.g., at intersections) and in highway environments 

when service workers or emergency responders are stopped along the side of the road performing 

duties. IOOs coordinate the interactions of these systems from a top view by influencing how AVs 

interact with pedestrians and how drivers interact with the ITS and ADS.  

Communications 

Support for AV Features 

Communication technologies offer substantial potential for improving the safety and reliability of AVs by 

connecting road infrastructure users (e.g., vehicles, cyclists, pedestrians) to each other and to critical 

roadside infrastructure, as well as to other necessary off-board resources. Moreover, with more 

interaction and integration of vehicles, smartphones, and cloud connectivity, the flow of information 

between vehicles and their drivers and the road infrastructure will continue to become more 

commonplace. In particular, cloud connectivity will play a crucial role for integrating the information 

collected from the vehicles, analyzing it, and disseminating the necessary information back to the 

vehicles and infrastructure for better traffic flow and mobility. Finally, although it is not clear as to what 

extent, the forthcoming Internet of Things (IoT) based on emerging machine-to-machine (M2M) 

communications standards will likely interact with the CAV ecosystem.  It should be noted that the 

development of vehicle automation is proceeding independent of connected vehicle technology, and AV 

can be deployed without CAV functionality. An example includes having a connected infotainment 

system, where LTE or satellite radio may be enabled.  Luxury features such as this are self-contained, 

and would complement AV functionality instead of limiting it.  The only noticeable trend with these 

features would be the drive for aftermarket penetration for connected vehicle appliances; although, 

CAV obviously would provide enhanced functionality and reliability. Connected Vehicle technology will 

continue to grow without these luxury features, but essentials such as BSM and SPaT will still be there. 

In addition to the inherent safety benefits provided by CAV services using V2V communications, there 

are significant safety benefits to be obtained from existing or planned CAV services that leverage V2I 

communications. The (ARC-IT, 2018)3 includes several reference applications (service packages) that 

focus on AV operations. Several examples include: 

• VS01: Autonomous Vehicle Safety Systems -Improves vehicle safety using on-board sensors that 

monitor the driving environment surrounding the vehicle. All levels of driving automation are 

supported ranging from basic warning systems that warn the driver through full automation where 

the vehicle controls the steering and acceleration/deceleration in all scenarios and environments, 

without driver intervention. Unlike other Vehicle Safety service packages, VS01 includes 

autonomous capabilities that rely only on on-board systems without communication with other 

vehicles or the infrastructure. 

• VS03: Situational Awareness -Shares information about potentially hazardous road conditions or 

road hazards with other vehicles to support enhanced driver warnings and control automation. 

Vehicles broadcast relevant road condition information that is collected by the vehicle, such as fog 

or icy roads. VS03 supports the capability for connected vehicles to share situational awareness 

                                                           
3 https://local.iteris.com/arc-it/  

https://local.iteris.com/arc-it/
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information even in areas where no roadside communications infrastructure exists. It can be useful 

to vehicles that are not fully equipped with sensors, or vehicles entering an area with hazardous 

conditions. Roadside communications infrastructure, if available, can extend the situational 

awareness range to cover wrong way vehicles where closing rates can require notification beyond 

DSRC communications range. 

• VS13: Intersection Safety Warning and Collision Avoidance - Enables a connected vehicle 

approaching an instrumented signalized intersection to receive information from the infrastructure 

regarding the signal timing and the geometry of the intersection. The vehicle uses its speed and 

acceleration profile, along with the signal timing and geometry information to determine if it 

appears likely that the vehicle will be able to pass safely through the intersection without violating 

the signal or colliding with other vehicles. If the vehicle determines that proceeding through the 

intersection is unsafe, a warning is provided to the driver and/or collision avoidance actions are 

taken, depending on the automation level of the vehicle 

• VS17: Traffic Code Dissemination -Disseminates current local statutes, regulations, ordinances, and 

rules that have been adopted by local, state, and federal authorities that govern the safe, orderly 

operation of motor vehicles, bicycles, and pedestrians on public roads. The focus of VS17 is 

electronic distribution to automated vehicles and their drivers so that automated vehicles can safely 

operate in compliance with the traffic or motor vehicle code for the current state and locality. 

• Other Examples of Connected Vehicle Applications include:  

o CVO08: Smart Roadside and Virtual WIM 

o VS05:  Curve Speed Warning (CSW) 

o VS06:  Stop Sign Gap Assist (SSGA) 

o VS09:  Reduced Speed Zone Warning/Lane Closure (RSZW/LC) 

o VS10:  Restricted Lane Warning (RLW) 

o VS12: Pedestrian and Cyclist Safety  

o WX03:  Spot Weather Impact Warning (SWIW) 

Trends and Forecast 

Connectivity provides automation with additional 

situational awareness. Connectivity can be used to 

augment on-board sensors and provides inputs from 

“remote” sensors via connections in near-real time to 

information sources outside the vehicle. Many near term 

AV deployments have used connectivity to support 

safety critical functionality; for example, Olli using SPAT 

in the National Harbor (Local Motors, 2018), and on-

road testing with HERE/ TomTom maps (Bonetti, 2018)  

(Leonard, 2017).  

At least 88 connected vehicle applications have been identified. (USDOT, 2016). Implementation is 

guided by the Connected Vehicle Reference Implementation Architecture. 

Pilot programs are an important part of advancing technology maturity as they take technology out of 

controlled settings and place them into operational field environments. Pilots can help identify and 

address technical, policy, and social issues, thereby reducing risk to future technology deployments. 

 Figure 22: Graphic representation of connectivity at an 

intersection 
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Understanding lessons learned from previous pilots may help IOOs better understand needs and gaps in 

implementing new capabilities (Chin, 2018).  

The USDOT Connected Vehicle Pilot Deployment Program sets a benchmark for what to improve in 

future programs. The intent of these pilot deployments was to encourage partnerships of multiple 

stakeholders (e.g., private companies, states, transit agencies, commercial vehicle operators, and freight 

shippers) to deploy applications utilizing data captured from multiple sources (e.g., vehicles, mobile 

devices, and infrastructure) across all elements of the surface transportation system (e.g., transit, 

freeway, arterial, parking facilities, and tollways) to support improved system performance and 

enhanced performance-based management. An impact assessment and evaluation effort has been 

developed highlighting lessons learned from this program.4 

 
Figure 23. Goals of the Connected Vehicle Pilot Program (USDOT, 2016). 

There are several viable technologies that are currently used to provide vehicle-to-everything (V2X) 

communications, which are listed below, and several are described in more detail later in this section. 

• 5.9 GHz DSRC – used to support all V2V applications, and many V2I applications that require 

very localized exchange of information (e.g., Signal Phase and Timing (SPaT), CSW) 

• 3G and 4G LTE Wireless – used to support many non-safety V2I information exchanges, 

especially those that are in response to road user-initiated requests 

• Satellite and Digital FM radio services, such as Sirius XM – used to ubiquitously and very 

efficiently distribute V2I information that needs to reach many road users over a wide area. 

Additionally, there are several emerging communications technologies that could eventually be used to 

provide low latency communications 

• 5G wireless communications – specifications and standards are being developed, and prototype 

devices are available. In addition to continuing support for V2I applications, the planned new air 

interface (5G NR) will provide performance characteristics enabling low-latency V2V and V2I 

applications. 

                                                           
4 https://www.its.dot.gov/pilots/cv_pubs.htm 

https://www.its.dot.gov/pilots/cv_pubs.htm
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• Enhanced Wi-Fi - IEEE 802.11ax is intended to replace both IEEE 802.11n-2009 and IEEE 

802.11ac-2013 as the next high-throughput Wireless Local Area Network (WLAN) amendment, 

which is expected to be released in the 2019-2020 timeframe, and in the future could support 

certain V2I applications. 

• Visible light communication (VLC) – VLC, using LEDs in conjunction with photo diode receptors, 

based on the Li-Fi standards, could potentially be used to support platooning and other V2V CAV 

applications.  

While there are still spectrum, latency, and reliability issues that must be addressed for a robust 

vehicular communication network, the communication security remains the central challenge to be 

addressed. Communications between vehicles, pedestrians, cyclists, and road infrastructure needs to be 

highly secure, and offer services such as authentication, authorization, encryption, and non-repudiation. 

Moreover, these security services should be easy to deploy and manage; and should be provisioned and 

supported by a centralized credential management platform. Additionally, secure communications can 

be subverted if either the source or destination systems are compromised. CAVs should be equipped 

with a comprehensive in-vehicle security system, including strong firewalls, intrusion prevention 

mechanisms, and anti-virus/malware protection. 

5.9 GHz Dedicated Short Range Communications (DSRC) 

In 1999, the Federal Communications Commission (FCC) allocated 75 MHz of spectrum at 5.850-5.925 

GHz for ITS services. This allocated 75 MHz slice of wireless spectrum is commonly known as the 5.9 GHz 

DSRC, or just DSRC. The communications standards developed for the DSRC bandwidth are based on the 

IEEE 802.11 wireless LAN (Wi-Fi) standard, and are designed to address specific needs for secure, low 

latency wireless data communications within a vehicular environment. DSRC is designed to enable 

critical safety applications through high-speed, trusted communications between equipped vehicles and 

between vehicles and equipped roadway infrastructure or equipped mobile devices. 

In addition to developing essential extensions (IEEE 802.11p) to the lower layer protocol standards in 

IEEE 802.11, IEEE’s 1609 Working Group developed a suite of Wireless Access in a Vehicular 
Environment (WAVE) standards that specify networking and security protocols. To supplement these 

standards, SAE has developed, and continues to develop, standards specifying data messages, as well as 

those specifying usage guidance. 

DSRC security features are designed to support a public key infrastructure (PKI), enabling secure 

message exchanges. In addition to supporting secure V2V information exchange, this allows vehicles and 

infrastructure to securely communicate over public networks; and in both cases, to reliably verify the 

authenticity of users and the confidentiality and integrity of received messages via digital signatures and 

optional encryption. In addition, DSRC security features are designed to inherently protect privacy and 

not expose identifying or linkable information to unauthorized parties. To support connected vehicle 

research and development activities, and to farther develop and refine security and privacy for DSRC 

communications, USDOT sponsored the design and development of several “proof of concept” PKI 
systems, policies, and procedures. The SCMS supports the use of pseudonym certificates which allow 

users to operate securely, but anonymously. 

Over the past 10 to 15 years, the USDOT and industry approach focused on DSRC technology to provide 

both V2V and V2I (RSE) communications for low latency services. DSRC can support additional V2I 
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services, but only when vehicles are able to use nearby RSEs to provide wireless Internet connectivity. 

However, due to DSRC bandwidth considerations, and to significantly extend the range of V2I service 

support, V2I communications are frequently enabled using 3G or 4G mobile wireless communications 

services. This requires the operation of an additional wireless radio within the vehicle, or if software 

defined radios (SDR) are implemented, then just a second ratio antenna. 

Currently, there are a considerable number of DSRC-based connected vehicle deployments across the 

country, with several automotive OEMs and a larger number of state departments of transportation 

invested in, and strongly in favor of, proceeding with DSRC for wide-scale deployments. 

In February 2012, the Middle Class Tax Relief and Job Creation Act of 2012 (the “Act”) was signed into 
law. It includes a provision that requires evaluation of spectrum-sharing technologies and the risk to 

users if Unlicensed-National Information Infrastructure (U-NII) wireless broadband devices were 

permitted to operate in identified spectrum bands, including the 5.9 GHz DSRC band. Based on surging 

demand, the Wi-Fi industry requires additional spectrum and views bandwidth in the 5 GHz (5.150- 

5.925 GHz) and the 6 GHz (5.925-7.125 GHz) spectrum as essential to meeting this demand. Additionally, 

wireless carriers have also expressed interest in this range or spectrum. However, 75 MHz of the 5 GHz 

spectrum (the 5.9 GHz band) has already been formally allocated by the FCC to DSRC. In May 2015, the 

USDOT made preparations for testing the safety impact of wireless devices designed to share the DSRC 

radio spectrum reserved for vehicle safety applications using V2V and V2I communications in the 5.9 

GHz DSRC band, and made these plans publicly available in the DSRC Spectrum Sharing Test Plan.5 While 

a decision has not been made, the emergence of 5G Wireless (discussed below) appears to have 

strengthened the case for spectrum-sharing. 

Finally, with respect to the future, earlier this year the IEEE initiated the 802.11 Next Generation V2X 

(NGV) Study Group to update the 802.11p standard and improve its capabilities in support of V2X 

applications; specifically, by leveraging more recent wireless communications techniques to address 

requirements for extended range, higher throughput, improved reliability, and efficiency. However, 

given the time needed to develop and test a new standard, this will probably have limited impact on the 

current situation. 

In December 2016, NHTSA published a notice of proposed rulemaking (NPRM) for what would become 

Federal Motor Vehicle Safety Standard (FMVSS) 150. This mandate would require automotive OEMs to 

install DSRC-based radio systems in all new light-duty vehicles somewhen around 2020. Each installed 

DSRC system will be required to broadcast at basic safety message (BSM) at 10 hertz. As of November 

2017, USDOT has not made a final decision6 regarding the proposed rulemaking concerning a V2V 

mandate. It seems that the decision has been de-prioritized and is no longer on a fast track7. At this 

time, it is not known what the decision will be, nor when it will be made. However, while the decision is 

still up in the air, momentum seems to be shifting toward C-V2X as a contender, with the result that 

USDOT may well take a more technology-neutral stance. C-V2X is a newer technology with a clear 

evolution path and may well be better positioned to support the needs of autonomous vehicles in the 

                                                           
5 https://www.its.dot.gov/research_archives/connected_vehicle/dsrc_testplan.htm  
6 https://www.nhtsa.gov/press-releases/v2v-statement 
7 https://tpf.transportation.org/wp-content/uploads/sites/35/2018/11/2018-11-26-5.9-GHz-FCC-Phase-I-Testing-Data_AASHTO-Response-

FINAL.pdf 

https://www.its.dot.gov/research_archives/connected_vehicle/dsrc_testplan.htm
https://www.nhtsa.gov/press-releases/v2v-statement
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future. That being said, DSRC is tested and deployment ready, but until a decision (or mandate) is made, 

the automotive industry will likely continue to pursue divergent paths.  

C-V2X 4G/5G Wireless 

Over the coming years the 3rd Generation Partnership Project (3GPP) and U.S. telecommunications 

carriers will continue to develop and deploy increasingly advanced 4G (LTE) network features and 

services, which may eventually provide comparable features and competitive performance 

characteristics for some V2I applications with respect to those currently afforded by the tandem DSRC, 

3G/4G approach, as described above. As these advanced LTE networks and services are deployed, 

vehicles may eventually have alternative communications paths for enabling non-safety V2V services. 

This could potentially provide communications redundancy in the vehicle.  

In the longer term, 5G LTE and, ultimately, the 5G New Radio (NR) may provide significantly increased 

throughput, ultra-low latency, enhanced connectivity, and even higher reliability. 3GPP is developing 

V2X-enabling technical and performance requirements which will allow for the development of 

prototype devices designed to meet those requirements and allow for realistic assessments of the 

viability of Enhanced 4G or 5G network capabilities to meet the needs of V2X applications. It appears 

that 3GPP plans leverage the available (and validated) DSRC upper-layer protocols, including the security 

services, which will facilitate integration with credentialing services provided by the SCMS. However, 

specification, development, and testing will take time. Moreover, there will be an additional delay until 

there is sufficient wide-scale deployment of Enhanced 4G or 5G network capabilities supporting those 

requirements, especially considering the slow roll-out of new cellular technologies into rural areas.  

By and large, the telecommunications carriers and some telecommunications equipment makers are 

backing C-V2X. Several industry-based alliances and advocacy groups have formed to actively market the 

C-V2X solution; and, recently, several automotive OEMs who previously committed to DSRC have 

changed course and are pushing for C-V2X. If industry does align behind the C-V2X paradigm, then there 

is a strong possibility the USDOT could require a multi-year test and evaluation effort, at a minimum, to 

ensure interoperability. Additionally, DSRC from/to other vehicles will allow establishing a dynamic 

sensor network that can provide data from many vehicles and thereby achieve much more information 

at an earlier time about the surrounding environment (Bayless, Guan, Son, & Murphy, 2014). 

As a note of caution, it seems reasonable, based upon historical deployments of new wireless telephony 

(cellular) services, to anticipate that services will be deployed early and marketed as “5G,” before the 

3GPP 5G standards are completed, which could lead to interoperability challenges as well as confusion 

in the marketplace.  

Other Considerations 

DSRC requires an initial investment (on-board radio unit) on the part of the vehicle owner, and possibly 

a small fee to fund operations of essential services, such as the SCMS. The business model for C-V2X has 

not been determined and may include funding from vehicle owners. Finally, while both DSRC and C-V2X 

would use the 5.9 bandwidth, there is significantly more defined roadmap for the 3GPP standards and a 

defined migration path to the enhanced 5G NR, which promises to offer superior performance. 
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Impacts on Infrastructure 

DSRC-based V2I communications will require deployment of DSRC-enable roadside equipment (RSU) 

equipped with one or more DSRC radios. Typically, they will need to be collocated or integrated with 

traffic signal controllers, which will require installations and/or modifications to the traffic signal 

cabinets. Certain state and local governments are taking action in developing guidance for CAVs. One 

example of State DOT’s taking this consideration would be Arizona’s House Bill 2365 relating to wireless 
services. 8 

Standards related to vehicle automation are in various stages of identification, definition, development, 

and adoption. There are standards that have been developed that apply to almost all levels of vehicle 

automation (e.g., ISO 26262 - Road Vehicles Functional Safety and SAE J3018 - Taxonomy and Definitions 

for Terms Related to On-Road Motor Vehicle Automated Driving Systems). These standards mostly 

define architectures, taxonomies, or safety and reliability standards that cover the full range of 

automation levels. 

In addition to updating standards and upfront investments for IOOS, successful implementation will 

require ongoing monitoring and maintenance support for both the additional equipment as well as the 

system software and application software. The DSRC-enabled roadside equipment will need to be 

connected via wireline or wireless connections to traffic operational centers, which may leverage 

existing backhaul connections from the traffic signal controllers.  

C-V2X based V2I communications will leverage the carrier’s existing network (wireless and wireline) 
infrastructure and will also need to be connected to traffic signal controllers. It is unclear whether 

dedicated C-V2X network infrastructure will need to be collocated with traffic signal controllers due to 

low latency requirements. This may entail equipment installation and/or modifications to the traffic 

signal cabinets, which would require an upfront investment and may require ongoing operational and 

maintenance support. Depending on where the C-V2X based V2I applications are hosted, there will be 

differing costs for monitoring and maintenance of system software and application software.  

Lessons learned from the USDOT Connected Vehicle pilots can be broken up into two perspectives: 

federal and pilot site. The federal perspective includes funding agencies, regulators, and program 

support while the pilot site includes the IOOs and technology providers implementing and testing the 

systems. Lessons learned from Connected Vehicle Pilot Program include (Hartman, 2017): 

• Federal Perspective: 

o Engage Stakeholders Early: Stakeholder Interaction and partnership was a critical early 

focus area 

o Share Information Between IOOs: Non-competitive structure assisted site-to-site 

coordination; Participation in virtual roundtables allowed sites to learn from each other. 

o Allow Time for Concept Development: Developing ideas and vetting with stakeholders 

takes time for new technologies, so budget time prior to procuring/designing/installing 

equipment. 

• Pilot Site Perspective: 

                                                           
8 https://www.azleg.gov/legtext/53leg/1r/bills/hb2365p.pdf  

https://www.azleg.gov/legtext/53leg/1r/bills/hb2365p.pdf
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o Integrate with Existing Systems: Develop a CONOPS that integrates the connected vehicle 

technology with existing Transportation Systems Management and Operations (TSMO) and 

legacy equipment. 

o Leverage National Architecture and Current Standards: Using USDOT national architecture 

tools (e.g., SET-IT, RAD-IT) and the most recent standards (e.g., IPv6) can accelerate 

deployment and improve interoperability and scalability. 

o Develop Verifiable System Requirements: New requirements may be challenging to 

develop for new technologies and may require close coordination with technology vendors 

to identify metrics and means of compliance. 

o Leverage Other ITS Technologies: Existing ITS technologies may provide solutions for 

challenges. For example, the NY Connected Vehicle Pilot experienced localization challenges 

caused by urban canyons and is addressing this through Network Transport of Radio 

Technical Commission for Maritime (RTCM) data over Internet Protocol (NTRIP). 

o Engage Procurement and Contracting Early: There may be important considerations for 

contracting that need to be assessed early on, such as deployment of on-board units on 

non-agency vehicles, and there may be innovative ways to offset project costs through 

creative arrangements with technology providers.  

o Consider Privacy: Transportation users should expect at least the same level of privacy as 

when conducting a non-CAV trip. Privacy is a critical issue for stakeholders and may limit the 

level of data resolution and quality that can be gathered, analyzed, monetized, and 

disseminated.  

Digital Infrastructure and Mapping 

Support for AV Features 

The European Commission defines Digital Infrastructure as “a collection of static and dynamic digital 
representations of the physical world with which an automated vehicle will interact to operate. This 

includes sourcing, processing and information streams”. 9This concept has been translated to other 

Governing bodies in the US. In particular, the Federal Highway Administration (FHWA) adopts elements 

of this concept as a blend between traditional infrastructure and data sharing platforms, where data 

from ADS can be seen as a vital role for IOOs to implement.  

In FHWA’s National Dialogue10, a series of meetings held to receive broad input on key areas of interest 

and prepare FHWA programs and policies to incorporate automation considerations, a topic on Digital 

Infrastructure and Data Management received key findings irked in this report. Input received during the 

National Dialogue will help inform FHWA research, policies, and programs.  Mapping is a topic that can 

influence decisions for IOOs.  

Most major ADS (SAE Level 3 and above) system developers are testing and deploying their vehicles with 

the help of digital maps (Boudette N. , 2017). Digital maps compliment sensor-based perception by 

providing additional information about the environment. Digital maps provide information to AVs 

concerning roadway geometry, traffic conditions, laws, weather, road markings, signs, and other 

information. Maps help improve confidence in detected objects; for example, Delphi has submitted a 

                                                           
9 http://vra-net.eu/wp-content/uploads/2016/03/VRA_20151031_WP3_D3.6.1_Digital-Infrastructure-Needs-
and-Recommendations-v1.0.pdf  
10 https://ops.fhwa.dot.gov/automationdialogue/  

http://vra-net.eu/wp-content/uploads/2016/03/VRA_20151031_WP3_D3.6.1_Digital-Infrastructure-Needs-and-Recommendations-v1.0.pdf
http://vra-net.eu/wp-content/uploads/2016/03/VRA_20151031_WP3_D3.6.1_Digital-Infrastructure-Needs-and-Recommendations-v1.0.pdf
https://ops.fhwa.dot.gov/automationdialogue/
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patent application for fusing map and sensor data (Izzat & Yuan, 2017). Maps may also help perceive 

many things that cannot be readily detected by sensors, such as traffic laws. These maps may help ADS 

identify and remain within ODD boundaries. An example of map layers provisioned to ADS is shown in 

Figure 24. 

 

Figure 24. HERE's layers for high definition live maps (HERE, 2017). 

Trends and Forecast 

The coverage, resolution, and variety of mapping services available to AVs in the United States has 

dramatically increased. For example, HERE now has over 555,555 km of roads mapped and is planning 

for over 1 million km by the end of 2018 (Bonetti, 2018). HERE’s HD maps show lane markers, the 

guardrails, poles and other “road furniture” at an 8-to-12-inch level of accuracy, which is an 

improvement over existing maps that are accurate within 98 to 164 feet (Said, 2017). Other examples 

include various approaches where the mapping service is influenced by crowdsourcing or working with 

OEMs directly such as GM, Uber, and Ford. Mapping companies capture information in many ways, 

including “terrestrial capture units” (i.e., vehicles with LIDAR sensors) (Said, 2017), communities and 

partners, and automobile manufacturers. Processing techniques include structure-from-motion that 

extract image features (Sun, Sarukkai, Kwok, & Shet, 2018).  

Data may also be crowdsourced, such as extracting information about intersections and traffic lights 

through a crowdsourcing approach (Ruhhammer, et al., 2017). Maps can provide lane-level accuracy in 

the Open Lane Model by the Navigational Data Standard (NDS) (Standard, 2016), which improves 

confidence in perception. Mapping companies are providing an impressive array of services, including: 

o TomTom’s Advanced Driving Attributes (ADA) contains road geometry, such as height, curvature 

and slope data 

o HERE’s HD Live Map is composed of relatively static roadway information (e.g., roadway 

geometry), temporary roadway information (e.g., weather, lane closures), and 

recommendations about how to drive (e.g., comfortable driving speeds). 
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o DeepMap provides a set of services, including hardware tools, software solutions and field data 

collection functions that can transform customers’ self-driving fleet data into their own 

personalized HD maps, rather than producing one HD map database for all AV solutions 

o Inrix provides geo-referenced traffic laws 

o Civil Maps provides an edge-computing based mapping service with a base map that selectively 

provides information while continuously determining the vehicle’s location 

o Mobileye envisions assembling its data into a giant map called Road Book. 

Various business models and partnerships are driving the generation and sharing of map data. For 

example, Mobileye plans to share map data with Here, and when Here at some point licenses the 

mapping information for use by self-driving cars, Mobileye will get a share of that. Some of the money 

will go back to automakers like VW and BMW that add the mapping capability to their cars (Boudette N. 

, 2017). “There is a revenue-sharing model between us and the carmakers,” Mobileye’s Mr. Shashua 

said, noting that map services are a future business. “Consumers would be paying for map services for 
their autonomous cars.” 

Impacts on Infrastructure 

Mapping companies collect information in many ways, including probe vehicles equipped with sensors, 

other companies that have collected geospatial information, and public agencies that collect and 

generate geospatial information. It is important for IOOs to understand what IOO-related data is of 

interest to mapping companies.  

This data may be refreshed at different time scales. Some may be collected once and rarely updated 

(e.g., signage and laws). Other data may change more rapidly. Mapping company vehicle fleets can only 

re-map an area so often, so temporal “freshness” of data may be limited. IOOs may help improve map 

freshness by sharing certain information, such as construction zones and road closures for special 

events. Through a pilot program, Iowa Department of Transportation has identified Sample Driving 

Environment Data (Iowa DOT, 2017). 

• Road Hazards 

o Crashes/Obstacles 

o Event Congestion 

• Variable Speed Advisories 

• General Weather 

• Maintenance Automotive Vehicle Location Activity Tracking 

• Road Weather 

• Dynamic Speed Advisories 

• Truck Parking 

• State Fleet Probe Data 

• Road Construction 

• Dynamic Message Signs Traffic Signal Status/Timing 

• HD Spatial Data 

• Lane Closures 

• Road Surface Conditions 

• Emergency Vehicle Alerts 
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• Traffic Sensors. 

IOOs will need to consider how this dynamic data can efficiently be shared, which is discussed in the 

next section. 

Data Sharing 

Support for AV Features 

There are rapid changes in the AV and transportation data ecosystems that constantly present 

opportunities for new data exchanges and tools. Some recent trends include increasing numbers of 

vehicles being sold with built-in connectivity, openly available data from transportation network 

companies, and increasingly sophisticated transportation agency data management. These 

developments may enable new services and improved data quality that results in improved situational 

awareness for ADS and road users; more resilient and secure transportation systems; and robust 

decision support for public and private sector planning.  

An illustration of the CAV data environment is given in Figure 25, categorized by time frame. The data 

can support AV planning and navigation as well as infrastructure operations and maintenance. 

 

Figure 25. Data layers organized by time frame (Shirato, 2016). 

The USDOT has developed a framework for AV data, summarized in Figure 26, which categorizes data 

based on the entities exchanging that data. A more detailed table is given on USDOT’s website (USDOT, 

2018). This framework can help identify areas for collaboration between businesses and public agencies. 

AVs are not the only beneficiaries of data exchanges. IOOs may benefit from information in these maps. 

For example, HERE is partnering with the city of Hamburg to share traffic data and promote sustainable 

mobility in the city. 

When considering these types of data as candidates for sharing, it is important to consider potential 

data exchange platforms, and data quality and freshness issues. Data exchange requires agreed upon 

data formats and communication protocols. Data exchange may be more efficient and scale more easily 

with standardizing of formats and protocols. Data can be costly and challenging to manage, but it can be 

exchanged more rapidly and less expensively with harmonized message formats and protocols. It is 
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important to understand the quality and freshness of data so it can be used appropriately. Inventorying 

and qualifying data is a considerable undertaking for any organization wishing to share and monetize 

data.  

 

 

Figure 26. USDOT data for automated vehicles framework (* indicates two-way exchange). 

Trends and Forecast 

The market for vehicle data analytics is expected to exceed $4.7 billion by 2022 (MarketsAndMarkets, 

2017). There is a fierce battle over access to and ownership of this data. For example, the recently 

announced Global Alliance for Vehicle Data Access (GAVDA) and the associated marketing campaign is 

poised to considerably disrupt vehicle data ownership models by creating opportunities for third parties 

to gain unprecedented access to vehicle data traditionally owned by manufacturers. Yet privacy will 

remain an important social acceptance factor driving the development of this market 

(MarketsAndMarkets, 2017). 

The private sector is solving some data exchange challenges through open standards platforms, such as 

Sensor Interface Specification (SENSORIS) and Advanced Driver Assistance System Interface 

Specifications (ADASIS), which provide message formats for information such as sign recognition and 

lane boundary recognition (Nasr, 2016).  

The USDOT has been facilitating AV data sharing by convening stakeholders, identifying priorities, and 

building communities of practice that can drive harmonization. In December 2017, the USDOT held a 

successful ‘Roundtable on Data for AV Safety’ that brought together public, private, and academic 

leaders to advance the national dialogue and identify three high-priority use cases as candidates for data 

exchanges, including work zones, scenarios, and cybersecurity. The USDOT has carried momentum 

forward through action-oriented workshops, identification of an agile standards development consortia, 

and short-term pilots, which are discussed in the next section. 

Impacts on Infrastructure 

Now is a critical time to identify potential opportunities for harmonization before data services become 

too fragmented and intrenched in conflicting approaches. IOOs will benefit from inventorying their own 

data and staying on top of an AV data landscape that is constantly shifting. Partnerships and initiatives 

are underway to work with state and local agencies to standardize data elements. For example, the 

USDOT is pursuing the Work Zone Data Exchange pilot under the Data for Automated Vehicle Initiative. 
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A current Work Zone Activity Data map in Figure 27 shows gaps across the U.S. due to inconsistent 

reporting. The USDOT is taking an approach similar to that used by the General Transit Feed 

Specification (GTFS) where a draft specification is being developed to standardize data formats. The pilot 

is working with state departments of transportation and data consumers as they seek to implement this 

standard.  

 

Figure 27. Work zone activity data is incomplete across the U.S. (Peterson, 2018). 

INRIX is partnering with agencies to collect information on road rules. According to their website: “INRIX 

AV Road Rules provides an easy to use platform for cities to digitize, validate and manage the traffic 

rules and restrictions for areas where highly automated vehicles (HAVs) will be operating. At launch the 

platform will include support for more than a dozen fixed and variable rules (e.g., stop signs, crosswalks, 

turn restrictions, bike lanes, school zones, and speed limits) that INRIX and its partners have identified. 

In future iterations, the platform will include support of dynamic rules that can adjust to optimize traffic 

flow based on real-world conditions. This information is then served up to HAV operators via open 

Application Programming Interfaces (API) to allow access to verified, ground-truth data that will support 

safe and effective operation. At launch, seven cities and road authorities and four HAV operators have 

signed on to support INRIX AV Road Rules.” 

Other examples of data sharing between vehicles and infrastructure include the Real-Time Integration of 

Arrow Board Messages into Traveler Information Systems, shown in (ENTERPRISE, 2017), and iCone that 

provides work zone information. iCone is striving to provide AVs with:  

• “Work zone status: scheduled versus equipment on sight and ready to work versus workers 

present. 

• Map changes including lane shifts, capacity reductions of any kind, or roads closed. 

• Queue details including slow or stopped traffic, delay times, early or late merge systems, and 

location of merge point. 

• Presence of active flagging operations including location. 

• Presence and location of attenuator trucks, especially when the attenuator is in the down or 

active position.” (Sheckler, 2016) 
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Figure 28. Arrow board message integration into traveler information systems. 

Japan’s Strategic Innovation Promotion Program for Automated Driving for Universal Services (SIP-

ADUS) provides additional insights into the types of data that IOOs and vehicles may wish to share. As 

shown in Figure 33, there are areas of cooperation and areas of competition, and Japan SIP-ADUS is 

focusing on areas of cooperation, including areas related to design (system security, driver model), and 

operations (dynamic maps, predicting information by ITS, sensing capability enhancement, local traffic 

management enhancements). AV sensors can act as probe data that inventory and assess infrastructure, 

such as road damage and signage, as illustrated in Figure 30 (Wang & Mertz, 2016). 

 

 

Figure 29. Implementation structure of Japan's SIP-ADUS Program (Shibata, 2017). 
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Figure 30. Vision detection of road damage (Wang & Mertz, 2016). 

Position, Navigation and Timing (PNT) 

Support for AV Features 

AV operations will require highly-accurate and reliable positioning, along with precision timing. This 

becomes especially critical at higher speeds, and for AV operations (applications) that require “where in 
lane” level positioning accuracy or must abide by geo-fencing guidance or restrictions. For the most part 

this relies on the efficacy of the onboard positioning system, but this can be enhanced by supporting 

functions from the infrastructure. 

Trends and Forecast 

PNT technologies require high accuracy and reliability to enable vehicle automation. To meet these 

needs, researchers and product manufacturers are continuing to develop onboard positioning systems 

that are smaller, faster, and much more capable than their predecessors at much lower price points. 

This is enabling OEMs and their Tier-1 suppliers to begin to provide this automation technology to a 

wider range of customers, and not only in luxury class vehicles. Vehicles and mobile devices in the U.S. 

rely on global navigation satellite system (GNSS) deployed by the U.S. Government, the Global 

Positioning System (GPS). GPS signals are negatively impacted by infrastructure elements such as urban 

canyons, tunnels, and foliage. This can be mitigated through infrastructure investments such as GPS 

repeaters that improve PNT accuracy (NYCDOT pilot). Additional accuracy can be obtained through 

differential corrections provided by the National Differential Global Positioning System (NDGPS) 

provided through FM radio broadcasts, or through network feeds provided directly to the roadside 

infrastructure, which, in turn, can use DSRC radios to broadcast the differential corrections.  

Both infrastructure and vehicles require accurate and synchronous timestamps to ensure the precision 

timing necessary to support vehicle-to-vehicle communications, such as cooperative localization and 

mapping. These positioning systems are evolving to not just provide reliable and accurate output based 

on a combination of GNSS/INS, but also to provide frameworks that can incorporate other data such as 

wheel speed encoder odometry, visual odometry, and data from other sensors. In parallel, redundant 

techniques are emerging to provide precise timing in situations where GNSS is unavailable. This 

enhanced capability could greatly help connected and automated vehicle applications that are 

dependent upon precise time synchronization for cooperative aspects. 

While countries around the world are deploying new or upgraded GNSS (e.g., GPS, GLONASS, Galileo, 

Compass, QZSS, and IRNSS), product manufacturers and researchers around the world are working to 

incorporate the increased capabilities of these GNSS systems while simultaneously investigating PNT 

technologies to work in areas where GNSS performs poorly (e.g., in areas that experience occlusions or 

multi-pathing). 
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Impacts on Infrastructure 

Appropriate installation sites for GPS repeaters, where needed, would need to be determined prior to 

installation. Deployed units would require occasional maintenance and may require passive monitoring. 

NDGPS corrections can be provided via network feeds to DSRC equipped RSU devices for broadcasting. 

Monitoring and management of these feeds could be integrated with other RSU operational monitoring 

and management activities. IOOs may take steps to improve positioning in urban canyons, tunnels, and 

other GPS degraded environments. Some example technologies for improving localization are discussed 

in the communications section. 

Systems Engineering 

Support for AV Features 

Automated vehicles are complex systems of systems, composed of not just on-board vehicle hardware, 

electronics, and software components, but also physical and digital infrastructure. Interrelated 

requirements between infrastructure and vehicles – such as safety, security, accuracy, and quality – 

must be considered during the design, construction, maintenance, and operations of both infrastructure 

and vehicles. Systems engineering provides rigorous yet affordable methods for encompassing the 

lifecycle of AVs and related infrastructure as they are researched, demonstrated, deployed, maintained, 

and disposed of.  

It is important for IOOs to understand systems engineering as it relates to automation. Automation 

poses challenges for existing systems engineering methods due to characteristics such as: 

• Unstructured operating environments leading to incomplete systems requirements 

• High-order, non-deterministic, non-intuitive software, including machine learning algorithms 

• Safety critical operation and the need for sufficient reliability and fault tolerance 

• Integration of numerous interrelated systems being developed and tested by different groups 

• New model for maintainability (e.g., over-the-air updates). 

One existing method adopted by the automotive industry is Model Based Systems Engineering (MBSE), 

which provides a rigor to systems engineering (shown in Figure 31). MBSE models can represent aspects 

of AVs at all levels ranging from high-level features, such as ODD and level of autonomy, all the way 

down to sub-component levels, such as electronic control units (ECUs) (Zwemer, 2018). MBSE helps 

identify and trace requirements, which is important for increasingly complex and interdependent 

systems. MBSE enables various types of virtual and physical testing that is critical (e.g., virtual hardware 

in the loop testing). 

The development of functional architectures is useful for understanding how to decompose and test 

systems. Architectures for automated driving systems have been an area of active innovation, dealing 

with challenges such as systems operating at a wide range of time scales (0.01 to 10+ seconds) with 

parallel, non-deterministic operations, which complicates fault tolerance. Many functional architectures 

have been used for AVs, including those used in the Defense Advance Research Project Agency (DARPA) 

Urban Challenge and some now being standardized by SAE. 
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Figure 31. Model based systems engineering approach. 

Trends and Forecast 

AV software is particularly challenging for systems engineering. Vehicles are increasingly becoming 

mobile software platforms that need to control safety critical systems. Complexity is increasing, and 

control is shifting from human to software. The burden of ensuring the safety of software systems is 

increasing. System developers and agencies will need to address new challenges related to functional 

safety, reliability, and fault tolerance. Functional safety describes a system’s ability to correctly handle 
expected conditions, as well as known failure modes. Automotive functional safety related to electrical 

and/ or electronic systems is addressed in ISO-26262, which provides an architecture and risk-based 

method for system validation and verification. The Automotive Safety Integrity Levels (ASIL) describes 

the level of risk based on severity, exposure, and controllability. Functional safety is being revisited as it 

relates to automation, and the concept of safety of the intended function (SOTIF) can help address some 

of the gaps in ISO-26262. However, SOTIF as described by ISO’s current working group would only cover 
Levels 1 and 2 automation, and not ADS.  

Functional architectures describe subsystem functionality and interfaces. These architectures can 

provide the basis for developing and discussing requirements, test cases, and other engineering 

activities. The SAE Task Force on Reference Architecture and Interfaces is working on a reference 

architecture (see Figure 32) and supporting MBSE documentation. SAE’s architecture follows a four-

stage process: sense, perceive, plan, and act flow. The documentation describes artifacts, attributes, and 

interfaces with subsystems at each stage. Regardless of whether industry takes differing approaches, 

this architecture provides a common way to talk about ADS systems.  

ADS technology is changing the electrical architecture in vehicles, with increased demands for 

bandwidth, processing power, and security. An example electrical architecture is shown in Figure 33. 

ADS systems should be firewalled according to functionality and security. Similarly, it will be important 

for transportation agencies to put appropriate safeguards in place. 

Maintenance will also look different for AVs than for non-automated vehicles, and this may impact 

infrastructure systems. Over-the-air (OTA) updates offer a method for quickly adding or improving 

functionality, and addressing security vulnerabilities (e.g., Tesla’s Model S patch deployed as a response 
to vulnerabilities disclosed at Black Hat 2015) (Tepper, 2015). 
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Figure 32. SAE ADS functional architecture (Underwood, 2016). 

 

Figure 33. Connectivity features on CAVs (Berg, 2015). 

Impact on Infrastructure 

Infrastructure is increasingly part of the system of systems as AVs provide information to the 

infrastructure and vice versa. There are direct communication links between AVs and ITS infrastructure, 

such as roadside units and intelligent signals. Both automobile manufacturers and IOOs need to consider 

system safety, security, and performance at these touch points. System requirements will impact 

decisions about communications protocols, system architecture, and hardware/electronics/software 

systems. For example, with DSRC, many security and performance features are addressed through the 

IEEE 1609 and IEEE 802.11p Wireless Access for Vehicular Environments (WAVE) protocol stack. 

Additional security and privacy considerations for DSRC will be managed in part through a Security 

Credential Management System (SCMS) that manages certificates for authenticating communications. 

The USDOT has published a national architecture and tools for connected vehicles. When making 

infrastructure investments, agencies must consider which communications protocols and system 

architecture tools to use. 
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For purposes of CAV deployments, the USDOT’s Architecture Reference for Cooperative and Intelligent 

Transportation (ARC-IT)11 provides a reference architecture for the CAV services within the National ITS 

Architecture and includes over 100 reference applications, which are called “service packages.” It also 
offers a common framework for planning, defining, and integrating ITS. It is accompanied by a software 

tool, the Systems Engineering Tool for Intelligent Transportation (SET-IT),12 that integrates drawing and 

database tools with ARC-IT so that users can develop custom project architectures for pilots, test beds, 

and early deployments. 

Similarly, IOOs may also use OTA updates to maintain their systems and take advantage of new 

protocols and security features. Furthermore, IOOs must consider that software on vehicles may be 

updated regularly and consider how that may impact compatibility with infrastructure systems that 

interact with AVs. 

Conclusion 
This state-of-the-art assessment of CAV technologies has summarized deployment timelines, trends in 

enabling technologies, and impacts on infrastructure based on current literature. The insights described 

in this technical memo will inform the following two assessments for Task 1, and development of 

scenarios and gaps in Task 2.  

The deployment timelines for AVs were discussed through an overview of AV features, and estimated 

timelines for testing, deployment, and market penetration of these vehicles. The research identified a 

long list of AV features being sold or marketed by manufacturers, including Level 1 and 2 features for 

safety, energy efficiency, and convenience, and seven ADS features (Levels 3-5). The ODD for these 

features is discussed, which informs the types of infrastructure and relates impacts that are relevant to 

each feature. The timeline for the testing, deployment, and market penetration of these features was 

discussed. Several new features with limited ODD are expected to be deployed in the next five years, 

and by 2025 the market penetration of vehicles with automation features is expected to reach 12 to 13 

percent of global vehicle sales. This AV deployment timeline assessment will help inform time-phasing of 

infrastructure impacts. 

CAV functionality is enabled by a variety of technologies that were categorized and reviewed, including 

systems engineering, sensors and perception, HMI, communications, digital infrastructure and mapping, 

data sharing, and PNT. For each technology area, this assessment reviewed how the technology 

supports AV features, emerging trends and forecasts, and infrastructure impacts. Below is a summary of 

each technology area: 

• Systems engineering: CAVs are systems of systems that are expected to increase in complexity, 

especially with ADS features. Managing the requirements and interactions systems is a major 

challenge. Continued innovations in system architectures, functional safety (e.g., SOTIF), and 

tools, such as MBSE, will be critical to safe deployment of the technologies. CAV architectures 

and functional safety frameworks describe intersections with physical and digital infrastructure 

features, and MBSE tools may be useful for understanding and tracking requirements and test 

cases between CAV and infrastructure touch points. 

                                                           
11 https://local.iteris.com/arc-it/  
12 http://local.iteris.com/arc-it/html/resources/setit.html  

https://local.iteris.com/arc-it/
http://local.iteris.com/arc-it/html/resources/setit.html
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• Sensors and perception: Radar, LIDAR, and vision sensors, as well as perception algorithms, 

were reviewed, including how they support various AV features. Generally, while radar and 

mono-vision are sufficient for SAE Level 1 and 2 automation,ADS features will require LIDAR and 

stereo-vision. Some trends are that sensors are becoming cheaper, higher performing, and 

smaller. Perception algorithms are improving roadway feature and object detection, and 

localization capabilities. Many factors that influence infrastructure perception were reviewed; 

for example, perception is negatively impacted by sign disorientation, occlusion, and non-

uniformity, as well as influenced positively by high retroreflectivity and high contrast.  

• HMI: Although automated systems offer the promise of increased safety and reduced human 

error, substantive human factors challenges need to be addressed; especially, since human 

driver behavior is a complex topic and there is much heterogeneity between drivers. Many of 

today’s sensing systems are generally well suited to perform tasks like driving, but humans 

maintain an advantage in terms of reasoning, perception, and sensing when driving. Humans 

interact with the ADS inside the vehicle as drivers/operators, and outside of the vehicle as 

pedestrians. Infrastructure owners coordinate interactions of these systems by influencing how 

AVs interact with pedestrians and how drivers interact with the ITS and the ADS. 

• Communications: Connected vehicle communications allows CAVs to exchange information with 

each other, as well as with roadside and remote infrastructure. This provides additional sensor-

like inputs to AV operations (e.g., BSM, SPaT), and from an extended range (mitigating line of 

sight limitations), as well as providing an additional level of input redundancy. Although the 

underlying communications technology has not been determined, extensive work on data 

messages and securing the communications has been successfully conducted. DSRC RSUs will 

need to be installed and, in many cases, integrated with traffic signal controllers. C-V2X 

equipment will also need to be integrated with traffic signal controllers.  

• Digital infrastructure and mapping: Digital maps are a key enabler of ADS features that can 

provide information that sensors may not detect and generally improving resilience of 

localization and mapping. Maps are becoming more accurate, are being refreshed more 

frequently, and include richer information. IOOs own data that can improve digital maps for 

ADS, and should consider what data to collect, maintain, and disseminate. Conversely, ADS 

maps may benefit IOO efforts, such as infrastructure inventory and condition assessment data. 

• Data sharing: Vehicles and infrastructure are producing and using more data than ever. Finding 

effective ways to harness and share this data will accelerate the deployment of all AV features. 

New data sharing platforms, protocols, and tools are being developed, but face challenges with 

broad adoption in part due to industry fragmentation. IOOs seeking to accelerate deployments 

that can prioritize candidate data elements for sharing (such as work zone and road closure 

data); harmonize around common message formats and protocols to improve interoperability 

and scalability; and work with data consumers to develop sharing platforms and build 

communities of interest. 

• PNT: Highly accurate PNT inputs are essential to enable cooperative AV operations, especially at 

higher speeds. Onboard positioning systems are providing faster, more capable, and cost-

effective functionality than earlier models. The availability and accuracy of GPS signals can be 

increased through deployed GPS repeaters, and the use of network supplied NDGPS corrections, 

which are relayed (i.e., broadcast) to AV onboard positioning systems.  
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A review of these technologies highlighted impacts on several facets of infrastructure design, 

maintenance, and operation. Below is a summary of some of these impacts: 

• Design: The geometry, color, reflectivity, contrast, uniformity, and connectivity of traffic control 

devices and roadways impacts the performance of AV sensor and perception systems. 

Geometry of the roadway can limit sensor line-of-sight. The color of signs can impact detection, 

especially if it is similar to foliage or other typical backgrounds. Roadway markings are easier to 

see with higher retroreflectivity at night and high contrast during the day. Connectivity through 

RSUs and cellular devices can improve road safety and AV performance (i.e., improving 

localization accuracy or providing collision warnings). Adopting the latest version of the USDOT 

national architecture and use of tools (i.e., SET-IT, RAD-IT) will improve interoperability and 

scalability. 

• Maintenance: Adequately maintaining infrastructure for CAVs includes considering aspects of 

signs (e.g., vandalism, occlusion, and disorientation) and markings (e.g., degradation). 

Information about infrastructure inventory and conditions may be available to IOOs from AVs 

and digital maps. This information can help inform and prioritize maintenance needs. 

• Operations: Roadways are not static, and many aspects of infrastructure operations will impact 

CAVs. Road weather remains a formidable challenge for AVs, so timely and accurate 

information about road weather conditions is important. Temporary traffic conditions – such as 

work zones, road closures, and dynamic message signs – are not easily navigated by AVs 

without prior information about lane geometry, speed, and other driving information. Data 

sharing of temporary traffic information to AVs can accelerate safe deployment. 

This state-of-the-art assessment of CAV technology will feed into the following two Task 1 assessments 

on the state of physical infrastructure and MUTCD and other standards by uncovering major issues in 

infrastructure design, maintenance, and operations. This work will also inform the Task 2 development 

of scenarios that define the limitations of physical infrastructure and use them to summarize the gaps 

that need to be addressed in terms of transportation system design, operations, maintenance, and 

technology. These scenarios will be described through several of the following variables, which have 

been discussed in this document: 

• Operation: types of vehicles, mission and objectives, maneuvers (e.g., turns, merging) 

• ODD: roadway, signage, weather, speed 

• Technology: sensor suites, digital maps, perception algorithms. 

The NCHRP 20-102(15) project will benefit from this technology-focused review that brings the CAV lens 

to future tasks. 
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Appendix A Operational Design Domain Samples 

L3 Conditional Traffic Jam Drive (Thorn, Kimmel, & Chaka, 2018) 

ODD CHECKLIST: L3 Conditional Traffic Jam Drive 

PHYSICAL INFRASTRUCTURE 

Roadway Types 

Divided highway Y 

Undivided highway 

N 

Arterial 

Urban 

Rural 

Parking (surface lots, structures, private/public) 

Bridges 

Multi-lane / single lane Multi-lane 

Managed lanes (e.g., HOV, HOT)13  Y 

On-off ramps 
N 

Emergency evacuation routes 

One way 

If barriers present Private roads 

Reversible lanes 

Intersection Types  

- signaled 

- U-turns 

- 4-way vs. 3-way vs. 2-way 

- stop sign 

- roundabout 

- merge lanes 

- left turn across traffic, one-way to one-way 

- right turn 

- multiple turn lane 

- crosswalk 

Signaled (4-way, 3-way), toll 

plaza 

                                                           
13 HOV – High Occupancy Vehicle; HOT- High Occupancy Toll 
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- toll plaza 

- railroad crossing 

Other   

Roadway Surfaces 

Asphalt 

Y Concrete 

Mixed 

Grating 

n/a 

Brick 

Dirt 

Gravel 

Scraped road 

Partially occluded 

Speed bumps 

Potholes 

Grass 

Other   

Roadway Edges & Markings 

Lane markers Clear markers 

Temporary lane markers N 

Shoulder (paved or gravel) Limited to divided highway 

Shoulder (grass) Limited to divided highway 

Lane barriers Barrier, concrete or metal 

Grating Y 

Rails Barrier, concrete or metal 

Curb N 

Cones N 
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Other   

Roadway Geometry 

Straightaways Y 

Curves 

n/a 

Hills 

Lateral crests 

Corners (Regular, Blind) 

Negative obstacles 

Lane width 

Other 

OPERATION CONSTRAINTS 

Speed Limits 

Minimum Speed Limit 0 mph 

Maximum Speed Limit < 37 mph 

Relative to Surrounding Traffic n/a 

Other   

Traffic Conditions 

Traffic density Only heavy traffic with 

preceding vehicle to follow and 

convoy in adjacent lane 

Altered (Accident Emergency vehicle, 

Construction, Closed road, Special event) 
n/a 

Other   

  

OBJECTS 

Signage 

Signs (e.g., stop, yield, pedestrian, railroad, 

school zone) 
N 
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Traffic Signals (e.g., regular, flashing, school zone, 

fire department zone) 

Crosswalks 

Railroad crossing 

Stopped buses 

Construction signage 

First responder signals 

Distress signals 

Roadway user signals 

Hand signals 

Other   

Roadway Users 

Vehicle types (cars, light trucks, large trucks, 

buses, motorcycles, wide-load, emergency 

vehicles, construction or farming equipment, 

horse-drawn carriages/buggies) 

Cars, trucks 

Stopped vehicles N 

Other automated vehicles Y 

Pedestrians N 

Cyclists N 

Other   

Non-Roadway Users Obstacles 

Animals (e.g., dogs, deer) 

N Shopping carts 

Debris (e.g., pieces of tire, trash, ladders) 

Other   

ENVIRONMENTAL CONDITIONS 

Weather 

Wind 
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Rain 

No information available at this 

time, but potentially may 

include mild rain and typical 

temperatures 

Snow 

Sleet 

Temperature 

Other   

Weather-Induced Roadway Conditions 

Standing Water 

No information available at this 

time 

Flooded Roadways 

Icy Roads 

Snow on Road 

Other   

Particulate Matter 

Fog 

No information available at this 

time 

Smoke 

Smog 

Dust/Dirt 

Mud 

Other   

Illumination 

Day (sun: Overhead, Back-lighting and Front-

lighting) 

No information available at this 

time 

Dawn 

Dusk 

Night 

Street lights 

Headlights (Regular & High-Beam) 

Oncoming vehicle lights (Overhead Lighting, 

Back-lighting & Front-lighting) 
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Other   

CONNECTIVITY 

Vehicles 

V2I and V2V communications 
May have V2I to warn if driver 

incapacitated 

Emergency vehicles N 

Other   

Remote Fleet Management System 

Does the system require an operations center?  

N Does remote operation expand ODD or support 

fault handling? 

Other   

Infrastructure Sensors 

Work zone alerts 

N Vulnerable road user 

Routing and incident management 

Other   

Digital Infrastructure 

GPS Y 

3-D Maps Y 

Pothole Locations 

No information available at this 

time 
Weather Data 

Infrastructure Data 

Other   

  

ZONES 

Geofencing 

CBDs 
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School Campuses 

No information available at this 

time 
Retirement Communities 

Fixed Route 

Other   

Traffic Management Zones 

Temporary Closures 

No information available at this 

time 

Dynamic Traffic Signs 

Variable Speed Limits 

Temporary or Non-Existent Lane Marking 

Human-Directed Traffic 

Loading and Unloading Zones 

Other   

School/construction zones 

Dynamic speed limit 

No information available at this 

time 
Erratic pedestrian 

Vehicular behaviors 

Other   

Regions/states 

Legal / Regulatory 

No information available at this 

time 
Enforcement Considerations 

Tort 

Other   

Interference Zones 

Tunnels 

No information available at this 

time 

Parking Garage 

Dense Foliage 

Limited GPS 

Atmospheric Conditions 
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Other   
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1. Introduction 

1.1 Purpose of this Document 

This report assesses the transportation infrastructure of the United States in terms of readiness 
and capabilities to support connected and automated vehicle (CAV) technologies and related 
services. These emerging technologies represent a fundamental departure from traditional 
roadway operations that could significantly improve safety, increase the efficiency of traffic flow, 
and provide new mobility options to travelers. However, transportation infrastructure will play an 
important role in how these CAV technologies and services are effectively deployed and 
operated. The range of supporting infrastructure is significant—from simple lane markings and 
roadway signs to advanced Intelligent Transportation Systems (ITS). Furthermore, CAV 
systems have different applications and associated infrastructure requirements that complicate 
infrastructure readiness assessment: 

• Automated Vehicle (AV) systems use various onboard (in-vehicle) sensors and 
data processing systems to pilot the vehicle without the input of a human driver. AV 
systems can keep a vehicle in its lane or at a safe following distance from a vehicle 
in front of it, initiate automatic braking and collision evasion maneuvers, or control 
every element piloting the vehicle without a human driver being engaged at all in 
the process.   

• Connected Vehicle (CV) applications communicate information to a vehicle’s 
onboard systems from external data sources such as other vehicles or roadside 
infrastructure. This information provides greater awareness of the surroundings, 
which improves safety and mobility. CV systems complement AV systems with 
additional contextual data that improves awareness of the surroundings. 

Given CAV technology reliance on infrastructure and the rapid pace of advancement, 
infrastructure owner operators (IOOs) must consistently monitor and maintain the conditions of 
their transportation systems and plan updates to their transportation infrastructure. Currently 
IOOs use local media, websites, phone applications and temporary traffic control devices to 
inform the public of planned maintenance and road construction activities. In the future, external 
data sources will need to communicate information to CAVs for planned work zone activities 
and unplanned incidents that occur on our roadways. This report, therefore builds on Task 1.1: 
In-Depth Literature Review and State-of-the-Art Assessment of CAV Technology technical 
memorandum by providing a baseline understanding of the scope and condition of necessary 
supporting infrastructure across the United States using current nationally reported metrics and 
reporting of conditions to help IOOs make informed decisions on prioritizing certain 
transportation projects and investments. This report also analyzes available data resources to 
determine the readiness of state infrastructure to deploy CAVs and develop an understanding of 
how infrastructure needs for CAV will affect a system life-cycle for IOOs.  

1.2 Document Organization 

This report is organized into the following sections: 

• Section 2 summarizes the Task 1.1: In-Depth Literature Review and State-of-the-Art 
Assessment of CAV Technology technical memorandum as background for subsequent 
discussions. This section also introduces the Operational Design Domain (ODD) 
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concept, which defines the environments wherein CAV applications should operate and 
bridges the technology assessment with this infrastructure assessment.    

• Section 3 provides an overview of the current conditions of key infrastructure assets 
within the context of ODD use cases and identifies knowledge gaps to be addressed as 
part of ongoing CAV deployment. This section assesses those components that support, 
or need to be updated to support, CAVs through design, operational, and maintenance 
lenses. 

• Section 4 synthesizes observations from Section 3 to provide an overall assessment of 
CAV readiness, knowledge gaps, critical considerations, and impact to infrastructure 
asset life-cycle considerations for CAV deployment. 
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2. Framework to Evaluate Transportation 
Infrastructure 

The role of infrastructure elements in supporting CAVs can best be viewed by considering the 
relationship between infrastructure and sensor and communications systems on-board the CAV, 
as well as the environments within which the CAV is designed to operate.  This section presents 
an overview of the technologies supporting CAVs, the relationships between those technologies 
and infrastructure, and the Operational Design Domains (ODD) of identified CAV use cases, to 
set the stage for evaluation of infrastructure condition and suitability to support CAV 
deployment. This approach considers the latest USDOT guidance as documented in Preparing 
for the Future of Transportation – Automated Vehicles 3.0. 1. 

2.1 Review of Relevant Technologies  

2.1.1 Overview of Technologies Supporting CAVs 

Task 1.1: In-Depth Literature Review and State-of-the-Art Assessment of CAV Technology 
technical memorandum explored the state of the practice of vehicle technology, including 
applications of the technology, timelines for deployment, and challenges the technology is 
having in reaching maturity. CAVs may require the following advanced technologies to allow 
them to perceive the environment around them, make decisions, and act on those decisions: 

• Sensors provide raw data about the environment that perception algorithms (see 
below) use to detect environmental elements, such as physical infrastructure (e.g., 
road geometry, lane markings, buildings); road furniture (e.g., barriers, signage); 
objects (e.g., other road users, debris); and events (e.g., status of signalized 
intersection, temporary traffic patterns). Technologies include radar, light detection and 
ranging (LIDAR), vision (cameras), perception and sensor suites. 

• Perception algorithms and artificial intelligence process the raw data gathered by 
onboard sensors and provide feedback to vehicular control systems.  

• Human Machine Interface represents the interaction between the in-vehicle systems 
and the human driver. The human driver’s role in the dynamic driving task varies by 
level of automation. Level 2 automation requires the driver to monitor the roadway and 
to be ready to always take control. Level 3 automation does not require the driver to 
monitor the environment, but the driver is expected to be available to take control with 
adequate transition time. At Level 4, the driver is only expected to be available for 
control if the vehicle will be operating outside its ODD (discussed in the next section).  

• Communications transmit data vehicle to vehicle (V2V) and vehicles to infrastructure 
(V2I) via the following primary technologies: Dedicated Short-Range Communications 
(DSRC), 4G Long-Term Evolution (LTE) Wireless, Wi-Fi, and eventually 5G.  

• Digital maps complement sensor-based perception systems by providing additional 
information about the environment. Digital maps provide information to AVs concerning 

                                                

1 Preparing for the Future of Transportation: Automated Vehicle 3.0, USDOT, 
https://www.transportation.gov/av/3 
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roadway geometry, traffic conditions, laws, weather, road markings, signs, and other 
information.  

• Position, navigation, and timing (PNT) systems provide highly accurate and reliable 

vehicle positioning, along with precision timing, which becomes especially critical at 

higher speeds, and for AV operations (applications) that require “where in lane” level 
positioning accuracy or must abide by geo-fencing guidance or restrictions. The most 

commonly used system for PNT in the United States is the global navigation satellite 

system, deployed by the U.S. government—the Global Positioning System (GPS). 

2.1.2 Relationship between Transportation Infrastructure and Sensor 
Technologies 

Sensor-based systems directly link to roadway infrastructure conditions, because these systems 

must clearly detect distinct features to determine a vehicle’s position and identify obstacles or 

threats. AVs must detect and accurately interpret the following key infrastructure features. 

Markings and Signs 

Markings and signs provide important information about rights-of-way, lanes, and hazards, 
which are required for safe navigation. However, retroreflectivity, contrast ratio (for markings on 
light-colored pavement), and width, as well as lighting conditions, road weather, shadowing, and 
vehicle speed influence how CAVs perceive pavement markings. Without prior information, such 
as digital maps or a geospatially enabled national sign inventory database, CAVs must detect 
and classify signs to interpret the driving laws. Factors other than algorithms—including 
degradation, weather, lighting, and angle—influence how CAVs recognize traffic signs. 

Road Structure and Surface 

Assessing existing road structure is important to defining the drivable area for a vehicle and to 

identifying where other road users could enter/exit. The same is true where lane markings may 

not exist, or digital maps may not be available. Road edges are among the most widely used 

features to detect and represent lanes (Beck & Stiller, 2014). 

2.1.3 Relationship between Transportation Infrastructure and 
Communications Technologies 

While some lane navigation/braking communications occur only between vehicles, other 

communications occur between infrastructure (roadside units, weather sensors, traffic signals, 

etc.) and the vehicles. Some of these systems could physically sit within the roadway right-of-

way and could be owned and/or controlled by an IOO, while others could be network-type 

services provided by third parties. In both cases, the adequacy of this infrastructure would affect 

the ability to deploy CAVs or the efficacy of the systems. 

 

Roadside-Based Communications 

V2I applications, particularly those for active safety, require roadside infrastructure for localized, 

very low latency (high speed) communications. This is particularly true of applications that use 

Signal Phase and Timing (SPaT) data from traffic signals, which require a direct connection to a 
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traffic-signal controller to output the data in real-time. Both DSRC and Cellular Vehicle-to-

Everything (C-V2X) communications protocols would probably require Roadside Units (RSUs), 

which would likely be co-located on public infrastructure (e.g., at traffic signals and on light poles 

or other ITS device locations. These devices require a backhaul communications system – a 

system allowing data exchange and remote device management to an external point - to 

support them, both in terms of providing security credentialing and as a means of exchanging 

data with the devices. 

Cloud-Based Communications 

To reach a network provider, applications that are not safety-critical and do not require low 

latency generally can be facilitated using cloud-based services—such as cellular or satellite 

networks—or through Wi-Fi, Bluetooth or other localized wireless technology. Acquiring high-

resolution digital maps, which is particularly critical to CAV operation, would occur primarily over 

cloud-based communications. Although IOOs have a limited role in deploying commercial 

network services, it is important to understand the limitations of these systems when 

considering infrastructure readiness. 

2.2 Automation Levels 

The Society of Automotive Engineers (SAE) has defined five levels of vehicle automation, 
ranging from Level 1 vehicles that automate only one primary control function (i.e., longitudinal 
[braking and acceleration] or lateral [steering])) to Level 5 vehicles that drive without human 
control under all circumstances and conditions. Advanced driver assistance systems (ADASs) 
fall under Levels 0, 1 and 2 automation, and ADSs refer to SAE Levels 3 through 5. Many AVs 
are being imagined as Level 4 ADS-dedicated vehicles (ADS-DV) that operate in limited 
environments, such as low-speed shuttles. These levels of automation and their associated use 
cases vary in the degree to which they require support from transportation infrastructure to 
operate. 

2.2.1 Advanced Driver Assistance Systems Features (Levels 1 and 2) 

Levels 1 and 2 automated features are already available in some vehicle models and are being 
adopted quickly. ADASs assist a driver with various driving tasks such as lane keeping, in 
limited driving environments. ADAS features include Level 0 warning systems, such as lane 
departure warning; however, the analysis in this report focuses on Level 1 and Level 2 ADAS 
features that provide some form of longitudinal (i.e., braking and acceleration) and lateral (i.e., 
steering) control. When using ADAS features, a driver must always be alert and monitor the 
environment. ADS features differ from ADASs, where a driver can let go of the driving tasks but 
still be available to manually take over control when necessary.  

Many ADAS features are commercially available, with manufacturers offering these systems as 
an add-on and, in some cases, as a standard feature. In 2015, the NHTSA—with the goal of 
encouraging manufacturers to begin offering these technologies on a larger scale2—proposed 
changes to its new car assessment program, which would give favorable ratings to vehicles that 
are equipped with rear-visibility cameras, lane departure warning, and forward collision warning 

                                                

2 U.S. DOT Brings 5-Star Safety Ratings into a New Safety Era, USDOT, Dec, 2015, 
https://www.transportation.gov/briefing-room/us-dot-brings-5-star-safety-ratings-new-safety-era 

https://www.transportation.gov/briefing-room/us-dot-brings-5-star-safety-ratings-new-safety-era
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crash avoidance systems These systems use cameras, radar, and Light Range and Detection 
(LIDAR) detection systems to sense and perceive objects (e.g., pedestrians and other vehicles) 
and infrastructure (e.g., lane markings and stop signs).  

Lane keeping assist systems detect the lane markings in the roadway and assist a driver from 
drifting out of a lane; in some cases, lane keeping assist systems provide steering input. 
However, these systems use sensors that may not be able to detect other vehicle movements 
or accurately identify objects during adverse weather conditions (e.g., rain, sleet, snow, or fog). 
Even with these limitations, these technologies possess large potential safety and economic 
benefits in terms of preventing crashes and reducing crash severity.  

2.2.2 Automated Driving Systems Features (Levels 3 through 5) 

Seven categories of ADS features (SAE Levels 3 through 5) were identified. All AV features are 
likely to need information about infrastructure (whether through sensing and perception or digital 
maps), including information on lane markings, speed limit, roadway signs, dynamic messaging, 
and roadway conditions for the expected safety benefits to be realized. Niche AV features (e.g., 
valet parking) would likely need different information (e.g., parking availability) than the features 
that automate highway driving. The seven identified categories of ADS follow:  

• L3 Conditional Automated Traffic Jam Drive features autonomous travel for stop-and-

go traffic. It allows the vehicle to act at slower speeds without input from the driver if a 

preceding car can be followed. A driver is the fallback for the dynamic driving task 

(DDT). The system likely uses radar and cameras to follow the traffic ahead and orients 

itself using lane markings and other vehicles on the road. This category likely operates 

within a speed 0 to 37 mph, in clear and dry weather conditions and on highways.  

• L3 Conditional Automated Highway Drive allows the vehicle to act on highways 

without input from a driver. This feature implements lateral and longitudinal control to 

maintain the current lane of travel; achieve the specified speed; and, if necessary, alter 

that speed to follow an immediate lead vehicle at a safe following distance. This feature 

will likely operate in a highway environment, at high speeds (e.g., 45 to 75 mph), and in 

clear or dry weather conditions. This feature likely uses several radars and sensors to 

scan the road ahead at long and short ranges and to identify lane markings and objects.  

• L4 Highly Automated Low-Speed Shuttle is an automated shuttle that drives within a 

limited area—often along a predetermined route. The system does not need an onboard 

driver control interface and is limited to speeds below 25 mph.  

• L4 Highly Automated Urban Valet Parking involves a car (potentially unoccupied) 

finding a parking spot and parking itself (Thorn, Kimmel, & Chaka, 2018). This feature 

allows passengers to leave their car in a drop-off zone (e.g., in front of a parking lot) 

while the car parks on its own. Automakers such as BMW, Tesla, and Volvo have shown 

or offer some form of automated parking (Montenegro, 2017) (Fast Company, 2014). 

Volkswagen has been testing its valet parking feature, with plans to put the technology 

into consumer vehicles by 2020 (Fingas, 2018). Bosch, in conjunction with Mercedes-

Benz, is working to develop a valet parking feature (release date unclear) utilizing a new 

laser technology that can operate without the assistance of GPS signals (Bosch, 2018). 

• L4 Highly Automated Emergency Take-Over assumes control of the vehicle if a driver 

is in impending danger and guides the vehicle to a safe stop. Toyota is developing a 

system (the “Guardian”) that is distinct from other ADS features and that operates in 

parallel with a driver rather than in series (Simonite, 2017). Radars and sensors outside 
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of the car monitor what’s happening outside of the vehicle, while cameras inside the car 
track the driver’s head movements. 

• L4 Highly Automated Highway Drive handles the entire DDT on a highway route, 

allowing a passenger to engage in other tasks; the system is responsible for the fallback 

performance of DDT. This system could utilize sensing and perception technologies 

such as cameras, radar units, and LIDAR, which would allow the vehicle to position itself 

on the road and monitor the traffic conditions around it.  

• L4 Highly Automated Vehicle/Transportation Network Company (HAV/TNC) 

enables the vehicle to pick up passengers or goods and drive to a destination without 

needing an onboard driver.  

2.3 Operational Design Domain 

Varying transportation environments exist within each state—from urbanized areas (typically 
indicating wide freeways that are fed by major arterial roadways) to rural communities 
(predominately comprising rural highways and collector/local streets). Each of these areas (and 
the roadways that connect them) present differing conditions that CAVs need to navigate. The 
ODD refers to the environment where a CAV application is designed to function based on the 
limits of the application’s technological capability or intended use. For example, a “Traffic Jam 
Assist” feature has been developed by several automakers to operate a vehicle only on fully 
access-controlled freeways in speeds below 37 mph3. The following sections define an ODD 
and highlights key ODD factors related to near-term CAV use cases so that infrastructure 
readiness can be assessed in that context.  

2.3.1 Definition 

ODD is defined by the SAE as “the specific operating domain(s) in which an automated function 
or system is designed to properly operate.” As defined, higher levels of vehicle automation will 
require less restricted ODD definitions. Each new added ADAS for Levels 0, 1, and 2 
automation or ADS functionality for Levels 3 and 4 automation has a defined ODD in which the 
ADAS, ADS, or feature is intended to function. Level 5 automation features have sustained and 
unconditional performance and thus are not limited to any ODD specification. The relationship 
between ODD and levels of automation are more explicitly described in Figure 2-1, as defined in 
SAE J3016. 

                                                

3 Audi A8 - Audi AI traffic jam pilot; World debut for highly automated driving: the Audi AI traffic jam pilot; 
https://www.audi-technology-portal.de/en/electrics-electronics/driver-assistant-systems/audi-a8-audi-ai-
traffic-jam-pilot 
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Figure 2-1: Relationship between Operational Design Domain and Levels of Automation 
(SAE, 2016) 

 

At a minimum, ODD must include conditional information on the following:4 

• Roadway types (e.g., interstate, local)  

• Geographic area 

• Speed range and traffic conditions 

• Environmental conditions in which the ADAS/ADS is going to operate in (e.g., weather, 

daytime/nighttime) 

• Availability of necessary supporting infrastructure features (e.g., RSUs) 

• Condition of pavement markings and signage 

• Other domain constraints5 

As defined by the NHTSA, the ODD classification can be broken down into the top-level 
categories and immediate subcategories outlined in Figure 2-2. However, to date, specific 
definition of ODDs has been left largely to the discretion of Original Equipment Manufacturers 
(OEM), without a consistent framework for all users. Further collaboration with OEMs will be 
needed to create a consensus on the definitions used in this framework and to identify the 
technical boundary conditions for the ODDs. 

The operational parameters established around the different identified technologies and 
functionalities are contingent on infrastructure condition to be at a manageable level. As such, 

                                                

4 California DMV, Express Terms, Title 13, Division 1, Chapter 1, Article 3.7 – Testing of Autonomous 
Vehicles, https://www.dmv.ca.gov/portal/wcm/connect/caa2f466-fe0f-454a-a461-
f5d7a079de49/avexpressterms_31017.pdf?MOD=AJPERES 

5 Automated Driving Systems 2.0: A Vision For Safety, 
https://www.nhtsa.gov/sites/nhtsa.dot.gov/files/documents/13069a-ads2.0_090617_v9a_tag.pdf 

https://www.dmv.ca.gov/portal/wcm/connect/caa2f466-fe0f-454a-a461-f5d7a079de49/avexpressterms_31017.pdf?MOD=AJPERES
https://www.dmv.ca.gov/portal/wcm/connect/caa2f466-fe0f-454a-a461-f5d7a079de49/avexpressterms_31017.pdf?MOD=AJPERES
https://www.nhtsa.gov/sites/nhtsa.dot.gov/files/documents/13069a-ads2.0_090617_v9a_tag.pdf
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when defining these ODDs for the different CAV technologies, there needs to be a consideration 
on how roadway conditions can be documented and normalized across the states for all 
stakeholders to use. 

  

Figure 2-2: Operational Design Domain Classification Categories (SAE, 2016) 

 

2.3.2 Operational Design Domain by Use Case 

Looking to the future to accommodate the technologies employed by CAVs, the different ODDs 
of each respective level of automation as defined by the SAE and adopted by USDOT and 
NHTSA must be considered. CAVs are subject to different ODDs based on the infrastructure in 
the area and roadway characteristics and conditions (e.g., speed limits, level of access, urban 
or rural setting, weather, lighting). Because Level 5 automation has unlimited ODD and can 
theoretically operate without any human interaction, the design elements for CAVs should be 
considered within the context of Level 4 automation. Moreover, because many of the newly 
developed AV features are relatively experimental, not all of them have clearly defined ODDs, 
and the tactical and operational maneuvers associated with the ADS features will vary based on 
the manufacturer and intent.  

The Task 1.1 Technical Memorandum on the In-Depth Technology Review report outlines a 
number of near-term CAV use cases identified (commercial or near-commercial readiness), 
spanning automation Levels 2 through 4. Table 2-1 summarizes anticipated key ODD features 
of each of these near-term use cases for the purpose of understanding their design environment 
and the elements of infrastructure needed to support them. 

Understanding these use cases in conjunction with the ODD information and deployment 
timelines can help agencies prioritize what transportation infrastructure elements to invest in for 
CAV deployment.  
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Table 2-1: Key Operational Design Domain Characteristics of Near-Term 
Connected/Automated Vehicle Use Cases (WSP USA, Inc.) 

Use 
Case/Application 

Operating 
Context 

Operating 
Speeds 

Roadway 
Type 

Geographic 
Range 

Lane 
Awareness 
Required 

Minimum 
Connectivity 

Required 

Level 2 (ADAS) Use Cases  

Active Park Assist Urban/Small 
City 

Low Full Access Limited/Geo-
Fenced 

Yes Cloud Only 

Adaptive Cruise 
Control 

Highway Med-High Limited 
Access 

Limited/Geo-
Fenced 

No None 

Automatic 
Emergency Braking 

All All All All No None 

Autopilot Highway Med-High Limited 
Access 

Limited/Geo-
Fenced 

Yes Cloud Only 

Forward Collision 
Warning 

All All All All No None 

Lane Keeping 
Assist 

All All All All Yes Cloud Only 

Eco-Approach/Eco-
Departure 

Urban/Small 
City 

All Full Access All No V2I 

Coordinated 
Adaptive Cruise 
Control 

All All All All No V2V 

Level 3 (ADS) Use Cases 

Conditional 
Automated Traffic 
Jam Drive 

Urban/Small 
City 

All All All Yes V2I 

Conditional 
Automated 
Highway Drive 

Highway Mid-High Limited 
Access 

All Yes V2I 

Level 4 (ADS) Use Cases 

Highly Automated 
Low-Speed Shuttle 

Urban/Small 
City 

Low Full Access Limited/Geo-
Fenced 

Yes Cloud Only 

Highly Automated 
Valet Parking 

Urban/Small 
City 

Low Full Access Limited/Geo-
Fenced 

Yes V2I 

Highly Automated 
Emergency Take-
Over 

All All All Limited/Geo-
Fenced 

Yes Cloud Only 

Highly Automated 
Highway Drive 

Highway Med-High Limited 
Access 

Limited/Geo-
Fenced 

Yes Cloud Only 

Highly Automated 
Vehicle/TNC 
Operation 

Urban/Small 
City 

Low-Med Full Access Limited/Geo-
Fenced 

Yes Cloud Only 

*Note: Assumptions on design domain are representative and may not reflect capabilities of all 
manufacturers/technologies. The assumptions are meant to illustrate generalized operating environments for the 
purpose of understanding infrastructure readiness. 
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3. Inventory and Condition Assessment of Key 
Infrastructure Elements 

As described in Section 2, many different elements of the roadway and communications 
infrastructure will be vital for the feasibility of CAV deployment or could be affected by certain 
CAV operations. This section helps to provide a baseline of the scope and condition of the 
nation’s surface transportation infrastructure and supporting communications infrastructure 
based on publicly available sources. Infrastructure elements discussed in this section of the 
report include the following: 

• Traffic control devices 

• Roadways 

• Bridges 

• Intelligent Transportation Systems 

• Cellular communications systems   

Publicly available data on most key aspects of infrastructure related to CAVs is limited; 
therefore, this section identifies the relevance of the specific infrastructure element, and either 
presents only available data or, when necessary, acknowledges data gaps that affect the ability 
to establish a baseline of national infrastructure condition. 

3.1 Traffic Control Devices 

3.1.1 Pavement Marking and Signage Conditions 

Pavement markings and signage are perhaps the most critical roadway infrastructure elements 
to support proper CAV operation. In fact, through CAV-oriented requests for information issued 
in March 2018, the Federal Highway Administration (FHWA) identified “greater uniformity and 
quality in road markings and traffic control devices” as the first of several key themes in enabling 
AVs on transportation infrastructure. This theme has been subsequently stressed in the FHWA’s 
ongoing National Dialogue on Highway Automation—a series of meetings between the FHWA, 
partner agencies, stakeholders, and the public to facilitate the safe and efficient integration of 
AVs onto the national transportation network.  

Uniform and high-quality pavement marking and signage are more important for the sensor-
based automated driving aspects of CAV operation. For example, the vehicle sensors and 
detection equipment used for Level 2 ADAS Lane Keeping Assist, Level 3 Automated Highway 
Drive, and all Level 4 CAV use cases benefit from having high-quality lane separation markings 
to ensure the vehicle remains in the proper lane. Furthermore, sensors and radar detection 
systems used for Level 4 CAV use cases benefit from having high-quality road signs of 
sufficient reflectivity to be read and interpreted by the automated driving system.    

IOOs are responsible for installing and maintaining roadway signs as well as maintaining road 
markings. These basic responsibilities apply to nearly all IOOs—regardless of their relative level 
of sophistication or advancement in pursuing CAV deployment—and are therefore infrastructure 
elements that all agencies can improve in terms of CAV readiness. While no CAV-specific 
standards exist for roadway signs and pavement markings, a dedicated group of members from 
the American Traffic Safety Services Association (ATSSA) Pavement Marking Committee is 
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working to identify and promote proper maintenance procedures for pavement marking and 
advance technologies that will accommodate CAVs. The ATSSA Pavement Marking Committee 
is reflecting and aggregating work that has been performed by the FHWA, SAE’s ORAD 
Infrastructure Needs Task Force, AASHTO’s Committee on Traffic Engineering and the National 
Committee Markings Technical Committee to create an industry policy. The FHWA is also 
expected to issue minimum retroreflectivity and pavement marking minimum retroreflectivity 
standards that will assist IOOs in ensuring signage and markings on their transportation 
infrastructure are CAV ready. In addition, the National Committee on Uniform Traffic Control 
Device’s (NCUTCD) CAV Task Force has prepared preliminary recommendations (not yet 
published) for pavement markings to improve road readiness for automation Levels 1 through 3. 

Unlike pavement and bridge assets, which are also subject to federal reporting requirements 
regarding physical asset condition, IOOs have no requirements on reporting the condition and 
performance of roadway signs and pavement markings. As such, publicly accessible data on 
marking and signage conditions and maintenance practices is limited. Existing information 
indicates that the ever-growing need to prioritize IOOs investments has led to wider use of 
Transportation Asset Management Systems. The most recent synthesis on best practices for 
asset management including pavement markings identified was NCHRP Synthesis Topic 37-03, 
Managing Selected Transportation Infrastructure Assets (Final Synthesis), which identified U.S. 
and international practices in asset management for six classes of nonpavement, non-bridge 
infrastructure assets that included signing and pavement markings. The study reviewed several 
aspects of asset management maintenance, budgeting methods, performance measurement, 
service life estimation, materials usage, information technology support, and perceived 
knowledge gaps and research needs. The study concluded that while there is basic agreement 
on the value of pavement markings, variations in agency management practices, site conditions, 
and estimates of service life for different marking materials make it difficult to build a consistent 
body of knowledge. Furthermore, agencies use different types of retroreflectometers that may 
not be reliable and often use measurement approaches that are difficult to repeat. As a result, 
key asset management elements (e.g., deterioration models for predicting performance and 
cost) have not yet been developed with wide acceptance and use.6 Since that time, while some 
states have identified pavement markings and signage as critical infrastructure assets—for 
example, the Ohio Department of Transportation acknowledged them as such in their 2011 
Transportation Asset Management Committee Recommendations report7—there is still no 
widespread use of asset management practices for pavement markings and signage. 

FHWA is currently working with states and planning organizations to transition toward and 
implement a performance based approach to carrying out the Federal Highway Program known 
as Transportation Performance Management (TPM). Transportation Performance Management 
represents the opportunity to prioritize needs, and align resources for optimizing system 
performance in a collaborative manner. 

The FHWA-TPM team is organized to help with coordinating the alignment of MAP-21 
requirements, providing guidance, resources and support for the coordinated development and 

                                                

6 Current Asset Management Practices Applied to Pavement Markings, Michael J Markow, Jan 2008, 
http://dx.doi.org/10.3141/2055-10  

7 Transportation Asset Management Recommendations, Ohio DOT, Feb, 2011, 
http://www.dot.state.oh.us/Divisions/Planning/TechServ/Documents/TAM%203.2.11.pdf 

 

http://dx.doi.org/10.3141/2055-10
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implementation of performance targets and measures8.  Compliance dates in May 2017, 2018 
and 2019 are in place for different components of the TPM.   

As a component of the TPM, and in accordance with the 2012 Moving Ahead for Progress in the 
21st Century Act (“MAP-21” federal transportation authorization), each State is required to 
develop a Transportation Asset Management Plan (TAMP). MAP-21 required states to develop 
a risk-based asset management plan for the National Highway System to improve or preserve 
the condition of assets and the performance of the system. 

Although MAP-21 legislation focused on the development of a TAMP for bridges and pavements 
on the National Highway System (it did encourage states to include other infrastructure assets 
within the right-of-way corridor), the State of Minnesota (MnDOT) elected to expand the TAMP 
beyond these requirements to also include pavements and bridges on the entire state highway 
system - as well as highway culverts, deep stormwater tunnels, overhead sign structures and 
high-mast light tower structures9. 

One avenue for the USDOT to require States to develop asset management systems for 
roadway infrastructure components such as signing and pavement markings, could be through 
an update of the TAMP in future years.   

3.1.2 Traffic-Signal System Conditions  

Traffic signals play a significant role in the CAV ecosystem because communication between 
vehicles and traffic signals is a key opportunity to enhance intersection safety for human-driven 
vehicles and to improve SPaT awareness for AVs. SPaT awareness allows for more 
coordinated acceleration and deceleration of CVs in anticipating changes in the traffic signal 
indication. By sending this information, SPaT-based CV applications can improve safety and 
provide approach-speed guidance aimed at reducing stopping and idling. Furthermore, 
intersections equipped with sensors can detect pedestrians and other potential obstacles in or 
near the roadway and relay that information to a CV, thus improving safety for non-motorized 
users.  

Due to these potential efficiency and safety benefits, traffic-signal locations could serve as the 
backbone of a potential CV infrastructure system. Signalized intersections include necessary 
power sources and may already be connected to a local or regional ITS network or Traffic 
Management Center. Per the “2012 National Traffic Signal Report Card”, developed by the 
National Transportation Operations Coalition (NTOC), it is estimated that there are more than 
300,000 traffic signals operating throughout the United States10. This was a very rough 
estimation based on information provided in the City of Portland, OR, Asset Status and 
Condition Report (July 2011), regarding their 1,070 traffic signals, factored-up to an estimated 
number of traffic signals in the United States.  Available data at the national level regarding the 
actual number of traffic signals, their age, capability, and function is lacking. This lack of data is 
due in part to the sheer number of agencies responsible for operating and maintaining traffic 
signals and the lack of standard reporting measures related to signals and signal systems. As 

                                                

8 TPM, USDOT, FHWA, https://www.fhwa.dot.gov/tpm/about/index.cfm 

9 Asset Management, MnDOT Transportation Asset Management Plan, 
http://www.dot.state.mn.us/assetmanagement/tamp.html 

10 2012 National Traffic Signal Report Card, National Transportation Operations Coalition (NTOC), 
https://transportationops.org/publications/2012-national-traffic-signal-report-card#downloads 
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such, it is difficult to make any conclusions at the national level regarding traffic-signal 
readiness, and state and local transportation agencies should work to inventory and assess 
their existing signal infrastructure. It is estimated that less than 1% of signals nationally will be 
connected through DRSC technology by the end of 202011.    

A 2009 Regional Traffic-Signal Operations Program overview conducted by the FHWA12 
estimated that there are more than 2,000 separate agencies responsible for traffic-signal 
management and operation throughout the United States. A significant percentage of these 
agencies are responsible for fewer than 50 traffic signals. 

A great example of a bi-state metro area which has been a leader in traffic signal 
communications, coordination and optimization is Operation Greenlight (OGL) in Kansas City13. 
OGL is a cooperative effort to improve the coordination of traffic signals and incident response 
on major routes throughout the Kansas City area on both sides of the state line. This helps 
reduce unnecessary delay, improve traffic flow and reduce emissions that contribute to ozone 
pollution.  OGL currently manages traffic signals in 25 cities in the bi-state Kansas City Metro 
Area and works closely with MARC, the Kansas Department of Transportation (KDOT), Missouri 
Department of Transportation (MoDOT) and the Federal Highway Administration (FHWA).  
Currently there are 732 OGL intersections; however, approximately 1550 intersections are 
online and monitored.  Traffic signals associated with OGL are great candidates for 
implementing CV infrastructure technologies with the framework, staff, local agreements, 
continued funding and regional leadership.   

In 2012, the National Transportation Operations Coalition (NTOC) published its latest “report 
card” on traffic signals throughout the United States14. The report draws on the 2011 Traffic 
Signal Operations Self-Assessment—a compilation of self-reporting from agencies that provides 
a benchmark on signal operations, management and maintenance, and the condition of traffic-
signal systems. The assessment was completed by 241 respondents, representing a range of 
agency types and jurisdictional sizes. The 2012 Report Card was intended to be a broad 
national indicator of how well agencies are supporting activities related to the planning, 
management, operations, and maintenance of traffic signals.  

The purpose of the 2012 National Traffic Signal Report Card was to: 

• highlight opportunities and methods to incorporate best practices in traffic signal 
management and operations; 

• bring attention to the current state of traffic signal systems; 

• create awareness of practices enabling good traffic signal management and operations 
that effectively address congestion; 

• present changes since the 2007 National Traffic Signal Report Card; and 

• highlight emerging success stories. 
 

                                                

11 SPaT Challenge Overview, National Operations Center of Excellence, April, 2018, 
https://transportationops.org/spatchallenge 

12 Regional Traffic Signal Operations Programs: An Overview, FHWA Office of Operations, 
https://ops.fhwa.dot.gov/publications/fhwahop09007/index.htm 

13 Operation Greenlight (OGL), Mid-America Regional Council (MARC): 
http://www.marc.org/Transportation/Programs/Operation-Green-Light/About-OGL 

14 National Traffic Signal Report Card Technical Report, NTOC, 2012, 
https://www.ite.org/pub/?id=e265477a-2354-d714-5147-870dfac0e294 
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The 2012 report card was developed based on the responses, with a letter grade applied to 
each of five focus areas as shown in Table 3-1. 

Table 3-1: 2012 National Traffic-Signal Report Card 

Section 2011 
Score 

(Even 
Weighting) 

Where Agencies are 

Management D (64) An objectives-based program for how the agency operates signals is 
seldom documented or shared with employees, agency leadership, or 
the public. Outreach to the public, policymakers, and emergency 
service providers happens only on an ad-hoc, informal basis. 
Measurement of system or organizations’ performance is rarely 
conducted. Agencies are unlikely to have an established business 
plan for transportation operations with clearly defined performance 
measures and goals. 

Signal 
Operations 

C (72) Information on signals and timing inventories is generally collected 
and maintained in a central location; however, field changes to reflect 
changes in traffic or land use patterns are made infrequently.  

Traffic-signal timing performance is not regularly measured in 
connection to objectives, resulting in outdated timing patterns that do 
not reflect current traffic and pedestrian needs. Coordinated signals 
may force motorists to stop at multiple adjacent intersections and 
result in travel delays when settings are not updated.  

Signal technicians are generally up to date on the use of modern 
software but may not be able to use current software because of 
resource constraints, resulting in signal timings that are not optimized.  

Timing plans are not in place for emergencies and special events. 

Signal 
Timing 
Practices 

C (76) Signal timing policies and practices tend not to be documented. The 
design of signal timing does not consider all available signal control 
features such as volume density and traffic responsive modes of 
operation. A limited number of signal timing parameters are evaluated 
during signal retiming projects. The number of signal timing plans 
developed may not meet traffic demands during all periods of 
weekdays and weekends, holidays, special events, and incident 
conditions. 

Traffic 
Monitoring 
and Data 
Collection 

F (52) Real-time traffic data are seldom available to the traveling public for 
information and route planning. There are few, if any, quality checks 
for traffic monitoring and collection systems, which leads to inaccurate 
data for signal operations and the potential for malfunctioning field 
equipment. As a result, signals may not operate based on actual 
traffic conditions, resulting in delays. 

Maintenance C (73) Agencies lack adequate staff and training resources and are forced to 
address only the most critical issues rather than proactively maintain 
the signal system. 

 

Along with low scores in each category, the 2012 report notes that most agencies lack an 
objectives-based program for traffic-signal operation and generally lack staff and training 
resources for maintenance, which results in critical system elements being maintained on a 
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reactive rather than proactive basis. Furthermore, traffic monitoring and data collection systems 
have few, if any, quality checks, which leads to inaccurate data for signal operations and the 
potential for malfunctioning signal equipment. These observations suggest a relatively low level 
of system readiness due to maintenance conditions, system monitoring ability, and lack of 
comprehensive signal operations programs. 

Traffic-signal systems may broadly lack resources for near-term readiness, but a significant 
number of agencies are still taking steps to fully deploy CV infrastructure technologies. These 
activities are occurring at traffic-signal locations capable of broadcasting SPaT data. The SPaT 
Challenge was launched by the Cooperative Automated Transportation Coalition (formerly the 
V2I Deployment Coalition) as a call to deploy DSRC technology on at least 20 SPaT-capable 
intersections in each of the 50 states by 2020. The initiative has been successful in both 
encouraging action at the state and local levels and better tracking deployment activities to date. 
At the time of this writing, the National Operations Center of Excellence (NOCoE), which houses 
the online presence for the SPaT Challenge, reports the following:15  

• 26 states have committed to respond to the SPaT Challenge  

• 216 SPaT-enabled signals deployed to date  

• 2,121 signals planned over the course of 2019 and 2020 

While this information represents less than 1 percent of all signals in the United States, it shows 
positive movement toward signal readiness and a commitment from a large number of state 
agencies to better understand the level of effort and cost involved with deploying CV systems as 
they make programmatic adjustments in the future.  In 2015, AASHTO estimated that 20 
percent of signalized intersections will be V2I-capable by 2025, and 80 percent of signalized 
intersections would be V2I-capable by 204016. 

3.1.3 Work Zone Traffic Control Devices 

Although these devices are not permanent fixed infrastructure assets, work zone traffic control 
represents one of the greatest challenges for CAVs to navigate, while the need to protect 
workers is of paramount concern to IOOs. The USDOT recognized this in its guidance 
publication Preparing for the Future of Transportation: Automated Vehicles 3.017 (AV 3.0), which 
identifies data availability regarding work zones as a key challenge for CAVs, and proposes the 
Work Zone Data Exchange project as a way to harmonize specifications for work zone data, 
and make the data available as open feeds for CAVs and others to use.  

Under the Data for Automated Vehicle Initiative, the USDOT also set up the Work Zone Data 
Exchange (WZDx) pilot beginning March 2018, which is working on standardizing data format 
between equipped traffic control devices and state IOOs as well as third-party traffic data 

                                                

15 SPaT Challenge Overview, National Operations Center of Excellence, April, 2018, 
https://transportationops.org/spatchallenge 

16 Intelligent Transportation Systems; Vehicle-to-Infrastructure Technologies Expected to Offer Benefits, 
but Deployment Challenges Exist, U.S. Government Accountability Office (GAO), Report to 
Congressional Requesters, September 2015: https://www.gao.gov/assets/680/672548.pdf 

17 Preparing for the Future of Transportation: Automated Vehicle 3.0, USDOT, 
https://www.transportation.gov/av/3 
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companies.18 A WZDx Specification (v1.1) is now available for IOOs to make uniform work zone 
data available for third-party use. Specifically, the project aims to provide data on work zones 
into vehicles to help ADS and human drivers navigate more safely. Longer term, the goal is to 
enable collaborative maintenance and expansion of the specification to meet the emerging 
needs of ADS.  

The potential for changes to work zone traffic control devices to support CAVs is also 
anticipated, including increased technology use in work zones, and specifically to support 
geolocation of work zone devices. As part of AV 3.0, FHWA acknowledged that it will pursue an 
update of the Manual on Uniform Traffic Control Devices (MUTCD), which is recognized as the 
national standard for traffic control devices, in order to consider the needs of CAV technologies. 
This process is expected to provide needed guidance on changes to work zone traffic devices 
or their application. 

In addition, competing communication technologies (‘cellular vehicle-to-everything’ (C-V2X) and 
‘dedicated short range communications’ (DSRC)) are being tested in vehicle-to-vehicle (V2V), 
vehicle-to-pedestrian (V2P) and vehicle-to-infrastructure (V2I) safety scenarios including work 
zones. C-V2X utilized the 5G cellular network while DSRC is through the 5.9 GHz band.  Both 
C-V2X and DSRC have been integrated into various ITS infrastructure, defined variously as 
‘roadside units’ (RSUs), ‘onboard units’ (OBUs), and traffic safety modules including smart work 
zone applications. 

3.2 Roadway Pavement and Configuration 

3.2.1 Paved and Unpaved Road-Miles  

The extent to which a road is paved or unpaved has implications as to its ability to support CAV 
systems. From a CV standpoint, unpaved roads are more likely to lack the necessary roadside 
communications technologies and traffic signalization that would support V2X communications. 
From an AV application standpoint, unpaved roadways are a challenging operating environment 
because the operating lane is not delineated. Onboard sensors and processing equipment for 
AV systems detect road lines, traffic lights, and signs and therefore perform poorly on unpaved 
roadways that lack markings and where the surface can be irregular and hard to differentiate 
from the surrounding ground. As such, whether roadways are paved or unpaved provides a 
general idea to which the national roadway network can, at a basic level, support CAV 
deployment.  

Table 3-2 identifies the road-miles of paved and unpaved roadway in both urban and rural 
settings throughout the United States.19 Detailed information can be found in Appendix Tables 
A-1 through A-4. Of all roadway miles in the United States, only about 55 percent of rural areas 
and 95 percent of urban areas are paved.  

Table 3-2: Paved and Unpaved Road-Miles 

 Urban Rural Total 

Paved 1,153,289 1,626,807 2,780,096 

                                                

18 Data for Automated Vehicle Initiative (DAVI), Work Zone Data Exchange (WZDx), USDOT, 
https://www.transportation.gov/av/data 

19 Highway Statistics Report, Miles by Type of Surface, August 23, 2018, 
https://www.fhwa.dot.gov/policyinformation/statistics/2017/hm51.cfm 
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Unpaved 61,325 1,304,414 1,365,739 

Total 1,214,614 2,931,221 4,145,835 

Percentage Paved (%) 95% 55% 67% 

 

A brief examination of Vehicle-Miles Traveled (VMT) for paved and unpaved roadways shows 
that the percentage of unpaved roadways is unlikely to be a limiting factor in deploying CAV 
systems. VMT is calculated by multiplying the daily traffic volume by the length of the roadway 
segment as collected and aggregated by the FHWA from state departments of transportation. 
As shown in Table 3-3, while only 67 percent of all roadways in the United States are paved, 
these paved roadways carry 99 percent of all vehicle travel.20 These VMT estimates were 
calculated using information from the Appendix tables used to create Table 3-2, as well as 
Appendix Table A-0-5 and Table A-0-6. 

 
Table 3-3: Paved and Unpaved Road-Miles Weighted by VMT 

 Urban Rural Total 

Percentage Paved 95% 55% 67% 

VMT (Millions) 1,283,190 479,692 1,762,882 

VMT on Paved Roads 
(Millions) 

1,283,138 479,616 1,762,754 

Percentage of VMT 
on Paved Roads 

99% 99% 99% 

 

3.2.2 Limited- and Full-Access Roadways 

Access refers to roadway characteristics that limit ingress and egress of vehicles to a lane 
and/or facility. It also refers to the ability of vehicles to access adjacent roadways and properties 
from a lane or facility. Access is typically managed through grade separation, physical barriers, 
delineators/channelizers, and pavement markings. Limited-access roadways minimize 
opportunities for vehicles to enter and leave the roadway and are therefore commonly used in 
high-speed, high-volume environments (like freeways and priced express lanes) where a large 
number of entering and exiting vehicles can pose safety or traffic performance problems. Local 
streets, where access to and from adjacent residences and businesses is critical, typically allow 
full access in their design.    

Limited-access roadways are less complex for CAVs to navigate due to the reduced number of 
access points for other (non-CAV) vehicles and a lower likelihood of conflicts with pedestrians, 
bicycles and other obstacles that might be encountered on a full-access roadway. As such, 
these facilities can serve as an initial implementation step for CAV systems since they operate 
in a much more controlled environment with fewer operational variables. Numerous early-use 
cases for CAV technology focused on limited-access facilities for their ODD (as presented in 

                                                

20 Highway Statistics Report, National Highway System Travel, Annual Vehicle-Miles by Functional 
System, August 23, 2018https://www.fhwa.dot.gov/policyinformation/statistics/2017/hm44.cfm 



NCHRP 20-102(15): Impacts of Connected and Automated Vehicle 
Technologies on the Highway Infrastructure 

 
&

  19 5/13/2019 

Section 2). States with proportionally higher ratios of limited-access roadways may be 
positioned better for CAVs to be deployed there.  

Since 1945, the FHWA has published the annual Highway Statistics Series, which contains 
information on motor fuel, motor vehicle registrations, driver licenses, highway-user taxation, 
highway mileage, travel, and highway finance. State departments of transportation directly 
collect this data and verify compliance with data reporting instructions as stated in A Guide to 
Reporting Highway Statistics. The Highway Statistics report breaks down the functional systems 
in mile length.21 Limited-access roads include expressways, interstates, and freeways, while 
arterials, collectors, and local roads are full-access roadways as can be seen in Appendix Table 
A-0-7 and Table A-8. Rural minor collector and rural/urban local functional system lane miles 
estimated by the FHWA are based on the assumption that each rural road is a two-lane cross-
section. Table 3-4 summarizes limited and full-access roadways in the United States. 
 

Table 3-4: Limited- and Full-Access Road-Miles 

 Urban Rural Total 

Limited Access 29,743 35,044 64,787 

Full Access 1,184,871 2,896,171 4,081,049 

Total 1,214,614 2,931,221 4,145,835 

Percentage Limited 
Access 

2.44% 1.20% 1.56% 

 

As Table 3-4 shows, only a very small percentage of roadways in the United States feature a 
limited-access design, indicating a potential limiting factor in the deployment of CAV systems. 
However, as with the assessment of paved versus unpaved roadways in Section 3.2.1, it is 
important to put these numbers in the context of VMT. Table  shows limited- and full-access 
roadway mileage in urban and rural areas weighted by overall VMT. As the table shows, despite 
their small percentage in terms of U.S. road-miles, limited-access roadways carry almost two-
thirds (63 percent) of national VMT.  

 

Table 3-5: Limited- and Full-Access Road-Miles Weighted by Vehicle-Miles Travelled 

 Urban Rural Total 

Percentage Road-
Miles Limited Access 

2% 2% 2% 

VMT (Millions) 1,283,190 479,692 1,762,882 

VMT on Limited-
Access Roads 

823,020 289,464 1,112,484 

Percentage VMT on 
Limited-Access 
Roads 

64% 60% 63% 

                                                

21 Highway Statistics Report, Functional System Lane-Length, State Tables, August 23, 2018, 
https://www.fhwa.dot.gov/policyinformation/statistics/2017/hm60.cfm 
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Table 3-6 displays the 10 states with the top 5 highest and lowest proportion of limited-access 
roadways: 
 

Table 3-6: Limited- and Full-Access Road-Miles: State Highlights  
Highest Proportion of 
Limited-Access 
Roadways 

Lowest Proportion of Limited-
Access Roadways 

State Percentage State Percentage 

Urban Missouri 9% Iowa 3% 

Vermont 9% New Mexico 3% 

Maryland 8% Alabama 4% 

Connecticut 8% Florida 4% 

New York 8% District of 
Columbia 

4% 

Rural Alaska 8% Hawaii 0% 

Wyoming 6% Minnesota 1% 

Florida 5% Iowa 1% 

California 5% Arkansas 1% 

Arizona 5% North Dakota 1% 

 

3.3 Bridges and Tunnels 

Bridge condition is an important and possibly limiting factor for some CAV applications. Bridges, 
for example, contain metal supporting structures and reinforcements that initial studies show 
can interfere with radar systems used in some CAV applications. These structures could also 
interfere with communications systems used in V2V or V2I applications.  Further, tunnels 
impede acquisition of GPS and other communications signals necessary for vehicle positioning.  

Bridge condition is a particularly critical factor in deploying Driver Assistive Truck Platooning 
(DATP) applications, which use CV technologies and AV functions that allow trucks to follow a 
lead vehicle at close distance. The lead truck broadcasts information on acceleration, 
deceleration, braking through a V2V communications channel to other trucks in the platoon, 
essentially forming a train that it is piloted by the lead vehicle. When the lead vehicle brakes, the 
signal is sent to all vehicles in the platoon who in turn initiate a braking maneuver. The FHWA is 
conducting two- and three-vehicle platooning studies with Caltrans, Volvo, Auburn, and Peterbilt 
and believes that DATP could yield significant benefits in terms of reduced fuel consumption, 
increased efficiency, improved safety, and improved driver retention for trucking firms. 

3.3.1 Assessment of Special Loading Conditions from Platooning    

The primary challenges associated with DATP applications and bridges relate to the shorter 
spacing between trucks that platooning allows. Data on traffic maneuvers is transmitted almost 
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instantly through the platoon, allowing vehicles to travel much more closely than what could 
safely be accommodated with a human driver with a slower response time. While this frees up 
road space and improves operational performance for the platooning trucks, it increases the 
load on bridge structures the platoon passes over. As such, there is a significant need to ensure 
that bridges can withstand the new types of loading that DATP would result in. While this is a 
new topic of research, the University of Florida—conducting an early study that assessed 
impacts on bridge capacity and composition—found that “within Florida, no bridges would be of 
concern with legally loaded two-truck platoons operating at 60-foot spacing, and less than 1% of 
bridges on interstate and turnpike mainlines could be subject to stresses exceeding bridge 
design specifications with trucks platooning at a 30-foot spacing.”22 The study further notes that 
first-generation DATP systems are expected to operate at spacings over 30 feet. However, this 
study points to the need for further research on this topic, as well as related to the impact of 
wheel rutting from CAV navigation precision (multiple vehicles traveling in nearly the exact same 
wheel path) on bridges and pavement structures. 

In addition, to infrastructure considerations, readiness for deployment of technologies such as 
DATP is also a statutory and policy issue. As reported by Peloton Technology (a prominent 
DATP technology provider), all states have following-distance laws that either specify a 
minimum gap between vehicles (in distance or in timed headway) or require a “reasonable and 
prudent” following distance.23 Peloton’s scan of legislative activity around the United States 
found that as of late 2018, 24 states have enacted legislation that expressly allows truck 
platooning—either as a blanket allowance or as part of limited testing or commercial deployment 
provisions. Figure 3-1 illustrates the legal status of platooning in each state. 

                                                

22 Driver Assistive Truck Platooning: Considerations for Florida State Agencies, Jan 2018, 
https://fdotwww.blob.core.windows.net/sitefinity/docs/default-
source/content/legislative/documents/datp.pdf?sfvrsn=971162d9_0 

23 Truck Platooning Regulation Shows Forward Momentum, by Steve Boyd, https://peloton-
tech.com/platooning-regulation-moving-forward/ 
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Figure 3-1: Legal Status of Truck Platooning by State (Peloton Technologies) 

 

3.3.2 National Bridge Inventory 

The FHWA compiles the National Bridge Inventory (NBI), using information reported by state 
departments of transportation as part of their routine bridge inspection processes. The database 
tracks bridge and tunnel conditions, including the roads above or below, for the nation as a 

whole as part of the Federal-Aid Highway Act of 1968 (as shown in Appendix Table A-9).24 
States report on numerous bridge aspects, many of which have implications for CAV 
implementation including maintenance responsibility, owner, functional classification, average 
daily traffic, design load, traffic safety features, structure type, superstructure, and substructure.  

Condition scoring, another element of the NBI, assists in funding decisions and is based on 
structural evaluation, obsolescence of design, and public importance. Unfortunately, this 
database is subject to some flaws, such as outdated and inaccurate information.25 Despite 
potential inaccuracies, the NBI is the best source for information regarding bridges in the United 
States. As shown in Table , most bridges in the United States are either in good (46 percent) or 
fair (47 percent) condition. It should be noted that the condition reported in the NBI cannot be 
considered a surrogate measure for sufficiency to support the additional loading characteristics 
of platooning (i.e., a bridge rating of “good” alone does not indicate sufficiency for platoon 
loading). However, bridges rated “fair” or “poor” are more likely to be susceptible to damage 
                                                

24 U.S. Department of Transportation, Federal Highway Administration, Office of Bridge Technology, 
National Bridge Inventory, Bridge Condition by Highway System 2017, available at 
https://www.fhwa.dot.gov/bridge/nbi/no10/condition17.cfm#a 

25 Automatic Logical Inconsistency Detection in the National Bridge Inventory, Procedia Engineering 
https://www.sciencedirect.com/science/article/pii/S1877705816300984 

https://www.sciencedirect.com/science/article/pii/S1877705816300984
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from platooning operations, and their condition may therefore take on increased meaning along 
key corridors where truck platooning may be considered. 

 

Table 3-7: Bridge Condition 

Condition All Good Fair Poor 

U.S. Total Bridges (#) 615,002 288,030 279,270 47,619 

U.S Total Bridges (%) 100% 46% 47% 7% 

3.3.3 GPS and Communications Occlusion in Tunnels 

Tunnels present a particular challenge for CAV navigation, as they may occlude the vehicle 
from acquiring a GPS signal or other communications linkages needed for vehicle positioning.  
The degree of occlusion is impacted by the length and orientation of the tunnel, to the extent to 
which they impact line-of-sight for the communications medium.  Today, some service providers 
are extending coverage through transmitters and repeaters within tunnels in order to rectify this 
problem for navigation systems in mobile devices.  For instance, in early 2019, the Port 
Authority of New York and New Jersey (PANYNY) and the Metropolitan Transportation Authority 
(MTA), in partnership with Waze, announced the deployment of repeater devices in major New 
York City tunnels so that customers would continue to retain GPS coverage to support 
navigation services in the tunnels26.  This type of approach is still limited in application in the 
U.S. and does not yet offer the precision GPS necessary for CAV position location. 

3.4 Intelligent Transportation Systems Infrastructure 

ITSs use an array of roadside technologies, telecommunications mediums, and back-office data 
processing and distribution systems to monitor the transportation network, gather data, provide 
traveler information, and in some cases actively manage transportation facilities.  

3.4.1 Intelligent Transportation Systems System Elements 

ITS comprises three primary elements: 

• Roadside Infrastructure devices are the primary points of data collection or 
dissemination to travelers. These devices use infrared, microwave, inductive loop, and 
optical sensors to detect and count vehicles along a roadway or at an intersection. 
Sensors can also be deployed to determine vehicle speed, volume and classification.. 
Cameras are a common ITS roadside asset because they allow IOOs to monitor and 
respond to traffic conditions in real time. Roadside infrastructure for ITS systems also 
use dynamic message signs (DMS) to relay necessary information to drivers.  

• Communications can be classified as follows: 

o Vehicle Communications support exchange of data directly between vehicles 
(either integrated systems or mobile devices onboard the vehicle), or between 
vehicles and an external system. In addition to CV technologies such as DSRC, 

                                                

26 Waze keeps NYC drivers on track even in tunnels, AFP Relax News, Jan 2019, 
https://finance.yahoo.com/news/waze-keeps-nyc-drivers-track-even-tunnels-155542549.html 

https://finance.yahoo.com/news/waze-keeps-nyc-drivers-track-even-tunnels-155542549.html
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cellular, and satellite technologies, other technologies such as RFID, Bluetooth 
and Wi-Fi all support direct communications between field devices/infrastructure 
and vehicles.  

o Backhaul Communications support remote command and control of field 
devices, and collection and transfer of data, typically from a central Traffic 
Management Center (TMC). Backhaul communications typically take one of 
three forms: wired (fiber optic or other physical communications medium), 
wireless (radio communications), or leased service (e.g. cellular, physical 
phone/cable line, etc.)  

• Data Processing and Distribution uses information collected by roadside equipment, 
which is then transmitted through the appropriate communications channel to the TMC. 
Operational decisions are made, and information is pushed out to traffic signals, DMS, 
or other roadside assets.     

As it relates to CAVs, ITS is most relevant in terms of its role in providing communications 
infrastructure to support CV functions. In addition to traffic signals, ITS device locations have 
been identified as a logical point to locate DSRC RSUs or other CV infrastructure due to the 
typical presence of power, backhaul communications, and a mounting location. Infrastructure-
based CV communications will require a backhaul communications to manage the device, to 
administer security certification, and to gather data. The presence of ITS infrastructure and the 
supporting communications systems is therefore a key readiness factor for CAVs. 

3.4.2 Intelligent Transportation Systems Deployment and Condition  

IOOs have been building and maintaining physical infrastructure (roadways and bridges) for 
decades. However, systematic investment in ITS and the associated shift to an operations-
based philosophy is a more recent development. Though the concept of ITS solutions has been 
around for some time, only within the last 15 years has their use become more prevalent due to 
ITS technologies becoming cheaper and more reliable. However, a lack of consistent national 
data on ITS deployment characteristics remains, which makes it difficult to quantify the extent or 
condition of the digital infrastructure around the United States. 

To measure the deployment of ITS technology nationally, the USDOT’s ITS Deployment 
Tracking Project has regularly surveyed transportation agencies in the largest U.S. cities since 
1997. In addition to providing a database of ITS device locations around the United States, the 
survey helps to provide insight as to how the topic of CAV deployment has grown in importance. 
The 2010 survey included nearly 1,600 transportation agencies from 108 cities with 
responsibility for freeway management, arterial management, transit management, TMC 
operation, electronic toll collection, law enforcement, public safety and fire/rescue. The 2010 
survey collected two types of data: opinions from agencies, and technology deployment 
information. CAVs were not specifically addressed during that survey. However, the 2013 
survey, with nearly 2,100 respondents, asked specifically about CVs. As shown in Figure 3-2, 
only a small percentage of responding agencies (approximately 3 percent) indicated they would 
be investing in CV technology as part of planned deployment for 2013-2016 
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Figure 3-2: Freeway Agency Intelligent Transportation Systems Deployment  

(USDOT ITS Deployment Tracking Project) 

 

By the time the 2016 survey was conducted, CVs were a more important consideration with 
62 percent of respondents responsible for freeway management indicating they planned to 
deploy CV applications, while 59 percent of those responding they intended to deploy within the 
next 3 years.27 While the 2010 and 2013 survey included responses for seven agency types, the 
2016 survey only polled three: freeway management, arterial management and transit 
management agencies. The 2016–2017 Deployment Tracking Survey also captured a lot of 
information about future deployment planning, factors affecting deployment decision-making, 
readiness for CV deployment, and communications but fell short of requesting specific 
information to quantify the extent of ITS deployments in the United States (including miles of ITS 
communication infrastructure by state). Further, the nature of ITS infrastructure does not lend 
itself to linear measures of coverage, and supporting communications infrastructure is not well 
understood or documented.  

While asset management for ITS devices is more prevalent among agencies relative to that of 
pavement markings or signage, the practice is inconsistent. To help address this challenge, in 
2019, the FHWA initiated the project, “Applying Transportation Asset Management to Traffic 
Signals and Intelligent Transportation Systems,” which will develop guidelines for applying asset 
management principles to Transportation System Management and Operations assets. 

3.5 Cellular Network Services  

Cellular networks will play a critical role in supporting the overall CAV ecosystem. Today, 
cellular networks link network services and vehicles, either through integrated systems in the 
vehicles or mobile devices onboard, for such uses as navigation, traveler information, and 
infotainment services (such as music streaming). Similarly, it is expected that cellular networks 

                                                

27 2016-2017 Deployment Tracking Survey Results, USDOT, Knowledge Resources, 
https://www.itsdeployment.its.dot.gov/cv_fm1.asp 
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will have an essential role in distributing high-resolution mapping directly to CAVs for use in 
supporting AV operation. Cellular services are also frequently used by IOOs as a backhaul 
communications mechanism for ITS field devices. These vehicle-to-cloud and backhaul services 
are anticipated to grow significantly with the advent of 5G cellular services, which is expected to 
be significantly faster than existing 4G/LTE. As such, although IOOs do not control and are not 
responsible for cellular networks, the availability of cellular services is an important factor in 
CAV deployment readiness.  

3.5.1 4G/LTE Telecommunications 

4G/LTE is a long-range wireless transmission medium that represents the fourth generation of 
cellular technology. Unlike the previous 2G and 3G networks, 4G/LTE is data-enabled, which 
has spurred the growth and popularity of modern smartphones featuring wireless internet 
access. The maintenance and operation of the cellular network is outside of the responsibilities 
of IOOs because the national network is supported by private providers using a network of fixed 

location transceiver stations.  

Table 3-2, based on the Federal Communications Commission’s (FCC) Wireless Competition 
Report, shows national cellular coverage in terms of covered population, covered square miles, 
and covered road-miles for the four major cellular service providers in the United States. The 
FCC notes that the four primary carriers cover about 89 percent of the U.S. population with 
4G/LTE service.  

 

Table 3-2: FCC 20th Wireless Competition Report 

Provider Covered 
POPs 

% Total 
US POPs 

Covered 
Square 
Miles 

% Total 
US Sq. 
Miles 

Covered 
Road-Miles 

% Total US 
Road-Miles 

AT&T 304,873,426 97.6% 1,874,309 52.8% 5,207,363 76.4% 

Sprint 274,121,224 87.7% 707,146 19.9% 2,874,422 42.2% 

T-Mobile 295,591,220 94.6% 1,646,823 46.4% 4,734,613 69.4% 

Verizon 
Wireless 

303,065,589 97.0% 2,265,590 63.8% 5,772,000 84.7% 

US Total 312,471,327 100% 3,550,852 100.0% 6,817,734 100.0% 

 

All major cellular network providers have varying degrees of 4G/LTE coverage in the United 
States (Figure 3-3).28 Figure 3-4 provides a Error! Reference source not found.deeper look at 
4G/LTE coverage across the country, with the darker shaded regions indicating areas covered 
by more providers. For these areas, additional redundancy in the wireless system could be 
accessed and used by CAVs. 

                                                

28 Federal Communications Commission, Maps, https://www.fcc.gov/reports-research/maps/ 



NCHRP 20-102(15): Impacts of Connected and Automated Vehicle 
Technologies on the Highway Infrastructure 

 
&

  27 5/13/2019 

 

Figure 3-3: Nationwide LTE Coverage – YE 2017 
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Figure 3-4: LTE Coverage by Number of Providers – YE 2017 

 

3.5.2 5G Communication  

The fifth generation of cellular technology, 5G, will produce high data throughput and connection 
density with fewer transmission delays and lower latency rates relative to 4G/LTE. The 
technology will likely be 10 to 100 times faster than the current LTE network with connection 
density to support billions of devices including CAVs. However, due to its higher speed and 
lower latency, 5G has a smaller transmission range than what is covered by 4G. This means the 
effective size of a 5G operational “cell” is much lower and more transceiver towers will be 
required relative to a similar 4G coverage area. As such, CAV-oriented applications that rely on 
future 5G connectivity could require the placement of 5G communications infrastructure near or 
even within existing rights-of-way. As discussed in section 3.4.2 (Intelligent Transportation 
Systems Deployment and Condition), IOOs have focused their ITS deployment along freeways 
while planning deployment of CV technology along those same freeways.  Prioritization of 5G 
cellular technology deployment may want to focus along those same freeway corridors.   

While a 5G transceiver does not have the range of its 4G/LTE counterpart, it can transmit and 
receive over a much longer distance and cover a wider geographic area than DSRC. Safety-
critical CAV functions require low latency for quick data transmission and response, meaning 
that 5G could be a viable long-term communications medium for CAV applications. In fact, 5G 
could serve as the primary communications medium for all future V2V and V2I devices present 
in CAVs.  
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Due to its high speed, low latency and longer transmission range, 5G could be a transformative 
technology that enables the connection of 20 billion internet-connected devices by 2020 as part 
of the Internet of Things (IoT). The IoT is envisioned as a global network wherein everyday 
objects are embedded with computer technology that connects them to the internet, allowing for 
the collection and analysis of vast amounts of data for use in predictive modeling and proactive 
management. 5G could thus enable new and diverse use cases from enhanced mobile 
broadband that are not possible with the current 4G systems alone. 

Initial availability of 5G will start with fixed, in-home consumer services, which will grow to 
enterprise service and eventually mobile service. Deployment of 5G will likely start in urbanized 
areas and could take considerable time to penetrate rural areas. Even as 5G becomes 
available, it will rely heavily on concurrent connections with the existing 4G/LTE to ensure 
continuous coverage when a user ventures outside a 5G enabled areas or when a 5G signal 
cannot be received. 5G is developing with initial deployments already in progress. Figure 3-5 
portrays the expected development of 5G over the near term.  

 

 

Figure 3-5: 5G Timeline 
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4. Conclusions on Infrastructure CAV Readiness 

The previous section presented available data on the scope and condition of key infrastructure 
elements that have the greatest potential to influence the successful deployment of CAVs. This 
section first draws observations and conclusions from the condition assessment (macro view) 
within the context of CAVs being deployed in an ODD (micro view) that is most conducive to the 
use cases envisioned to be prevalent by 2030. 

The overall assessment of infrastructure readiness is framed in terms of the most likely use 
cases to be deployed by 2030 and the ODD elements associated with that deployment. The 
ODD defines the environment within which a particular use case is expected to the be applied 
(Section 2.3). 

This assessment of infrastructure readiness for CAVs is tempered by several limiting factors, 
owing primarily to either the lack of consistency in national level reporting for several 
infrastructure asset types and the newness of CAV applications relative to existing infrastructure 
assets. These factors limit the ability to determine or even approximate the proportion of the 
national roadway system most suitable for CAV operation in the near-term.  Limitation on CAV 
infrastructure readiness includes the following: 

• A lack of readily available data as to scope, condition, and maintenance cycles of critical 
infrastructure elements including pavement markings, signage, and ITS infrastructure, 

• The lack of consistent measures for infrastructure condition, outside of federally reported 
metrics for pavement and bridge condition, 

• The varying ODD requirements by use case, and anticipated differences between 
manufacturers of even similar technologies.  

The challenges in preparing an infrastructure readiness assessment point to the need for 
individual agency-led readiness assessments, using consistent systems and metrics to classify 
levels of readiness based on roadway features and maintenance conditions. Colorado 
Department of Transportation has been piloting such a Road Classification System, and 
NCHRP project 20-24(112), Connected Road Classification System Development, is exploring 
the merits of developing a system such as this for national use. 

The following sections describe the generalized observation of infrastructure readiness of key 
infrastructure elements from Section 3, including context discussion on the known or anticipated 
ODD for near-term CAV use cases. The infrastructure assets discussed in this section include 
traffic control devices, roadways, bridges, ITS, and cellular telecommunications.  

4.1 Traffic Control Devices  

Traffic control devices are perhaps one of the most critical infrastructure elements influencing 
proper CAV operation. The FHWA stresses this infrastructure component as critical in its 
ongoing National Dialogue on Vehicle automation with IOOs, stakeholders, and manufacturers. 
The lack of available data makes it difficult to assess the condition of traffic control devices, and 
points to a broader need for improved asset management approaches for traffic control devices 
to prioritize improvements and maintenance.  
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4.1.1 Pavement Markings 

When detected by sensors, pavement markings play an essential role in supporting a vehicle’s 
lane awareness for many CAV use cases described in Section 2. While standards for pavement 
markings are well established, there is little documentation about the condition of pavement 
markings on a broad scale or the associated maintenance practices of agencies, including 
timeframes to replacement. The importance of markings to CAV deployment and the lack of 
available information points to the need for increased asset management focus for this 
infrastructure.  

A wide range of actions are underway related to pavement markings, which will help to guide 
agencies going forward and are anticipated to ultimately lead to updated standards. In 2017, the 
California Department of Transportation (Caltrans)—recognizing the importance of pavement 
markings to the emerging CAV ecosystem—issued a directive to discontinue the use of non-
reflective pavement markers known as “Botts Dots” for lane delineation on multilane roadways, 
and to increase the width of all 4-inch longitudinal lines to 6-inch wide lines on state highways.29 
This represented one of the first state actions to modify pavement marking standards in 
anticipation of the needs of CAV technologies.  

In June 2016, Texas Transportation Institute began NCHRP Project 20-102(6), Road Markings 
for Machine Vision. The project’s objectives include the following:30  
 

• Develop information on the performance characteristics of pavement markings that 
affect the ability of machine vision systems to recognize them. 

 

• Provide data and recommendations that the AASHTO/SAE Working Group can use to 
quickly develop guidelines and criteria.  

In addition, the National Committee on Uniform Traffic Control Devices’ (NCUTCD) CAV Task 
Force is in the process of developing preliminary recommendations surrounding pavement 
markings to address CAV, expected to be released in 2019. These recommendations are 
expected to include guidance on stripe width, dimensioning of dashed/skip striping, consistent 
application of markings at points of merging/diverging, minimum retroreflectivity, and use of 
contrast striping. These efforts collectively are expected to yield improved guidance to IOOs on 
near-term steps to improve CAV readiness for this important infrastructure element. 

4.1.2 Signage 

The ability to read and interpret traffic signs is an important factor for use cases with higher 
levels of automation to understand the rules of the roadway in the locations in which it operates. 
However, the increasing role of in-vehicle data and mapping could mitigate the need for 
machine-readable signage in the future. Today, map assets used by navigation applications 
increasingly include regulatory sign information (e.g., the speed limit) for the relevant location. 

                                                

29 Implementation Of 6-Inch Traffic Lines And Discontinued Use Of Nonreflective Pavement Markers, 
California State Transportation Agency, Aug, 2017,  
http://www.dot.ca.gov/hq/construc/CPDirectives/documents/cpd17-3.pdf 

30 TTI Update to the Sub-Committee on Traffic Engineering, AASHTO June 2016 Committee Meeting 
http://sp.scote.transportation.org/Documents/2016%20SCOTE%20Meeting/Tuesday%207JUN17/NCHRP
%2020-102(6)%20update.pdf 
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Embedding such information in the high-resolution mapping used by CAVs would likely limit the 
need for vehicles to read and interpret physical signage. 

The MUTCD update being undertaken in 2020 is expected to address changes in signage 
standards to support machine-readability, which could include greater use of symbology, 
consistency of fonts, retroreflectivity, and other factors. In addition, new technologies are 
emerging to make signs directly machine-interpreted through use of an embedded code. One 
such product developed by 3M (the smart code traffic sign) uses a code embedded in the sign 
face, which can be seen and interpreted only by a vision sensor on the vehicle. However, limited 
guidance is available today on improving CAV readiness of sign infrastructure. 

4.1.3 Traffic Signals  

The ability to communicate SPaT data to vehicles from a traffic-signal is a key opportunity for 
CAV and a foundational element of many CV use cases. Doing so requires not only 
infrastructure readiness and investment but also a consensus on the communications 
mechanism with which to do so. 

While information is available on the scale of the nation’s traffic-signal assets, little information 
exists on important related topics such as 1) the age and condition of the system and 2) the 
extent to which the nation’s traffic signals have backhaul communications available to connect 
them to a central system or external network. Both play a key role in deploying CV infrastructure 
without significant upgrades to the existing infrastructure. Further, signal system self-
assessments conducted earlier this decade found gaps in resources, including experienced staff 
to properly update and maintain signal systems. IOOs and policy makers should consider 
developing a national traffic-signal inventory that considers existing CAV support capability and 
existing connectivity. 

The actual deployment of CV infrastructure—specifically DSRC RSUs—at traffic signals was 
found to be limited to date, although IOO efforts to do so are increasing. As noted, NOCoE has 
reported that over 2,000 SPaT-enabled traffic signals are planned for deployment through 
2020—a significant growth in deployment but representing less than 1 percent of all traffic 
signals in the United States. Expansion of deployment will continue to be constrained in the 
near-term by several factors: 

- There remains a lack of consensus (or mandate) in the industry around the best 
communications technology for a national, interoperable system. While DSRC is more 
mature in terms of testing and development, C-V2X, along with other alternate 
technologies, are being explored for consideration for such a system. 

- The lack of industry consensus is inhibiting release of vehicle systems equipped with 
onboard units capable of receiving and using SPaT and other CV messages, thereby 
diminishing the value of deployment. 

- CV infrastructure represents new infrastructure and technology not currently deployed 
in the system, thus further straining IOO budgets. 

NOCoE published a series of resources in support of the SPaT Challenge,31 including 
guidelines for selecting corridors, systems engineering documents, procurement resources, and 

                                                

31 SPaT Challenge Resources, National Operations Center of Excellence, 
https://transportationops.org/spatchallenge/resources 
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implementation guidance. These resources aim to support agencies in fulfilling the SPaT 
Challenge, with the goal of gaining agency experience with CV deployment. 

4.1.4 Work Zone Traffic Control Devices 

As temporary traffic control devices, work zones traffic control takes on a different context from 
fixed infrastructure when evaluated for readiness. The relationship between CAVs and work 
zone traffic control devices centers on two key topics: data on work zone characteristics, and 
device visibility itself. 

Today, real-time work zone data, particularly for short-term or mobile work zones, was found to 
be limited and inconsistent, because a common vocabulary and data format are lacking. 
However, efforts are underway in both research and practice to address these challenges and 
to provide guidance and resources to agencies to further data capture and sharing.  

Five state departments of transportation and six companies from private industry (i.e., the WZDx 
Working Group) voluntarily developed v1.1 of the specification in collaboration with USDOT.32 
This specification is expected to guide IOOs regarding data capturing and sharing to support 
both CAVs and current mobile users of navigation/ information services. 
 

Table 4-1: WZDx Work Group Members 

Data Producers Data Users 

Pennsylvania Turnpike Authority 
(also representing the Smart Belt Coalition)  

HERE 

Michigan Department of Transportation  Waze 

Iowa Department of Transportation  Panasonic 

Colorado Department of Transportation  Toyota 

Kentucky Department of Transportation  Uber 

iCone Embark 
 
 

There is little guidance on recommended changes to work zone traffic control devices 
themselves, beyond guidance provided generally for pavement markings and signage. It is 
anticipated that the planned update of the MUTCD and related ongoing research discussed 
earlier will begin to address these elements. However, given the non-fixed nature of these 
devices and materials, new recommendations will be addressed largely in the upgrade of 
devices in stock (both by the IOOs and traffic control contractors), and the application of 
recommended temporary markings, and thus will have a more distributed impact than that of 
updating fixed infrastructure. 

                                                

32 Work Zone Data Exchange (WZDx), https://github.com/usdot-jpo-ode/jpo-
wzdx/blob/master/README.md 
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4.2 Roadway Pavement and Configuration 

4.2.1 Unpaved Roadway Impacts on CAV 

CAVs operating on unpaved roadways face a challenge in using sensors for lane identification 
and positioning. Unpaved roadways typically lack any physical or marked delineation of either 
the physical roadway edge or centerline/lane line. Enhancements in the technology and 
mapping could overcome these challenges in the long term; however, CAV functions on 
unpaved roadways will likely be inhibited in the near-term until then.  

While approximately one-third of all roadway miles in the United States are unpaved, paved 
roadways carry about 99 percent of VMT in both rural and urban areas. Therefore, the inability 
to carry out many CAV use cases on unpaved roadways is limited in terms of its impact from a 
traffic volume perspective and the overall scale of AV adoption. However, this challenge will 
disproportionately limit the ability of rural populations to take advantage of CAV technologies.  

4.2.2 Roadway Configurations 

As illustrated in Table 2-1, near-term CAV use cases have been identified as having an ODD 
restricted to limited-access roadways. While only 2 percent of the nation’s roadways are 
classified as limited access (proportions that are consistent in both urban and rural contexts), 
these roadways carry approximately 63 percent of all VMT in the United States. As a result, 
CAV use cases with an ODD of limited-access roadways will benefit a higher proportion of travel 
relative to the scale of the system. 

4.3 Bridges 

The main relationship between CAV readiness and bridges is the potential impact of DATP 
platooning on bridge loadings. The closer spacing of vehicles operating in a platoon, particularly 
heavy vehicles, are likely to change the loading characteristics and demands on a bridge 
structure such that some bridges may not be designed to sufficiently support these heavier 
loads. 

While there is extensive available bridge condition data, it does not consider the ability of 
bridges to support platooned vehicle loads. The impact of truck platooning on bridges is highly 
sensitive to the following distance (which is a function of both statutory limits as well as 
technology limitations) and allowable truck weights, making analysis of such impacts location-
specific. The FHWA announced in 2018 as part of its National Dialogue on Highway Automation 
that it will study truck platooning impacts on bridges, which is expected to provide additional 
research and guidance on evaluating such impacts at the local level. 

4.4 Intelligent Transportation Systems Infrastructure 

ITS infrastructure’s role in supporting CAV is primarily that of an enabler to deploy CV 
infrastructure. The associated site infrastructure (including poles, cabinets and power) along 
with the backhaul communications used to connect ITS devices to a central system or network 
play key roles in supporting CV infrastructure deployment; therefore, their presence and 
condition serve as an indicator of readiness for such deployment. 
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The information from the 2016-2017 National ITS Deployment Tracking Survey database33 
shows widespread deployment of ITS devices in urban areas throughout the United States, as 
well as along major extents of the nation’s highway system. While significant information is 
available nationally in terms of the scale (number of sites) and location of ITS devices, there is 
little published data available, which translates that to a comparable measure to gauge the 
percentage of the U.S. roadway system covered by ITS devices, such as road-miles or lane-
miles. In addition, national-level data address neither the type or robustness of backhaul 
communications nor the condition of the equipment, which further complicates assessing the 
suitability to support CV infrastructure deployment. 

Although data points to extensive ITS deployment sites around the U.S., CV infrastructure 
deployment at ITS device locations will continue be constrained in the near term, which is 
similar to deployment at traffic signals. This constraint is due to factors related to lack of 
consensus surrounding communications technologies, lack of penetration into the vehicle fleet, 
and funding challenges for new infrastructure and systems. 

 

4.5 Cellular Network Services 

While cellular network services fall outside the responsibility for IOOs, these services will still 
play a role in CAV system deployment and operation. Based on FCC statistics, 4G/LTE 
networks essentially have reached nearly 100 percent of U.S. roadways covered by at least one 
carrier. While this information indicates the scale of the network coverage and the ability to 
support near-term CAV applications, it is unknown whether 4G/LTE provides sufficient network 
speeds and bandwidth to support higher-order uses, such as high-resolution map downloads 
necessary to support some CAV applications, particularly for wide-scale deployment. 

Unlike infrastructure owned by IOOs, business considerations and market demand are 
anticipated to drive development of services and associated infrastructure to meet this need, 
thus closing most gaps. Next generation (5G) cellular services are in their infancy and are 
testing in limited geographies around the country. As this technology matures, deployment of 
infrastructure to support 5G is expected to follow business opportunities. Thus, a strong market 
of CAVs could drive further deployment of 5G infrastructure. There is also a potential 
opportunity for IOOs to leverage private-sector investment within 5G microcells much like they 
have done with access to high-speed fiber-optic communications. 

Cellular infrastructure—the domain of the telecommunications companies—could intersect with 
public infrastructure considerations owing to the expected typology of 5G networks. Rather than 
large, wide-area broadcast towers that are indicative of current cellular networks, 5G networks 
would rely on small-cell technology—a series of small, localized cellular nodes aimed at 
increasing the capacity and speed of the network. The nature of these small cells and the 
required extent of the network will frequently necessitate deploying in the public rights-of-way 
and co-locating on existing infrastructure (typically owned by IOOs) in order to be viable. 

To address this deployment approach, in September 2018 the FCC issued a directive aimed at 
speeding the deployment of small-cell infrastructure by removing regulatory barriers and 
clarifying the fees an IOO or other public entity can charge for applying processes and co-

                                                

33 ITS Deployment Geospatial Viewer, USDOT, https://www.itsassets.its.dot.gov/ 
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locating equipment in the public rights-of-way, along with other guidance.34 Further, widespread 
legislative activity at the state level is aimed at establishing guidance for small-cell deployment. 
At some point, lack of legal clarity related to small-cell deployment at the state level could delay 
deployment in that locality, thus degrading the ability for some CAV applications to be 
supported.  

 

 

  

                                                

34 FCC Facilitates Wireless Infrastructure Deployment for 5G, Sept, 2018,  
https://www.fcc.gov/document/fcc-facilitates-wireless-infrastructure-deployment-5g 
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Appendix 

Table A-0-1: Functional System Length: Miles of Type of Surface – Rural (1) 

  
Interstate 

Other Freeways and 

Expressways 

Other Principal 

Arterials 
Minor Arterials 

STATE Paved Paved Paved Paved 

Alabama 571  - 2029 3862 

Alaska 1001  - 526 348 

Arizona 916 18 1210 1281 

Arkansas 438 63 1876 3063 

California 1183 369 3198 6122 

Colorado 648 28 2569 3183 

Connecticut 29 36 122 218 

Delaware  - 18 99 89 

District of Columbia  -  -  -  - 

Florida 717 176 2620 2192 

Georgia 537  - 2422 4726 

Hawaii  -  - 78 255 

Idaho 519 112 1663 1470 

Illinois 1243 27 2354 4717 

Indiana 771 145 1488 2280 

Iowa 610  - 3406 3903 

Kansas 639 404 2627 4248 

Kentucky 603 491 1207 2336 

Louisiana 531 24 985 1920 

Maine 279  - 776 934 

Maryland 142 69 321 705 

Massachusetts 63 6 104 311 

Michigan 567 344 2130 4887 

Minnesota 588 34 3454 6661 

Mississippi 569  - 1783 3754 

Missouri 836 1123 1879 4006 
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Interstate 

Other Freeways and 

Expressways 

Other Principal 

Arterials 
Minor Arterials 

STATE Paved Paved Paved Paved 

Montana 1095  - 2773 2843 

Nebraska 415 332 2339 4180 

Nevada 447  - 1523 721 

New Hampshire 142 9 323 625 

New Jersey 45 35 160 307 

New Mexico 847  - 1937 2289 

New York 237 105 2102 2835 

North Carolina 551 418 1580 2959 

North Dakota 510  - 2941 2526 

Ohio 643 330 1518 2655 

Oklahoma 646  - 2248 2673 

Oregon 495  - 2657 2224 

Pennsylvania 1086 337 1591 4587 

Rhode Island 18 11 97 72 

South Carolina 546 45 1546 2982 

South Dakota 591 291 2592 2962 

Tennessee 644 14 1776 0 

Texas 2001 127 8407 10540 

Utah 684 9 1162 1315 

Vermont 256 2 330 735 

Virginia 598 92 1638 3593 

Washington 429 612 1313 2021 

West Virginia 319 0 1016 1347 

Wisconsin 511 202 2876 4732 

Wyoming 807  - 1984 1227 

U.S. Total 28565 6457 89355 130420 

Puerto Rico  22  - 3  - 

Grand Total 28586 6457 89359 130420 
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Table A-0-2: Functional System Length: Miles of Type of Surface – Rural (2) 

  Major Collector Minor Collector Local 

STATE Unpaved Paved Total Unpaved Paved Total Unpaved Paved Total 

Alabama  - 10715 10715 12 6209 6221 19143 28219 47362 

Alaska 523 848 1371 903 528 1431 7003 644 7647 

Arizona 21 4185 4206 386 1507 1893 21363 9312 30675 

Arkansas 459 11411 11870 3705 3123 6828 51319 9954 61273 

California  - 11113 11113  - 7540 7540 2543 38574 41117 

Colorado 993 4457 5450 6454 2384 8838 42059 5067 47126 

Connecticut  - 857 857 9 410 419 607 3404 4011 

Delaware  - 389 389  - 259 259 65 1885 1950 

District of 

Columbia  -  -  -  -  -  -  -  -  - 

Florida  - 4025 4025 58 3147 3205 14646 8900 23546 

Georgia  - 11574 11574  - 6734 6734 26130 23968 50098 

Hawaii  - 220 220  - 88 88 163 861 1024 

Idaho 1350 4597 5947 2330 1995 4325 13917 18262 32179 

Illinois 2721 8927 11648 3609 1100 4709 66144 5298 71442 

Indiana  - 5681 5681  - 8681 8681  - 43347 43347 

Iowa 1301 12772 14073 11867 4121 15988 57920 5883 63803 

Kansas 9761 12688 22449 8333 1060 9393 81573 6486 88059 

Kentucky  - 5832 5832 26 9312 9338 9823 35288 45111 

Louisiana  - 4707 4707 13 3251 3264 14250 18086 32336 

Maine  - 3241 3241 20 2087 2107 4265 7853 12118 

Maryland  - 1293 1293 15 1688 1703 773 8565 9338 

Massachusetts  - 853 853 32 587 619 1996 2218 4214 

Michigan  - 16371 16371 1101 3133 4234 41101 14441 55542 

Minnesota 935 14699 15634 3993 8024 12017 68631 10185 78816 

Mississippi 273 11675 11948 302 2010 2312 15498 28533 44031 

Missouri  - 16232 16232  - 6271 6271 57106 20066 77172 

Montana 2076 4801 6877 7365 1441 8806 42707 4237 46944 
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  Major Collector Minor Collector Local 

STATE Unpaved Paved Total Unpaved Paved Total Unpaved Paved Total 

Nebraska 3854 7508 11361 7815 946 8761 55497 4393 59890 

Nevada 148 2109 2256 1839 716 2555 25710 4864 30574 

New Hampshire  - 1042 1042 7 1057 1064 3232 4654 7886 

New Jersey  - 775 775 1 337 338 200 3584 3784 

New Mexico 422 4102 4524 572 2574 3146 48697 4665 53362 

New York  - 5443 5443 61 9257 9318 9734 33281 43015 

North Carolina 49 7425 7474 23 6007 6030 4915 41632 46547 

North Dakota 4464 7513 11977  -  -  - 64578 2284 66862 

Ohio  - 11040 11040 122 6173 6295 15049 37968 53017 

Oklahoma 1922 19120 21042 1962 1045 3007 48073 16773 64846 

Oregon 833 7341 8174 3103 4827 7930 33639 9101 42740 

Pennsylvania  - 7339 7339 19 6941 6960 1029 49818 50847 

Rhode Island  - 172 172 1 148 149 46 777 823 

South Carolina  - 10022 10022 38 1995 2033 10216 28654 38870 

South Dakota 4882 7521 12403 5463 787 6250 51404 2670 54074 

Tennessee  -  -  - 203 9442 9645 6412 37738 44150 

Texas  - 35135 35135 44 14794 14838 44370 90084 134454 

Utah 354 2896 3249 2134 1338 3472 22384 5838 28222 

Vermont 131 1841 1972 285 618 903 6708 1849 8557 

Virginia  - 7435 7435 78 4844 4922 7426 22983 30409 

Washington  - 8014 8014 1280 4981 6261 26286 11237 37523 

West Virginia  - 5524 5524 72 2082 2154 9629 12212 21841 

Wisconsin  - 12067 12067 548 7920 8468 16774 46037 62811 

Wyoming  - 2744 2744 8022 1580 9602 9619 1680 11299 

U.S. Total 37470 358290 395760 84225 177099 261324 1182372 834312 2016684 

Puerto Rico   -  -  - 1 240 241 346 2044 2390 

Grand Total 37470 358290 395760 84226 177339 261565 1182718 836356 2019074 
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Table A-0-3: Functional System Length: Miles of Type of Surface – Urban (1) 

  
Interstate 

Other Freeways and 

Expressways 

Other Principal 

Arterial 
Minor Arterial 

STATE Paved Paved Paved Unpaved Paved Total 

Alabama 433 29 1286  - 2222 2222 

Alaska 79  - 140  - 201 201 

Arizona 252 215 844 6 2632 2638 

Arkansas 302 96 623 15 1821 1836 

California 1270 1546 6573  - 10364 10364 

Colorado 304 324 1068 5 1800 1804 

Connecticut 317 244 712  - 1672 1672 

Delaware 41 39 214  - 221 221 

District of Columbia 12 16 107  - 163 163 

Florida 778 574 3974  - 4203 4203 

Georgia 710 177 2378  - 4802 4802 

Hawaii 55 34 264  - 192 192 

Idaho 90 28 430  - 660 660 

Illinois 910 112 2861 8 4154 4162 

Indiana 492 181 1597  - 2328 2328 

Iowa 172  - 904 4 1656 1660 

Kansas 234 191 319 10 1363 1373 

Kentucky 219 71 634  - 1336 1336 

Louisiana 402 72 1053 0 1802 1803 

Maine 87 18 148  - 254 254 

Maryland 338 311 1009  - 1581 1581 

Massachusetts 510 314 1943  - 3985 3985 

Michigan 682 354 2365  - 4941 4941 

Minnesota 324 215 618 2 2349 2351 

Mississippi 253 64 951  - 1088 1088 

Missouri 531 485 866 1 2152 2153 

Montana 98  - 257 0 290 290 
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Interstate 

Other Freeways and 

Expressways 

Other Principal 

Arterial 
Minor Arterial 

STATE Paved Paved Paved Unpaved Paved Total 

Nebraska 69 130 326 7 857 864 

Nevada 154 53 374 1 892 893 

New Hampshire 83 74 224  - 490 490 

New Jersey 387 453 1800  - 3632 3632 

New Mexico 153 12 685 21 713 735 

New York 80 176 3036  - 4857 4857 

North Carolina 721 475 1989 0 3396 3396 

North Dakota 61  - 210 23 292 316 

Ohio 931 580 2445  - 3971 3971 

Oklahoma 286 205 1173 20 2244 2263 

Oregon 234 64 856  - 1285 1285 

Pennsylvania 775 559 2774  - 3897 3897 

Rhode Island 52 81 342  - 343 343 

South Carolina 304 84 1058  - 1775 1775 

South Dakota 88 18 137 15 420 435 

Tennessee 552 172 1836  - 84 84 

Texas 1458 1389 6144 32 7962 7994 

Utah 253 49 656  - 677 677 

Vermont 64 16 126  - 148 148 

Virginia 519 355 1353  - 2281 2281 

Washington 334 421 1441  - 2715 2715 

West Virginia 235 14 399  - 720 720 

Wisconsin 346 301 1922  - 2627 2627 

Wyoming 106 3 221  - 249 249 

U.S. Total 18139 11393 65664 171 106761 106932 

Puerto Rico 206 5 71  - 65 65 

Grand Total 18345 11398 65735 171 106826 106997 
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Table A-0-4: Functional System Length: Miles by Type of Surface – Urban (2) 

  Major Collector Minor Collector Local 

STATE Unpaved Paved Total Unpaved Paved Total Unpaved Paved Total 

Alabama  - 3455 3455  - 172 172 27 20714 20741 

Alaska 3 248 251 8 226 234 647 1302 1949 

Arizona 17 1916 1933 17 206 223 1003 19250 20253 

Arkansas 114 2084 2198 56 188 245 1519 10323 11842 

California  - 11709 11709  - 282 282 1150 69982 71132 

Colorado 19 1833 1852 10 57 66 1068 14207 15275 

Connecticut  - 1816 1816  - 313 313 97 10682 10779 

Delaware  - 407 407  - 66 66 5 2639 2644 

District of 

Columbia  - 156 156  -  -  - 3 1058 1061 

Florida 6 6443 6449 7 1857 1864 1370 67144 68514 

Georgia  - 3764 3764  - 725 725 2225 37482 39707 

Hawaii  - 262 262  - 189 189 10 1801 1811 

Idaho 11 746 756  - 11 11 21 4223 4244 

Illinois 276 4517 4794 297 1178 1474 13097 22150 35247 

Indiana  - 808 808  - 127 127  - 20499 20499 

Iowa 101 1214 1315  -  -  - 858 7702 8560 

Kansas 95 1670 1765 37 352 389 497 9463 9960 

Kentucky  - 1352 1352  - 403 403 169 10839 11008 

Louisiana 2 1953 1955  - 214 214 849 10886 11735 

Maine  - 542 542  - 73 73 130 2154 2284 

Maryland  - 1857 1857  - 543 543 145 12856 13001 

Massachusetts  - 3009 3009  -  -  - 2754 17850 20604 

Michigan  - 3890 3890  - 119 119 11775 13823 25598 

Minnesota 9 2075 2084 21 622 643 1398 14105 15503 

Mississippi  - 1574 1574  - 10 10 252 8855 9107 

Missouri 2 2278 2280  - 285 285 352 17259 17611 

Montana 19 386 405 5 49 54 517 2608 3125 
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  Major Collector Minor Collector Local 

STATE Unpaved Paved Total Unpaved Paved Total Unpaved Paved Total 

Nebraska 56 593 649 7 63 70 394 5374 5768 

Nevada 1 48 49 80 1112 1192 1264 6173 7437 

New Hampshire  - 536 536  -  -  - 98 3559 3657 

New Jersey  - 2922 2922  - 401 401 12 23844 23856 

New Mexico 0 832 832 2 303 306 2370 6006 8376 

New York  - 5312 5312 0 106 106 432 33073 33505 

North Carolina 0 3316 3316 1 429 431 511 30299 30810 

North Dakota 24 303 326  -  -  - 295 1664 1959 

Ohio 1 5368 5369 12 586 598 1510 32077 33587 

Oklahoma 46 1501 1548 13 124 137 796 11988 12784 

Oregon 3 2121 2124 1 494 495 865 9130 9995 

Pennsylvania 11 5632 5643  -  -  - 17 33962 33979 

Rhode Island  - 540 540  - 33 33 26 3267 3293 

South Carolina  - 2818 2818  - 73 73 1285 13916 15201 

South Dakota 20 329 350  -  -  - 281 2112 2393 

Tennessee  - 4 4  -  -  - 178 22381 22559 

Texas 45 15725 15770 1 1118 1119 2340 72575 74915 

Utah 12 1092 1104 4 530 534 3097 4800 7897 

Vermont 2 244 246 0 27 27 99 768 867 

Virginia 3 2525 2528 7 729 736 182 18528 18710 

Washington  - 2719 2719  - 200 200 441 15856 16297 

West Virginia  - 901 901  - 61 61 269 4051 4320 

Wisconsin 11 2658 2669  -  -  - 143 15355 15498 

Wyoming  - 504 504 2 90 92 245 1348 1593 

U.S. Total 911 120507 121418 589 14748 15338 59088 803962 863050 

Puerto Rico   - 18 18  -  -  - 565 11750 12315 

Grand Total 911 120524 121436 589 14748 15338 59653 815712 875365 
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Table A-0-5: Annual Vehicle-Miles by Functional System – Rural (Millions) 

State Interstate 
Other Freeways 

and Expressways 

Other Principal 

Arterial 

Minor 

Arterial 

Major 

Arterial 

Minor 

Collector 
Local Total 

Alabama 6511 0 5498 35 4 0 0 12047 

Alaska 851 0 318 35 10 0 0 1215 

Arizona 6819 31 3333 19 22 0 0 10224 

Arkansas 4230 308 3692 2 5 0 0 8237 

California 15272 4871 9683 112 93 0 0 30032 

Colorado 4756 269 4335 0 1 0 0 9361 

Connecticut 478 300 438 0 0 0 0 1215 

Delaware 0 500 725 19 0 0 0 1244 

District of 

Columbia 0 0 0 0 0 0 0 0 

Florida 10585 2024 8248 16 7 0 0 20879 

Georgia 8039 0 5787 900 89 0 0 14815 

Hawaii 0 0 343 2 0 0 0 346 

Idaho 2680 373 2017 0 0 0 0 5071 

Illinois 9471 173 3617 177 2 0 0 13439 

Indiana 7655 816 3770 699 97 1 12 13050 

Iowa 5090 0 6288 1 1 0 0 11380 

Kansas 3707 1322 3203 0 0 0 0 8232 

Kentucky 7964 1847 3458 11 7 0 0 13286 

Louisiana 6098 196 2964 159 23 0 0 9439 

Maine 2104 0 1787 28 0 0 0 3920 

Maryland 2189 514 1961 23 0 0 0 4687 

Massachusetts 838 102 277 511 7 0 0 1735 

Michigan 5715 2687 4254 9 5 0 0 12669 

Minnesota 3995 197 6957 0 0 0 0 11149 

Mississippi 4493 0 5205 70 24 0 0 9792 

Missouri 7082 5098 3147 21 3 0 0 15352 

Montana 2645 0 2528 0 0 0 0 5172 



NCHRP 20-102(15): Impacts of Connected and Automated Vehicle 
Technologies on the Highway Infrastructure 

 48 5/13/2019 

State Interstate 
Other Freeways 

and Expressways 

Other Principal 

Arterial 

Minor 

Arterial 

Major 

Arterial 

Minor 

Collector 
Local Total 

Nebraska 3001 986 2267 72 0 0 0 6326 

Nevada 2304 0 1673 10 0 0 0 3987 

New 

Hampshire 1117 149 1064 187 0 0 0 2517 

New Jersey 1228 493 698 0 0 0 0 2419 

New Mexico 4563 0 3100 0 0 1 0 7664 

New York 6020 869 3773 13 1 0 0 10676 

North Carolina 6702 2661 5578 815 237 0 1 15993 

North Dakota 1563 0 2192 0 1 0 0 3755 

Ohio 8919 1959 4464 83 25 0 0 15450 

Oklahoma 5419 25 5290 6 13 0 0 10753 

Oregon 3928 0 4170 0 1 0 1 8100 

Pennsylvania 10781 2062 4152 20 11 0 0 17026 

Rhode Island 320 55 227 0 0 0 0 602 

South Carolina 8302 280 4442 1 0 0 0 13024 

South Dakota 2080 436 1531 5 0 0 0 4052 

Tennessee 8302 73 4574 23 2 0 0 12975 

Texas 18616 1002 20058 230 6 0 0 39911 

Utah 3376 84 1912 0 1 0 0 5373 

Vermont 1251 5 715 0 0 0 0 1971 

Virginia 9459 643 6345 27 15 0 0 16489 

Washington 4849 1832 2301 29 9 0 0 9019 

West Virginia 2475 0 2087 0 0 0 0 4562 

Wisconsin 6197 1226 6767 125 11 0 0 14327 

Wyoming 2512 0 1575 0 0 0 0 4087 

U.S. Total 252550 36464 184785 4496 733 3 16 479047 

Puerto Rico  449 0 195 0 0 0 0 645 

Grand Total 252999 36464 184981 4496 733 3 16 479692 
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Table A-0-6: Annual Vehicle-Miles Traveled by Functional System – Urban (Millions) 

State Interstate 

Other 

Freeways and 

Expressways 

Other 

Principal 

Arterial 

Minor 

Arterial 

Major 

Collector 

Minor 

Collector 
Local Total 

Alabama 9278 552 9074 177 15 0 9 19104 

Alaska 737 0 945 44 4 0 0 1731 

Arizona 7786 8006 5738 133 14 0 0 21677 

Arkansas 5480 975 3259 85 12 0 4 9815 

California 74313 61587 55322 371 125 68 0 191786 

Colorado 9601 5538 9239 61 12 0 0 24449 

Connecticut 9813 4194 3781 7 0 0 0 17795 

Delaware 1531 777 2345 56 0 0 0 4709 

District of 

Columbia 491 397 1055 0 0 0 0 1944 

Florida 30287 14989 43506 1256 75 7 6 90125 

Georgia 25152 3771 17275 848 81 0 27 47153 

Hawaii 2066 471 2043 13 4 0 44 4640 

Idaho 1644 157 1906 20 2 0 0 3730 

Illinois 25593 1212 19621 960 225 4 8 47622 

Indiana 11370 1405 3369 395 15 0 29 16585 

Iowa 3189 0 4004 53 1 0 1 7247 

Kansas 4180 2039 1311 12 2 0 0 7544 

Kentucky 6672 916 4787 29 10 1 2 12417 

Louisiana 9880 787 7870 283 20 2 10 18852 

Maine 1247 145 759 41 13 0 0 2206 

Maryland 15748 6808 10314 242 39 0 6 33157 

Massachusetts 16932 6514 12112 256 16 0 0 35830 

Michigan 18025 6484 17791 33 4 0 0 42338 

Minnesota 9225 4484 4460 16 7 0 23 18215 

Mississippi 4135 481 5111 73 0 0 1 9800 

Missouri 14509 5506 5610 18 6 0 1 25649 
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State Interstate 

Other 

Freeways and 

Expressways 

Other 

Principal 

Arterial 

Minor 

Arterial 

Major 

Collector 

Minor 

Collector 
Local Total 

Montana 632 0 1100 0 0 0 0 1732 

Nebraska 1676 1114 2032 54 2 0 0 4877 

Nevada 4504 1789 3278 53 0 6 0 9630 

New Hampshire 2016 1393 1361 81 1 0 2 4855 

New Jersey 15357 13290 16259 321 36 0 1 45263 

New Mexico 2662 113 2174 1 0 1 0 4950 

New York 21422 17478 19438 311 45 0 20 58714 

North Carolina 19992 6042 13029 981 40 5 28 40117 

North Dakota 524 0 920 0 0 0 0 1444 

Ohio 25517 6381 9015 368 69 0 19 41368 

Oklahoma 5701 3161 2246 7 18 0 0 11134 

Oregon 5676 1447 5461 122 14 0 5 12725 

Pennsylvania 15647 7524 15748 182 45 0 0 39145 

Rhode Island 1947 1248 1860 0 1 0 0 5056 

South Carolina 7768 796 8254 76 5 0 0 16900 

South Dakota 760 80 494 1 0 0 0 1335 

Tennessee 15401 2521 13099 186 32 0 0 31239 

Texas 50788 32379 39212 322 59 0 2 122763 

Utah 8094 432 5376 42 3 0 20 13967 

Vermont 571 38 442 9 6 0 0 1066 

Virginia 17219 5297 12708 262 31 2 33 35552 

Washington 12221 5971 9636 80 34 0 3 27946 

West Virginia 3485 90 2148 3 0 0 0 5725 

Wisconsin 8214 3393 8036 57 20 0 0 19719 

Wyoming 534 13 635 7 2 0 0 1190 

U.S. Total 567210 250182 446566 9007 1164 97 305 1274531 

Puerto Rico  4701 927 2979 48 2 0 2 8658 

Grand Total 571911 251109 449546 9055 1165 97 307 1283190 
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Table A-0-7: Rural Lane-Miles of Limited- and Full-Access Roadway 

State Interstate 
Other Freeways 

and Expressways 

Other Principal 

Arterial 

Minor 

Arterial 

Major 

Collector 

Minor 

Collector 
Local Total 

Alabama 2414 0 6045 8398 24615 12441 94725 148638 

Alaska 2057 0 1612 867 2743 2862 15294 25434 

Arizona 3714 70 3417 2691 8552 3789 61350 83584 

Arkansas 1752 288 4996 6360 23780 13656 122548 173378 

California 5254 1518 8253 12647 24037 15080 82233 149022 

Colorado 2628 115 5774 6986 10909 17676 94250 138338 

Connecticut 150 141 255 438 1715 838 8022 11559 

Delaware 0 78 331 198 778 518 3901 5804 

District of 

Columbia 0 0 0 0 0 0 0 0 

Florida 3458 683 7450 4558 8127 6410 47092 77778 

Georgia 2578 0 7807 10017 23206 13468 100195 157270 

Hawaii 0 0 157 512 441 177 2048 3335 

Idaho 2080 361 3786 3019 11929 8649 64358 94182 

Illinois 5052 193 5246 9539 23370 9417 142884 195702 

Indiana 3122 579 4050 4817 20075 17361 86694 136698 

Iowa 2437 0 8883 7889 28457 31977 127605 207249 

Kansas 2580 1602 5471 8613 44908 18785 176118 258077 

Kentucky 2920 1908 3461 4904 11733 18675 90221 133822 

Louisiana 2215 97 3184 4082 9474 6527 64672 90252 

Maine 1179 0 1593 1897 6491 4213 24234 39607 

Maryland 673 251 969 1421 2590 3406 18676 27986 

Massachusetts 274 36 223 636 1732 1238 8428 12567 

Michigan 2367 1377 4522 9990 32772 8469 111083 170579 

Minnesota 2359 135 8651 13387 31319 24034 157631 237516 

Mississippi 2277 0 6522 7662 24030 4623 88062 133176 

Missouri 3426 4530 4369 8160 32844 12543 154343 220216 

Montana 4377 0 5941 5717 13695 17612 93888 141230 

Nebraska 1714 1325 4843 8406 22743 17522 119779 176333 

Nevada 1839 0 3439 1487 4524 5109 61147 77546 

New Hampshire 567 37 675 1264 2090 2130 15774 22536 
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State Interstate 
Other Freeways 

and Expressways 

Other Principal 

Arterial 

Minor 

Arterial 

Major 

Collector 

Minor 

Collector 
Local Total 

New Jersey 277 185 370 641 1558 675 7568 11274 

New Mexico 3431 0 6083 4863 9158 6293 106725 136553 

New York 3290 744 4541 5846 11265 18638 86031 130355 

North Carolina 2275 1680 4842 6559 15092 12060 93094 135603 

North Dakota 2039 0 6887 5051 23957 0 133724 171659 

Ohio 3035 1319 4158 5446 22320 12589 106035 154902 

Oklahoma 2613 8 6689 5894 42351 6014 129692 193262 

Oregon 2021 0 5905 4543 16359 15861 85479 130169 

Pennsylvania 4413 1394 3778 9431 14749 13920 101693 149378 

Rhode Island 71 43 208 146 358 299 1647 2772 

South Carolina 2239 187 4622 6299 20127 4064 77740 115279 

South Dakota 2364 1159 5365 5964 24828 12500 108147 160326 

Tennessee 2635 58 5455 6326 10073 19290 88299 132136 

Texas 8143 518 25462 22699 70694 29677 268908 426101 

Utah 2756 36 2508 2654 6509 6946 56445 77853 

Vermont 1024 3 697 1476 3949 1806 17113 26069 

Virginia 2502 372 5893 7682 15027 9843 60820 102138 

Washington 1923 1576 2668 4057 16183 12522 75047 113975 

West Virginia 1307 2 2628 2711 11055 4309 43682 65694 

Wisconsin 2143 810 7097 9526 24197 16936 125622 186330 

Wyoming 3230 0 4120 2493 5497 19203 22598 57140 

U.S. Total 119193 25421 231903 276869 818982 522649 4033365 6028381 

Puerto Rico 171 0 129 454 485 484 4780 6501 

Grand Total 119364 25421 232031 277323 819466 523132 4038145 6034883 
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Table A-0-8: Urban Lane-miles of Limited- and Full-Access Roadway 

State 

Urban 

Interstate 

Other 

Freeways and 

Expressways 

Other 

Principal 

Arterials 

Minor 

Arterial  

Major 

Collector  

Minor 

Collector  Local  Total  

Alabama 2189 138 4905 6070 7547 372 41481 62701 

Alaska 303 0 503 475 510 472 3898 6162 

Arizona 1462 1552 3771 9278 4352 456 40505 61375 

Arkansas 1469 424 2208 4364 4504 499 23685 37154 

California 9671 9283 25149 30758 27593 644 142263 245361 

Colorado 1535 1405 4105 4833 4009 138 30550 46575 

Connecticut 1718 1000 1892 3736 3761 631 21558 34296 

Delaware 257 163 841 604 852 144 5290 8150 

District of 

Columbia 73 69 441 443 307 0 2121 3454 

Florida 4932 2868 17626 14237 15515 4164 137029 196371 

Georgia 4415 809 8756 11927 7952 1473 79415 114746 

Hawaii 342 152 824 535 575 397 3623 6447 

Idaho 450 101 1144 1458 1530 24 8487 13194 

Illinois 4846 489 10025 11385 10625 3048 70494 110912 

Indiana 2434 752 5608 7470 7058 1400 40997 65719 

Iowa 826 0 3075 4019 2756 2 17121 27800 

Kansas 1129 770 1052 4162 4009 829 19921 31871 

Kentucky 1243 309 2467 3560 2860 816 22015 33269 

Louisiana 1832 297 3919 5103 4715 430 23471 39768 

Maine 375 67 383 608 1098 146 4568 7245 

Maryland 2144 1418 4022 4086 4021 1111 26003 42805 

Massachusetts 2930 1366 4937 8436 6114 0 41208 64990 

Michigan 3711 1588 8796 12032 8055 249 51198 85628 

Minnesota 1731 963 2186 6925 4750 1631 31005 49191 

Mississippi 1137 252 3244 2595 3269 21 18215 28732 

Missouri 3115 2226 3304 5779 5577 1180 35222 56403 

Montana 391 0 836 624 819 108 6249 9027 

Nebraska 402 548 1222 2171 1351 147 11537 17378 

Nevada 814 281 1585 3378 105 3082 14876 24120 
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State 

Urban 

Interstate 

Other 

Freeways and 

Expressways 

Other 

Principal 

Arterials 

Minor 

Arterial  

Major 

Collector  

Minor 

Collector  Local  Total  

New 

Hampshire 448 314 558 1077 1079 0 7316 10791 

New Jersey 2705 2516 5939 8080 5949 825 47712 73726 

New Mexico 747 50 2636 1876 1771 630 16752 24462 

New York 4792 3800 9516 12689 11118 483 67011 109409 

North Carolina 3811 2062 7323 8962 7240 924 61620 91941 

North Dakota 262 0 692 694 657 0 3919 6223 

Ohio 5283 2434 8118 10785 12428 1253 67174 107475 

Oklahoma 1409 970 4223 5672 3336 289 25568 41467 

Oregon 1108 268 2748 3001 4297 995 19989 32406 

Pennsylvania 3458 2338 8088 8587 11465 0 67958 101894 

Rhode Island 307 326 898 713 1073 64 6587 9969 

South Carolina 1602 368 4094 4898 5903 148 30402 47415 

South Dakota 351 73 480 1097 726 0 4785 7512 

Tennessee 2956 765 7051 7296 5713 2440 45117 71338 

Texas 8461 6872 25003 25612 35650 2388 149830 253816 

Utah 1597 172 2561 1829 2331 1072 15793 25355 

Vermont 257 41 317 299 494 64 1735 3207 

Virginia 2999 1566 5528 6647 5736 1613 37421 61511 

Washington 2102 1616 4917 5932 5566 410 32594 53137 

West Virginia 1028 51 1262 1501 1815 123 8641 14421 

Wisconsin 1763 1391 6015 6332 6202 0 30995 52698 

Wyoming 423 11 724 617 1029 189 3187 6179 

U.S. Total 105745 57297 237514 295246 277764 37524 1726107 2737197 

Puerto Rico 1194 263 1389 2036 2500 0 24631 32013 

Grand Total 106940 57560 238903 297282 280264 37524 1750738 2769210 
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Table A-9: Road Bridge Condition 

State 
Bridge Counts 

All Good Fair Poor 

Alabama 16,129 6,899 8,497 733 

Alaska 1,569 689 715 163 

Arizona 8,289 5,052 3,069 167 

Arkansas 12,864 6,915 5,362 587 

California 25,657 16,586 7,676 1,395 

Colorado 8,717 3,785 4,481 448 

Connecticut 4,238 1,255 2,654 329 

Delaware 879 227 613 39 

Dist. of Col. 245 64 173 8 

Florida 12,355 8,482 3,625 247 

Georgia 14,863 6,545 7,781 537 

Hawaii 1,135 428 642 65 

Idaho 4,492 1,270 2,880 341 

Illinois 26,775 13,536 11,015 2,224 

Indiana 19,291 7,948 9,972 1,368 

Iowa 24,215 9,096 10,304 4,805 

Kansas 25,001 13,687 9,885 1,429 

Kentucky 14,280 5,361 7,903 1,014 

Louisiana 12,910 6,558 4,699 1,649 

Maine 2,458 776 1,359 323 

Maryland 5,335 1,772 3,275 288 

Massachusetts 5,192 1,400 3,316 473 

Michigan 11,180 4,605 5,424 1,146 

Minnesota 13,329 8,419 4,204 706 

Mississippi 17,072 10,987 4,635 1,432 

Missouri 24,487 10,812 11,595 2,080 

Montana 5,302 1,694 3,181 427 

Nebraska 15,330 7,885 6,006 1,435 

Nevada 1,944 958 960 26 

New Hampshire 2,479 1,326 930 223 

New Jersey 6,737 1,851 4,330 556 
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State 
Bridge Counts 

All Good Fair Poor 

New Mexico 3,999 1,541 2,215 243 

New York 17,456 6,360 9,313 1,771 

North Carolina 18,183 7,466 8,907 1,803 

North Dakota 4,377 2,343 1,546 488 

Ohio 27,345 15,858 9,888 1,598 

Oklahoma 23,071 10,438 9,947 2,684 

Oregon 8,147 2,955 4,778 414 

Pennsylvania 22,779 6,760 11,871 4,147 

Rhode Island 778 131 466 181 

South Carolina 9,341 4,265 4,295 781 

South Dakota 5,818 1,888 2,927 1,003 

Tennessee 20,169 9,714 9,564 889 

Texas 53,869 28,219 25,017 632 

Utah 3,051 1,722 1,248 81 

Vermont 2,772 1,476 1,219 77 

Virginia 13,932 4,831 8,328 773 

Washington 8,233 4,339 3,528 366 

West Virginia 7,228 2,232 3,645 1,351 

Wisconsin 14,253 7,364 5,777 1,112 

Wyoming 3,127 814 2,022 291 

Puerto Rico 2,325 446 1,608 271 

Totals 615,002 288,030 279,270 47,619 
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1. Introduction 

1.1 Purpose of this Document  

The Impacts of Connected and Automated Vehicle (CAV) Technologies on the Highway 
Infrastructure project focuses on developing guidance for agencies regarding the impact of CAV 
technologies on physical highway infrastructure, including design, operations, and maintenance. 
In the context of the research effort, CAV technologies include an abundance of connected 
vehicle (CV) applications that use vehicle to vehicle (V2V) and vehicle to infrastructure (V2I) 
communication to enhance safety, mobility, and environmental aspects of driving, and 
automated vehicle (AV) applications that enable longitudinal (i.e., braking and acceleration) and 
lateral (i.e., steering vehicle controls in response to automatically sensed external stimuli and 
perceived events.  

This document builds on the efforts of Task 1.2: State of Physical Infrastructure report which 
identified the relationships between infrastructure elements and CAVs. The prior report also 
documented the known condition of the relevant infrastructure and highlights efforts underway 
to provide guidance for infrastructure changes necessary to support CAV. This report discusses 
the relevant standards for infrastructure and the processes by which standards are created or 
amended. These standards include the Manual on Uniform Traffic Control Devices (MUTCD) 
and other standards, such as the American Association of State Highway and Transportation 
Officials (AASHTO) publication, A Policy on Geometric Design of Highways and Streets (the 
Green Book), to identify design/maintenance elements that will directly affect CAV deployment 
and operations, and sensing-related issues.  

1.2 Document Organization  

Section 2 summarizes infrastructure components of interest (pavement markings, traffic signs, 
roadway elements, traffic signals, work zones, intelligent transportation systems) and identifies 
CAV technologies that interact directly with specific roadway infrastructure, as documented in 
Task 1.2: State of Physical Infrastructure report. Understanding the key infrastructure elements 
that support DAS technologies will assist transportation professionals in planning phased-
system adaptation.  

Section 3 presents CAV standards planning initiatives through organizations such as AASHTO 
and the National Committee on Uniform Traffic Control Devices (NCUTCD) including an 
overview of each organization, CAV considerations & future standards as well as policies and 
amendment processes. A recent document developed by the National Association of City 
Transportation Officials (NACTO), which includes CAV planning level policies for cities, is also 
discussed.  The role of the U.S. Department of Transportation’s (USDOT) ITS Joint Program 
Office ITS Standards Program as it relates to deployment standards and technology/protocol 
standards is also presented. Section 3 also focuses on the governing of infrastructure elements 
by these organizations, including the methodology for creating and amending 
standards/policies. 
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2. Infrastructure Components of Interest 
With the introduction of CAVs, there will be an inevitable need to assess, update, and perhaps 
create new standards and policies. CAVs will interact with physical and digital infrastructure in 
ways that affect current standards and practices and create new business models. 

To better understand the needs of transportation infrastructure to support Automated Driving 
Systems (ADS), the Federal Highway Administration (FHWA) published 10 questions in the 
Federal Register (January 18, 2018) as a Request for Information (RFI).1 In May 2018, the 
FHWA summarized the top themes from the RFI: 

1. Greater uniformity and quality in road markings and traffic control devices would 
enable automation. Having greater consistency in road markings and traffic control 
devices and an improved state of good repair benefits all road users, including ADS. 

2. All commenters suggested that the FHWA take a leadership role in convening 
stakeholders to encourage collaboration. Commenters expressed a desire for the FHWA 
to play a stronger leadership role in convening state and local transportation agencies, 
automotive/ADS developers, and other groups to discuss infrastructure needs and 
encourage collaboration. 

3. Certain data elements around the roadway environment are useful for industry and state 
and local DOTs to share and could improve automation operations. Commenters 
identified specific data elements that could be shared such as work zone data, 
traffic laws, traffic incident data, weather conditions, and speed limits. 

4. Conducting pilots and supporting pilot testing are important for facilitating learning, 
collaboration, and information sharing. Commenters expressed the importance of 
supporting pilot deployments and testing in order to actively engage with industry, 
assess ADS benefits and learn about the real-world interactions that ADS could have 
with the roadway infrastructure. 

5. Uncertainty in infrastructure investment and allocation of limited resources is a 
key concern for state and local agencies. Because the infrastructure requirements 
and timing of ADS technology remain unclear, many state and local DOTs are unlikely to 
invest significantly in infrastructure improvements for automation. 

These themes illustrate the critical role of infrastructure in supporting CAVs, and the need for 
further guidance by Infrastructure Owner-Operators (IOO) on infrastructure investments and 
potential changes in standards that will be required. The following sections highlight the role of 
each of these relevant infrastructure elements and recent regulatory guidance. 

2.1 Pavement Markings 

When detected by sensors, pavement markings play an essential role in supporting a vehicle’s 
position and lane awareness for many CAV use cases. As noted in the feedback provided in the 
recent RFI from the FHWA on ADS, the need for uniformity, quality, and consistency of 
pavement markings was clearly stated. Because CAVs need to safely navigate through their 
operating environment with limited or no human driver interaction, numerous developing 

                                                

1 Automated Driving Systems, Request for Information, Docket no. FHWA-2017-0049, January 18, 2018 
https://www.federalregister.gov/documents/2018/01/18/2018-00784/automated-driving-systems 



NCHRP 20-102(15): Impacts of Connected and Automated Vehicle    
Technologies on the Highway Infrastructure  

 
&

  3 5/13/2019 

technologies, such as LiDAR, cameras, and HD Mapping will be utilized. The machine vision 
systems included in CAVs will focus on pavement marking presence, placement on the 
roadway, visibility (daytime and low-light conditions) color, width, pattern (solid or with skips), 
and contrast, which may be recommended when installed on lightly-colored pavement such as 
new concrete.  

Texas Transportation Institute is the lead investigator for NCHRP Project 20-102(6), Road 
Markings for Machine Vision, which was completed in August 2018 (not published to date). 
Objectives for the project include the following:2  
 

• Develop information on the performance characteristics of pavement markings that 
affect the ability of machine vision systems to recognize them. 

 

• Provide data and recommendations that the AASHTO/Society of Automotive Engineers 
(SAE) Working Group can use to quickly develop guidelines and criteria. 

 
The MUTCD provides information on the use of pavement markings as either standards, 
guidance, options, or support. Standards are “shall” do requirements, guidance is “should” do, 
options are “may” do, and support is any supporting information for owners and practitioners. 
Items such as color, function, width, and pattern of longitudinal pavement markings, as well as 
warrants for the use of yellow center line and white edge line markings (e.g., minimum 20-foot-
wide roadway width and an Average Daily Travel [ADT] of 6,000 vehicles per day or greater), 
are “shall” or standard statements. The guidance and option statements provide flexibility for the 
owner or practitioner to follow their local guidance documents that are in “general compliance” 
with the MUTCD or state-specific MUTCD. The MUTCD does provide flexibility on the width of a 
normal line (4 to 6 inches wide) as well as the length, which varies across the country. The 
FHWA has not published a final rule on minimum pavement marking retroreflectivity, so the 
level of retroreflectivity owners are maintaining differs across the country.  
 
A Supplemental Notice of Proposed Amendment was posted to the Federal Register on January 
4, 2017, regarding a proposal to include minimum levels of retroreflectivity for pavement 
markings in the next MUTCD edition (2020). Comments were received by March 4, 2017, of 
which 47 responses were provided.3 The recommended revision made to Section 3A.03 
regarding Maintaining Minimum Retroreflectivity follows. The full recommended text is provided 
in the Supplemental Notice of Proposed Amendment.  
 
“Section 3A.03 Maintaining Minimum Retroreflectivity 

 
STANDARD 
01 Except as provided in Paragraph 5, a method designed to maintain retroreflectivity at 
or above 50 mcd/m 2/lx shall be used for longitudinal markings on roadways with 
statutory or posted speed limits of 35 mph or greater. 
 

                                                

2 TTI Update to the Sub-Committee on Traffic Engineering, AASHTO June 2016 Committee Meeting 
http://sp.scote.transportation.org/Documents/2016%20SCOTE%20Meeting/Tuesday%207JUN17/NCHRP
%2020-102(6)%20update.pdf 

3 FHWA Supplement Notice of Proposed Amendment, National Standards for Traffic Control Devices: 
Manual on Uniform Traffic Control Devices for Streets and Highways; Maintaining Pavement Marking 
Retroreflectivity, https://www.regulations.gov/document?D=FHWA-2009-0139-0124).  
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GUIDANCE 
02 Except as provided in Paragraph 5, a method designed to maintain retroreflectivity at or 
above 100 mcd/m 2/lx should be used for longitudinal markings on roadways with statutory or 
posted speed limits of 70 mph or greater. 
 
03 The method used to maintain retroreflectivity should be one or more of those described in 
“Methods for Maintaining Pavement Marking Retroreflectivity” (see Section 1A.11) or developed 
from an engineering study based on the values in Paragraphs 1 and 2. 
 
SUPPORT 
04 Retroreflectivity levels for pavement markings are measured with an entrance angle of 
88.76 degrees and an observation angle of 1.05 degrees. This geometry is also referred to as 
30-meter geometry. The units of pavement marking retroreflectivity are reported in mcd/m 2/lx, 
which means millicandelas per square meter per lux”. 

2.2 Traffic Signs 

The vehicle’s ability to interpret traffic signs is an important factor especially at higher levels of 
automation. This ability helps vehicles understand the rules of the roadway and adapt to the 
“driving environment”. However, the increasing role of in-vehicle data and mapping could 
mitigate the need for machine-readable signage in the future. Today, map assets used by 
navigation applications increasingly include regulatory sign information (such as speed limit) for 
the relevant location. Embedding such information in the high-resolution mapping used by CAVs 
would likely limit the need for vehicles to read and interpret physical signage. 

Traffic signs in the United States are differentiated into three categories: regulatory, warning, 
and guide. Per the MUTCD, a regulatory sign “gives notice to road users of traffic laws or 
regulations” (e.g., speed limit, stop, yield, no parking). Regulatory signs are typically rectangular 
with a white background with black letters or red background with white letters. Stop signs 
(octagon) and yield signs (triangle) have distinct shapes. Warning signs “give notice to road 
users of a situation that might not be readily apparent” (e.g., curve ahead, school zone, 
pedestrian crossing ahead, stop ahead, land drop ahead). Warning signs are generally diamond 
shaped with a yellow background and black letters. Fluorescent yellow-green warning signs are 
reserved for school, pedestrian and bicycle signs. Guide signs are “signs that show route 
designations, destinations, directions, distances, services, points of interest, or other 
geographical, recreational, or cultural information” (e.g., route markers, destination signs, 
distance signs, general information signs, general service signs, reference location signs, 
specific service signs, tourist-oriented destination signs). Guide signs are generally rectangular 
with a variety of background colors (e.g., green, brown, blue) with white lettering.  

The FHWA established minimum retroreflectivity requirements for traffic signs in the Federal 
Register on December 21, 2007, which became effective through Revision 2 of the 2003 edition 
of the MUTCD on January 22, 2008. These requirements were established to provide nighttime 
visibility to human drivers with the goal of reducing crashes.  

Updated sign retroreflectivity compliance dates were established on June 14, 2012, which 
extended the implementation date to June 2014 for “Implementation and continued use of an 
assessment or management method that is designed to maintain traffic regulatory and warning 
sign retroreflectivity at or above the established minimum levels”. Approved methods included 
the following options:  

• Visual nighttime inspection 
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o Calibration signs 

o Comparison panels 

o Consistent parameters 

• Measured sign retro 

• Expected sign life 

• Blanket replacement 

• Control signs 

• A future method based on an engineering study 

• Combination of any 

Existing language in the 2009 MUTCD on minimum sign retroreflectivity requirements includes 
the following:4 
 
Section 2A.08 Maintaining Minimum Retroreflectivity 

• “Standard: 
Public agencies or officials having jurisdiction shall use an assessment or 
management method that is designed to maintain sign retroreflectivity at or above 
the minimum levels in Table 2A-3” 

Table 2A.3 - Minimum Maintained Retroreflectivity Levels (5) 

Sign Color 

Sheeting Type (ASTM D4956-04) ¹ 

Additional 
Criteria 

Beaded Sheeting Prismatic Sheeting 

I II III III, IV, VI, VII, VIII, IX, X 

White on 
Green 

W*; 
G ≥ 7 

W*; 
G ≥ 15 

W*; 
G ≥ 25 

W ≥ 250; G ≥ 15 Overhead 

W*; 
G ≥ 7 

W ≥ 120; G ≥ 15 Ground-mounted  

Black on 
Yellow or 
Black on 
Orange 

Y*; O* Y ≥ 50; O ≥ 50 (2) 

Y*; O* Y ≥ 75; O ≥ 75 (3) 

White on Red W ≥ 35; R ≥ 7 (4) 

Black on White W ≥ 50 — 

(1) The minimum maintained retroreflectivity levels shown in the table are in units of 
cd/lx/m2 measured at an observation angle of 0.2°and an entrance angle of -4.0°. 
(2) For text and fine symbol signs measuring at least 1200 mm (48 in) and for all sizes of 

                                                

4 Manual on Uniform Traffic Control Devices (MUTCD), 2009 Edition, FHWA, 
https://mutcd.fhwa.dot.gov/kno_2009r1r2.htm 
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bold symbol signs 
(3) For text and fine symbol signs measuring less than 1200 mm (48 in) 
(4) Minimum Sign Contrast Ratio ≥ 3:1 (white retroreflectivity ÷ red retroreflectivity) 
(5) Refer to the MUTCD for additional information provided in Table 2A-3 regarding 
minimum maintained sign retroreflectivity “special cases” 
* This sheeting type shall not be used for this color for this application. 

  

2.3 Roadway Elements  

Roadways have been designed to accommodate human drivers and pedestrians, including 
perception-reaction times for braking (slowing or stopping) and making complex decisions (e.g., 
passing, merging, multiple lane changes, lane drops). Designers have included tapers and 
auxiliary lanes (left/right-turn lanes and acceleration lanes) to separate vehicles that are slowing 
or accelerating from the through-traffic stream. Intersections and roadways have been designed 
for peak traffic operational conditions assuming average headways (gaps between vehicles), 
posted speed limits, drivers waiting for acceptable gaps to turn, assignment of right-of-way 
(traffic signals), vehicle platooning, and other traffic operations associated with human driving.  

The advent of CAVs and associated trends, such as increasing use of Transportation Network 
Companies for ride-hailing services, are prompting cities to reconsider how streets are designed 
to best accommodate roadway users.  This includes the use and management of the curb 
space, the need for curbside parking, and the reallocation of the roadway space to better serve 
all users and, as necessary, segregate users to maintain efficiency and safety. Further, the 
possible use of access control, by limiting interactions between CAVs and other users, could 
become a key factor in facilitating some CAV use cases. 

A recent study conducted by the Victoria Transport Policy Institute entitled “Autonomous Vehicle 
Implementation Predictions; Implications for Transport Planning” suggest that it will be at least 
2040 before half of all new vehicles sales are autonomous (Level 4 or 5), and at least 2050 
before half of the vehicle fleet is autonomous, based on previous vehicle technology deployment 
patterns5.   

In the long-term (2050 and beyond), with widespread deployment of vehicles with high levels of 
automation, significant speculation exists about the role of roadway infrastructure and how 
CAVs could prompt changes in roadway design criteria for safety. For example, should the 
needs of human drivers no longer be a factor in design and greater levels of coordination 
between vehicles and shorter reaction times of ADSs are assumed, a wide range of changes 
could be considered to optimize infrastructure footprints and reduce the use of safety devices, 
including but not limited to the following: 

• Reduced travel lane widths 

• Reduce or eliminate inside and/or outside shoulders  

• Reduced stopping sight distance requirements 

• Reduced clear zone requirements 

                                                

5 “Autonomous Vehicle Implementation Predictions; Implications for Transport Planning”, Todd Litman, 
Victoria Transport Policy Institute, March 18, 2019; https://www.vtpi.org/avip.pdf 
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• Elimination of safety devices, such as median barrier systems and guardrail 

• Eliminate tollway stations  

While these long-term considerations have received significant attention, an entirely automated 
fleet that would prompt such significant design changes could be several generations away and 
is not a practical consideration in today’s context. Roadways will need to continue to be 
designed to accommodate traditional non-CAV vehicles into the foreseeable future.  

AASHTO is the key source for accessing standards involving the design of roadways both on 
and off the National Highway System (NHS). A current map of the NHS is available at 
https://www.fhwa.dot.gov/planning/national_highway_system/nhs_maps/ 

The FHWA has adopted geometric design standards (23 Code of Federal Regulations 
(CFR) 625, Design standards for highway, and 49 CFR 37.9, Standards for accessible 
transportation facilities), which apply to new and reconstruction projects on the NHS.  

The two AASHTO documents that contain the design requirements the FHWA has adopted on 
the NHS include the following: 

• A Policy on Design Standards---Interstate System (6th edition) reflects the minimum 
standards that apply to interstate highway segments constructed on new rights-of-way 
and segments undergoing reconstruction along existing rights-of-way.  

• A Policy on Geometric Design of Highways and Streets (2018, 7th edition, commonly 
referred to as the Green Book) contains the current design research and practices for 
highway and street geometric design. This document is also used for the design of 
roadways not on the NHS.  

The Green Book contains thirteen criteria, commonly referred to as the “13 controlling 
criteria”, which have been identified by FHWA as having substantial importance to the 
operational and safety performance of any highway such that special attention should be 
paid to them in design decisions. Several of these criteria are roadway elements that 
CAVs may allow flexibility within the design. The FHWA requires a formal written “design 
exception” if design criteria on the NHS are not met for any of these 13 criteria listed 
below6: 

 
1. Design speed 
2. Lane width* 
3. Shoulder width* 
4. Bridge width* 
5. Horizontal alignment 
6. Superelevation 
7. Vertical alignment 
8. Grade 
9. Stopping sight distance* 
10. Cross slope 
11. Vertical clearance 
12. Lateral offset to obstruction* 
13. Structural capacity 
 

                                                

6 Mitigation Strategies for Design Exceptions, FHWA, USDOT, July 2007 
https://safety.fhwa.dot.gov/geometric/pubs/mitigationstrategies/fhwa_sa_07011.pdf 

https://www.fhwa.dot.gov/planning/national_highway_system/nhs_maps/
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* (Denotes roadway elements that CAVs may allow flexibility within the design) 

 
A design exception is a documented decision to design a highway element or a segment 
of highway to design criteria that do not meet minimum values or ranges established for 
that highway or project. 
 
Additional design elements may be added to this list by states or other agencies, but the 
13 controlling criteria reflect the FHWA’s decision making and form the basis for formally 
written design exceptions on the NHS. 

 
For projects that are not on the NHS, Title 23 United States Code (USC) 109, Standards, states 
that roadways shall be designed, constructed, operated, and maintained in accordance with 
state laws, regulations, directives, safety standards, design standards, and construction 
standards.  
 
Documents that contain guidance based on research and common practice (on or off the NHS) 
include the following: 

• AASHTO Roadside Design Guide (4th edition) focuses on roadside safety for use by 
owners in developing their own policies and standards.  

• AASHTO Guidelines for Geometric Design of Very Low-Volume Local Roads (ADT ≤ 
400) (1st edition) focuses on geometric design for very low-volume local roads (ADT less 
than or equal to 400 vehicles per day). These guidelines may be used in lieu of the 
Green Book. 

• AASHTO Guide for the Development of Bicycle Facilities (4th edition) provides 
information on how to accommodate bicycle travel and operations in most riding 
environments.  

• AASHTO Guide for Geometric Design of Transit Facilities on Highways and Streets (1st 
edition) provides a comprehensive reference of current practice in the geometric design 
of transit facilities on streets and highways, including local buses, express buses, and 
bus rapid transit operating in mixed traffic, bus lanes, and high-occupancy vehicle lanes, 
as well as bus-only roads within street and freeway environments. It also covers 
streetcars and LRT running in mixed traffic and transit lanes, and within medians along 
arterial roadways. 

• AASHTO Guide for the Planning, Design, and Operation of Pedestrian Facilities (1st 
edition) provides guidance on the planning, design, and operation of pedestrian facilities 
along streets and highways.  

• NACTO Urban Street Design Guide provides guidance on the design of urban streets, 
including all modes.  

2.4 Traffic Signals 

Traffic signals have a significant role in the CAV ecosystem because communication between 
vehicles and traffic signals is a key opportunity to enhance intersection safety for human-driven 
vehicles, improve environmental efficiencies for fuel based vehicles (stopping and idling) as well 
as improve Signal Phase and Timing (SPaT) awareness for CAVs. SPaT provides current 
signal/phase timing data (times at which signals will change) for one or more signalized 
intersections, as well as other time of day status details to approaching vehicles. While MAP 
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(not an acronym) refers to providing intersection and roadway lane geometry data for one or 
more locations (e.g., intersections and fragments of maps) to approaching vehicles.7  SPaT 
awareness allows more coordinated acceleration and deceleration of CAVs in anticipation of 
changes in red, yellow, and green light status. By sending this information, SPaT-based CAV 
applications can improve safety and provide approach-speed guidance aimed at reducing 
stopping and idling. Furthermore, intersections equipped with sensors can detect pedestrians 
and other potential obstacles in or near the roadway and relay that information to a CAV, thus 
improving safety for non-motorized users. 

In 2017, AASHTO issued a Connected Vehicle SPaT Deployment Challenge to state and local 
public-sector transportation IOOs to deploy Dedicated Short-Range Communication (DSRC) 
infrastructure with SPaT (and MAP) broadcasts in at least one coordinated corridor or network 
(approximately 20 signalized intersections) in each of the 50 states by January 2020. As of 
March 16, 2019, 26 states have committed to the challenge, with 216 operating SPaT traffic 
signals with 2,121 signals planned for 2019 and 2020.8  

Part 4 of the 2009 MUTCD entitled “Highway Traffic Signals” contains standards that govern the 
installation, design. and maintenance of traffic signals on roadways open to public travel.  

For example, a standard, or “shall” condition, regarding the installation of a traffic signal is 
contained in Section 4C.01.9 Additional standard statements are included within each of the 
nine warrants.  

 

“Section 4C.01 Studies and Factors for Justifying Traffic Control Signals 

Standard: 

01 An engineering study of traffic conditions, pedestrian characteristics, and physical 
characteristics of the location shall be performed to determine whether installation of a 
traffic control signal is justified at a location. 

02 The investigation of the need for a traffic control signal shall include an analysis of 
factors related to the 

existing operation and safety at the study location and the potential to improve these 
conditions, and the applicable factors contained in the following traffic signal warrants: 

Warrant 1, Eight-Hour Vehicular Volume 

Warrant 2, Four-Hour Vehicular Volume 

Warrant 3, Peak Hour 

Warrant 4, Pedestrian Volume 

Warrant 5, School Crossing 

                                                

7 USDOT. Glossary of Terms for Connected Vehicles 2009 to Present. 
http://connectedvehicle.itsa.wikispaces.net/Glossary+of+Terms+for+EU- 
US+cooperation+in+ITS#x-Glossary of Terms for EU-US Cooperation, 2009-Present-  
Version 7, 2012. Accessed Jan. 1, 2017.  
8 SPaT Challenge Overview, National Operations Center of Excellence (NOCoE), 
https://transportationops.org/spatchallenge  

9 Manual on Uniform Traffic Control Devices (MUTCD), 2009 Edition, FHWA, 
https://mutcd.fhwa.dot.gov/kno_2009r1r2.htm 
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Warrant 6, Coordinated Signal System 

Warrant 7, Crash Experience 

Warrant 8, Roadway Network 

Warrant 9, Intersection Near a Grade Crossing 

03 The satisfaction of a traffic signal warrant or warrants shall not in itself require the 
installation of a traffic control signal”. 
Many other standard statements are contained within Part 4 of the MUTCD including the 
following: 

• Size, shape, color, and placement of traffic signal heads (red, yellow, green) 

• The minimum number of signal indications per approach to a traffic signal 

• Arrangements of signal phases (vertical/horizontal)  

• Details involved with in-roadway warning lights at crosswalks  

• The design and operation of lane-use control signs  

• Design and operation of flashing beacons 

• Highway traffic signals at toll plazas 

• Traffic control signals for movable bridges 

• Design of freeway ramp control signals 

• Design of emergency vehicle and pedestrian hybrid beacons 

• Design of pedestrian signals (including countdown signals) 

• Yellow and red clearance intervals 

• Protected and permitted left and right-turn signal indications 

• Lateral and longitudinal placement of primary signal faces 

Other documents that contain guidance on the design of traffic signals include the following: 

• Traffic Engineering Handbook (2006, 7th edition), Institute of Transportation Engineers 
(ITE) 

• Signal Timing Manual (June 2008), FHWA 

2.5 Work Zones 

Temporary traffic control zones, often referred to as work zones, involve the use of temporary 
traffic control devices such as traffic signs, pavement markings, channelizers, flashing beacons, 
dynamic message signs (DMS), flaggers and other devices to designate a roadway construction 
work area.  Vehicle and pedestrian traffic can either be routed adjacent to, or routed around, the 
work area.  Work zones represent one of the greatest challenges for CAVs to navigate because 
each one is unique based on field conditions. The USDOT recognized this in their guidance 
publication Preparing for the Future of Transportation: Automated Vehicles 3.0 (AV 3.0), which 
identifies data availability regarding work zones as a key challenge for CAVs and proposes the 
Work Zone Data Exchange project as a way to harmonize specifications for work zone data and 
make the data available as open feeds for CAVs and others to use.  
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Part 6 of the MUTCD, Temporary Traffic Control, includes 46 typical application sketches for 
practitioners to use as guidance for similar work zone applications. The typical application 
sketches include stationary and mobile work zones, two-lane roadways and multi-lane 
roadways, flaggers, Automated Flagger Devices (AFADs), temporary signals, short- and long-
term lane merges, lane closures, temporary barrier, warning signs, pavement markings, flashing 
beacons, urban, rural, low speed, high speed, detours, shadow vehicles, channelizers (cones, 
tubes and barrels) as well as arrow boards and changeable message signs. These items are 
utilized in an endless number of combinations based on the work being performed and field 
conditions. Consistency and uniformity in work zones, which CAVs rely on, is not a reality with 
the number of variables and changing conditions in real-world work zones.  

Several ongoing research efforts focus on how CAVs can navigate through active work zones. 
In May 2017, the Michigan Department of Transportation partnered with 3M to deploy a 100-day 
test of 3M™ Connected Roads prototype solutions in a 3.3-mile construction work zone along 
the I-75 Corridor. This test included 10 signs with embedded 2D barcodes (invisible to the 
human eye, but detectable by infrared cameras), as well as 5 regular 2D barcodes (visible for 
both human and machine vision). In addition, all weather tape pavement markings were used to 
help enhance lane detection by humans and AVs in the zone.10 

Five state departments of transportation and six companies from private industry, together 
known as the WZDx Working Group, voluntarily developed v1.1 of the specification in 
collaboration with USDOT.11 This specification is expected to guide IOOs regarding data 
capturing and sharing to support both CAVs and current mobile users of navigation/ information 
services. 

In addition, competing communication technologies (‘cellular vehicle-to-everything’ (C-V2X) and 
‘dedicated short range communications’ (DSRC)) are being tested in vehicle-to-vehicle (V2V), 
vehicle-to-pedestrian (V2P) and vehicle-to-infrastructure (V2I) safety scenarios including work 
zones. C-V2X utilized the 5G cellular network while DSRC is through the 5.9 GHz band.  Both 
C-V2X and DSRC have been integrated into various ITS infrastructure, defined variously as 
‘roadside units’ (RSUs), ‘onboard units’ (OBUs), and traffic safety modules including smart work 
zone applications. 

Smarter Work Zones were developed as an innovative solution to assist agencies with traffic 
operations and safety through work zones and to coordinate adjacent work zones across 
multiple IOO jurisdictions12. The program uses ITS applications to help drivers make informed 
decisions when planning their trip including the following: 
 

• Real-time traveler information systems 

• Queue warning systems 

• Dynamic lane merge systems 

• Incident management systems 

                                                

10 Connected Roads I-75 Test Corridor, 3M Case Study, 
https://multimedia.3m.com/mws/media/1572737O/michigan-test-corridor-case-study.pdf 

11 Work Zone Data Exchange (WZDx), https://github.com/usdot-jpo-ode/jpo-
wzdx/blob/master/README.md 

12 EDC-3: Smarter Work Zones, Center for Accelerating Innovation, FHWA, USDOT, 
https://www.fhwa.dot.gov/innovation/everydaycounts/edc-3/swz.cfm 
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• Variable speed limit systems 

• Automated enforcement systems  

• Entering/exiting vehicle notification 

• Performance measurement systems 

Specific ITS applications will be applied to a project based on recommendations provided in the 
Transportation Management Plan. The data collected through each ITS application will feed into 
the Work Zone Data Initiative,13 which will utilize the data to measure performance so that 
decisions can be made to improve traffic operations and safety for a project.  

However, even with these innovative solutions, and others, works zones still vary widely based 
on field conditions. Temporary traffic control design and applications that could assist with 
consistency and uniformity in work zones include the following (Figure 2-1): 

• Advance warning signs to mark the beginning of the work zone (Advance Warning 
Area) 

• Use of arrow boards to warn of upcoming lane closures (Advance Warning Area) 

• Use of retroreflective temporary pavement markings and channelizers around the work 
area (Transition Area, Activity Area, Termination Area) 

• Use of “positive protection”, including safety barrier or other positive protection to 
separate workers from traffic through the work area (Transition Area, Activity Area, 
Termination Area) 

• Use of “End Road Work” signs to denote the end of a work zone (Termination Area) 
These potential issues will need to be considered when developing human machine interface 
technologies to balance the constantly changing driving conditions around work zones.  

 

                                                

13 Work Zone Data Initiative, Work Zone Management Program, USDOT, FHWA, 
https://ops.fhwa.dot.gov/publications/fhwahop18083/index.htm 
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Source: Figure 6C-1, Manual on Uniform Traffic Control Devices (MUTCD) (2009), Federal 
Highway Administration, https://mutcd.fhwa.dot.gov/kno_2009r1r2.htm  

Figure 2-1: Component Parts of a Temporary Traffic Control Zone 
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2.6 Intelligent Transportation System (ITS) 

ITS can be defined as “the application of sensors, analysis, controls and communications 
technologies to ground transportation to improve safety, mobility, and efficiency”.14 As it relates 
to CAVs, ITS is most relevant in terms of its role in providing communications infrastructure to 
support CAV functions. In addition to traffic signals, ITS device locations have been identified as 
a logical point to locate DSRC RSUs or other CAV infrastructure due to the typical presence of 
power, backhaul communications, and a mounting location. Infrastructure-based CAV 
communications will require backhaul communications to manage the device, administer 
security certification, and to gather data. The presence of ITS infrastructure and the supporting 
communications systems is, therefore, a key readiness factor for CAVs. 

The USDOT’s ITS Joint Program Office (ITS JPO) focuses on intelligent vehicles and 
infrastructure, and the creation of an intelligent transportation system through integration with 
and between these two components. The federal ITS program supports the overall 
advancement of ITS through investments in major research initiatives, exploratory studies and a 
deployment support program that includes technology transfer and training.15 

• The ITS JPO has department-wide authority in coordinating the ITS program and 
initiatives among the following DOT offices: 

• FHWA 

• Federal Motor Carrier Safety Administration  

• Federal Transit Administration 

• Federal Railroad Administration  

• National Highway Traffic Safety Administration (NHTSA) 

• Maritime Administration and St Lawrence Seaway 

On January 8, 2001, the FHWA enacted its Final Rule on ITS Architecture and Standards 
Conformity (Final Rule) and the Federal Transit Administration enacted its Final Policy on 
Architecture and Standards Conformity (Final Policy). The Final Rule/Final Policy ensures that 
ITS projects carried out using funds from the Highway Trust Fund, including the Mass Transit 
Account, conform to the National ITS Architecture and applicable ITS standards. This conformity 
will be accomplished by developing regional ITS architectures and using a system engineering 
process for ITS project development. The Final Rule requirements can be found in 23 CFR 
940.16 

The most recent ITS architectural standards (ARC-IT-V8) were developed in 2017 and are in 
conformance with the Final Rule17   

                                                

14 Intelligent Transportation System (ITS), Definition, https://whatis.techtarget.com/definition/intelligent-
transportation-system  

15 ITS Joint Program Office, USDOT, https://www.its.dot.gov/about/its_jpo.htm 

16 ITS Architecture Implementation Program, FHWA, USDOT, 
https://ops.fhwa.dot.gov/its_arch_imp/index.htm 

17 ARC-IT v8 – The New National ITS Architecture & Tools, AASHTO STSMO, September 2017, OASRT, 
USDOT, https://systemoperations.transportation.org/wp-content/uploads/sites/22/2017/05/New-
Framework-for-ITS-Architectures-ARC-IT.pdf 

https://whatis.techtarget.com/definition/intelligent-transportation-system
https://whatis.techtarget.com/definition/intelligent-transportation-system
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ITS standards define an architecture of interrelated systems that work together to deliver 
transportation services. An ITS architecture defines how systems functionally operate and the 
interconnection of information exchanges that must take place between these systems to 
accomplish transportation services. An architecture is functionally oriented and not technology-
specific, which allows the architecture to remain effective. It defines “what must be done,” not 
“how it will be done.” 
Most standards are voluntary, consensus-based, and open: 

• Voluntary means their use is not mandated by law. 

• Consensus-based means that a published standard has attained general agreement 
through cooperation and compromise in a process that is inclusive of all interested 
parties. 

• Open means that they are not proprietary and are available for anyone to use. 

The use of standards encourages industry growth by minimizing development costs, increasing 
compatibility and interoperability, and increasing buyer and seller confidence in products. 

Hundreds of standards are used across all different types of transportation (e.g., vehicle safety 
standards, road and pavement standards, rail standards). ITS standards define how ITS 
systems, products, and components can interconnect, exchange information, and interact to 
deliver services within a transportation network. ITS standards are open-interface standards that 
establish communication rules for how ITS devices can perform, how they can connect, and 
how they can exchange data to interoperate. However, ITS standards are not design standards; 
they do not specify specific products or designs to use. Instead, standards assure transportation 
agencies that components from different manufacturers will work together, without removing the 
incentive for designers and manufacturers to compete to provide products that are more 
efficient or offer more features. 
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3. Standards Planning 

The FHWA’s MUTCD and the Green Book are the most prominent documents and have been 
adopted by states’ and/or agency policy as the national design standards involving road 
infrastructure design that will be affected by CAVs.  

Other national design documents such as the NACTO Urban Street Design Guide focuses its 
guidance on design goals, parameters, and tools. When specific signs or pavement markings 
are recommended for specific conditions, the guide highlights its specific reference to the 
MUTCD. 

Although other organizations such as the American Traffic Safety Services Association 
(ATSSA), Institute of Transportation Engineers (ITE), ITS America, Institute of Electrical and 
Electronics Engineers (IEEE), National Electrical Manufacturers Association (NEMA) and the 
Society of Automotive Engineers (SAE) have worked to further define the CAV space, they do 
not have the authority to establish national design standards or policies for addressing how 
CAVs should operate in the public right-of-way.18  

3.1 Manual on Uniform Traffic Control Devices (FHWA) 

3.1.1 Overview 

The MUTCD is published by the FHWA and sets minimum standards for the design and use of 
traffic control devices (TCDs), including signs, pavement markings, traffic signals, and 
temporary traffic control, across the United States. The purpose of the MUTCD is to “provide 
uniformity of these devices, which include signs, signals, and pavement markings, to promote 
highway safety and efficiency on the Nation's streets and highways.”19 

The MUTCD is adopted by reference in accordance with Title 23, USC, Section 109(d) and Title 
23, CFR, Part 655.603, and is approved as the national standard for designing, applying, and 
planning TCDs. The MUTCD is the national standard for all TCDs installed on any street, 
highway, or bicycle trail open to public travel. Title 23 of the CFR requires all states to do one of 
three things within two years after a new national MUTCD edition is issued or any national 
MUTCD amendments are made:  

1) Adopt the new or revised national MUTCD as the standard for TCDs in the state. 

2) Adopt the national MUTCD with a state supplement that is in substantial conformance 
with the new or revised national MUTCD or  

3) Adopt a State MUTCD that is in substantial conformance with the new or revised 
national MUTCD. 

                                                

18 Federal Highway Administration, Geometric Design, 
https://www.fhwa.dot.gov/programadmin/standards.cfm  

19 Frequently Asked Questions – General Asked Questions on the MUTCD, FHWA 
https://mutcd.fhwa.dot.gov/knowledge/faqs/faq_general.htm#stateq1 

 

https://www.fhwa.dot.gov/programadmin/standards.cfm
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For example, California, Texas, Maryland, and Michigan have their own state MUTCD. The 
FHWA’s 52 Division Offices review state MUTCDs and any supplements to make sure that they 
are in “substantial conformance” with the national MUTCD. 
 
The MUTCD is updated and maintained by the FHWA. The FHWA has an MUTCD team, 
including a team leader and staff members who are responsible for specific parts of the 
document.20  The FHWA considers all comments (whether from practitioners, private 
individuals, trade organizations, or the NCUTCD) before deciding specific changes in the next 
edition of the MUTCD.  Table 3-1 shows the long history of the MUTCD.  
 

Table 3-1: Evolution of the Manual on Uniform Traffic Control Devices  

 
Source: https://mutcd.fhwa.dot.gov/pdfs/2009r1r2/pdf_index.htm 
 
FHWA notes the following regarding the MUTCD:21 

• The MUTCD is the law governing all TCDs. Non-compliance with the MUTCD 
ultimately can result in the loss of federal-aid funds as well as in a significant increase 
in tort liability. 

• The success of the MUTCD depends on nationwide acceptance and application of the 
MUTCD, as well as extensive participation by the practitioners in developing and 
evaluating the content of the MUTCD. 

• Input from practitioners and all other stakeholders is critical in keeping the MUTCD 
current and relevant. 

 
The NCUTCD is a private organization that has no official association with the federal 
government. Its purpose is to assist in the development of standards, guides and warrants for 
traffic control devices and practices used to regulate, warn and guide traffic on streets and 
highways. The NCUTCD recommends to the FHWA, and to other appropriate agencies, 

                                                

20 MUTCD Team, FHWA, https://mutcd.fhwa.dot.gov/team.htm 

21 MUTCD Team, FHWA, https://mutcd.fhwa.dot.gov/kno-overview.htm 

 

https://mutcd.fhwa.dot.gov/pdfs/2009r1r2/pdf_index.htm
https://mutcd.fhwa.dot.gov/kno-overview.htm
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proposed revisions and interpretations to the MUTCD and other accepted national standards.  
Its current membership includes more than 325 TDC experts, representing a wide variety of 
organizations, who have a major interest in and experience with TCD issues.22 Most NCUTCD 
members are employees of state and local agencies and are involved in the daily operation of 
highways or streets. NCUTCD members are volunteers who receive no compensation for their 
contributions. These members meet twice a year to discuss the MUTCD (January / June) and 
develop consensus recommendations, which are then submitted to the FHWA for consideration. 
The NCUTCD is also one of many organizations and individuals that reviews FHWA's proposals 
for MUTCD changes and submits comments to the rulemaking docket. 

The NCUTCD is supported by 19 sponsoring organizations, each of which appoints one or more 
“members” and “associate members” who constitute the voting delegates to the NCUTCD. The 
sponsoring organizations include the following: 

• American Association of State Highway & Transportation Officials 

• American Automobile Association  

• American Public Transportation Association 

• American Public Works Association  

• American Railway Engineering & Maintenance of Way Association 

• American Road & Transportation Builders Association 

• American Society of Civil Engineers 

• American Traffic Safety Services Association 

• Association of American Railroads 

• Association of Pedestrian and Bicycle Professionals 

• American Highway Users Alliance 

• Human Factors Resources 

• Institute of Transportation Engineers 

• International Association of Chiefs of Police 

• International Bridge, Tunnel & Turnpike Association 

• International Municipal Signal Association 

• League of American Bicyclists 

• National Association of County Engineers 

• National Safety Council 

 
The executive secretary of the NCUTCD is responsible for maintaining its day-to-day operations 
and is governed by the executive board, which is made up of members appointed by the 
sponsoring organizations (current members):  
 
                                                

22 National Committee on Uniform Traffic Control Devices (NCUTCD), https://ncutcd.org/ 

http://transportation.org/
http://aaa.com/
http://www.apta.com/
http://apwa.net/
http://artba.org/
http://www.asce.org/
http://atssa.com/
http://www.aar.org/
http://www.apbp.org/
http://www.highways.org/
http://www.ncutcd.org/documents/hfr.pdf
http://ite.org/
http://www.theiacp.org/
http://ibtta.org/
http://www.imsasafety.org/
http://www.bikeleague.org/
http://www.countyengineers.org/
http://nsc.org/
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• Chairperson (Institute of Transportation Engineers) 

• Vice Chair for Programs (American Association of State Highway & Transportation 
Officials) 

• Vice Chair for Research (Human Factors Resources) 

• Treasurer (American Traffic Safety Services Association) 

• Chair of American Association of State Highway & Transportation Officials Delegation  

• Chair of American Public Works Association Delegation 

• Chair of Institute of Transportation Engineers Delegation 

• National Association of County Engineers Appointee 

• Co-Chair of Group II Delegation (Association of Pedestrian and Bicycle Professionals) 

• Co-Chair of Group II Delegation (International Bridge, Tunnel & Turnpike Association) 

• Chair of Group III Delegation (American Automobile Association) 

• Chair of Group IV Delegation (American Highway Users Alliance) 

 
Most of the work performed by the NCUTCD takes place in eight technical committees. 
Members and associate members, appointed by sponsors, serve on the technical committees. 
In addition, well-qualified individuals serve on the technical committees as “technical members.” 
These technical members serve as voting members of the following individual technical 
committees, but they do not have the right to vote in the council or to hold office:  
 

• Regulatory/Warning Signs 

• Guide/Motorist Information Signs 

• Markings 

• Signals 

• Temporary Traffic Controls 

• Railroad & Light Rail Grade Crossings 

• Bicycles 

• Research 

The NCUTCD also includes several task forces to discuss and provide guidance on new or 
emerging topics as it related to the MUTCD:  

• Roundabout Task Force 

• Strategic Plan Task Force 

• Connected & Automated Vehicles (CAV) Task Force 

• Pedestrian Task Force 

Task forces comprise members, associate members and technical members from the technical 
committees who are leaders in, or interested in, that specific topic.  
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The NCUTCD has been communicating over the last several years with the CAV industry, 
through the establishment of the CAV Task Force, on the importance of consistency and 
uniformity in the design and use of temporary TCDs. Recommendations from the CAV Task 
Force will result in changes to relevant sections of the MUTCD to better align with CAV needs. 
This should ultimately improve safety and operations on our transportation system.  

3.1.2 CAV Considerations and Future Standards  

The NCUTCD is preparing for the adoption of CV and AV technology. In taking preparatory 
steps, the organization is planning to incorporate the idea of a new “design driver” while still 
maintaining the highest standards regarding human drivers. Although NCUTCD will eventually 
have to plan for CAVs with high levels of autonomy, NCUTCD is focusing on what TCDs are the 
most critical for maintaining a safe and efficient balance between humans and CAVs in the near 
term. 

Currently, the biggest challenges affecting CAVs in the near term are pavement markings, traffic 
signals, and traffic signing. These challenges include TCD application uniformity, maintenance, 
and design, because different state and local municipalities apply these strategies differently 
based on local preferences. However, without a set of uniform applications, it is difficult for 
CAVs to be developed such that real-time detection systems can reliably detect pavement 
markings, traffic signals and traffic signing across multiple jurisdictions. Moreover, there is an 
increasing need to focus on the quality and maintenance of pavement as current practices—
such as using crack sealant to extend the life of hot-mix asphalt surfaces—have proven to be 
obstacles for CAVs to properly interpret the road environment (covers all or part of pavement 
markings).  

The NCUTCD also recognizes that the MUTCD should be reevaluated in terms of what needs to 
be addressed for the introduction of Advance Driver Assistance Systems (ADAS) technologies. 
For example, MUTCD Section 3A.03, which governs the Pavement Marking Retroreflectivity 
Standard, is one of the main issues that needs to be changed moving forward with CAVs. 
Additionally, one of the biggest struggles with adopting standards for CAVs is the lack of 
universally defined terms. With organizations, such as SAE and NHTSA defining roadway 
infrastructure terms one-way, while the FHWA, AASHTO and traffic engineers define roadway 
terms a different way, it is difficult to set clear standards on relevant procedures when they can 
be interpreted differently depending on the organization’s definition. As such, the NCUTCD 
recommends stakeholders within the industry, and state and local IOOs, to increasingly 
collaborate and share data in a uniform manner.23  

In January 2014, the NCUTCD published the 20-Year Vision and Strategic Plan for the Manual 
on Uniform Traffic Control Devices The 20-year Plan for the MUTCD addresses advanced 
technologies used in TCDs. Appendix E, Future of Traffic Control Devices, includes the 
following discussion on future improvements to existing TCDs and how the MUTCD will need to 
adapt to the continuous rapid changes in technology:24  

Improvements to existing TCDs (15+/- years and beyond) 

                                                

23 FHWA Report on MUTCD Activities by Kevin Sylvester, June, 2018, http://ncutcd.org/wp-
content/uploads/meetings/2018B/AttachNo4.FHWApresentation.pdf  

24 20-Year Vision and Strategic Plan for the Manual on Uniform Traffic Control Devices, NCUTCD, 
January 2014, http://ncutcd.org/wp-content/uploads/MUTCD/MUTCD-20-Year-Vision-NCUTCD-Appvd-1-
9-14-FINAL.pdf  

http://ncutcd.org/wp-content/uploads/meetings/2018B/AttachNo4.FHWApresentation.pdf
http://ncutcd.org/wp-content/uploads/meetings/2018B/AttachNo4.FHWApresentation.pdf
http://ncutcd.org/wp-content/uploads/MUTCD/MUTCD-20-Year-Vision-NCUTCD-Appvd-1-9-14-FINAL.pdf
http://ncutcd.org/wp-content/uploads/MUTCD/MUTCD-20-Year-Vision-NCUTCD-Appvd-1-9-14-FINAL.pdf
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• TCDs that communicate with vehicles and pedestrians 

o Roadside TCDs that send active messages to vehicles 

o In-vehicle TCDs that supplement the messages of roadside TCDs 

o Automated road systems that may eliminate the need for TCDs on those roads 

• Enhancements to nighttime visibility (luminescent materials and LEDs in signs and 
markings, for example) 

• TCD operation associated with vehicle position (vehicles sending position and speed 
information to smart traffic control devices and/or signals controllers) 

• Active notification of violations 

• Use of TCDs to dynamically manage pavement space 

• Active warning of intermittent hazards 

• Reduction in use of traditional guide signs due to in-vehicle navigation systems 

 

Issues relate to the use of TCDs: 

• Shorter time frames for introducing new products and new devices 

• Recognition of the need for traffic control device expertise in making decisions 

• Greater communication between agencies responsible for TCDs 

• Adapting the MUTCD to changing technologies 

 

Changes in the roadway environment: 

• Increase in toll roads—either flat or variable pricing (the increase in toll road relates to 
the issue of agencies and the public being willing to pay for advanced TCDs) 

• Increase in variable on-street variable parking pricing or downtown congestion pricing 
schemes (requiring need for new signing or communication w/drivers re: fees) 

The first meeting of the NCUTCD’s CAV Task Force (previously called the Autonomous Vehicle 
Task Force) was held on Thursday, January 7, 2016, in Arlington, VA, with many members and 
visitors. The group discussed the goals of the new task force. There was concurrence to focus 
on how the MUTCD should adapt to AVs. It was also discussed to try and invite representatives 
of AV manufacturers to attend the next meeting in June 2016. At that time, the task force agreed 
to host online meetings between the in-person January and June annual NCUTCD meetings. 

The CAV Task Force includes two members from each of the seven NCUTCD technical 
committees and meets during the January and June NCUTCD meetings. The goals of the CAV 
Task Force follow: 

– Identify MUTCD needs as it relates to supporting CV and AV technologies. 

– Share with appropriate technical committees. 

– Facilitate dialogue and MUTCD evolution. 

The CAV Task Force is responsible for identifying MUTCD needs to support CAVs and for 
helping the MUTCD sty up to date with new technologies. During their meeting in June 2018, 
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the CAV Task Force reported to the AASHTO Subcommittee on Traffic Engineering, that the 
task force responded to FHWA’s ADS RFI, and inventoried and analyzed RFI responses, which 
included the desire for more uniformity in TCDs and clear and well maintained pavement 
markings.25  

The CAV Task Force has inventoried available data and information on CAVs through research 
reports and input from Original Equipment Manufacturers (OEM) and Tier 1 manufacturers. 
Additionally, it has identified that the most important areas to develop for standards soon are 
design, uniformity, and maintenance and have created a proposal for the Marking Technical 
Committee to review. 

• Design: Develop a plan to migrate lane and edge lines to a “should” condition with a 

minimum width of 6 inches, establish a uniform lane line pattern, and redesign crosswalk 

policies and contrast markings.  

• Uniformity: Develop a plan to eliminate ceramic buttons (also known as Botts Dots), 

increase consistency for dotted lines and gore markings, designate special lane 

assignment for high-occupancy vehicle lanes and bike lanes, and create consistency in 

the shape of pavement marking arrows. 

• Maintenance: Develop a plan to address complicated marks on the road for 

autonomous technology to interpret (such as tar, crack seal, pavement joints, and 

eradicated markings), develop a better understanding of daytime pavement marking 

contrast needs, and consider near-term standards for ADAS-ready roadways (clear, 

readable markings, good contrast, etc.).  

The CAV Task Force has obtained direct feedback from the Alliance of Automobile 

Manufacturers on the use of TCDs for ADS.  A high-level summary of the input regarding the 

CAV Task Force RFI from automotive OEMs includes the following: 

 

• General support for establishing a uniform width for longitudinal markings which would 

benefit machine vision  

• Mixed feedback for establishing uniform dimensions for skip-line length and gap spacing  

• General support for the use of a dotted edge-line extension at the entrance/exit to on 

and off-ramps 

•  Mixed feedback for the use of hatching (chevron markings) inside gore areas  

• General support for requiring contrast markings on concrete roadways to increase 

contracts for machine vision  

 

The NCUTCD CAV Task Force is an important connection between manufacturers of CAV, 

technology companies, research, and the MUTCD’s technical committees. Continued sharing of 

information is needed to update information in the MUTCD to accommodate the use of TCDs 

(pavement markings, traffic signs, traffic signals, temporary traffic control, and other devices) for 

ADS.  

                                                

25 CAV Task Force Update to AASHTO Subcommittee on Traffic Engineering Committee, June 2018, 
https://traffic.transportation.org/wp-content/uploads/sites/26/2018/07/NCUTCD-Task-Force-CAV-
Update.pdf 
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3.1.3 MUTCD Standards and Amendment Process 

FHWA has full authority to change the MUTCD with or without a recommendation from the 
NCUTCD. There is no requirement that FHWA consult with the NCUTCD. NCUTCD and 
NACTO have been effective in forwarding recommended changes to FHWA. Some changes are 
reviewed by NCUTCD, some are not. Comments from the NCUTCD to the FHWA regarding 
proposed changes to language or figures in the MUTCD, including the addition of a new TCD, 
have benefitted from suggestions generated through an extensive review and approval process 
beginning with the technical committees.  

The design, use, and application of TCDs included in the MUTCD are primarily based on 

national, regional, or local research performed by a research-based university or private firm 

with expertise on that subject. Research topics on TCDs can be submitted through AASHTO’s 
Subcommittee on Traffic Engineering, the Research Committee of the NCUTCD or other means 

to the Transportation Research Board for consideration of being selected for an NCHRP study. 

Multi-state pooled fund studies are also an economical way to fund research for the benefit of 

the states involved and others who are interested in the topic. Many state departments of 

transportation also have research programs with local universities involved in transportation 

research. The FHWA has a process to make an official “Request to Experiment” regarding the 

design, use, or new application of an existing or new traffic control device. This process can 

take four to six weeks for the FHWA to review the written request from the public agency 

(department of transportation, city or county) and either approve or disapprove the request to 

experiment (Source: Experimentation Flowchart, Manual on Uniform Traffic Control Devices 
(MUTCD) (2009), Federal Highway Administration, https://mutcd.fhwa.dot.gov/experflow.htm Figure 3-1).26 If the request to experiment is approved, the public agency, or a research 
institution on behalf of the agency, will perform the experiment, per the details of their request, 
for at least a 12-month period. Semiannual progress reports are provided by the public agency 
to the FHWA, followed by a final report summarizing the results of the experimentation. If the 
FHWA concurs with the results of the experiment and believes that the design, use, or 
application of the TCD would be useful to others, the FHWA may issue an “Interim Approval” for 
broad use of the device without having to wait on the next edition of the MUTCD.  

                                                

26 Experimentation, MUTCD, FHWA, https://mutcd.fhwa.dot.gov/condexper.htm 
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Source: Experimentation Flowchart, Manual on Uniform Traffic Control Devices (MUTCD) 
(2009), Federal Highway Administration, https://mutcd.fhwa.dot.gov/experflow.htm 

Figure 3-1: Obtaining Experimental Approval for New Traffic Control Devices 

 

Interim approvals are allowed as a provision of the MUTCD (Section 1A.10) based on FHWA 
authorization. Such approvals allow the interim use, pending official rulemaking, of a new TDC, 
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a revision to the application or manner of use of an existing TCD, or a provision not specifically 
described in the MUTCD. Interim Approvals are considered by the Office of Transportation 
Operations based on the results of successful experimentation, studies, or research, and an 
intention to place the new or revised device into a future rulemaking process for MUTCD 
revisions. 

 
Any jurisdiction that wishes to use a device or application that has received Interim Approval 
must submit a written request to the FHWA, director of the Office of Transportation Operations. 
The request must indicate whether blanket jurisdiction-wide approval is being requested or must 
state the location(s) where the device will be used and must include the jurisdiction's agreement 
to comply with items B, C, and D in paragraph 18 of Section 1A.10 of the 2009 MUTCD. A state 
may request Interim Approval for all jurisdictions in that state. More information regarding the 
Interim Approval process can be found on the MUTCD website.27 
 

The formalized NCUTCD process of making changes to the MUTCD through the technical 
committees, sponsors, and the FHWA is described below: 

1. A request is made to a member of the NCUTCD, or through the FHWA, to make a 
change to the MUTCD (text or figure(s)s). 

2. The request is assigned by the chair of the NCUTCD to the appropriate technical 
committee to review and discuss. 

3. The technical committee chair assigns the request to a task force chair of the technical 
committee to review with their task force and recommend changes as appropriate. 

4. If the task force chair believes that changes are needed, they will schedule time at the 
next NCUTCD meeting to discuss the items and propose changes to text or figures in 
specific sections of the manual. 

5. The task force chair presents the proposed changes to the technical committee, where it 
is discussed and voted on for approval (simple majority). It is then sent to sponsors who 
make changes and resubmit or do not approve it. If changes are requested, the task 
force chair works with their members to make the appropriate changes. It is presented 
again to the technical committee for the approval request. This process repeats until 
there is a majority vote by the technical committee to approve and send the proposal to 
sponsors or to not approve (the proposal dies). 

6. Once approved by the technical committee, the proposal is sent to sponsors for their 
review and comment prior to the next meeting of the NCUTCD. 

7. Comments from sponsors are received by the technical committee chair and distributed 
to the technical committee members prior to the next meeting of the NCUTCD. 

8. The task force chair addresses each sponsor comment (as appropriate) prior to the next 
meeting of the NCUTCD and requests time from the technical committee chair to 
present sponsor comments and any changes to the technical committee.  

9. The task force chair presents the proposal with sponsor’s comments addressed to the 
technical committee, where there is a discussion and a vote to approve (simple majority) 
to send to sponsors for a vote, make changes and resubmit or not approve. If changes 

                                                

27 Interim Approvals Issues by the FHWA, MUTCD, FHWA, https://mutcd.fhwa.dot.gov/res-
interim_approvals.htm 
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are requested, the task force chair works with their members to make the appropriate 
changes, present again to the technical committee, and request for approval. This 
process repeats until there is a majority vote by the technical committee to approve and 
present the proposal to sponsors for a vote or not to approve (the proposal dies). If 
changes to the original proposal are significant enough, the proposal is sent back to 
sponsors for their review and approval and the process starts at #7 above.  

10. If the technical committee votes in favor of presenting the proposal to sponsors at that 
meeting, the technical committee chair requests time to present the item to sponsors for 
their review and vote the following day. The technical committee chair can accept 
amendments to the proposal suggested by sponsors during the presentation if they 
believe the amendment does not compromise the integrity of the original proposal. If 
sponsors vote with a 2/3 majority to approve the proposal, it is then submitted by the 
national secretary of the NCUTCD to the FHWA for consideration to be included in the 
next edition of the MUTCD.  

This process can take a minimum of six months to a maximum of a year or more based on 
changes to the original proposal.  

As discussed in Section 2.1, Pavement Markings, the MUTCD provides information on the use 
of TCDs as either standards, guidance, options or support. Standards are “shall” do 
requirements, guidance is “should” do, options are “may” do, and support is any supporting 
information for owners and practitioners. Sometimes proposed changes to the MUTCD involve 
making a standards statement into a guidance statement to remove the requirement for 
practitioners. Other times, there is interest to change a guidance statement to a standards 
statement to make a requirement for practitioners.  

 

Once the FHWA has the approval from the Secretary of Transportation of the USDOT to 

develop the next edition of the MUTCD, the FHWA will prepare a Notice of Proposed 

Amendment (NPA). The NPA is then published in the Federal Register and available in the 

Docket Comment Period for public feedback. The NCUTCD reviews the NPA and provides 

comments to the FHWA during the Docket Comment Period. The comments are reviewed by 

the FHWA, which are then incorporated in the Final Rule as appropriate (Source: Amendment 
Process Flowchart, Manual on Uniform Traffic Control Devices (MUTCD) (2009), Federal 
Highway Administration, https://mutcd.fhwa.dot.gov/amenflowcht.htm 
Figure 3-2).28 This process can take 2 to 3 years to complete.  

USDOT recently announced plans to update the MUTCD (November 2020) in the most recent 
AV guidance document.29 

 

                                                

28 Process for Amendment of the MUTCD, MUTCD, FHWA, https://mutcd.fhwa.dot.gov/amenflowcht.htm 

29 Preparing for the Future of Transportation: Automated Vehicle 3.0, U.S. Department of Transportation, 
https://www.transportation.gov/av/3 

https://www.transportation.gov/av/3
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Source: Amendment Process Flowchart, Manual on Uniform Traffic Control Devices (MUTCD) 
(2009), Federal Highway Administration, https://mutcd.fhwa.dot.gov/amenflowcht.htm 

Figure 3-2: Process to Amend the Manual on Uniform Traffic Control Devices 
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3.2 The Green Book (AASHTO) 

3.2.1 Overview 

AASHTO is a 501(c)(3) “nonprofit, nonpartisan association representing highway and 
transportation departments in the 50 states, the District of Columbia, and Puerto Rico. It 
represents all transportation modes including: air, highways, public transportation, active 
transportation, rail, and water. Its primary goal is to foster the development, operation, and 
maintenance of an integrated national transportation system. 
 
AASHTO works to educate the public and key decision makers about the critical role that 
transportation plays in securing a good quality of life and sound economy for our nation. 
AASHTO serves as a liaison between state departments of transportation and the Federal 
government. AASHTO is an international leader in setting technical standards for all phases of 
highway system development. Standards are issued for design, construction of highways and 
bridges, materials, and many other technical areas.”30 
 
AASHTO’s Green Book provides geometric design guidance and serves as a comprehensive 
reference manual. Geometric design deals with the three-dimensional layout of a road, which 
includes the horizontal alignment, the vertical alignment, and the cross section (travel lanes, 
sidewalks, shoulders, and the roadside). It is not intended to be a prescriptive design manual 
that supersedes engineering judgment by a knowledgeable design professional. The Green 
Book is developed by AASHTO’s Technical Committee on Geometric Design and approved for 
publication through balloting of state DOTs. It serves as the basis for the design manuals of the 
state DOTs and is incorporated into FHWA regulations by reference.  The Green Book contains 
details regarding the following:  
 

• Design controls and criteria (e.g., design vehicles, pedestrians, and bicyclists and their 
capabilities; driver performance; design speeds and operating speeds; highway capacity 
and levels of service; access control) 

• Elements of design (e.g., sight distance; superelevation on horizontal curves; minimum 
curve radii, off-tracking; vertical grades and their effects on vehicle performance; crest 
and sag vertical curves; coordination of horizontal and vertical alignment) 

• Cross-section elements (e.g., lane width and cross slope; shoulder, roadside, and 
median geometry; curbs; pedestrian, bicycle, and transit facilities; on-street parking) 

The Green Book then shows how these design elements can be applied for roads, streets, 
freeways, intersections, and interchanges, in a variety of contexts (e.g., rural, urban) and 
purposes.  
 
This document is updated periodically to integrate best practice into the designs of engineers 
across the country. Major changes in the 2018 edition include the following: 
 

• An emphasis on performance-based design (basing decisions on quantifiable 
improvements to the system performance rather than meeting standard criteria) 

• Greater emphasis on all users of the roadway (though CAVs are not addressed directly) 

                                                

30 American Association of State Highway and Transportation Officials (AASHTO), Overview, 
ihttps://www.transportation.org/home/organization/ 
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• A new set of context classifications to guide geometric design (i.e., rural, rural town, 
suburban, urban, and urban core) 

3.2.2 CAV Considerations and Future Standards 

NCHRP Report 839, A Performance-Based Highway Geometric Design Process, was 
published in 2017 and presents a vision for future editions of the Green Book. The report 
includes a short discussion of the implications of driverless/connected/autonomous 
technologies. The discussion describes many positive effects of CAVs but recommends the 
continuation of a design model with active human drivers while monitoring the market 
penetration of CAVs and their effects on safety and operations. This recommendation is based 
on the following: 
 

• Full implementation of CAVs is, at best, decades away and fleet turnover will 
subsequently take 15 years or more.  

• It is not clear what changes in the roadway environment are necessary for the 
technologies to work properly. 
 

This analysis dovetails with the goals of NCHRP 20-102(15): Impacts of Connected and 
Automated Vehicle Technologies on the Highway Infrastructure, which can begin looking 
at how a performance-based design model can incorporate CAV technology specifications. This 
project can also begin looking at whether certain geometric elements—such as roadside 
barriers, medians, and wider than minimal lane widths—will still be needed. While these may no 
longer be needed for CAVs to function, they may be kept as secondary safety precautions, 
particularly during the mixed-fleet period.  

3.2.3 Green Book Policies and Amendment Process 

The Green Book contents are initially created by the AASHTO Committee on Design and 
Technical Committee on Geometric Design and research is commissioned and incorporated 
when appropriate. Once a working draft is created, meetings are conducted to address technical 
issues until there is a consensus. Ultimately, the content is then put up for a final vote by state 
IOOs, where a 2/3 approval voting rate is required.  
 
Any proposed changes to the Green Book should be sent to the responsible AASHTO staff 
member (available on the AASHTO website). The proposal should address one topic and 
reference all relevant existing provisions. The proposal should also provide a clear and 
compelling basis for the proposed change, preferably based upon empirical evidence.  

3.3 National Association of City Transportation Officials (NACTO) 

NACTO is a 501(c)(3) nonprofit association whose focus is to represent large cities on 
transportation issues, share ideas, foster best practices and raise the state of the practice in 
urban street design. NACTO member cities include 25 major metro areas in the United States, 
including Chicago, San Francisco, Portland, Philadelphia, and others. Affiliate member cities 
include 39 metro areas that include Indianapolis, Boulder, New Orleans, and St. Louis. Transit 
agency members include 11 transit agencies and international members include the cities of 
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Halifax, Hamilton, Montreal, Toronto, and Vancouver.31 NACTO’s mission “is to build cities as 
places for people. with safe. sustainable. accessible and equitable transportation choices that 
support a strong economy and vibrant quality of life.”32  

3.3.1 Blueprint for Autonomous Urbanism, Module 1, Designing Cities Edition  

NACTO has released a planning level document entitled “Blueprint for Autonomous Urbanism, 
Module 1, Designing Cities Edition (Fall 2017)” with the help of its member cities, affiliate 
member cities, transit agency members and international members. This document provides 
planning level policies and NACTO’s vision of how urban streets can be redesigned to facilitate 
the introduction of CAVs.33 However, unlike NACTO’s Design Guides, the Blueprint does not 
provide guidance on the specific details of urban street design or specific use of TCDs 
(pavement markings, traffic signs, signals or temporary traffic control). This document provides 
well-developed scenarios showing future roadway sections designed for CAVs, including all 
modes (bikes, pedestrians, transit, and vehicles). Module 1 focuses on six topics: Policy Ideals 
and Actions; Automated Vehicles and the Future of City Streets; Design for Safety; New Mobility 
Systems and Curbside Management. Future modules will address Autonomous Freight; Data; 
Pricing and Partnerships; Autonomous Networks, Off-Street Parking and Land-Use.  

NACTO envisions a human-centric environment with a focus on keeping humans safe wherever 
there is a possible interaction between vehicles, pedestrians, and cyclists. NACTO foresees 
several roadway infrastructure items in an urban environment with integrated CAVs that include 
the following: 

• 20-mph speed limits or less 

• Dedicated lanes for high-volume transit services 

• One-way lane streets for CAVs  

• Curbside management 

• More frequent crosswalks 

• More roundabouts  

3.4 ITS/Technology Standards 

ITS and advanced transportation technologies are a critical part of highway systems and will 
increase in importance as greater numbers of CAVs operate on our roadways. As discussed in 
Section 2.6, ITS standards define an architecture of interrelated systems that work together to 
deliver transportation services but are not design standards. 

                                                

31 National Association of City Transportation Officials (NACTO), Member Cities, 
https://nacto.org/member-cities/ 

32 Blueprint for Autonomous Urbanism, Module 1, Designing Cities Edition (Fall 2017), 
https://nacto.org/wp-content/uploads/2017/11/BAU_Mod1_raster-sm.pdf 

33 Blueprint for Autonomous Urbanism, Designing Cities Edition, Fall 2017, https://nacto.org/wp-
content/uploads/2017/11/BAU_Mod1_raster-sm.pdf  

 

https://nacto.org/wp-content/uploads/2017/11/BAU_Mod1_raster-sm.pdf
https://nacto.org/wp-content/uploads/2017/11/BAU_Mod1_raster-sm.pdf
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3.4.1 Deployment Standards  

Because ITS deployment decisions by IOOs are discretionary and based on long-term planning 
(vision, goals, and objectives), current needs, available funding, technical expertise and the 
resources to maintain the system, there are currently no ITS deployment standards that dictate 
specific requirements for installing and maintaining ITS technology.  

Several industry groups and organizations are working to provide guidance—as it relates to 
deployment of CV infrastructure—to IOOs. Two of the most prominent publications include the 
AASHTO Connected Vehicle Field Infrastructure Footprint Analysis34 and the Connected 
Automated Transportation (CAT) Coalition Deployment Guidance35. 

AASHTO Connected Vehicle Field Infrastructure Footprint Analysis 

Published in 2014, the AASHTO Connected Vehicle Deployment Coalition developed a series of 
CV deployment scenarios to prepare state and local transportation agencies for an emerging 
CV environment. The analysis concluded that a typical infrastructure deployment would include 
the following: 

• Roadside communications equipment (for DSRC or other wireless services) together 
with enclosures, mountings, power, and network backhaul 

• Traffic signal controller interfaces for applications that require SPaT data 

• Systems and processes required to support the management of security credentials and 
ensure a trusted network 

• Mapping services that provide highly detailed roadway geometries, signage, and asset 
locations for the various CV applications 

• Positioning services for resolving vehicle locations to high accuracy and precision 

• Data servers for collecting and processing data provided by vehicles and for distributing 
information, advisories, and alerts to users 

Building this type of environment will likely require cooperation and standardization among a 
wide group of stakeholders. To achieve this cooperation, the Connected Vehicle Deployment 
Coalition recommended creating a National Deployment Plan to be developed cooperatively 
between state and local IOOs, vehicle providers, equipment manufacturers, service providers, 
and other third parties.  

The National Deployment Plan would integrate “deployment concepts” and “deployment 
scenarios” into a cohesive plan for a CV environment. Deployment concepts would address the 
varied topographical and operational setting by which CAVs would be deployed (e.g., urban 
highways, freight facilities, international border crossings), while deployment scenarios would 
address objectives of CV infrastructure (e.g., improving safety, freight efficiency, and internal 
IOO operations). 

The National Deployment Plan would achieve deployment through a piecemeal approach, with 
more innovative state and local agencies leading the way through early test and pilots. These 
tests and pilots would set standards for a scalable national rollout and would likely happen first 

                                                

34 National Connected Vehicle Field Infrastructure Footprint Analysis, 
https://rosap.ntl.bts.gov/view/dot/3440\ 

35 Vehicle to Infrastructure Deployment Coalition V2I DC, https://transportationops.org/V2I/V2I-overview 

https://rosap.ntl.bts.gov/view/dot/3440/
https://transportationops.org/V2I/V2I-overview
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in urban areas with high traffic volumes, major interurban corridors, and the national freight 
network. 

This effort assumes a specific technology deployment (DSRC) and is based on an 
infrastructure-intensive deployment scenario. As decisions regarding communications 
technologies, business models, and the role of IOOs in technology deployment continue to be 
addressed, an update of this type of footprint analysis could provide value to support 
consistency across deployments. 

Connected Automated Transportation (CAT) Coalition Deployment Guidance 

The CAT Coalition, formerly known as the V2I Deployment Coalition (V2I DC), is an industry 
consortium supported by AASHTO, ITS America, and the ITE that is focused on CAV 
infrastructure deployment. The coalition is targeted and fosters dialogue between IOOs and 
industry partners to understand the needs of all stakeholders in the CAV ecosystem, and to 
provide guidance to agencies in preparing for the deployment of V2I technology. The coalition’s 
work builds on the 2015 FHWA Vehicle to Infrastructure Deployment Guidance and Products 
report, which helped ensure interoperability, efficient and effective planning, procurement, and 
operations of V2I technology. 

Within the CAT Coalition, there is a working group for deployment standards. This working 
group focuses on the following key issues. 

• V2X Applications: V2X application standards will prioritize the development of a common 
understanding of how OEM and infrastructure applications will work together. A few high 
priority items for standardization include road weather motorist alert and warning, queue 
warnings, and warnings about upcoming work zones.  

• V2I Data Standards: This issue addresses standards regarding data needs of transportation 
agencies and how that data will become available. This is in the early stages and 
information is being gathered from infrastructure owners-operators through interviews. 

• V2I Infrastructure Standards: As aging infrastructure assets need to be replaced, 
transportation agencies will begin deploying V2I equipment in their place during typical 
lifecycle replacement periods. Understanding the interconnectedness of existing standards 
is needed to facilitate the migration of current ITS and vehicle standards to the V2I 
environment.  

3.4.2 Technology/Protocol Standards 

Technology standards that support the deployment of CAV technologies complement 
infrastructure-specific standards. Increasingly, it is important for vehicle standards to consider 
infrastructure and vice versa, because there are significant interactions between vehicles and 
infrastructure that impact safety, efficiency, and time to deployment. While standards for 
deployment decisions and locations of ITS devices are limited, standards for CV systems, which 
by their nature require fully interoperable communication across all users, are more integral to 
deployment. However, interoperability has not always been at the forefront of consideration for 
agencies when designing and developing ITS solutions. This is evident with the variations that 
exist in ITS devices like tolling systems and traffic controllers.  

Voluntary technical standards for CV systems, such as those outlined by the SAE and the 
Institute of Electrical and Electronics Engineers (IEEE) continue to evolve, but these standards 
will be very important as agencies look to retrofit and or design their systems to support CVs.  



NCHRP 20-102(15): Impacts of Connected and Automated Vehicle    
Technologies on the Highway Infrastructure  

 
&

  33 5/13/2019 

AV technology standards are seen as an enabler by USDOT, and standards development 
organizations have begun to develop standards in this space, notably by SAE in the area of 
taxonomy and definitions.  

Traffic Control Systems Standards 

The National Transportation Communications for Intelligent Transportation System Protocol 
works to achieve interoperability and interchangeability between all manufacturers’ TCDs, which 
includes traffic signals, dynamic message signs, closed-circuit television cameras, and street 
lights. Interface between these devices and CAVs is already occurring particularly related to 
communication of SPaT data from traffic signals. While message standards for vehicle 
communication are still undergoing refinement, there is potential that updates to the protocol 
could be necessary to better align with vehicle message standards established by the SAE. 

CAV Regulation and Communication Protocol Standards 

Preparing for the Future of Transportation: Automated Vehicles 3.0 is USDOT’s third iteration of 
recommendations on its commitment to supporting safe, reliable, efficient, and cost-effective 
integration of automation into the broader multimodal surface transportation system. The report 
describes the USDOT’s strategies based on input from stakeholders and the public on 
automation and includes six principles to guide USDOT programs and policies and five 
implementation strategies. Two of the principles relate specifically to standards: (#3) “support 
the development of voluntary, consensus-based technical standards and approaches that are 
flexible and adaptable over time” and (#4) “will promote regulatory consistency so that AVs can 
operate seamlessly across the Nation.”36 Furthermore, principle #3 discusses USDOT’s focus 
on the role of standards in promoting technological advancements in CAV and for state and 
local municipalities to eliminate barriers that could hinder progress. This principle involves 
affirming USDOT’s authority to create motor vehicle safety standards and acknowledging that 
this could involve revising NHTSA’s approach to safety standards for CAVs and the MUTCD. 
However, to provide flexibility in deployment for CAVs, in principle #5, USDOT supports 
providing tailored technical assistance for each IOO to develop their own appropriate safety 
management system. In an effort to summarize the current state of the art, AV 3.0 lists several 
pages of relevant standards-related documents and ongoing activities, including several 
organized under infrastructure signage and traffic control device design and general 
atmospheric conditions/road weather. Currently, while NHTSA’s safety standards do not 
necessarily prevent the development, testing, sale, or use of ADS, these safety standards could 
pose challenges to innovative designs proposed for AVs, such as the elimination of driver 
controls. NHTSA recognizes that with the rapid pace in which the technology is being 
developed, new approaches to regulation could be needed, as demonstrated by a current 
research project on assessing potential modification to Federal Motor Vehicle Safety Standards 
(FMVSS) for ADS37 and an advance notice of proposed rulemaking on a Pilot Program for 

                                                

36 Preparing for the Future of Transportation: Automated Vehicle 3.0, USDOT, Dec, 2018, 
https://www.transportation.gov/av/3 

37 Assessment, Evaluation, and Approaches to Modification of FMVSS that may Impact Compliance of 
new Vehicle Designs Associated with Automated Driving Systems, NHTSA, Jan, 2018, 
https://www.nhtsa.gov/sites/nhtsa.dot.gov/files/documents/sae2018mblanco.pdf 
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Collaborative Research on Motor Vehicles with High or Full Driving Automation38. Furthermore, 
NHTSA is considering what new safety standards could be needed, such as the research 
project A Framework for ADS Testable Cases and Scenarios.39 AV 3.0 also specifically 
addresses the FHWA’s authorities over TCDs (see below):40  

"U.S. DOT recognizes that the quality and uniformity of road markings, signage, and 
other traffic control devices support safe and efficient driving by both human drivers and 
automated vehicles.  

As part of its role to support State and local governments in the design, construction, 
and maintenance of the Nation’s roads, FHWA administers the Manual on Uniform 
Traffic Control Devices (MUTCD).22 The MUTCD is recognized as the national standard 
for all traffic control devices installed on any street, highway, bikeway, or private road 
open to public travel. Traffic control devices generally refer to signs, signals, markings, 
and other devices used to regulate or guide traffic on a street, highway, and other 
facilities. FHWA, in partnership with key stakeholder associations and the practitioner 
community, is conducting research and device experimentation for overall improvements 
to the manual, and to better understand the specific needs of the emerging automated 
vehicle technologies. Incorporating existing interim approved devices, experimentations, 
and other identified proposed changes into the updated MUTCD will help humans and 
emerging automated vehicles to interpret the roadway. FHWA will use current research 
to supplement knowledge regarding different sensor and machine vision system 
capabilities relative to interpreting traffic control devices. 

As part of this effort, FHWA will pursue an update to the 2009 MUTCD that will take into 
consideration these new technologies and other needs." 

One of USDOT’s core implementation strategies is to support voluntary technical standards, 
such as those outlined in SAE or IEEE, which can be seen in The extent to which agencies will 
influence the technical standards that promote interoperability is not fully understood at this 
point. Yet, as more agencies require, via procurement documents, interoperability among their 
ITS devices, it is logical to assume that the device manufacturers will adjust their practices and 
products to support these technical standards. 

In addition to standards development for technologies, certification bodies such as the OmniAir 
Consortium are emerging to provide third-party confirmation of compliance with technology 
standards, including interoperability testing. This provides an important resource to agencies as 
they look to conduct procurement to achieve system interoperability requirements. 

Table 3-2. Rather than waiting to understand all the potential pitfalls and issues with CAV 
infrastructure and technology-related issues, promoting the development of voluntary, 
consensus-based, and performance-oriented technical standards provides flexibility and more-
responsive development of technology. This involves supporting standards developing 

                                                

38 Pilot Program for Collaborative Research on Motor Vehicles with High or Full Driving Automation, 
NHTSA, https://www.nhtsa.gov/sites/nhtsa.dot.gov/files/documents/av_pilot_anprm_sept_28_2018-
tag.pdf 

39 A Framework for Automated Driving System Testable Cases and Scenarios, NHTSA, Sept, 2018, 
https://www.nhtsa.gov/sites/nhtsa.dot.gov/files/documents/13882-
automateddrivingsystems_092618_v1a_tag.pdf 

40 Preparing for the Future of Transportation: Automated Vehicle 3.0, https://www.transportation.gov/av/3 
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organizations, specifications, best practice descriptions, and other related documents, as well 
as following a methodology for modernizing regulation, which includes the following: 

1. Gathering information 

2. Exploring and executing new approaches 

3. Working to ease implementation 

4. Cooperating with stakeholders 
 

The extent to which agencies will influence the technical standards that promote interoperability 
is not fully understood at this point. Yet, as more agencies require, via procurement documents, 
interoperability among their ITS devices, it is logical to assume that the device manufacturers 
will adjust their practices and products to support these technical standards. 

In addition to standards development for technologies, certification bodies such as the OmniAir 
Consortium are emerging to provide third-party confirmation of compliance with technology 
standards, including interoperability testing. This provides an important resource to agencies as 
they look to conduct procurement to achieve system interoperability requirements. 

Table 3-2: Technology/Protocol Standards 

Standards/ Policies/ Activities System Element Governed 

SAE J2945/X – Dedicated Short Range 
Communication (DSRC) Systems 

DSRC Systems 

SAE J2735_201603- DSRC  DSRC Systems 

ISO 2575:2010 Traffic Symbols 

SAE International J3016 Taxonomy and Definitions for CAVs 

IEEE 1609; IEEE 802.11p  Wireless Access in Vehicular Environments (WAVE) 

P2040 Standard for Connected, Automated and Intelligent 
Vehicles: Taxonomy and Definitions 

SAE J3164 Task Force (In Progress) Taxonomy and Definitions for Operational Design 
Domain and maneuvers 

Joint SAE-AASHTO Task Force Road Markings 

SAE ORAD Infrastructure Task Force Newly formed, to be determined 
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4. Conclusions 

This report discussed the relevant standards for roadway infrastructure and the processes by 
which standards are created or amended by their maintaining organizations.  

Section 2 summarized roadway infrastructure components of interest (pavement markings, 
traffic signs, roadway elements, traffic signals, work zones, intelligent transportation systems) 
and identified CAV technologies that interact directly with specific roadway infrastructure.    

Conclusions reached in Section 2 include: 

• The MUTCD provides design ranges in terms of many of the standards, which may 
mean inconsistent CAV readiness including:   

o Pavement Markings –  

▪ Roadways less than 20-foot-wide with an Average Daily Travel [ADT] of 
less than 6,000 vehicles per day are not required to have yellow 
centerlines or white edgelines. 

▪ Flexibility in the width (4 to 6 inches) and length of pavement markings, 
which varies across the country. 

▪ The FHWA has not published a final rule on minimum pavement marking 
retroreflectivity, so the level of retroreflectivity that owners are maintaining 
differs across the country. 

▪ Flexibility in the length and spacing of broken lane lines which varies with 
IOOs. 

▪ Flexibility in the use of lane line extensions for acceleration and 
deceleration which varies with IOOs. 

▪ No standards on the use of contract pavement markings under certain 
conditions.   

o Traffic Signs –  

▪ Lack of consistency regarding proper sign installation (location, lateral 
offset, height, etc.) and maintenance with IOOs.  

▪ Minimum retroreflectivity standards for traffic signs have been established 
in the MUTCD; however, compliance by IOOs is not consistent. 

o Roadway Elements – 

▪ More consistency for roadway projects on the NHS based on FHWA 
adopted geometric design standards (23 Code of Federal Regulations 
(CFR) 625, Design standards for highway, and 49 CFR 37.9, Standards 
for accessible transportation facilities). 

▪ Less consistency for projects that are not on the NHS, Title 23 United 
States Code (USC) 109, Standards, states that roadways shall be 
designed, constructed, operated, and maintained in accordance with state 
laws, regulations, directives, safety standards, design standards, and 
construction standards. 

o Traffic Signals - 
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▪ The MUTCD contains many standards for the design and operation of 
traffic signals; however, there are inconsistencies with traffic signal 
maintenance by IOOs.  

▪ It will be many years before most traffic signals in the U.S. have 
Connected Vehicle SPaT technology with either C-V2X or DSRC 
communication.     

o Work Zones - 

▪ While the MUTCD contains some standards involving the design and 
operation of work zones, applications vary widely based on field 
conditions and the flexibility provided to IOOs.  

▪ It will be years before the most work zones in the U.S. include smart work 
zone technology with either C-V2X or DSRC communication. 

o Intelligent Transportation Systems (ITS) - 

▪ ITS deployment characteristics (e.g. locations, spacing of devices, types 
of devices) are highly variable by agency, and vary between urban and 
rural areas, which is likely to make V2I deployment inconsistent nationally  

▪ Communications mechanisms vary for each deployment and may include 
wireline (e.g. fiber optic), wireless or leased services, each with different 
bandwidth and speed capabilities 

Section 3 presented CAV standards planning initiatives through organizations such as AASHTO 
and the National Committee on Uniform Traffic Control Devices (NCUTCD) including an 
overview of each organization, CAV considerations & future standards as well as policies and 
amendment processes. A recent document developed by the National Association of City 
Transportation Officials (NACTO), which includes CAV planning level policies for cities, is also 
discussed.  The role of the U.S. Department of Transportation’s (USDOT) ITS Joint Program 
Office ITS Standards Program as it relates to deployment standards and technology/protocol 
standards is also presented. Section 3 also focuses on the governing of infrastructure elements 
by these organizations, including the methodology for creating and amending 
standards/policies.   

Below is a summary of the update process for roadway infrastructure standards as it relates to 
AV deployment timeframes: 

o Manual on Uniform Traffic Control Devices (FHWA) - 

▪ Next edition of the MUTCD anticipated by November 2020 

▪ NCUTCD CAV Task Force may provide information to the Technical 
Committee’s, and the FHWA, regarding proposed changes in traffic 
control devices for inclusion in the 2020 MUTCD 

▪ FHWA’s Experimentation and Interim Rule processes allow new traffic 
control devices, as well as changes to the MUTCD, to occur prior to future 
editions being published and adopted      

o The Green Book (AASHTO) - 

▪ 7th Edition of the Green Book published in 2018 which included major 
changes in the following areas (CAVs are not addressed directly): 



NCHRP 20-102(15): Impacts of Connected and Automated Vehicle    
Technologies on the Highway Infrastructure  

 
&

  38 5/13/2019 

• An emphasis on performance-based design (basing decisions on 
quantifiable improvements to the system performance rather than 
meeting standard criteria) 

• Greater emphasis on all users of the roadway 

• New set of context classifications to guide geometric design (i.e., 
rural, rural town, suburban, urban, and urban core) 

▪ New editions of the Green Book are published every seven or eight years 

▪ Design exceptions allow for FHWA approval to differ from the design 13 
controlling criteria for new projects on the NHS, which may better 
accommodate CAV deployment  

▪ On non-NHS routes, design standards vary as they are governed by 
State and local agencies, which may result with inconsistencies for CAVs  

o National Association of City Transportation Officials (NACTO) - 

▪ NACTO will continue to focus on policies in major urban areas relating to 
roadway infrastructure as it relates to CAV deployment 

o ITS/Technology Standards - 

▪ There are currently no ITS deployment standards that dictate specific 
requirements for installing and maintaining ITS technology.  

▪ Several industry groups and organizations are working to provide 
guidance, as it relates to deployment of CAV infrastructure, to IOOs. 

• AASHTO Connected Vehicle Field Infrastructure Footprint 
Analysis 

• Connected Automated Transportation (CAT) Coalition Deployment 
Guidance. 
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Chapter 1. Executive Summary 

Today, both technology companies and automotive manufacturers are investing heavily to 
develop automated features for vehicles with the goal of reducing human involvement during 
driving. This could improve safety by reducing crashes, injuries, and fatalities caused by human 
error. The timely and safe deployment of connected and automated vehicles (CAVs) and 
associated technologies can be accelerated by advances in infrastructure design and practices 
(e.g., machine readable markings and signs, QR codes, weather information). With CAV 
technologies on the rise, state and local infrastructure owners and operators (IOOs) seek new 
approaches to designing, constructing, operating, and maintaining highway infrastructure. This 
report aims to create awareness of relevant CAV features, deployment scenarios, and their 
respective physical infrastructure dependencies to aid state and local agencies, and infrastructure 
owners and operators (IOOs) in the transition to CAV transportation. 

The findings from the Task 1 report (NCHRP 20-102(15), 2019) indicated that existing 
infrastructure may not be sufficient in its current form to enable CAV technologies. To identify 
requirements and gaps in infrastructure readiness, IOOs can benefit from an understanding of 
how CAVs interact with and rely on infrastructure components both in the current and future 
environments. The research team used a five-step process, as shown in Figure 1, to help 
understand the relationship between CAV technologies and physical infrastructure elements.  

 

Figure 1. CAV Deployment Scenario Assessment Process 

Step 1 identifies and defines three scenario parameters: 1) CAV features; 2) operational design 
domains (ODDs); and 3) deployment characteristics to help develop the deployment scenarios. 
Step 2 develops a list of candidate scenarios using the parameters defined in step 1. Step 3 
develops a simple predictive model using available market data to predict CAV feature-specific 
market penetration timelines. Step 4 prioritizes scenarios based on breadth of infrastructure 
coverage, likely necessity of the CAV technology, and deployment timing (obtained from the 
predictive model) for further analysis. Step 5 provides a detailed description of each selected 
scenario and assesses potential CAV-related infrastructure needs.  

The findings from this task will inform the infrastructure gap analysis process (Task 2.2). The 
infrastructure needs, and impacts described will be compared against the current state of 
infrastructure (as summarized in the Task 1.2 and 1.3 reports) to identify infrastructure gaps.  

This analysis acknowledges that there may be iterative generations of deployment — where 
first-generation technologies will be succeeded by more advanced versions that are likely to 
have different infrastructure requirements. The research team selected six CAV features to 
cover a broad range of ODDs (e.g., rural and urban roads and managed lanes); vehicle types 
(e.g., transit, light-duty, heavy-duty); and sensing technologies (e.g., lidar, radar, cameras) that 
are likely to impact physical infrastructure. The selected CAV features range from Level 2 to 
Level 4 automation, as defined by the Society of Automotive Engineers (SAE) J3016. Based on 
our research, these features are likely to be deployed in the near future. Therefore, 
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understanding their infrastructure needs and gaps will help IOOs better plan for the advent of 
CAVs. The selected CAV features include: 

• Level 2 (L2) Partially Automated Autopilot - A feature that uses Advance Driver 
Assistance System (ADAS)-enabling technologies such as cameras and radar to detect 
physical infrastructure elements to perform supporting navigation roles to aid the driver 

• L2 Heavy-Duty Highway Drive - A feature that uses Vehicle-to-Vehicle (V2V) 
communications as well as onboard sensors to handle the dynamic driving task (DDT) 
on a highway route, allowing the driver to maintain close heading with other vehicles 
within a fleet. 

• Level 3 (L3) Conditional Automated Traffic Jam Drive (TJD) – A feature that enables 
automated travel for stop-and-go-traffic. This feature can be applied to all vehicle types. 
It allows the vehicle to act without input from the human operator at slower speeds if a 
preceding car can be followed. A human operator must be ready to take full control of 
the vehicles at any time. In fact, this automated system is not expected to control the 
vehicle for an entire trip. The car steers, accelerates, and brakes automatically, and 
allows the driver to take his/her hands off the steering wheel only in slow-moving traffic. 

• L3 Conditional Automated Highway Drive - This feature allows the vehicle to act 
without input from the human operator on highways. It enables the vehicle to travel and 
adjust its speed relative to the surrounding traffic as well as navigate to merging lanes 
through communications technologies and sensors. Like TJD and all features in L3 
automation a human operator must be ready to take full control of the vehicles at any 
time 

• Level 4 (L4) Highly Automated Vehicle (HAV)/Transportation Network Company 
(TNC) - This feature is an Automated Driving System (ADS) that allows the vehicle to 
operate without the need of a driver in densely populated areas. This system 
automatically harnesses onboard sensors and handles the V2V communications to 
monitor the driving environment and perform all driving tasks – essentially, do all the 
driving – under certain environmental and surrounding conditions.  

• L4 Highly Automated Low-Speed Shuttle – An ADS feature that enables a vehicle to 
operate along a fixed route at low speeds in a geofenced area using advanced sensing 
technologies that eliminate the need for an operator. 

 
The six scenarios (see Table 1) that were prioritized as part of this analysis include a range of 
important infrastructure considerations for IOOs. Key infrastructure requirements related to the 
second-generation feature may also apply to first-generation features. While many of the 
infrastructure requirements may need to be implemented and maintained by IOOs, this is not 
the case for all infrastructure requirements (e.g., dynamic high definition maps). To accelerate 
deployment, state and local agencies may work closely with technology companies to help 
enable access to authoritative infrastructure data. As the technology matures, the ODD 
limitations and reliance on infrastructure could be reduced. Table 1 identifies potential limitations 
of using the best available information on CAV features as well as sensing and perception 
technologies. However, the table should be revisited and updated regularly as technology 
capabilities become clearer. 
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Table 1. Six Scenarios Selected for Detailed Analysis 

AV Feature  
Vehicle 

Type 

Timing and 

Necessity 

(Technology 

Maturity) 

Roadway 

Type 

Key Infrastructure Requirements 

Digital Physical 

L2 Partially 

Automated 

Autopilot  

Light-

Duty 

Short Term  

(First-

Generation) 

• Divided 

Highway 

• GPS • Lane Markings in 

Excellent or Good 

Condition  

• Highway Dividers 

• Signage in Excellent or 

Good Condition  

L2 Heavy-

Duty 

Highway 

Drive 

Heavy-

Duty 

Short Term 

(First-

Generation) 

• Managed 

Lanes 

• Vehicle-to-

Infrastructure (V2I) 

and V2V 

Communications 

• GPS 

• Lane Markings in 

Excellent or Good 

Condition  

• Highway Dividers 

• Signage in Excellent or 

Good Condition  

L3 

Conditional 

Automated 

Traffic Jam 

Drive 

Light-

Duty 

Short Term 

(First-

Generation) 

• Divided 

Highway 

• GPS 

• Dynamic Road Data: 

Traffic 

• Lane Markings in 

Excellent or Good 

Condition  

• Highway Dividers 

• Signage in Excellent or 

Good Condition  

L3 

Conditional 

Automated 

Highway 

Drive 

Light-

Duty 

 Medium Term 

(Second-

Generation) 

• Managed 

HOV Lanes 

• Divided 

Highway 

• V2I and V2V 

Communications 

• GPS 

• 3D Maps 

• Dynamic Road Data: 

Weather and Work 

Zone Alerts 

• Lane Markings in Good 

or Fair Condition 

• Roadway Reflectors 

• Signage in Good or Fair 

Condition 

L4 Highly 

Automated 

Vehicle/ TNC 

Light-

Duty 

Medium Term 

(Second-

Generation) 

• Geofenced 

Central 

Business 

District 

• Geofenced to 

Operate 

Intrastate 

• V2I and V2V 

Communications 

• GPS 

• 3D Maps 

• Dynamic Road Data: 

Weather and Work 

Zone Alerts 

• Lane Markings in Good 

or Fair Condition 

• Curbside Information 

• Charging Stations 

• Signage in Good or Fair 

Condition 

L4 Highly 

Automated 

Low-Speed 

Shuttle 

Transit Medium Term 

(Second-

Generation) 

• Geofenced to 

Operate on 

Fixed Routes 

(e.g., Bus 

Stop Route) 

in a Central 

Business 

District 

• V2I and V2V 

Communications 

• GPS 

• 3D Maps 

• Dynamic Road Data: 

Weather and Work 

Zone Alerts 

• Lane Markings in Good 

or Fair Condition 

• Pick-Up/Drop-Off Zones 

• Charging Stations 

• Signage in Good or Fair 

Condition 

 
Note: Definitions and/or criteria for level of service (i.e., excellent, good, fair, or poor conditions) 
for pavement markings and signage may vary by state. 
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Chapter 2. Develop Scenario Framework 

The scenario development process uses a flexible framework for considering important 
deployment parameters that may vary by location, such as CAV features, ODDs, and 
deployment characteristics. Section 2.1 Technical Background defines the sensing technologies 
and other technical terms relevant to CAV features as background for subsequent discussions. 
Subsequent sections describe the three main scenario parameters—CAV features, ODDs, and 
deployment characteristics—as well as their sub-components.  

Due to the large overlap and synergy between automated vehicles (AVs) and connected vehicles 
(CVs), and the fact that connectivity plays an integral part in augmenting AV capabilities and 
providing cooperative automation (INFRAMIX, 2019), this document uses “CAV” as a general 
term for vehicles having both features, while also using more specific language (e.g., AV, CV) 
when appropriate.  

• AV systems use various onboard (in-vehicle) sensors and data processing systems to 
assist the driver with some or all of the driving tasks depending on the level of 
automation. The SAE (SAE, 2018) defines ADS as the hardware and software that are 
collectively capable of performing part or all of the DDT on a sustained basis. This term 
is used generically to describe any system capable of Level 1-5 driving automation. AV 
systems can keep a vehicle in its lane or at a safe following distance from a vehicle in 
front of it, initiate automatic braking and collision evasion maneuvers, or control every 
element piloting the vehicle without a human driver being engaged in the process.  

• CV applications communicate information to a vehicle’s onboard systems from external 
data sources, such as other vehicles or roadside infrastructure. This communication is 
bidirectional, and the information provides greater awareness of surroundings, which 
improves safety and mobility. Connectivity can provide information on other road users, 
speed limits or advisories, traffic signals, work zone location, traffic incidents and 
disruptions, and weather conditions. For instance, data received from traffic signals, 
variable speed signs, variable speed limits, and ramp meters can be used by CVs to 
optimize travel time and fuel consumption. 

2.1 Technical Background  

This section defines technologies and other technical terms relevant to CAV features. It also 
provides technical background needed for subsequent discussions.  

• DDT: DDT includes all of the real-time operational and tactical functions required to 
operate a vehicle in on-road traffic, excluding the strategic functions (e.g., trip 
scheduling, selection of destinations and waypoints) and including (SAE, 2018): 

A. Lateral vehicle motion control via steering 
B. Longitudinal vehicle motion control via acceleration and deceleration 
C. Monitoring the driving environment via object and event detection, 

recognition, classification, and response preparation 
D. Object and event response execution 
E. Maneuver planning 
F. Enhancing conspicuity via lighting, signaling, gesturing, etc.  
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• ODD: ODD are operating conditions under which a given driving automation system or 
feature is specifically designed to function, including, but not limited to, environmental, 
geographical, and time-of-day restrictions, and/or the requisite presence or absence of 
certain traffic or roadway characteristics (SAE, 2018). 

• ADS: The hardware and software that are collectively capable of performing the entire 
DDT on a sustained basis, regardless of whether it is limited to a specific ODD. This 
term is used specifically to describe a Level 3, 4, or 5 driving automation system (SAE, 
2018). 

• Radar: Automotive radar (Radio Detection and Ranging) is a range-finding technology 
that supports perception. Radars operate by transmitting a radio signal towards a region 
of interest, then detecting the signals reflected back from objects within the field of view. 
Radar is a popular choice for CAVs because they are relatively inexpensive and robust 
(NCHRP 20-102(15), 2019). 

• Light Detection and Ranging (lidar): Lidar is a subset of radar and has been 
continually growing as a key enabling technology for AVs. Lidar allows for generations of 
high-definition, three-dimensional (3D) maps by sending and receiving high frequency 
radar. Lidar works similarly to radar: it transmits a wave (in this case, light) and detects 
the reflected light pulse from an object within the detectable region. Lidar has a much 
higher resolution and frequency (900 – 1500 nm wavelengths) (NCHRP 20-102(15), 
2019). 

• Position, Navigation, and Timing (PNT): PNT systems provide highly accurate and 
reliable vehicle positioning, along with precision timing. This becomes especially critical 
at higher speeds and for CAV operations (applications) that require “where in lane” level 
positioning accuracy or must abide by geo-fencing guidance or restrictions. The most 
commonly used system for PNT in the United States is the global navigation satellite 
system deployed by the U.S. government, the Global Positioning System (GPS) 
(NCHRP 20-102(15), 2019). 

• Dedicated Short Range Communication (DSRC): DSRC was intended to be the main 
wireless interface for communication in a CAV environment. The term “dedicated” refers 
to the fact that the U.S. Federal Communications Commission dedicated 75 MHz of 
licensed spectrum in the 5.9 GHz band for DSRC communication (Commission and 
others, 2002). The term “short range” is due to the fact that communications in DSRC 
take place over hundreds of meters, a shorter distance than other common wireless 
communications. While the main purpose for deploying DSRC was a collision prevention 
application, DSRC’s unique characteristics (e.g., low latency, high reliability, security, 
and interoperability) make DSRC ideal for many other applications beyond collision 
avoidance (Kenney, 2011). Additionally, DSRC experiences very little interference even 
in extreme weather conditions due to its short range, making it ideal for handling 
communications to and from cars moving at high speeds.  

• Vehicle-to-Everything (V2X) Communication: V2X communications occurring over 
DSRC spectrum can be either vehicle-to-vehicle (V2V) interactions or vehicle-to-
infrastructure (V2I/I2V) interactions. V2V interactions allow vehicles to disseminate 
safety messages that can be intercepted by other vehicles directly without the presence 
of other modules to relay the messages. An on-board unit (OBU) enables the vehicles to 
communicate with other CVs using the 5.9 GHz bandwidth allocated by the USDOT for 
DSRC (Joseph, 2018). In V2I/I2V interactions, the OBU communicates with a road side 
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unit (RSU) to dispatch important information, such as hazardous road conditions 
(Joseph, 2018). 

 

Selected CAV Features 

To cover a broad range of ODDs (e.g., rural and urban roads and managed lanes); vehicle 
types (e.g., transit, light-duty, heavy-duty); and sensing technologies (e.g., lidar, radar, cameras) 
that are likely to impact physical infrastructure, the research team selected six CAV features. 
These range from Level 2 to Level 4 automation as defined by SAE J3016. Since these features 
are likely in the short- to medium-term, understanding their infrastructure needs and gaps will 
help IOOs better plan for the near future. The selected CAV features include:  

• L2 Partially Automated Autopilot – This feature involves a human-operated light-duty 
vehicle that can perform supporting navigation roles to aid the driver. The feature is 
currently used in commercially available vehicles. V2V1 and V2I communications could 
be used but are not required.  

• L2 Heavy-Duty Highway Drive – This feature involves a system that handles the DDT 
on a highway route, allowing the driver to maintain close heading with other vehicles 
within a fleet. This capability has been pioneered by trucking industries that show its 
relative phase in near-term deployment. V2V communications, in conjunction with 
sensors such as Global Navigation Satellite System (GNSS) receivers and radar, are 
essential; V2I communications for receiving roadway maps, localized platooning 
regulations, and other guidance could be beneficial. 

• L3 Conditional Automated Traffic Jam Drive – This feature involves autonomous 
travel for stop-and-go traffic. It allows the vehicle to act without input from the human 
operator at slower speeds if a preceding car can be followed. A human operator is the 
fallback for the DDT. The car steers, accelerates, and brakes automatically, and allows 
the driver to take his/her hands off the steering wheel in slow-moving traffic. In the event 
of an emergency takeover such as in work zones, the vehicle will switch to human 
interactions. V2V communications, in conjunction with sensors such as GNSS receivers 
and radar, are essential for accurate positioning; V2I communications for roadway maps, 
localized platooning regulations, and other guidance could be beneficial. 

• L3 Conditional Automated Highway Drive – This feature allows the vehicle to act 
without input from the human operator on highways. The feature enables the vehicle to 
travel at a desired speed and adjust the speed based on the surrounding traffic. The 
system is also able to overtake slower vehicles or merge at highway junctions. V2V 
communications, in conjunction with sensors such as GNSS receivers and radar, are 
essential for accurate positioning and collision avoidance; V2I communications for 
roadway maps, localized regulations and other guidance could be beneficial. High-
definition dynamic maps will provide environmental context to enable safer operation. 

• L4 Highly Automated Vehicle/TNC – This feature enables the vehicle to pick up 
passengers or goods and drive to a destination without the need for an onboard driver. 
V2V communications, in conjunction with sensors such as GNSS receivers and radar 
are essential for accurate positioning and collision avoidance; V2I communications for 

                                                
1 The use of connected vehicle technology in support of CAV operations will require connectivity with a Security 

Credential Management System (SCMS) that will provide requisite security credentials, authorizations, policies, and 
revocations.  
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roadway maps, localized regulations and other guidance could be beneficial, especially 
in densely populated areas. 

• L4 Highly Automated Low-Speed Shuttle – This feature involves an automated shuttle 
that drives along a predetermined route. The system does not need an onboard driver 
control interface and is limited to speeds below 37 miles per hour (mph). While V2V 
communications could be beneficial, it would not be essential, as onboard sensors could 
provide enough situational awareness, though V2I communications (e.g., dynamic route 
guidance) are being used today. 

To develop scenarios for each CAV feature, three different vehicle types2 were considered for 
this analysis: 

• Light-Duty Vehicle: All sedans, coupes, SUVs, minivans, and station wagons 
manufactured primarily for carrying passengers, including those passenger cars pulling 
recreational or other light trailers; defined as class 2 by the FHWA. 

• Transit/Shuttle: A bus with front and/or center doors, low-back seating, and without 
luggage compartments or restroom facilities for use in frequent-stop service. This could 
be a low-speed shuttle (e.g., Olli, Navya) or a traditional fixed-route transit bus operated 
by a transit authority. 

• Heavy-Duty Vehicle: Includes large delivery trucks and tractor-trailer combinations with a 
gross vehicle weight rating (GVWR) of 26,001 to 33,000 pounds and 6 tires or more; 
defined as class 7 and class 8 by FHWA. 

2.2 Selected ODD Elements 

The California Department of Motor Vehicles (DMV) defines ODD as “the specific operating 
domain(s) in which an automated function or system is designed to properly operate” (Vehicles 
California Department of Motor, 2018). Analyzing and understating the ODD will help provide a 
better understanding of how CAV technologies interact with and rely on various infrastructure 
elements.  

While technology companies continue to research and develop automated technologies, IOOs 
might consider activities that aid the deployment of such technologies. For example, IOOs may 
look to modify or update infrastructure design standards and/or policies, maintenance 
operations, and planning processes. As IOOs make investment decisions that impact these 
activities, an understanding of most likely ODDs and their impact on infrastructure will help them 
prioritize among locations, infrastructure elements, and roadway types. 

While the ODD covers a very broad range of elements (e.g., roadway types, roadway surface, 
traffic conditions, speed range, lighting conditions, weather), this analysis focuses on a subset 
of these elements most relevant to IOOs. ODDs can be explored in further detail by referring to 
the ODD checklist contained in this report (Table A-1), which covers a broader range of ODD 
elements for each selected CAV feature from Section 2.1. At a minimum, an ODD must include 
conditional information on the following: 

  

                                                
2 https://www.fhwa.dot.gov/policyinformation/tmguide/tmg_2013/vehicle-types.cfm  

https://www.fhwa.dot.gov/policyinformation/tmguide/tmg_2013/vehicle-types.cfm
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Roadway Types3  

• Urban: Type of street normally characterized by relatively low speeds, wide ranges of 
traffic volumes, narrower lanes, frequent intersections and driveways, significant 
pedestrian traffic, and more businesses and houses 

• Rural: A type of roadway normally characterized by lower volumes, higher speeds, fewer 
turning conflicts, and less conflict with pedestrians 

• Arterial: A general term denoting a highway primarily used by through traffic, usually on 
a continuous route or a highway designated as part of an arterial system 

• Highway: A general term for denoting a public way for purposes of vehicular travel, 
including the entire area within the right-of-way 

• Divided Highway: A multi-lane facility with a curbed or positive barrier median or a 
median that is 1.2 meters (4 feet) or wider4 

• Undivided highway: A highway that provides no separation between opposing traffic, 
does not restrict turning movements into and out of access points, and offers no refuge 
for pedestrians5 

• Parking area (e.g., surface lots, structures, private/public): A parking lot or parking 
garage that is separated from a roadway. Parallel or angle parking spaces along a 
roadway are not considered a parking area 

• Managed lanes (e.g., high-occupancy vehicle, high-occupancy toll): A highway lane or 
set of lanes, or a highway facility, for which variable operational strategies such as 
direction of travel, tolling, pricing, and/or vehicle type or occupancy requirements are 
implemented and managed in real time in response to changing conditions. Managed 
lanes are typically buffer- or barrier-separated lanes parallel to the general-purpose 
lanes of a highway in which access is restricted to designated locations. There are also 
some highways on which all lanes are managed. 

Important Infrastructure Elements that May Enable Operation 

• Traffic Control Signal (Traffic Signal): Any highway traffic signal by which traffic is 
alternately directed to stop and permitted to proceed: 

o Standard traffic control systems for intersection control (without connected vehicle 
[CV] technology) 

o Traffic control systems equipped with CV technology (e.g., to broadcast signal phase 
and timing [SPaT] and MAP data). 

• Signage: Any traffic control device that is intended to communicate specific information 
to road users through a word, symbol, and/or arrow legend. Signs do not include 
highway traffic signals, pavement markings, delineators, or channelization devices. 
Electronic versions of a subset of signage data will likely become available for 
downloading via Wi-Fi (e.g., home, charging station, parking garage) or other V2I 
technology (e.g., dedicated short-range communications, 3G, or 4G). 

o Stop signs 

                                                
3 https://mutcd.fhwa.dot.gov/pdfs/2009r1r2/mutcd2009r1r2edition.pdf  
4 https://www.fhwa.dot.gov/ohim/hpmsmanl/chapt2.cfm  
5 https://safety.fhwa.dot.gov/intersection/other_topics/corridor/cam_exec/  

https://mutcd.fhwa.dot.gov/pdfs/2009r1r2/mutcd2009r1r2edition.pdf
https://www.fhwa.dot.gov/ohim/hpmsmanl/chapt2.cfm
https://safety.fhwa.dot.gov/intersection/other_topics/corridor/cam_exec/
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o Speed limit signs 

o Yield signs  

o Dynamic messaging signs (e.g., weather alerts, crash reports) 

o Crosswalk barricades 

• Lane and Pavements Markings: These include: 

o High-occupancy-vehicle (HOV) lanes 

o Reflectors 

o Lane dividers 

o Pedestrian crosswalk 

o Interchange signs 

o Rumble strips 

o Bike lanes 

• Highway Infrastructure: There are several locations at which tolls are collected 
consisting of a group of toll booths, toll islands, toll lanes, and, typically, a canopy. Toll 
plazas might be located on highway mainlines or on interchange ramps. A mainline toll 
plaza is sometimes referred to as a barrier toll plaza, because it interrupts the traffic flow. 
In many cases, these highway-based roadside services could be enabled through CV-
enabled operations. 

o Non-CV-enabled toll plaza  

o CV-enabled toll plaza (EZ-Pass) 

o Weigh stations  

o Ramp meters 

• Work Zones:6 An area of a trafficway with highway construction, maintenance, or utility-
work activities, typically marked by signs, channeling devices, barriers, pavement 
markings, and/or work vehicles. 

o Tapers (e.g., merging taper, shifting taper, shoulder taper) 

o Arrow panels 

o Channelizing devices (e.g., cones, tubular markers, drum, barricades) 

o Warning lights 

o Signage 

o Artificial barriers (e.g., jersey barriers; water-filled barriers) 

• Bridges:7 A structure including supports erected over a depression or an obstruction, 
such as water, highway, or railway, and having a track or passageway for carrying traffic 
or other moving loads, and an opening measured along the center of the roadway of 
more than 20 feet between under copings of abutments or spring lines of arches, or 

                                                
6 https://www.fhwa.dot.gov/publications/publicroads/99mayjun/workzone.cfm  
7 https://www.fhwa.dot.gov/bridge/nbis/  

https://www.fhwa.dot.gov/publications/publicroads/99mayjun/workzone.cfm
https://www.fhwa.dot.gov/bridge/nbis/
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extreme ends of openings for multiple boxes. It may also include multiple pipes, where 
the clear distance between openings is less than half of the smaller contiguous opening. 

• Barrier-Separated Lane: A preferential lane or other special-purpose lane that is 
separated from the adjacent general-purpose lane(s) by a physical barrier. Could be 
used for HOV restrictions or traffic flow (alternating directions) and may be implemented 
electronically using geo-fences provided by V2I communications. 

o Guiderail 

o Jersey barriers 

o Fitch barriers 

o Cable barriers. 

• Parking Infrastructure: Any building, structure, land, right-of-way, equipment or facility 
used or useful in connection with the construction, enlargement, development, 
maintenance, or operation of any area or building for off-street parking of motor 
vehicles8. Charging stations are the designated place for electric vehicles (EVs) for 
recharging and getting electrical energy. It is anticipated that many of these stations 
might be a key infrastructure for the operation of L4 and L5 AVs. 

o Garages 

o Pick-up and drop-off passenger zones 

o Bus stops 

o Parking meters 

o Parking lanes 

o Curbs 

o Charging stations. 

Operational and Environmental Constraints 

Operational and environmental constraints that define the operational and environmental 
conditions under which each CAV feature can safely operate must also be considered. The 
environment can impact visibility, sensor fidelity, vehicle maneuverability, and communications 
systems, while operational constraints include elements such as minimum and maximum speed 
limit and traffic conditions. For the purposes of this analysis, we explore speed limit and weather 
constraints for each CAV feature. 

• Speed Limit: The speed at which the CAV feature can be functional or active. 

o Minimum Speed Limit 0 mph 

o Maximum Speed Limit less than 37 mph 

o Maximum Speed Limit greater than 37 mph. 

• Weather: The atmospheric conditions that the CAV feature can safely operate in. 

o Clear 

                                                
8 https://definitions.uslegal.com/p/parking-facility/   

https://definitions.uslegal.com/p/parking-facility/
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o Wind 

o Rain 

o Snow 

o Sleet. 

2.3 Deployment Characteristics 

The stages of deployment are described based on limitations of technology readiness, reliance 
on infrastructure, penetration rate of technology, and iterative phases. 

Stage of Technology Development: 

• First Generation (Gen I): Of or relating to or being the first form or version of a product or 
technology. System limitations (e.g., inclement weather) of enabling sensing 
technologies could have large impacts on CAV operation. Sensors used in this stage are 
commercially available and currently operate in certain vehicles.  

• Second Generation (Gen II): Of a more advanced stage of technology than first-
generation models or systems. System limitations (e.g., inclement weather) of enabling 
sensing technologies could have moderate impacts on CAV operation. Sensor 
technology is evolving in this stage and solutions regarding sensor performance and 
data fusion are anticipated to become more effective. 

• Third Generation (Gen III): Of a more advanced stage of technology than second-
generation models or systems. System limitations (e.g., inclement weather) of enabling 
sensing technologies could have limited impacts on CAV operation. Sensor technology 
is still advancing, and newer perception and data techniques are being explored.  

Reliance on Additional Infrastructure: 

• Low: Minor investments, relative to the deployment phase, are needed in additional 
infrastructure to support the safe operation of CAV features 

• Medium: Moderate investments, relative to the deployment phase, are needed in 
additional infrastructure to support the safe operation of CAV features 

• High: Significant investments, relative to the deployment phase, are needed in additional 
infrastructure to support the safe operation of CAV features. 

CAV Deployment Phase: 

• Phase 1: Introduction of connected automated vehicles (CAVs), operating in mixed 
traffic, where enhancing physical traffic control devices are critical to CAV functionality, 
and CV-enabled traffic control devices and CV-enabled vehicles are only available at 
very low densities. Sensor technologies are currently available and are actively used in 
CAVs. 

• Phase 2: CAVs operating in mixed traffic, but enhanced vehicle-to-everything (V2X) 
communications, roadway mapping, advance solutions to data fusion, sensor 
performance, and machine-learning algorithms decrease the reliance on physical traffic 
control devices.  

• Phase 3: Sufficient penetration of CAVs has occurred such that some physical traffic 
control devices can be replaced by virtual traffic control devices or are simply no longer 
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required due to the degree of automation. Advancements in high-definition mapping and 
PNT may allow for more precise waypoint navigation in a geofenced route. 

o While Phase 3 is beyond the reach of this research activity, understanding the Phase 
1 and Phase 2 timelines, and the distinction between those phases, is an important 
step in creating this roadmap. 
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Chapter 3. Develop Candidate Scenarios  

In this chapter we use the framework defined in Chapter 2 to develop an initial list of candidate 
scenarios for each CAV feature. To ensure that the candidate scenarios cover a broad range of 
infrastructure requirements, factors such as technology coverage, enabling sensor suites, and 
V2X communications technologies were considered.  

Scenario identification (ID) labels are defined to help the reader identify and understand the 
characteristics of a described scenario. For example, a light-duty (LD) vehicle with a Level 2 
(L2) Partially Automated Autopilot (Auto) feature during Phase 1 deployment translates to 
L2AutoLD1 in the respective scenario matrix. In comparison, a heavy-duty (HD) vehicle with a 
Level 3 (L3) Traffic Jam Drive (TJD) feature during Phase 3 deployment would translate to 
L3TJDHD3. These scenario IDs were generated with the intention of classifying each distinct 
scenario based on feature, level, and deployment phase. Each row within the feature tables 
represent a unique candidate scenario, typically ranging from near-term deployment with first 
generation technologies then advancing down to far-term deployment. The scenario IDs will be 
referenced during Step 4 of the report to directly link the scenario of interest. The scenario 
parameters within the candidate scenarios are identified by the following list:  

1. Scenario ID  

2. Stage of Technology Development 

3. CAV Deployment Phase 

4. Reliance on Additional Infrastructure. 

The tables presented in this section will serve as a guide to selecting certain candidate 
scenarios that directly impact IOOs as well as demonstrate near-term feasibility based on 
market penetration rates discussed further. As the scenarios explore future phases, ODDs 
selected will expand on the iterative generations of deployment. For example, the Gen II L2 
Partially Automated Autopilot ODD includes undivided and divided highways, whereas the Gen I 
is only limited to divided highways. Types of infrastructure (i.e., the infrastructure components 
that exist today that the technologies will interact with) are also covered in each CAV feature 
scenario table. Analysis on specific physical and digital infrastructure needs and requirements 
based on the scenarios will be expanded on further in the Chapter 5 of this report. 

3.1 L2 Partially Automated Autopilot Feature 

This feature would apply to vehicles equipped with sensors and connectivity that would enable 
L2 functionality for light-duty vehicles at early SAE levels. This feature may be seen in 
passenger cars or taxis that use certain ADAS technologies such as forward-facing cameras, 
which enable lane keeping assistance (LKA) and forward collision warning (FCW) to enhance 
safe vehicle operations. Typical roadway infrastructure expected for this feature includes 
signage and clear lane markings to ensure ADAS sensors can clearly identify roadway markings 
and signage. V2I can be introduced with limited impact on the vehicle’s performance, especially 
in the early phases of this feature. 
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Table 2. L2 Partially Automated Autopilot Feature 

Vehicle 
Type 

Scenario Selected ODD Elements 

Scenario 
Parameters 

Roadway Type 

Important 
Infrastructure 

Elements that may 
Enable Operation 

Operational and 
Atmospheric Conditions 

Light-Duty 
Vehicle 

1. L2AutoLD1 
2. Gen I 
3. Phase 1 
4. Low 

• Divided Highway 
• Signage 

• Lane and Pavement 
Markings  

• Speed Limit: Minimum 
Speed Limit 0 mph 

• Weather: Clear  

1. L2AutoLD2 
2. Gen II 
3. Phase 2 
4. Medium 

• Divided Highway 

• Undivided 
Highway  

• Signage 

• Lane and Pavement 
Markings 

• Work Zones 

• Speed Limit: Minimum 
Speed Limit 0 mph 

• Weather: Clear, Wind, 
Rain 

1. L2AutoLD3 
2. Gen III 
3. Phase 3 
4. High 

• Divided Highway 

• Undivided 
Highway 

• Urban Areas  

• Signage 

• Lane and Pavement 
Markings 

• Work Zones 

• Bridges 

• Speed Limit: Minimum 
Speed Limit 0 mph 

• Weather: Clear, Wind, 
Rain, Sleet, Snow 

Note: The “AV Infrastructure Dependent Components” column refers to the physical infrastructure 
that exists today that this CAV feature may depend on for safe operation. 

3.2 L2 Heavy-Duty Highway Drive 

The early stages of deployment of this feature would be applied to heavy-duty vehicles that rely 
on onboard sensors, such as forward-facing radar, to detect other vehicles within a fleet and 
navigate on a highway. One example is platooning multiple vehicles with short headway 
distances to achieve energy efficiency benefits. Specific infrastructure elements to consider 
include barriers and clear lane markings where onboard vehicle sensors can clearly detect and 
maneuver around roadway elements. The team will focus on near-term traits for analysis.  

Table 3. L2 Heavy-Duty Highway Drive  

Vehicle Type 

Scenario Selected ODD Elements 

Scenario 
Parameters 

Roadway Type 

Important 
Infrastructure 

Elements that may 
Enable Operation 

Operational and 
Atmospheric Conditions 

Heavy-Duty 
Vehicle 

1. L2HWYHD1 
2. Gen I 
3. Phase 1 
4. Low  

• Managed Lanes 

• Barrier 

• Signage 

• Lane and Pavement 
Markings   

• Speed Limit: Minimum 
Speed Limit 0 mph 

• Weather: Clear, Wind 
 

1. L2HWYHD2 
2. Gen II 
3. Phase 2 
4. Medium 

• Managed Lanes 

• Divided 
Highway 

• Barrier 

• Signage 

• Lane and Pavement 
Markings 

• Bridges 

• Speed Limit: Minimum 
Speed Limit 0 mph 

• Weather: Clear, Wind, 
Rain 

1. L2HWYHD3 
2. Gen III 
3. Phase 3 
4. High 

• Managed Lanes 

• Divided 
Highway 

• Barrier 

• Traffic Signals 

• Signage 

• Speed Limit: Minimum 
Speed Limit 0 mph 

• Weather: Clear, Wind, 
Rain, Sleet, Snow 
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Vehicle Type 

Scenario Selected ODD Elements 

Scenario 
Parameters 

Roadway Type 

Important 
Infrastructure 

Elements that may 
Enable Operation 

Operational and 
Atmospheric Conditions 

•  Undivided 
Highway 

• Lane and Pavement 
Markings 

• Bridges 

Note: The “AV Infrastructure Dependent Components” column refers to the physical infrastructure 
that exists today that this CAV feature may depend on for safe operation. 

3.3 L3 Conditional Traffic Jam Drive (TJD)  

This feature enables automated travel for stop-and-go traffic. It allows the vehicle to act without 
input from the human operator at slower speeds if a preceding car can be followed. A human 
operator is the fallback for the DDT. All vehicle types may introduce this feature in various 
phases. Since this feature applies to navigating in lower speeds, interactions in work zones may 
be explored. V2V communications, in conjunction with sensors such as GNSS receivers and 
radar, are essential for accurate positioning and collision avoidance. In order for TJD to operate 
more effectively, IOOs may consider V2I communications for roadway maps, localized 
platooning regulations, and other guidance to support this feature. 

Table 4. L3 Conditional Traffic Jam Drive Scenario Identification Based on Technology 

Development 

Vehicle Type 

Scenario Selected ODD Elements 

Scenario 
Parameters 

Roadway Type 
Important Infrastructure 

Elements that may 
Enable Operation 

Operational and 
Atmospheric Conditions 

Light-Duty 
Vehicle 

1. L3TJDLD1 
2. Gen I 
3. Phase 1 
4. Low  

• Divided 
Highway 

• Signage 

• Lane and Pavement 
Markings 

• Speed Limit: Maximum 
Speed Limit < 37 
mph 

• Weather: Clear, Wind 

1. L3TJDLD2 
2. Gen II 
3. Phase 2 
4. Medium 

• Divided 
Highway 

• Undivided 
Highway 

• Bridges 

• Signage 

• Lane and Pavement 
Markings 

• Speed Limit: Maximum 
Speed Limit < 37 
mph 

• Weather: Clear, Wind, 
Rain 

1. L3TJDLD3 
2. Gen III 
3. Phase 3 
4. High 

• Divided 
Highway 

• Undivided 
Highway 

•  One-way, 
Private, or 
Reversible 
Roads 

• Bridges 

• Signage 

• Lane and Pavement 
Markings 

• Traffic Control Signals 

• Toll Plaza 

• Speed Limit: Maximum 
Speed Limit < 37 
mph 

• Weather: Clear, Wind, 
Rain, Sleet, Snow 

Transit/Shuttle 

1. L3TJDT1 
2. Gen I 
3. Phase 1 
4. Low  

• Private Roads –
Restricted 
Facility (e.g., 
academic 
campus) 

• Traffic Control Signals 

• Signage 

• Lane and Pavement 
Markings 

• Speed Limit: Maximum 
Speed Limit < 37 
mph 

• Weather: Clear, Wind 
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Vehicle Type 

Scenario Selected ODD Elements 

Scenario 
Parameters 

Roadway Type 
Important Infrastructure 

Elements that may 
Enable Operation 

Operational and 
Atmospheric Conditions 

1. L3TJDT2 
2. Gen II 
3. Phase 2 
4. Medium 

• Private Roads –
Restricted 
Facility (e.g., 
academic 
campus) 

• Urban Area 

• Traffic Control Signals 

• Signage 

• Lane and Pavement 
Markings 

• Speed Limit: Maximum 
Speed Limit < 37 
mph 

• Weather: Clear, Wind, 
Rain 

1. L3TJDT3 
2. Gen III 
3. Phase 3 
4. High 

• Private Roads –
Restricted 
Facility (e.g., 
academic 
campus)  

• Urban Area  

• Geofenced 
Urban Area – 
Central 
Business 
District 

• Traffic Control Signals 

• Signage 

• Lane and Pavement 
Markings 

• Speed Limit: Maximum 
Speed Limit < 37 
mph 

• Weather: Clear, Wind, 
Rain, Sleet, Snow 

Heavy-Duty 
Vehicle 

1. L3TJDHD1 
2. Gen I 
3. Phase 1 
5. Low  

• Divided 
Highway 

• Traffic Control Signals 

• Signage 

• Lane and Pavement 
Markings  

• Speed Limit: Maximum 
Speed Limit < 37 
mph 

• Weather: Clear, Wind 

1. L3TJDHD2 
2. Gen II 
3. Phase 2 
6. Medium 

• Divided 
Highway  

• Undivided 
Highway 

• Traffic Control Signals 

• Signage 

• Lane and Pavement 
Markings 

• Speed Limit: Maximum 
Speed Limit < 37 
mph 

• Weather: Clear, Wind, 
Rain 

1. L3TJDHD3 
2. Gen III 
3. Phase 3 
7. High 

• Divided 
Highway  

• Undivided 
Highway  

• Urban Areas  

• Traffic Control Signals 

• Signage 

• Lane and Pavement 
Markings 

• Work Zones 

• Speed Limit: Maximum 
Speed Limit < 37 
mph 

• Weather: Clear, Wind, 
Rain, Sleet, Snow 

Note: The “AV Infrastructure Dependent Components” column refers to the physical infrastructure 
that exists today that this CAV feature may depend on for safe operation. 

3.4 L3 Conditional Automated Highway Drive 

This feature allows the vehicle to act without input from the driver on highways. The feature 
enables the vehicle to travel and adjust its desired speed based on the surrounding traffic. The 
system is also able to overtake slower vehicles or merge at highway junctions. Typical 
perception technologies expected in this feature include: radar, cameras, GPS, and V2V 
communications. Beneficial infrastructure elements to consider include V2I communications for 
roadway maps and enforcement of localized regulations. 
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Table 5. L3 Conditional Automated Highway Drive 

Vehicle Type 

Scenario Selected ODD Elements 

Scenario 
Parameters 

Roadway Type 
Important Infrastructure 

Elements that may 
Enable Operation 

Operational and 
Atmospheric Conditions 

Light-Duty 
Vehicle 

1. L3HWYLD1 
2. Gen I 
3. Phase 1 
4. High 

• Managed HOV 
Lanes 

• Barrier-Separated 
Lanes 

• Signage 

• Lane and Pavement 
Markings  

• Speed Limit: Maximum 
Speed Limit > 37 mph 

• Weather: Clear, Wind 

1. L3HWYLD2 
2. Gen II 
3. Phase 2 
4. Medium 

• Managed HOV 
Lanes  

• Divided Highway 

• Barrier-Separated 
Lanes 

• Signage 

• Lane and Pavement 
Markings 

• Speed Limit: Maximum 
Speed Limit > 37 mph 

• Weather: Clear, Wind, 
Rain 

1. L3HWYLD3 
2. Gen III 
3. Phase 3 
4. Low 

• Managed HOV 
Lanes  

• Divided Highway 

• Undivided 
Highway 

• Traffic Control Signals 

• Signage 

• Lane and Pavement 
Markings 

• Speed Limit: Maximum 
Speed Limit > 37 mph 

• Weather: Clear, Wind, 
Rain, Sleet, Snow 

Heavy-Duty 
Vehicle 

1. L3HWYHD1 
2. Gen I 
3. Phase 1 
4. High 

• Managed Lanes 

• Barrier-Separated 
Lanes 

• Signage 

• Lane and Pavement 
Markings 

• Speed Limit: Maximum 
Speed Limit > 37 mph 

• Weather: Clear, Wind 

1. L3HWYHD2 
2. Gen III 
3. Phase 3 
4. High 

• Managed Lanes  

• Divided Highway 

• Barrier-Separated 
Lanes 

• Signage 

• Lane and Pavement 
Markings 

• Speed Limit: Maximum 
Speed Limit > 37 mph 

• Weather: Clear, Wind, 
Rain 

1. L3HWYHD3 
2. Gen III 
3. Phase 3 
4. High 

• Managed Lanes  

• Divided Highway 

• Undivided 
Highway 

• Bridges 

• Signage 

• Lane and Pavement 
Markings 

• Work Zones 

• Traffic Control Signals  

• Toll Plazas 

• Speed Limit: Maximum 
Speed Limit > 37 mph 

• Weather: Clear, Wind, 
Rain, Sleet, Snow 

Note: The “AV Infrastructure Dependent Components” column refers to the physical infrastructure 
that exists today that this CAV feature may depend on for safe operation. 

3.5 L4 Highly Automated Vehicle/TNC 

This feature enables the vehicle to pick up passengers or goods and drive to a destination 
without the need for an onboard driver. Primarily focusing on light-duty vehicles, this versatile 
feature would be capable of navigating in both urban and rural domains and in high speeds, as 
well as densely congested areas with support from roadside units (RSUs) providing navigational 
aid to the vehicle. V2V communications, when employed in conjunction with sensors such as 
GPS receivers and radar, are essential for providing the accurate positioning for CAV 
operations. Furthermore, beneficial infrastructure elements for this feature include: V2I 
communications for roadway maps and enforcement of localized regulations. 



NCHRP 20-102(15): Impacts of Connected and Automated 
AV Deployment Scenarios  

 

 18 May 8, 2019 

Table 6. L4 Highly Automated Vehicle/TNC 

Vehicle Type 

Scenario Selected ODD Elements 

Scenario 
Parameters 

Roadway Type 
Important Infrastructure 

Elements that may 
Enable Operation 

Operational and 
Atmospheric 
Conditions 

Light-Duty 
Vehicle 

1. L4TNCLD1 
2. Gen I 
3. Phase 1 
4. Low  

• Geofenced Central 
Business District 

• Traffic Control Signals 

• Signage 

• Lane and Pavement 
Markings 

• Parking Infrastructure 
with EV Charging 
Stations 

• Speed Limit: 
Maximum Speed 
Limit < 37 mph 

• Weather: Clear, 
Wind  

1. L4TNCLD2 
2. Gen II 
3. Phase 2 
4. Medium 

• Geofenced Central 
Business District 

• Geofenced to 
Operate 
Intrastate 

• Traffic Control Signals 

• Signage 

• Bridges 

• Lane and Pavement 
Markings 

• Parking Infrastructure 
with EV Charging 
Stations 

• Speed Limit: 
Minimum Speed 
Limit 0 mph 

• Weather: Clear, 
Wind, Rain 

1. L4TNCLD3 
2. Gen III 
3. Phase 3 
4. High 

• Geofenced Central 
Business District 

• Geofenced to 
Operate 
Intrastate  

• Geofenced to 
Operate within a 
Geographic 
Region (e.g., 
Mid-West, Mid-
Atlantic) 

• Traffic Control Signals 

• Signage 

• Lane and Pavement 
Markings 

• Parking Infrastructure 
with EV Charging 
Stations 

• Speed Limit: 
Minimum Speed 
Limit 0 mph 

• Weather: Clear, 
Wind, Rain, Sleet, 
Snow 

Note: The “AV Infrastructure Dependent Components” column refers to the physical infrastructure 
that exists today that this CAV feature may depend on for safe operation. 

3.6 L4 Low-Speed Shuttle 

This feature strictly applies to transit or shuttle buses that will drive along a predetermined route 
in a geofenced area. The system does not need an onboard driver control interface and is 
limited to speeds below 37 mph. The feature is expected to operate in urban areas, such as 
central business districts (CBDs) and may frequently interact with other roadway users such as 
pedestrians. Sensors equipped on this type of vehicle may include cameras, radar, and lidar to 
interpret dynamic changes in an urban setting. While V2V communications could be beneficial, 
it would not be essential, as onboard sensors could provide enough situational awareness 
though V2I communications (e.g., dynamic route guidance) are currently being used. 
Infrastructure elements include clear roadway signs and markings, charging stations, and traffic 
control signals to support the operation of this feature. 
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Table 7. L4 Low-Speed Shuttle 

Vehicle Type 

Scenario Selected ODD Elements 

Scenario 
Parameters 

Roadway Type 
Important Infrastructure 

Elements that may 
Enable Operation 

Operational and 
Atmospheric 
Conditions 

Light-Duty 
Vehicle 

1. L4shutT1 
2. Gen I 
3. Phase 1 
5. Low  

• Geofenced to 
Operate on Fixed 
Routes within 
Facilities such as 
Retirement 
Communities and 
School Campuses 

• Traffic Control Signals 

• Signage 

• Lane and Pavement 
Markings 

• Parking Infrastructure 
with EV Charging 
Stations  

• Speed Limit: 
Maximum 
Speed Limit < 
37 mph 

• Weather: 
Clear, Wind 

1. L4shutT2 
2. Gen II 
3. Phase 2 
5. Medium 

• Geofenced to 
Operate on Fixed 
Routes within 
Facilities such as 
Retirement 
Communities and 
School Campuses 

• Geofenced to 
Operate on Fixed 
Routes (e.g., Bus 
Stop Route) in a 
Central Business 
District 

• Traffic Control Signals 

• Signage 

• Lane and Pavement 
Markings 

• Parking Infrastructure 
with EV Charging 
Stations 

• Speed Limit: 
Maximum 
Speed Limit < 
37 mph 

• Weather: 
Clear, Wind, 
Rain 

1. L4shutT3 
2. Gen III 
3. Phase 3 
5. High 

• Geofenced to 
Operate on Fixed 
Routes within 
Facilities such as 
Retirement 
Communities and 
School Campuses 

• Geofenced to 
Operate on Fixed 
Routes (e.g., Bus 
Stop Route) in a 
Central Business 
District  

• Geofenced to 
Operate within a 
Central Business 
District Serving 
Passengers On-
Demand Similar to a 
Taxi Service 

• Traffic Control Signals 

• Signage 

• Lane and Pavement 
Markings 

• Parking Infrastructure 
with EV Charging 
Stations 

• Speed Limit: 
Maximum 
Speed Limit < 
37 mph 

• Weather: 
Clear, Wind, 
Rain, Sleet, 
Snow 

Note: The “AV Infrastructure Dependent Components” column refers to the physical infrastructure 
that exists today that this CAV feature may depend on for safe operation. 
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Chapter 4. Develop Predictive Model 

As mentioned earlier in the report, first-generation technologies are likely to be succeeded by 
more advanced systems. In such cases, suitability of ODDs may change and enable more 
expansive domains (such as active operations in work zones or adverse road weather). To 
account for these factors, a predictive model identifying the expected timelines for these CAV 
features entering the market will need to be developed. Moreover, for a reasonable evaluation 
and down selection of the scenarios, the penetration rates of the candidate CAV features were 
forecasted for a 10-year period. This range was chosen based on the current understanding of 
the rapid advancement of technologies focused on Level 2- 4 vehicle technologies that directly 
impact stakeholders.  

This chapter discusses the technical knowledge, forecasts, numbers, and market analysis 
reports used for developing the CAV feature predictive model. First, the chapter discusses the 
major factors considered while developing the model—namely, costs, fleet turnover rates, policy 
and regulation, and proportion of shared HAVs in the fleet. Then, the chapter discusses, feature 
by feature, the statistics used for developing the model. The prediction model will help us better 
understand which infrastructure elements are likely to be impacted in the near- to medium-term 
based on predicted penetration rates of likely CAV features.  

Forecasting the timeline for penetration of CAV technologies is significantly complicated by the 
rapidly emerging nature of CAV development, as well as the flood of information and hype 
created by individual automakers/developers, each contending with market and shareholder 
pressures to accelerate their timeline to market. Based on a literature review from Task 1, 
findings have highlighted metrics for gauging timelines for CAV deployment and, by extension, 
CAV features and ODDs that may impact infrastructure development (Meyer, Dokic and Müller, 
2015; Yole, 2015; Litman, 2017). While there is a plethora of reports that attempt to forecast 
timelines for automated vehicle feature roll out (Underwood, 2014; Frost and Sullivan, 2018; IHS 
Markit, 2018; Stoddard, 2018), few consider the underlying technologies that enable this 
automation.  

To address the challenge of developing a plausible timeline, this task conducted a synthesis of 
published reports (both manufacturer-specific and industry) of introduction timelines for various 
levels of automation and forecast market trends for various CAV features for the next 10 years 
to create a simple predictive model for deployment timeline. This task focuses on a predictive 
model that explores how underlying technologies are driving the deployment of systems, and 
how these technologies interact with, and depend on, infrastructure. The timeframe for AV 
deployment will depend not only on technology readiness, but regulatory activities at various 
levels of government and in countless jurisdictions around the nation; response of the insurance 
industry in terms of shifting liability; initial cost of the technology; and of course, infrastructure 
dependencies. The model anticipates the HAV/TNCs to comprise 20 percent of the market by 
2030. The model estimates the market of autopilot, platooning, traffic jam, and automated 
highway drive to reach 29 percent, 29 percent, 19 percent, and 20 percent, respectively, by 
2030 (Source: Booz Allen Predictive Model). The following sections describe the factors used in 
developing the market penetration predictive model for the study. 
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4.1 Cost 

According to previous studies on CAV cost and market penetration, about 24 percent of 
consumers would be willing to pay an additional $4,000 for a CAV feature, while 17 percent 
would be willing to pay more than $5,000 for a full AV (Mosquet et al., 2015). The surveyed 
consumers indicated a lack of clear preference toward a specific feature. However, the 
consumers expressed a more intense level of interest in CAVs compared to EVs prior to their 
deployment, providing an indication of a more rapid and prevalent CAV deployment compared 
to the slow EV deployment. Depending on the CAV feature, the price after launch is expected to 
decrease by a compound annual rate in the ballpark of 4 percent to 10 percent due to original 
equipment manufacturers (OEMs) benefiting from the economies of scale of the CAV market.  

Public acceptance of CAVs is an essential factor to consider in conjunction with the willingness 
to pay and could be a barrier for expanding the market of CAV features. While many studies 
(AAA, 2019; Hewitt et al., 2019) documented a lower intention for drivers to use CAV features, 
majority of these studies confirmed that this attitude was specific towards full and higher levels 
of automation (L4/L5). Additionally, a recent study (Penmetsa et al., 2019) reported that as the 
public interacts with CAVs, their acceptance and perception toward the technology are more 
likely to be positive. In this study, respondents interacting directly with CAVs reported 
significantly higher expectations of the benefits of CAVs than those not interacting with CAVs. In 
fact, the study recommended that policymakers should provide opportunities for the public to 
have interaction experience with CAVs. 

4.2 Fleet Turnover Rates 

Studies have shown that consumers who are willing to pay more than $5,000 will be the primary 
customers for CAV features and will move the CAV market forward in the early stages of CAV 
features deployment (Mosquet et al., 2015). Since OEMs will later benefit from the CAV market 
economies of scale and based on the consumer willingness to pay survey, it is expected that 
the CAV market (partially and fully AV) will blossom until it reaches a penetration rate of around 
29 percent over the next 10 to 15 years. The number of cars and light trucks expected to be on 
U.S. roads in 2030 and 2035 is about 290 million and 300 million vehicles9, respectively, and 
the projected annual sales of U.S. cars market would be about 17 million vehicles. Extrapolating 
from these figures, this could take anywhere from 58 to 60 years during the period from 2030 to 
2035 for the entire fleet to turnover to become automated.  

4.3 Policy and Regulation 

Some CAV features are commercially available and deployed in vehicles that are certified to 
operate on the road by customers (such as autopilot); policy barriers should be minimal for 
these CAV features. Other features, however, are not yet commercially available (such as 
Conditional Automated Highway Drive) or have been deployed only as a proof of concept (such 
as platooning). Some of these features might face policy or regulation barriers on either the 
federal or state levels before being made available for commercial use. The major federal and 
state policy and regulation barriers for each of the investigated CAV features are outlined, by 
feature, in the Predictive Model section. When forecasting the expected market penetration rate 
for any CAV feature, it is worth noting that a major influence on the growth rate are U.S. 
government regulations mandating CAV features. This could lead to a disruptive growth 

                                                
9 https://news.nationalgeographic.com/2017/09/electric-cars-replace-gasoline-engines-2040/ 
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scenario for the market of CAV features, and market penetration values could reach almost full 
adoption levels.  

“Preparing for the Future of Transportation: Automated Vehicles 3.0,” referred to as AV 3.0 
(U.S. DOT, 2018), is the latest document developed by the USDOT based on the input of a 
diverse set of stakeholder engagements conducted throughout the nation. AV 3.0 targets 
educating stakeholders about three key areas: 

1. Advancing multi-modal safety 
2. Reducing policy uncertainty 
3. Outlining a process for working with the USDOT. 

To reduce policy uncertainty, the AV 3.0 recommends modernizing existing federal regulations 
and standards to be more flexible, responsive, and technology-neutral for accommodating the 
rapid pace of innovations in AV. Specifically, major changes are needed for safety standards at 
the federal level to accommodate the development, testing, and sale of certain ADS within 
specific L4 and L5 vehicle design. The study also encouraged state and local governments to 
facilitate ADS testing for mature software and hardware to build statistical confidence in these 
technologies. In view of these facts, it is unlikely to expect the release of any federal regulations 
or standards that mandates any type of ADS within the next decade. 

4.4 Proportion of Shared HAVs in the Fleet 

According to several articles documenting automaker announcements regarding the timeline for 
introducing HAVs (L4 and L5),10 the first phase of deploying these vehicles will probably occur 
from 2020 to 2021. During early deployment stages of HAVs, the car manufacturers will 
primarily target TNCs with large fleets. Large fleet companies will be able to afford the HAV at 
early deployment and will be the key players for expanding the HAV market. In an early 
response to these facts, automakers and TNCs have been forging corporate coalitions to 
reserve a decent share of what is expected to be a multibillion-dollar market by 2030. For 
instance, in 2017, Volvo announced a 3-year deal to supply up to 24,000 robotaxis to Uber, and 
the vehicle shipment is expected to start during 2019. On the other hand, Lyft began partnering 
with GM earlier in 2016 for developing HAVs. Lyft pursued further collaboration by making two 
separate pacts in 2017 with Ford and Waymo, respectively, for collaboration on HAVs.  

Accordingly, the market of TNCs and shared mobility is expected to grow rapidly with the 
introduction of HAVs reaching $173.15 billion by 2030 with shared mobility services contributing 
to 65.31 percent (Frost and Sullivan, 2018). These cascade trends and partnerships are 
expected to reshape the transportation sector and trigger a disruptive change to the 
transportation industry, probably the largest ever in transportation history. For instance, by 2030 
the traditional process for buying/renting a car could be replaced by a subscription system 
operated by TNCs and fleet managers. These systems would offer a variety of ride-hailing plans 
covering the different types of subscriber trips (e.g., work, errands, recreational). Discount would 
be offered for subscribers affiliated with the TNC on long-term agreements to a level that makes 
the cost per mile traveled using these services much cheaper and convenient than the cost and 

                                                
10 http://www.businessinsider.com/google-apple-tesla-race-todevelop- 
self-driving-cars-by-2020-2016-4/  
https://www.cbinsights.com/research/autonomous-driverless-vehicles-corporations-list/ 
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satisfaction per mile traveling using private cars. Assuming these scenarios, parking lots are 
expected to shrink across the U.S. and gradually be replaced with electric charging stations. 

4.5 Predictive Model 

This section outlines the numbers, statistics, forecasts, and assumptions used for extrapolating 
the predictive model. The model predicts the timeframe for deployment and the expected market 
penetration rate per CAV feature over the next 10 years. The model was developed while 
considering the numbers for cost, fleet turnover rate, policy, regulations, and proportion of shared 
HAVs in the fleet outlined earlier. First, the fleet turnover rates and willingness to pay values 
outlined earlier were the primary factors used for developing the prediction model until 2021, as 
shared HAV are not expected to hit roads before then. Also, a saturation penetration rate of about 
29 percent was assumed for L2 and L3 features, based on surveys discussed in section 4.1 
(Mosquet et al., 2015). This saturation value was used as a cap for expected market penetration 
of the pertinent features over the next 10 to 15 years. The proportion of shared HAV forecasts, 
discussed earlier, along with predictions from McKinsey (McKinsey & Company, 2016) were used 
to raise the predictions for the HAV feature at 2030. Also, the prediction model for all CAV 
features except L3 features were developed using numbers assuming regulatory challenges are 
overcome. In this study, the price after launch was assumed to decrease by a compound annual 
rate of 4 percent for L3 and L4 features. Finally, recent reports and market forecasts specific to 
each feature, which are discussed later in this report, were used to predict the patterns and scale 
of the prediction values to be as consistent as possible with recent data. Based on these 
assumptions, the developed prediction model most closely resembles fast uptake for all CAV 
features, except the L3 features, which is discussed further in subsequent sections. 

That said, two major assumptions were made while developing the model. First, the ride-hailing, 
fleet owners, and public transit companies will compose the majority of the L4 features market 
(TNC and low-speed shuttles) during the next 10 years. Only these companies would be able to 
dispense these expensive features upon deployment and are expected to dominate and control 
their market. They will be able to offset the high cost of the vehicles through high utilization and 
amortization over the life of the service. Some studies expect that ride hailing companies will 
account for nearly 25 percent of all auto passenger miles traveled in the United States by 2030 
(Brian Collie, Justin Rose, Rahul Choraria, 2017). 

Second, the government will not set any regulations to mandate the inclusion of a specific AV 
feature in newly manufactured cars. This includes not imposing any bans nor an extra tax on 
manufacturing internal combustion engines over the next 10 years. The market of any AV feature 
is expected to reach values close to full adoption when a mandate is imposed. Based on the 
discussion in section 4.3, lawmakers are expected to need many years of demonstrated safety 
and economic benefits before they would institute such regulations. 

In 2019, U.S. light vehicles sales are projected to fall to 16.6 million units, indicating a share of 
17 percent of 97.38 million units of the global light vehicle sales (Stoddard, 2018). When 
inferring the predictive model for a specific AV feature, the percentage of the U.S. share of the 
global light vehicle sales was assumed changing within the margin of ± 2 percent. This is 
because the market share for most of the AV features was calculated from reports and studies 
reporting the global Compound annual growth rate of the feature. This simple assumption was 
used to normalize numbers to reflect the U.S. market. 

Figure 2 depicts the predictive model’s estimates for the market penetration rates, per CAV 
feature, over the next 10 years. The model predicts platooning and autopilot features to have, 
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by 2030, a market penetration value close to 29 percent of the market sales, while traffic jam 
assist, automated highway drive, and HAV/TNCs are anticipated to have a market share of 
about 20 percent by 2030. According to the model, the market of platooning and autopilot 
features is expected to reach the saturation penetration rate, proposed in section “Fleet 
Turnover Rates”, of about 29 percent over the next 10 to 15 years. The model also predicts, by 
2030, the market of HAVs (L4 and L5) features will expand and takeover the L3 market, which is 
expected to decline, and all its AV features will be present mainly in HAVs market. Accordingly, 
the market of traffic jam assist, automated highway drive, and HAV/TNC is expected to overlap 
and the market of each feature will reach eventually a share value of about 20 percent by 2030.  

 

Figure 2. Predictive Model for CAV Features 

4.5.1 L2 Partially Automated Autopilot Feature 

The L2 Partially Automated Autopilot is L2 AV feature and, according to the SAE, the driver 
must always be cautious and ready to take full control of the vehicle at any point. Accordingly, 
the liability dilemma for deploying this feature and the policy and regulation barriers for 
expanding the feature’s market should be minimal compared to higher automation levels. L2 
Partially Automated Autopilot is commercially offered as an add-on feature by several 
manufacturers. Autopilot was first commercially offered by Tesla in October 2014, and similar 
systems are now offered by Cadillac (Super Cruise) and Nissan (ProPilot Assist), among others. 
The cost of these systems could range anywhere between $5,000 and $8,000, depending on 
the manufacturer. As this feature becomes more affordable due to technology improvements 
and economies of scale, higher adoption rates could be achieved.  

To predict the market penetration values for this feature, the research team searched the literature 
for studies quantifying the market of the Autopilot feature for the Tesla vehicles for the past years. 
Using Figure 3, an estimate was calculated for the annual sales of the Tesla vehicles with 
Autopilot feature, since 2015. The Compound Annual Growth Rate (CAGR) for the ADAS units 
with Autopilot feature is expected to be close to 58 percent since 2017 11. Extrapolating from these 
and the forecasted market for vehicles sales until 2030, the research team projected the market 
penetration for the L2 Autopilot feature, as shown in Figure 4. 

                                                
11 https://cdn.ihs.com/www/pdf/Autonomous-Driving-changes-to-come-Aaron-Dale.pdf 
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Figure 3. Total Tesla Vehicle Deliveries and Autopilot Hardware from Q2 2008 to Q1 2018 

(Source: MIT Human-Centered AI) 

 

Figure 4. Percentage of Vehicles Sales with “L2 Partially Automated Autopilot” AV 

Feature or Similar 

Figure 4 indicates that this feature is expected to be included in about 29 percent of the vehicles 
sold in the U.S. market by 2030. Higher market share values might be achieved if the 
government imposes regulations mandating the inclusion of this technology in newly 
manufactured vehicles. This might occur prior to 2030 if the technology demonstrated its 
effectiveness in reducing the number of roadway fatalities involving driver errors.  

4.5.2  L2 Heavy-Duty Highway Drive 

As with many other features, L2 heavy-duty highway drive, known as platooning, is still in the 
proof-of-concept stage of technology development. Truck platooning is a promising technology 
that could bring great benefits to society and road users. Platooning is expected to reduce the 
air resistance within a traveling fleet, which can yield up to 10-percent savings in fuel 
consumptions along the fleet. Also, eliminating the need for a highly skilled driver in following 
trucks could bring shipping costs down when platooning is deployed at a large scale.  

Platooning could positively impact other road users by providing increased capacity for the road 
(reduced gaps between vehicles); not to mention the safety benefits that can be achieved when 
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applying this technology at large scale by eliminating truck drivers’ induced errors. According to 
a 2018 presentation12 by the Federal Motor Carrier Safety Administration, 16 states support 
truck platoon demonstrations and testing. For example, in 2017, the Ohio Turnpike held a 
platoon demonstration using Peloton’s driver assistive truck platooning system. Peloton is a 
major manufacturer for platooning systems in the U.S. market. Peloton has already completed 
multiple pilots in the U.S., including in Nevada, Michigan, Utah, and Texas. Other manufacturers 
developing truck platooning include Volvo (Sweden), Daimler (Germany), Scania (Sweden), 
Continental (Germany), Peloton (U.S.), and NVIDIA (U.S.) (PRNewswire, 2018). Daimler Trucks 
North America recently announced they will be introducing this technology to the North America 
market by including it in their Cascadia 2020 model. The cost of the platooning systems is 
forecasted to decrease beyond 2020 owing to the advancements, commercialization, and wide 
impact benefits of this technology. Reduced cost will make platooning more profitable and, 
hence, could accelerate the increase in the market penetration of this technology. 

At the federal level, there are no policies or regulations that will hinder the test, operation, or 
commercial deployment for light- or heavy-duty vehicles. However, the situation is different at 
the state level, where two main rules were identified that may impede the imminent operation 
and commercial deployment of this technology: 1) the requirement for at least one hand on the 
steering wheel at all times, and 2) the minimum following distance regulations (Paul Windover, 
Russell J. Owens, 2018).  

Automotive platooning systems market size is expected to reach 7,100,874 units by 2026 (Zion 
Market Research 2016).13 During this period, the global truck platooning system market could 
grow at a CAGR of around 18 percent between 2016 and 2020 (Technavio, 2016). Extrapolating 
on these values and using the forecasted annual sales for vehicles market until 2030, the 
research team projected a market penetration forecast for the Platooning feature, as shown in 
Figure 5. 

Figure 5 shows this feature could reach a market penetration rate of 4 percent by 2025. The 
wide impact benefits achieved by this feature (e.g., safety, energy savings, road capacity) are 
expected to expand its market rapidly compared to any of the other features. During the first 
years of the low market penetration rate of this feature, it likely will be available only in trucks 
running on dedicated lanes. This would address safety concerns on the nearby moving traffic 
while testing this application and would be essential for overcoming the expected drop in road 
capacity. This is because many of the platooning trucks will travel at speeds lower than the 
moving traffic, in the early stage of deployment of this feature  

                                                
12 Truck Platooning: The State of the Industry and Future Research Topics, Jeff Loftus, Technology Division Chief 
Robert Tershak, Master Trooper, Virginia State Police, 2018 Transportation Research Board 97th Annual Meeting 
Federal Motor Carrier Safety Administration 
https://www.fmcsa.dot.gov/sites/fmcsa.dot.gov/files/docs/safety/395146/loftus-tershak-truck-platooning-final-508c.pdf 
13 Zion Market Research. 2016. “Global Automotive Platooning Systems Market Worth USD 7.10 Million Units by 
2026.” Accessed February 10. https://www.zionmarketresearch.com/news/global-automotive-platooning-systems-
market. 
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Figure 5. Percentage of Vehicles Sales with “L2 Highway Drive Platooning” Feature or 

Similar   

It is expected that a similar feature will be available in most of the L4 HAVs to be offered during 
2025 to 2030. Once this feature reaches maturity level and the technology proves its perfection, 
dedicated lanes would no longer be needed and moving traffic of light vehicles (CAV vehicles) 
can select to join the platoon for larger scale and mutual benefit of the feature. Accordingly, by 
2030, both heavy- and light-duty vehicles will contribute to the market of this feature and could 
reach a joint share of 29 percent. 

4.5.3 L3 Conditional Traffic Jam Drive 

The L3 Conditional Automated Traffic Jam Drive was supposed to hit the ground running in the 
U.S. starting this year. A few years earlier, Audi announced the inclusion of a Traffic Jam Pilot 
driver-assist tech feature in the 2019 Audi A8 luxury sedan. Although Audi might be able to 
make this commitment to the European automotive market, Audi will not offer the feature in any 
of the 2019 U.S. models, primarily due to legislative barriers and some infrastructure hinders. 
The main infrastructure obstacle is the discrepancy among different U.S states in lane markings, 
signage, traffic signals, and road configuration, which makes it difficult to develop a high-quality 
product able to function accurately across the entire U.S.  

As this feature will be offered at the L3 automation level, drivers engaged in road jam are no 
longer required to keep their hands on the steering wheel or continuously monitor the vehicle 
and the road. They just must be prepared and alert to take over the task of driving when the 
system prompts them to do so. Unlike all previous AV features offered (Tesla Autopilot, Cadillac 
Super Cruise, or Nissan Pro Pilot) where drivers are instructed to watch the road, this one does 
not require this. This raise concerns regarding whether the driver would be able to react 
promptly to the situation and take full control of the vehicle. Expectations of 100-percent 
attentiveness of the driver in this model are unlikely. Hence, insurance companies might offer 
higher-than-average premiums for these vehicles. Audi mentioned concerns with the lack of 
clear federal regulations for autonomous-driving technology and the absence of comprehensive 
federal standards. Audi believes the existing state regulations will make it impossible to sell 
these products nationwide. Several car manufacturers (Volvo, Ford, and Google, among others) 
expected the safety and policy concerns associated with this level and decided to skip it and 
jump directly to full automation vehicles (L4 and L5). In fact, Ford announced that the company 
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is finalizing their own traffic jam assist; however, they have offered no timeline for its debut, 
which is expected to be on a Level 4 vehicle. 

We can extrapolate from these facts that all current CAV features, expected to launch on U.S. 
roads at L3 automation, are susceptible to safety and policy and regulations barriers. Although 
the policy and regulations barriers hold in the subsequent automation levels (L4/L5), it is 
anticipated that resolving these issues can be easier for HAVs (L4/L5). Accordingly, all CAV 
features to be offered at a level of automation higher than L2 are not expected to expand in the 
market prior to the introduction of L4/L5 vehicles, which is anticipated by most car 
manufacturers occurring during 2021 through 2024. 

The global traffic jam assist market was estimated at $1.08 billion in 2016 and is expected to 
reach over $48 billion by 2026 (BIS Research, 2017). Based on these facts and extrapolating 
from the forecasted market size for the L3, L4, and L5 vehicles until 2030 (McKinsey & 
Company, 2016; Frost and Sullivan, 2018), the research team projected the market penetration 
forecast for the Automated Traffic Jam Drive feature, as shown in Figure 6.  

 

Figure 6. Percentage of Vehicles Sales with “L3 Conditional Automated Traffic Jam 

Drive” Feature or Similar   

As shown in the figure, this feature is expected to start entering the market during 2020 through 
2021. With many car manufacturers planning to offer their first HAV (L4) models during the 
same period, the market for this feature is expected to thrive and reach penetration rates of 8.5 
percent and 19 percent by 2025 and 2030, respectively.  

4.5.4 L3 Conditional Automated Highway Drive 

As mentioned earlier, many car manufacturers are skipping the L3 automation level (Volvo, 
Ford, and Google, among others). Other car manufacturers are planning to provide L3 vehicles 
with highway drive and navigation features during the next 2 years (Mercedes announced plans 
to provide their first L3 in 2020, while BMW intend to have their first L3 model ready by 2021). 
Based on these trends and the numbers discussed in the previous section, Figure 7 depicts the 
forecast market penetration rate for this feature. According to the figure, this feature will not hit 
U.S. roads for commercial use prior to 2020. However, upon deployment of this feature, its 
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market is expected to grow at a pace relatively faster than the initial growth pace of the Traffic 
Jam Drive. This is because upon introduction of the feature during 2020 and 2021, most car 
manufacturers will release their L4 cars, as scheduled from 2021 through 2024. Accordingly, it 
is anticipated that beyond 2025, the majority of the market of this feature will be HAVs.  

 

Figure 7. Percentage of Vehicles Sales with “L3 Conditional Automated Highway Drive” 

Feature or Similar   

4.5.5 L4 Highly Automated Vehicle/TNC 

As discussed earlier, TNCs will be the key players for moving the L4/L5 market and bringing the 
cost down for most CAV features over the coming decades. The marathon for commercial 
deployment for TNCs was just started in 2018 in Phoenix and is expected to grow rapidly during 
the next 5 years and include more cities. Specifically, Waymo announced in 2018 the launch of 
the first U.S. commercial self-driving taxi service in Phoenix that will allow customers to request 
rides by smartphones via an application. This is expected to be the first of many in other U.S. 
cities. Waymo already offered the service a year earlier for free but kept operators in the cars 
ready to take control in case of emergency. GM has been following the footsteps of Waymo and 
testing a pilot service in San Francisco. GM is expected to offer travelers in San Francisco 
driverless ride-hailing service for charge, this year. Policy and regulatory barriers to Level 4 AVs 
include Federal Motor Vehicle Safety Standards (FMVSS) (U.S. DOT, 2018). According to an 
RBC Capital Markets study, 14,000 driverless taxis are expected to be on roads in 2020, 
growing to 2.4 million by 2025 at a 187-percent CAGR14. In another study, Goldman Sachs 
Group Inc. projected the ride-hailing industry to grow to $285 billion by 203015. Assuming market 
growth is occurring during a compound annual decline rate of 4 percent in vehicle price and 
considering the forecasts mentioned in the “Proportion of Shared HAVs in the Fleet” section, the 
market penetration rates for HAVs/TNCs were forecasted as shown in Figure 8. 

                                                
14 https://www.thestreet.com/technology/by-the-numbers-the-future-of-autonomous-driving-14600482 
15 https://www.marketwatch.com/story/ride-hailing-industry-expected-to-grow-eightfold-to-285-billion-by-2030-2017-
05-24 
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Figure 8. Percentage of Vehicles Sales with “L4 Highly Automated Vehicle/TNC Feature” 

Feature or Similar  

Figure 8 projects that HAVs will start hitting U.S. roads during 2021. With more manufacturers 
offering their first L4 models, during 2021 through 2024, the rate of market growth will keep 
increasing until 2025 to 2026. Beyond 2026, this feature is expected to increase at a steady rate 
and reach a market share of 19 percent by 2030. The predictions were raised assuming 
complete trust in technology and no involvement of the vehicles in a fatal accident due to 
cyberattack or shortcoming in the technology. Based on this scenario, parking lots are expected 
to shrink across the U.S. and gradually be replaced with electric charging stations. 

4.5.6 L4 Low-Speed Shuttle 

To date, testing L4 highly automated low-speed shuttle has been limited to short demonstrations 
that last anywhere from a few hours to several days, or pilot programs that can extend from 
several months to years. The main purpose of these pilots and demonstrations is to increase 
public awareness of this technology, gather feedback from riders, and assess the viability of 
offering the service with a charge to the public. The FHWA estimated that more than 260 
demonstrations and pilots were either planned, ongoing, or completed by August 2018. These 
demonstrations and pilots took place in North America, Europe, Asia, Oceania, and Africa 
(Cregger et al., 2018). The FHWA mentioned that Europe was an early leader in testing low-
speed automated shuttles and about three-quarters of identified projects are in Europe and 
North America. Testing pilots of this technology started in the U.S. during 2016 and 2017. 
Among the early pilots of this technology were the EasyMile EZ10 shuttles for Gomentum 
Station and Bishop Ranch, and the Navya Arma shuttle for Mcity. Policy and regulatory barriers 
to Level 4 AVs include FMVSS (U.S. DOT, 2018). Table 8 summarizes some of the major 
ongoing pilots within the U.S. 
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Table 8. Summary of Major Ongoing Automated Low-Speed Shuttle Pilots (Source: FHWA 

2018) 

 

The market for low-speed automated shuttles consists of sporadic pilots spread across a few 
U.S. cities. The fleet size for most of these pilots is limited to one or two vehicles. For 
commercial deployment, these shuttles will face policy and regulations barriers for L4/L5 
automation. A fabric of clear federal regulation and standards for autonomous driving will be 
needed for deploying this service. Also due to the lower research and development investment 
in this technology, it is considered significantly immature compared to the L4 HAV/TNC. 
Accordingly, the market penetration rate for low-speed automated shuttles is not expected to 
grow significantly, for deployment, compared to the L4 TNC. Approximately more than 20 
domestic pilots and demonstrations were deployed, and two-thirds of these were announced 
since the beginning of 2017 (Cregger et al., 2018). If same trend is followed over the next 5 
years, it is expected that more pilots will target more U.S. cities within the next 5 years leading 
to commercialization in the medium-term. Additionally, controlled environment, fixed routes, and 
low speed characteristics of the feature make it easy to test and deploy in closed campuses 
such as national parks, hospitals, universities and private campuses. 
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Chapter 5. Selecting Scenarios for Further Analysis 

This chapter describes the selection process to help prioritize scenarios described in Chapter 3. 
A set of qualitative factors and the findings from the predictive model helped in prioritizing the 
candidate scenarios for further analysis.  

5.1 Selection Factors 

The main selection factors include infrastructure coverage, necessity of the CAV features and 
the predicted timing for their deployment. Infrastructure coverage describes the scope of 
infrastructure covered by each scenario. This factor helps in covering a broad range of 
infrastructure elements within an ODD in which the CAV feature operates in. Found in the 
appendix, supplemental tables A-2 through A-4 (explored in Task 1) illustrate which domains 
have the most impact on deployment, such as the types of access roadways by state and a 
breakdown between rural and urban highways (A-3 and A-4 respectively). Additionally, 
understanding the vehicle sensor capability performance as shown in Table A-2 helps 
breakdown which CAV feature would be the most impactful to the respective situation. The 
awareness of the range of infrastructure elements (physical and digital) that are covered will 
support a more thorough evaluation of infrastructure gaps and needs.  

The next two factors, necessity and timing, are correlated. The first looks at how likely the 
market considers a CAV feature as necessary by evaluating the feature’s potential to improve 
safety, and reduce emissions, costs, and delays. While the other looks at the timing of when 
these CAV features are likely to be deployed in the real world. This is further supported by the 
predictive models described in Chapter 4. Based on the findings from the predictive model 
discussed earlier, an application timeline (shown in Table 9) was developed. It was assumed 
that in the short-, medium-, and long-term, market penetration rates will be low, medium, and 
high, respectively, relative to the total market of each CAV feature. The timeline provides 
reasonable estimates for what direction research activities may be in effect based on the state 
of technology.  

Table 9. Application Timeline 

Application Timing Direction of Activity 

Short Term: Applications for which the full range 
of functionalities are available within the next 0-3 
years (< 2021) 

Evaluate additional research needed to promote 
exploratory developments; enlist interested 
stakeholders and engage transportation 
authorities in adopting technologies. 

Medium Term: Applications needing additional 
maturation or for which external developments 
must become more favorable, such as the legal 
and regulatory environments, before meaningful 
and operationally ready deployment could occur. 
Timeframes of 4-10 years (2022 – 2030) 

There may be opportunities for additional 
research needed to address hurdles for those 
most promising areas, for example; 
advancements in perception algorithms and High-
definition mapping services. 

Long Term: Development at the current time is 
not practical or possible, for example, due to 
critical technological hurdles. May have a time 
frame of greater than 10 years (>2030). 

Governmental monitoring of technology, 
regulatory, and market developments will be 
helpful to refine and further qualify these 
opportunities.  
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5.2 Selection Overview 

The factors help in selecting CAV deployment scenarios that are more likely in the short and 
medium-terms. Long-term scenarios that would depend more on vehicle sensor advancements 
were not considered as they do not immediately impact infrastructure needs or gaps. For 
example, a scenario with an existing feature such as L2 Semi-automated Autopilot deployed in 
Phase 1, may be more likely to depend on infrastructure maintenance and connectivity (e.g., 
clear roadway markings and signs for sensor detection) as opposed to an L4 highly automated 
highway drive feature in Phase 3 of its deployment. Higher levels of automation are more likely 
to have onboard sensor suites that may be advanced enough to perceive obstructed or 
degraded physical roadway markings based on advancements in perception algorithms and 
technology. Moreover, if a scenario such as an L4 low-speed shuttle is more near-term in a 
controlled environment, such as an urban setting, then the priority needs for infrastructure would 
be to cater to that scenario. Considering these examples, infrastructure coverage, timing, and 
necessity are factored into the down selection. 

The down selection resulted in six scenarios to help IOOs get a better grasp of key 
infrastructure elements (physical and digital) to consider in the short and medium term. A 
detailed matrix comparing these six scenarios can be found in Table A-1. Table 10 presents the 
six scenarios. 

Table 10. Comparison of Selected Scenarios and Notable Infrastructure Coverage 

AV Feature Scenario ID* 
Main Infrastructure 

Covered 
Timing and 
Necessity 

L2 Partially Automated 
Autopilot 

L2AutoLD1 Divided Highways Short Term 

L2 Heavy-Duty Highway 
Drive 

L2HWYHD1 Dedicated/Managed 
Lanes  

Short Term 

L3 Conditional Automated 
Traffic Jam Drive 

L3TJDLD1 Divided Highways  Short Term 

L3 Conditional Automated 
Highway Drive  

L3HWYLD2 Divided Highways Medium Term 

L4 Highly Automated Vehicle/ 
TNC  

L4TNCLD2 Intrastate; Rural and 
Urban Roads 

Medium Term 

L4 Highly Automated Low-
Speed Shuttle 

L4ShutT2 Fixed Routes, Central 
Business Districts 

Medium Term 

* Scenario IDs are classified based on the vehicle type and deployment phase (e.g., Level 2 

Partially Automated Autopilot Feature Light-Duty Phase 1 translates to L2AutoLD1)
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Chapter 6. Assess Infrastructure Needs and Impacts for 
Scenarios 

CAV functionality is enabled by a variety of emerging trends that were categorized and reviewed 
in Task 1. These trends include systems engineering, sensors and perception, HMI, 
communications, digital infrastructure and mapping, data sharing, and PNT. Incorporating 
findings from Task 1, the down selection of scenarios considers how these emerging trends 
influence infrastructure needs, as well as the forecast identified from the predictive model. 
Findings of infrastructure needs for the scenarios will help summarize the gaps that need to be 
addressed in terms of transportation system design, operations, maintenance, and technology, 
as part of our upcoming work in Task 2.1. 
 

6.1 L2 Partially-Automated Autopilot (Light-Duty Vehicle Phase 1) 

Scenario Description: Phase 1 of this L2 partially-automated autopilot feature would operate in 
divided highways with mixed traffic, where conventional vehicles may interact with CAVs in this 
domain. Since this type of feature can be seen on the market today and is not limited by 
geographic region, a push to address the needs of this scenario is important to federal, state 
and local agencies across the entire US. Manufactures that are currently selling vehicles with 
this feature include Tesla, Volvo, Mercedes, BMW, and GM. Based on our predictive model, the 
market share in 2019 is <1 percent and by 2025 is anticipated to reach 4 percent. Higher market 
share could be achieved if this feature demonstrated its effect in reducing the number of 
roadway fatalities due to driver errors as well as government mandated inclusion of this 
technology in newly manufactured vehicles. The Phase 1 partially-automated autopilot feature is 
limited to the specific roadways on which it operates effectively.  

CAV Features: In Phase 1 of this feature, automation is expected to provide longitudinal and 
lateral control, including lane and speed maintenance and lane switching functions, relying 
largely on limited sensor packages, such as forward- facing cameras and Radar. While these 
features currently have very limited ability to navigate stop signs, traffic signals, and 
roundabouts, by 2025 these features may be able to navigate such situations. These systems 
depend on the vision system to accurately detect roadway markings and signs to ensure safe 
navigation. These features currently may have some mapping and V2I support. For example, 
GM’s Super Cruise uses Ushr’s maps of U.S. roadways to specify where the feature can and 
cannot operate. System performance will likely be adversely affected by degraded weather, 
lighting, and infrastructure conditions. Limited testing may not have uncovered unforeseen 
system faults.  

Infrastructure Needs and Impacts: The infrastructure considerations for this scenario are 
largely driven by challenges in human factors and limits to ADS perception technology.  

In a Level 2 CAV, a human is still responsible for the Dynamic Driving Task (DDT) and Object 
and Event Detection and Response (OEDR) of this feature. This means the human should take 
over control in cases where the feature may have difficulties operating. However, human factors 
is a key challenge in L2 systems. Human drivers may become over-reliant on the system, and 
not be prepared to take over control when they are needed. Steps to improve driver awareness 
and attentiveness, especially in environments that may pose the biggest challenges to 
automation system performance, can help address these human factors challenges. For 
example, dynamic messaging signs near work zones could provide cautionary notes to 
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passengers reminding them to remain attentive. Areas where the system cannot operate, such 
as toll booths would need to be either mapped in advance or detected by the system.  

The feature uses first-generation sensors, which have challenges perceiving certain aspects of 
infrastructure. Vision is used to detect lane markings and signage; therefore, it is important that 
they are as machine readable as possible. Cameras are an important part of perceiving the road 
structure and signage and classifying objects. Cameras do not perform well in glare and fog and 
are dependent on ambient light to detect infrastructure components. Therefore, AV deployment 
of L2 autopilot features will benefit from efforts to make infrastructure more easily perceived by 
machine vision in a variety of lighting and weather conditions, such as lane markings that are 
wider, higher contrast, more retroreflective, and well maintained. In areas with winter weather, 
frozen precipitation build-up on signs may result in those signs not becoming readable by 
machine vision.  

While, first-generation radar systems have a long range and perform well in most weather 
conditions, they have relatively low accuracy and may be negatively impacted by certain road 
geometry. Radar systems are critical for detecting other road users and obstacles. Early L2 
partially autopilot features have had reports of performance issues in areas with horizontal and 
vertical road curves. This may be in part due to due to limitations of sensor packages. Line-of-
sight of the perception system may be challenged by low mounting positions. Cameras and 
radar are less accurate than lidar, which reduces the accuracy of road geometry detection. 
Windy roads pose challenges for these AV features, and suggest revisiting standards related to 
line-of-sight may benefit safety of these vehicles. GPS and navigation systems are also vital to 
the operation of this CAV feature. Areas of degraded GPS coverage, such as geological and 
urban canyons, may negatively impact system performance. 

The provisioning of timely, relevant, and accurate data about the environment is one of the key 
enablers of automated vehicles, especially for ADS. While on-board vehicle sensors (radar, 
lidar, and cameras) supply the vehicles with perception information about the surrounding 
environment, they are limited by range, line-of-sight, visibility, resolution, lighting conditions, and 
other factors. Machine-to-machine communications can help overcome these limitations and 
play a key role in providing situational awareness to augment AV perception and world maps. 
Connectivity can provide information on other road users, speed limits or advisories, traffic 
signals, work zone location, traffic incidents and disruptions, and weather conditions. For 
instance, data received from traffic signals, variable speed signs, variable speed limits, and 
ramp meters can be used by AVs to optimize travel time and fuel consumption. In this sense, 
vehicle and infrastructure information exchange can improve safety, efficiency, and timelines of 
AV deployments.  

The benefits of connectivity will vary greatly based on a number of factors. Agencies must weigh 
benefits and cost when considering connected infrastructure investments. Certain intersections 
or corridors may see more benefits due to current performance (e.g., number of crashes, level 
of congestion); type of road users (e.g., freight, pedestrians); and importance to local economy 
and quality of life. Agencies must identify and prioritize investments through careful 
consideration of how applications or AV functionality enabled by connectivity can achieve 
desired results. Infrastructure categorization based on physical and digital readiness for CAVs 
could assist with investments allocation. For instance, the INFRAMIX project (INFRAMIX, 2019) 
outlined a framework for categorizing Infrastructure, based on readiness for accepting CAVs on 
a scale from A to E, where A is infrastructure category capable of providing cooperative driving 
based on the real-time information on vehicle movements, while Level E is conventional 
infrastructure without any support for automation. 
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Partnerships between technology companies and transportation agencies can help understand 
needs and impacts and execute successful deployments that achieve benefits. For example, 
Ford Motor Company, Qualcomm, and Panasonic are working with CDOT to deploy connected 
vehicle infrastructure in a three staged process that prioritizes managed lanes and connected 
signalized intersections to achieve CDOT’s safety and efficiency goals. Some of the CV 
applications that could benefit L2 partially-automated autopilot include spot weather warning, 
roadway departure warning, queue warning, and dynamic speed harmonization.16 

6.2 L2 Heavy-Duty Highway Drive (Heavy-Duty Vehicle Phase 1) 

Scenario Description: This feature automates lateral and longitudinal vehicle control of heavy-
duty vehicles on a highway. This may include maintaining a formation of vehicles with very short 
following distances. However, Daimler recently announced that they no longer plan to pursue 
platooning and will instead focus on L2 technologies more broadly. This scenario focuses on 
first generation technologies in the first phase of deployment. The ODD used for this scenario is 
limited to platooning corridors on divided highways. In addition to providing benefits to the driver 
and commercial operator, platooning operations can support capacity management goals. The 
predictive model anticipates that the wide impact benefits achieved by this feature (e.g., safety, 
energy savings, road capacity) are expected to be the main reason for expanding the market of 
this feature rapidly more than any of the other features. Inferring from17 , the predictive model 
anticipates the market for this feature to rely mainly on heavy-duty vehicles for deployment, and 
its market share could reach 4 percent by 2025.  

CAV Features: This scenario focuses on first generation vehicle technologies, including forward 
facing radar, cameras, and potentially V2V communications. For example, Freightliner’s Detroit 
Assurance 5.0 suite includes camera- and radar-based safety systems for detecting objects, 
markings, and traffic control devices. High frequency, reliable communication of vehicle intent is 
critical to achieving short headway distances needed to achieve fuel efficiency benefits in 
platooning. When available, connected corridors could offer V2I equipment to improve capacity, 
safety, and other aspects of operations. Since there is a limited degree of autonomy, a human is 
still required in the vehicle to ensure proper takeover in an emergency. Platooning is likely a 
catalyst for improving fuel efficiency of freight trucks on national highways. Truck platooning is 
currently being tested by several companies such as Peleton, Volvo and others. For the vehicle 
to properly function, roadways must be maintained to ensure signage and markings can be 
clearly interpreted. 

Infrastructure Needs and Impacts: The feature will assist the driver navigating a highway, and 
when in platooning mode the follower vehicle maintains a headway and lateral alignment. The 
sensors onboard the vehicle will need to detect infrastructure elements, such as lane markings, 
barriers, and signs, to determine proper heading and speed. The infrastructure requirements for 
this feature are largely driven by challenges in human factors, connectivity, and limits to ADS 
perception technology.  

                                                
16 CDOT, “Internet of Roads and RoadX Update,” July 2018, Accessed 2/16/19 at 
https://www.codot.gov/about/transportation-commission/documents/2018-agendas-and-supporting-
documents/july-2018/1-tech-committee.pdf 
17  “Top Companies in the Global Truck Platooning Systems Market”, Feb 2019, Accessed 2/18/19 at 
https://blog.technavio.com/blog/top-companies-global-truck-platooning-systems-market 
 

https://www.codot.gov/about/transportation-commission/documents/2018-agendas-and-supporting-documents/july-2018/1-tech-committee.pdf
https://www.codot.gov/about/transportation-commission/documents/2018-agendas-and-supporting-documents/july-2018/1-tech-committee.pdf
https://blog.technavio.com/blog/top-companies-global-truck-platooning-systems-market


NCHRP 20-102(15): Impacts of Connected and Automated 
AV Deployment Scenarios  

 

 37 May 8, 2019 

In a Level 2 CAV, a human is still responsible for the DDT and OEDR. Human factors may be a 
key challenge for this L2 system. Steps to improve driver awareness and attentiveness, 
especially in environments that may pose the biggest challenges to automation system 
performance, can help address these human factors challenges. For example, clear barriers 
and signage for dropped lanes could provide more awareness to the human operator.  

The feature still uses first-generation technologies, including radar, cameras, and DSRC, which 
may have challenges perceiving certain aspects of infrastructure. Vision is predominantly used 
to detect lane markings and signage; therefore, it is important that they are as machine readable 
as possible. Cameras are an important part of perceiving the road structure and signage and 
classifying objects. Cameras do not perform well in precipitation and fog and are dependent on 
ambient light to detect infrastructure components. Therefore, AV deployment of L2 features will 
benefit from efforts to make infrastructure more easily perceived by machine vision in a variety 
of lighting and weather conditions, such as lane markings that are wider, higher contrast, more 
retroreflective, and well maintained.  

In platooning, the leader vehicle’s responsibilities differ from the follower. For the rear vehicle, 
the radar and camera are critical for measuring distances, and connectivity provides information 
about the lead vehicles’ future speed, which is critical for maintaining the headway and lateral 
position. Look-ahead information about traffic disruptions, such as congestion or emergency 
vehicles, can help improve coordination between vehicles in a platoon. 

Connectivity can provide additional information that improve freight operations and safety in 
targeted areas. For example, along Wyoming roadways over 6,000 ft in elevation, “wind gusts 
exceed 65 mph and crash rates are 3 to 5 times as high compared to the summer. The 
Wyoming DOT pilot is developing applications that use V2I and V2V connectivity to support a 
range of services from advisories including roadside alerts, parking notifications and dynamic 
travel guidance to help reduce the number of blow over and adverse weather related incidents 
in the corridor in order to improve safety and reduce incident-related delays.”18 Partially 
automated platooning features could benefit from these types of applications. 

6.3 L3 Conditional TJD (Light-Duty Vehicle Phase 1) 

Scenario Description: The Traffic Jam Drive (TJD) feature functions on divided highways 
when there are congested roadways where slow-moving traffic exists. This feature is already 
deployed in Europe (i.e., Audi A8), and based on the predictive model, this feature is expected 
to start entering the US market during 2020-2021. This feature is expected to reach a market 
penetration rate of 9 percent by 2025.  

CAV Features: This feature is expected to include a slightly more advanced set of technologies 
than the autopilot and platooning features, such as a sensor suite containing lidar, radar, 
ultrasonic, and cameras. This CAV feature will operate in a limited ODD. For example, Audi’s 
fourth generation traffic jam pilot19 requires a vehicle directly ahead of it, though there is no 
exchange of data required between the vehicles. It also requires a line of slow-moving vehicles 

                                                
18 CPCS Transcom Inc., “Freight Task Force, Year 2,” North/West Passage Pooled Fund, 2017, 
https://www.nwpassage.info/projects/downloads/10-4-truck-platooning-exploration-working-paper.pdf 
 
19 https://www.caranddriver.com/news/a15339688/traffic-jamming-in-the-2019-audi-a8-we-let-automated-driving-tech-
take-the-wheel/ 

https://www.nwpassage.info/projects/downloads/10-4-truck-platooning-exploration-working-paper.pdf
https://www.caranddriver.com/news/a15339688/traffic-jamming-in-the-2019-audi-a8-we-let-automated-driving-tech-take-the-wheel/
https://www.caranddriver.com/news/a15339688/traffic-jamming-in-the-2019-audi-a8-we-let-automated-driving-tech-take-the-wheel/
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in the lane next to it, and clear roadway edges. This feature may have a max speed of 
approximately 37 mph. 

Infrastructure Needs and Impacts: From the infrastructure perspective, this feature has some 
key limitations, such as depending on surrounding vehicles and having clear roadway edges. 
There are also potential challenges around changes to the roadway and not being able to 
navigate broken down vehicles or poor weather conditions. The feature will benefit from real-
time crash, traffic, or weather data to support the TJD function. 

The feature uses lidar and ultrasonic sensors, which improve the accuracy, coverage and 
reliability of the perception system compared to the previous two scenarios discussed in this 
section. The same sensor challenges from those two features still apply, but the feature should 
be more resilient to those challenges. Furthermore, the dependence on surrounding cars to help 
navigate (i.e., the requirement to have a car in front and cars to the side) decrease the 
dependence on sensors for lane detection. Still, the L3 feature must detect the roadway edge 
based on lines, barriers, guard rails or other markings. To improve functionality of these 
systems, IOOs may wish to inventory and maintain clear roadway edges. 

In a Level 3 CAV, a human is not responsible for the DDT and OEDR but must be prepared to 
take over control of the vehicle when signaled by the TJD feature. TJD is designed for a vehicle 
operating in a densely occupied area.  

The feature may benefit from real-time message updates for weather, traffic, and other 
changing conditions. In heavily congested areas, IOOs may consider investments for 
connectivity. Additionally, connectivity such as V2I communications could provide vital 
information to the vehicle such as work zones and stopped vehicles. For example, road-side 
equipment (RSE) in Virginia’s connected corridors along portions of I-66, I-495, US 7, US 29 
and US 50 provide data flows for live transmission of incidents, weather, work zone and variable 
dynamic message sign messages that may benefit L3 features. As the market penetration of 
this L3 TJD feature increases to 9 percent in 2025, more safety and operational benefits can be 
achieved. GPS and navigation systems are vital to the operation of this CAV feature, and may 
be negatively impacted by geologic and urban canyons.  

6.4 L3 Conditional Automated Highway Drive (Light-Duty Vehicle Phase 2) 

Scenario Description: This scenario focuses on the second generation of CAV technologies 
where a medium-term deployment may interact with other CAVs and various infrastructure 
elements on the roadway. Based on the predictive model, it is expected that this feature will not 
hit U.S. roads for commercial use prior to 2020. However, upon deployment, this feature’s 
market is expected to grow at a pace relatively faster than the initial growth pace of the Traffic 
Jam Drive. Though the feature depends on advanced sensing technologies, it will depend on 
several infrastructure elements that not only provide data (environmental and perception) but 
also connectivity with other CAVs in the traffic stream.  

CAV Feature: Onboard features include ADAS-enabling technologies such as forward-facing 
cameras, a radar array and perception sensors such as lidar to provide additional input for 
navigation. In this L3 CAV, advanced sensors and perception algorithms are expected to 
respond to more dynamic environments. However, the driver is still responsible for the DDT and 
OEDR under certain conditions. This feature likely operates in a highway environment, at high 
speeds (e.g., 45-75 mph), and in clear or dry weather conditions. Mercedes Benz is currently 



NCHRP 20-102(15): Impacts of Connected and Automated 
AV Deployment Scenarios  

 

 39 May 8, 2019 

developing a L3 Automated Highway Drive feature, as part of the Mercedes Benz Future Truck 
2025 concept (Daimler, 2018).  

Infrastructure Needs and Impacts: Since this scenario focuses on highway operation, it 
depends on highway infrastructure elements. These typically include road markings, barriers, 
signage, dynamic message signs, vehicle detectors, ramp meters and weather sensors. 
Conditional automated highway drive is designed for a vehicle to act without input from the 
driver on highways, provided certain conditions (e.g., clear road weather conditions) are met. 
The system is also able to overtake slower vehicles or merge at highway junctions. This would 
require connectivity such as V2V and V2I communications to ensure safe operation. These 
communications mainly provide vital information to the vehicle such as speed limit, speed of 
adjacent vehicles, work zones, presence of emergency vehicles, weather conditions and 
roadway geometry. GPS and navigation systems aid the operation of this CAV feature and will 
gain from digital infrastructure such as high definition maps or dynamic workzone updates via 
infrastructure sensors and relays.  

The second-generation sensors shared in this scenario continue to have improvements over its 
predecessors when perceiving certain aspects of infrastructure. Camera vision will be used in 
perceiving, classifying, and responding to roadway features (barriers, lane markings and 
signage) and other obstruction in the environment. It may also include new perception sensors 
such as lidar to interpret dynamic traffic conditions and events. Anticipated advancements in 
perception algorithms may allow for roadway signs and markings to interpret degraded, and 
even obstructed, physical elements. However, it is still important that the infrastructures remain 
as machine readable as possible in a variety of lighting conditions. Additionally, second-
generation sensors, such as radar systems, may be equipped to resolve challenges discovered 
from their preceding technology, such as performance issues in areas with horizontal and 
vertical road curvatures. 

As a result, it is important for IOOs to frequently monitor the above-mentioned infrastructure 
elements on a regular basis to make sure they are adding value to CAVs. For example, highway 
speed limit or merge sign recognition is influenced by several factors besides algorithms, 
including degradation, weather, lighting, and angle. The color of the sign fades with time 
because of long exposure to sunlight, so it is important to consider when a sign must be 
replaced. Visibility is affected by weather conditions such as rain and clouds. The color 
information is very sensitive to the variations of the light conditions such as shadows, clouds, 
and the sun. It can be affected by the illuminant color (daylight), illumination geometry, and 
viewing geometry. Poorly maintained infrastructure (e.g., lane markings) could result in more 
frequent disengagements, while well maintained infrastructure could result in less frequent 
disengagements. 

For example, one can anticipate this CAV feature to make a debut on Arizona highways given 
current testing activities and the conducive weather conditions. The state departments of 
transportation (DOT), maintenance operators, transportation consulting agencies and system 
integrators will play a major role in designing, installing and maintaining infrastructure elements 
that will benefit CAV features. When construction, repair or maintenance operations are 
planned, state DOTs and contractors will be responsible to share necessary information to 
digital infrastructure operators to update dynamic maps and update necessary speed data on 
roadway infrastructure sensors that communicate speed limits to vehicles. Additional 
infrastructure elements may be brought in ahead of construction and placed appropriately 
before vehicles approach the workzones to provide notice of entering a workzone area. 
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6.5 L4 HAV TNC (Light-Duty Vehicle Phase 2) 

Scenario Description: This feature will change transportation choices in urban areas and 
CBDs when deployed. This feature is already being deployed in some areas20, TNCs investing 
in developing this technology further support the evidence of medium-term deployment. Based 
on the predictive model, HAVs will start hitting U.S. roads during 2021. With more 
manufacturers offering their first L4 models, during 2021 through 2024, the rate of market 
growth will keep increasing until 2025 to 2026. Beyond 2026, this feature is expected to 
increase at a steady rate and reach market share of 19 percent by 2030. Based on the 
predictive model forecasts, this feature would need noteworthy investments in charging 
infrastructure as these HAVs are expected to be fully electric. This feature is expected to 
alleviate the demand on parking infrastructure as well. Furthermore, since this feature will 
operate in a mixed environment (sharing the road with legacy vehicles), support from existing 
physical and digital infrastructure is important.  

CAV Feature: At L4 Automation, human factors issues are not as pertinent, since the vehicle 
operates without any expectation that the driver will respond to a request to intervene. Typical 
features expected for a highly automated L4 vehicle include an advanced perception sensor 
suite, containing an array of cameras, radar, and lidar as well as onboard V2X communication 
systems to enable connectivity between the vehicle, its environment, and users. The ADS is 
responsible for the DDT and OEDR of this feature within its ODD. Since the vehicle will interact 
as a mobility on demand asset, communications between the vehicle and occupant must be 
robust to operate effectively. This feature will benefit from high-definition (HD) maps with 
dynamic traffic elements – such as congestion, road closures, work zones, and toll roads – to 
provide a safe and efficient routing.  

Infrastructure Needs and Impacts: The infrastructure requirements for this feature are largely 
driven by connectivity requirements in Phase 2 deployment and challenges involved in driving in 
complex urban environments. The feature will likely need information about the infrastructure 
(lane markings, speed limit, roadway signs, dynamic messaging, and roadway conditions), 
through sensing and perception or digital maps, for safe operation.  

Since the feature is expected to operate in both urban and rural locations within a state, they are 
likely to interact with traffic signals that conflict with pedestrian phases, complicated roadway 
geometry (e.g., roundabouts), unruly pedestrians, stop sign controlled intersections, legacy 
vehicles and potentially, animals. Thus, connectivity such as V2I, V2V and in general V2X is 
critically important on a reliable communication network.  

The feature uses second-generation sensors, which have improvements over their predecessor 
when perceiving certain aspects of infrastructure. Vision is used to detect lane markings and 
signage, but with anticipated advancements with image processing and perception algorithms, 
degraded roadway signs and markings and even obstructed physical elements may still be 
interpreted by the camera. It is still important to note that the infrastructure lane markings and 
signs will still need moderate maintenance, as HD mapping capabilities have not fully matured 
yet. Advancements in cameras have improved their ability to perceive lane markings, signage, 
and classifying objects. Therefore, while the second generation of L4 CAV features could 
benefit from efforts to make infrastructure more easily perceived by machine vision in a variety 
of lighting and weather conditions, slight degradation may not impact operations. Second-
generation radar systems have improved accuracy when compared to their first-generation 

                                                
20 https://www.azleg.gov/legtext/53leg/1r/bills/hb2365p.pdf  

https://www.azleg.gov/legtext/53leg/1r/bills/hb2365p.pdf
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counterparts, but accuracy issues persist. Radar systems are critical for detecting other road 
users and obstacles, and this is particularly important when operating in an urban environment. 
Second-generation lidar systems still have perception issues in fog and inclement weather. 
Lidar is critical for detecting pedestrians. Flashing fog lights could be placed near pedestrian 
crosswalks in city centers, so the vehicle is aware that there may be pedestrians nearby and to 
proceed with caution.  

Since this feature operates in both urban and rural areas, state DOTs, county agencies, city 
traffic departments, communication network operators, and contractors and system integrators 
are likely to play an important role in deploying and maintaining existing infrastructure and 
potentially design and deploy new infrastructure elements with connectivity features.  

Connectivity (i.e., V2V, V2I and V2X communications) could provide vital information to the 
vehicle such as speed limit, signal timing, weather, and road closures to help improve 
operations, such as by providing efficient and safe routing. Connectivity can help overcome 
limitations of the perception systems and achieve greater benefits from automation. In 2017, 
Cruise launched its pilot, “Cruise Anywhere”, a SAV service for its employees to use for pre-
selected destinations in San Francisco. Cruise intends to launch a commercial SAV offering in 
2019 21 . 

6.6 L4 Low-Speed Shuttle (Transit Vehicle Phase 2) 

Scenario Description: As technology matures, low-speed automated shuttles traveling below 
37 mph have the potential to disrupt urban areas. These shuttles are expected to be a low-cost 
implementation in controlled and geofenced areas, such as an academic facility, and may be 
expected to be used in the near term. Phase 2 of this feature introduces fixed-route operation in 
a CBD. These features are already on today’s roads (Bloom, 2018), (Daniel, 2018) (WINK 
News, 2018). Based on the predictive model, approximately two-thirds of all domestic pilots and 
demonstrations were announced since the beginning of 2017 (FHWA 2018); more pilots are 
expected to target more than 50 U.S. cities within the next 5 years. This is mainly due to the 
controlled environment, fixed routes, and low speed in which these shuttles operate, which 
encourages testing this technology with less concerns on the safety of the riders. This scenario 
would engage in typical challenges experienced in a densely populated zone—pedestrian 
traffic, other road users (cyclists, light-duty, and other transit vehicles), potential work zones, 
and noisy (high data-traffic) roadways. 

CAV Feature: Features for a highly automated low-speed shuttle include a sensor perception 
suite containing cameras, an array of radar, ultrasonic sensors, and lidar to help navigate in a 
densely populated and dynamic ODD. The ADS is responsible for the DDT and OEDR of this 
feature within its ODD. These sensors may need to interpret unique signals from both fixed 
signage and humans occupying the same road (e.g., cyclists signaling to turn, crossing guards 
providing direction, pedestrian hand signals queueing to cross). The reliance on connectivity 
and mapping services must be factored into the scenario, as routes may need to be shared with 
occupants with their mobile device.  

Infrastructure Needs and Impacts: The infrastructure requirements for this feature are largely 
driven by connectivity requirements in Phase 2 deployment and challenges in driving in urban 
environments. This low-speed shuttle scenario is different from the TNC scenario in that it 
operates on fixed routes in urban environments. Furthermore, these routes are mainly geo-

                                                
21 https://jalopnik.com/gm-cruise-prepping-launch-of-driverless-car-pilot-in-sa-1826571157 
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fenced to limit the range of interaction with different types of physical infrastructure. Thus, 
connectivity such as V2I, V2V and in general V2X is critically important on a reliable 
communication network. This connectivity will provide the low-speed shuttles information on 
traffic signals that conflict with pedestrian phases, speed limits, signage, traffic data, weather 
information, and road closures for efficient and safe routing. 

Like the previous scenario, maintaining infrastructure elements such as pavement markings and 
signage is important as HD mapping capabilities have not fully matured yet and the low-speed 
shuttles will rely on their sensor suite to perceive their environments through the physical 
infrastructure. Dedicated stations for picking and dropping passengers may be a need to 
facilitate safe operation. Since these are low speed autonomous shuttles, county and city 
agencies may plan for dedicated lanes further reducing the dependence on physical and digital 
infrastructure. These shuttles may be electrically powered and are anticipated to need 
appropriate charging facilities to operate routinely. 

In fall of 2017, students and staff at the University of Michigan got around at least part of the 
sprawling campus, in a pair of driverless shuttle vans. Two Navya Arma shuttles were operated 
by the Mcity Autonomous and Connected Vehicle Research Center. The shuttles gave 
researchers an opportunity to evaluate how autonomous vehicles work in a real-world 
environment and how people interact with this new type of vehicle. The Mcity partnership has 
more than 65-member companies including automakers, suppliers and insurance companies. 
Eventually, an expanded automated shuttle service could augment the larger buses to serve 
more lightly traveled routes or in some of the more congested areas of campus. The Navya 
shuttles, as well as smaller vehicles, could also be used for on-demand mobility services to get 
students around at night or in poor weather22. As a result, these shuttles can benefit from getting 
real-time weather information, traffic data, traffic signal information and transit bus schedule 
updates and road closure information from physical infrastructure. 

6.7 Trends for Infrastructure Needs 

Understanding the needs for IOOs can be bifurcated into two domains—Digital and Physical. 
This selection was adopted from findings in Task 1, which highlights specific needs that IOOs 
may consider during near-term deployment of CAVs. 

6.7.1 Digital 

Communications: Connected vehicle communications allow CAVs to exchange information 
with each other, as well as with roadside and remote infrastructure. This provides additional 
sensor-like inputs to AV operations (e.g., BSM, SPaT), from an extended range (mitigating line-
of-sight limitations), as well as providing an additional level of input redundancy. For L2 
vehicles, limited communication to infrastructure is anticipated, where L4 vehicles may rely 
heavily on interconnectivity between traffic signals and other vehicles. For these features 
considered, connected RSUs will need to be installed and, in many cases, integrated with traffic 
signal controllers. Cellular V2X equipment will also need to be integrated with traffic signal 
controllers for future deployment phases of L3 and L4 features.  

Digital Infrastructure and Mapping: Digital maps are a key enabler of CAV features that can 
provide information that sensors may not detect and generally improve resilience of localization 

                                                
22 University Of Michigan Will Get First Autonomous Shuttles In Fall 2017 by Sam Abuelsamid; published 
in the Forbes. https://www.forbes.com/sites/samabuelsamid/2017/06/21/university-of-michigan-will-get-
first-autonomous-shuttles-in-fall-2017/#2e7aa5e750c7 
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and mapping. Maps are becoming more accurate, timely, and relevant, and include richer 
information such as real-time updates for traffic jams and work zones dynamic road data (i.e., 
traffic jams, crashes, road closures, work zones, and pothole locations). IOOs own data that can 
improve digital maps for ADS, and should consider what data to collect, maintain, and 
disseminate. Conversely, ADS maps may benefit IOO efforts, such as infrastructure inventory 
and condition assessment data. 

Data Sharing: IOOs seek to accelerate deployments that can prioritize candidate data elements 
for sharing (such as dynamic road data); harmonize around common message formats and 
protocols to improve interoperability and scalability; and work with data consumers to develop 
sharing platforms and build communities of interest. 

6.7.2 Physical 

Design: The geometry, color, reflectivity, contrast, uniformity, and connectivity of traffic control 
devices and roadways impact the performance of sensor and perception systems onboard 
CAVs. The geometry of the roadway can limit sensor line-of-sight. The color of signs can impact 
detection, especially if it is like foliage or other typical backgrounds. Roadway markings are 
easier to see with higher retro reflectivity at night and high contrast during the day. Connectivity 
through RSUs and cellular devices can improve road safety and AV performance (i.e., 
improving localization accuracy or providing collision warnings). Adopting the latest version of 
the U.S. Department of Transportation’s national architecture and use of tools (i.e., SET-IT, 
RAD-IT) will improve interoperability and scalability. 

Maintenance: Adequately maintaining infrastructure for CAVs includes considering aspects of 
signs (e.g., vandalism, occlusion, and disorientation) and markings (e.g., degradation). 
Information about infrastructure inventory and conditions may be available to IOOs from CAVs 
and digital maps. This information can help inform and prioritize maintenance needs, particularly 
by the CAV feature of interest for near-term deployment. 

Operations: Roadways are not static, and many aspects of infrastructure operations will impact 
CAVs. Road weather remains a formidable challenge for AVs, so timely and accurate 
information about road weather conditions is important. Temporary traffic conditions—such as 
work zones, road closures, and dynamic message signs—are not easily navigated by AVs 
without prior information about lane geometry, speed, and other driving information. Data 
sharing of temporary traffic information to AVs can accelerate safe deployment. 

6.8 Comparison Overview 

The down selection table was adopted from the Testable Cases Report (Thorn, Kimmel and Chaka, 

2018), which provides a thorough comparison between candidate scenarios and their ODDs in the 

context of infrastructure requirements and domains. Table A-1 in the appendix shows the down-
selected scenario IDs based on their multimodal coverage by domain. Each scenario identifies at 
least one unique domain specific to vehicle type (e.g., L4 Highly automated emergency takeover 
for freight) where edge cases are covered as well (Urban parking near a work zone). Highlighted 
rows identified throughout the table illustrate known gaps that the previously selected scenarios 
may interface but may not explicitly be designed for. Examples include operations in adverse 
weather near work zones, or navigation through emergency evacuation routes with hand signals 
from a crossing guard communicating with the CAV. Edge cases such as these may be explored 
in future analysis. 
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Chapter 7. Conclusion 

The first step in identifying the gaps in existing infrastructure elements and identifying 
components of standards or design that require update is to define and prioritize scenarios 
where physical infrastructure pose as a limitation or enabler to full deployment of CAVs. This 
task characterizes candidate CAV scenarios in terms of specific ADS features, infrastructure 
features, and technology maturity, among other parameters, to aid IOOs in making more 
informed highway investment decisions as vehicles become more highly automated. The effort 
was conducted in the following steps: 1) identify several potential use cases, and 2) prioritize a 
subset of use cases for further analysis. The CAV features examined range from L2 to L4 
features as defined by SAE.  

CAV features are likely to follow iterative generations of deployment, where first-generation 
technologies will be succeeded by more advanced versions of these systems as the 
technologies improve over time, likely needing different infrastructure requirements in advanced 
phases. ODDs may change as technologies advance and enable more expansive domains 
(such as active operations in work zones or adverse road weather). For example, the first-
generation L2 Heavy-Duty Highway Drive’s ODD is limited to dedicated/HOV lanes, where 
interaction with other types of vehicles and infrastructure is limited. In comparison, the second-
generation feature’s ODD has expanded to include divided highways and more advanced 
sensing systems, relying less on infrastructure enhancements for safe operations. 

In this study, the research team developed a prediction model to assist in gaining insight into the 
expected market share of the candidate CAV features during the next 10 years. The only 
feature examined in this analysis that is commercially available to consumers is L2 Partially 
Automated Autopilot, but most other features are expected to be available between 2020 and 
2025. Upon the early deployment of HAVs, they will be affordable only by TNCs and large fleet 
companies. TNCs are expected to be the key player and moving force for expanding the CAV 
market and bringing prices down. The anticipated growth in HAVs market will positively impact 
the market growth of all CAV features. Accordingly, the prediction model anticipates the 
HAV/TNCs to comprise 20 percent of the market by 2030. The model estimates the market of 
autopilot, platooning, traffic jam, and automated highway drive to reach 29 percent, 29 percent, 
19 percent, and 20 percent, respectively, by 2030. Using information from this model, the team 
prioritized scenarios based on predicted penetration rates at different timelines. The other set of 
criteria used for the prioritization includes infrastructure coverage, timing, and necessity, as 
described in earlier chapters. While many of the infrastructure requirements may need to be 
implemented and maintained by IOOs, this is not the case for all infrastructure requirements 
(e.g., dynamic high definition maps). To accelerate deployment, state and local agencies may 
work closely with technology companies to help enable access to authoritative infrastructure 
data. 

This synthesis of current literature and standards identified the challenges in using the current 
physical infrastructure and design standards with higher market penetration rates of CAVs. Task 
2 develops scenarios that define the limitations of physical infrastructure on CAV operation, 
which will serve as a basis for assessing potential gaps and needs.  

In the second part of this task (Task 2.1), the team will summarize the gaps identified from the 
different scenarios prioritized in this report. Specifically, the gaps assessment will concentrate 
on technology areas that are defined in each of the scenarios as well as in the infrastructure 
aspects. Using the infrastructure requirements identified in Task 1, and mapping against the 
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scenarios identified, the research team will identify gaps in infrastructure readiness or suitability 
to support CAV operation. The gap analysis will consider near-term (Phase 1) vehicle needs, 
and how the timeline for maintenance/deployment may coincide with decreased dependency on 
infrastructure associated with Phase 2. It will also consider agency institutional and workforce 
issues. The result will be a prioritization of gaps or issues, covering a range of infrastructure 
elements, such as signage placement, fonts and reflectivity, pavement marking width, materials, 
and color contrast, lighting types and impact on lidar detection, traffic signal configuration and 
communications, and pavement and bridge structures. 
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Acronyms 

ACRONYM DEFINITION 

ADAS Automated Driver Assistance Systems 

ADS Automated Driving Systems 

AV Automated Vehicle 

CV Connected Vehicle 

CAV Connected and Automated Vehicle 

DDT Dynamic Driving Task 

DMV  Department of Motor Vehicles 

DSRC Dedicated Short Range Communications 

EV Electric Vehicle 

FHWA Federal Highway Administration 

FMVSS Federal Motor Vehicle Safety Standards 

GNSS Global Navigation Satellite System 

GPS Global Positioning System 

HAV Highly Automated Vehicle 

HD High Definition 

HOV High Occupancy Vehicle 

HMI Human Machine Interface 

IEEE Institute of Electrical and Electronics Engineers 

IOO Infrastructure Owner Operators 

IT Information Technology 

ITS  Intelligent Transportation Systems 

JPO Joint Program Office 

Lidar Light Detection and Ranging 

LKA Lane Keeping Assistance 

N/A Not Applicable 

NCHRP National Cooperative Highway Research Program 

NHTSA National Highway Traffic Safety Administration 
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ACRONYM DEFINITION 

ODD Operational Design Domain 

OEDR Object and Event Detection and Response 

OEM Original Equipment Manufacturer 

PNT Positioning, Navigation, and Timing 

Radar Radio Detection and Ranging 

RSU Roadside Unit 

STD Standard 

TBD To Be Determined 

TNC Transportation Network Company 

USDOT United States Department of Transportation 

V2I Vehicle-to-Infrastructure 

V2V Vehicle-to-Vehicle 

V2X Vehicle-to-Everything 
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Appendix 

ODD Checklist by Scenario Feature 

Table A-1. Checklist of Candidate Scenarios identified by ODD and Feature, Adopted 

from NHTSA Test Cases Report (Thorn, Kimmel, & Chaka, 2018). 

ODD CHECKLIST BY FEATURE 
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PHYSICAL INFRASTRUCTURE 
Roadway Types 

Divided highway ● ● ● ● ●  

Undivided highway ●   ● ●  

Arterial ●  ●  ●  

Urban ●    ● ● 

Rural ●    ●  

Parking (surface lots, structures, private/public)       

Bridges ● ●  ● ●  

Single Lane ● ● ●  ●  

Multi-Lane ●   ● ●  

Managed lanes (e.g., HOV, HOT23) ●      

On-off ramps     ●  

Emergency evacuation routes       

One way ●  ●  ●  

Private roads ●    ●  

Reversible lanes ●    ●  

Signaled Intersection ●    ● ● 

U-Turns     ●  

Stop Sign     ● ● 

Roundabout     ●  

Merge Lanes ● ●  ● ●  

Right turn ● ● ● ●  ● 

Crosswalk     ● ● 

Toll plaza ●   ● ●  

Railroad crossing  ●   ●  

Left turn across traffic, one-way to one-way ● ●   ●  

Roadway Edges and Markings 

Lane markers ●   ● ● ● 

                                                
23 HOT- High Occupancy Toll 
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ODD CHECKLIST BY FEATURE 
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Temporary lane markers     ● ● 

Shoulder (paved or gravel)  ●   ●  

Shoulder (grass)  ●   ●  

Lane barriers    ● ●  
Grating  ●  ● ●  

Rails ●    ●  

Curb     ●  
Cones      ● 

OPERATION CONSTRAINTS 

Speed Limits 

Minimum Speed Limit 0 mph ●    ● ● 

Maximum Speed Limit < 37 mph   ●   ● 

Maximum Speed Limit > 37 mph ● ● ● ● ●  

Traffic Conditions 

Minimal traffic ●    ● ● 
Heavy traffic with preceding vehicle to follow and convoy 

in adjacent lane 
  ●  ●  

Altered (Accident Emergency vehicle, Construction, 
Closed road, Special event) 

  ●  ● ● 

OBJECTS 

Signage 

Signs (e.g., stop, yield, pedestrian, railroad, school zone) 
  ●   ● 

Traffic Signals (regular, flashing, school zone, fire dept. 
zone) 

 ●    ● 

Crosswalks ●    ● ● 

Railroad crossing  ●   ●  

Stopped buses      ● 

Construction signage     ● ● 

First responder signals       

Distress signals       

Roadway user signals     ● ● 

Hand signals       

Roadway Users 

Light-duty vehicle ● ● ● ● ● ● 

Heavy-duty vehicle ● ● ● ● ●  

Transit Bus/Shuttle     ● ● 

Stopped vehicles ●  ●   ● 
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ODD CHECKLIST BY FEATURE 
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Other automated vehicles ● ●   ● ● 

Pedestrians ●    ● ● 

Cyclists ●    ● ● 

Non-Roadway Users Obstacles 

Animals (e.g., dogs, deer) ● ● ● ● ● ● 

Shopping carts     ●  

Debris (e.g., pieces of tire, trash, ladders) ● ● ● ●   

ENVIRONMENTAL CONDITIONS 

Weather 

Wind No information available at this 
time, but potentially may 

include mild rain and typical 
temperatures in each 

respective environment 

Rain 

Snow 

Sleet 

Temperature 
Weather-Induced Roadway Conditions 

Standing Water No information available at this 
time. Flooded Roadways 

Icy Roads 

Snow on Road 
Particulate Matter 

Fog No information available at this 
time. Smoke 

Smog 

Dust/Dirt 

Mud 
Illumination 

Day (sun: Overhead, Back-lighting and Front-lighting) No information available at this 
time 

Dawn 

Dusk 

Night 

Street lights 

Headlights (Regular & High-Beam) 
Oncoming vehicle lights (Overhead Lighting, Back-lighting 
& Front-lighting) 

CONNECTIVITY 
Vehicles 

V2I and V2V communications ● ● ● ● ● ● 



NCHRP 20-102(15): Impacts of Connected and Automated 
AV Deployment Scenarios  

 

 A-9 May 8, 2019 

ODD CHECKLIST BY FEATURE 
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Emergency vehicles       

Infrastructure Sensors 

Work zone alerts    ● ● ● 

Vulnerable road user       

Routing and incident management   ●   ● 

Digital Infrastructure 

GPS ● ● ● ● ● ● 

3-D Maps ●  ● ● ● ● 

Pothole Locations     ● ● 

Weather Data    ● ● ● 

Infrastructure Data     ● ● 

ZONES 

Geofencing 

CBDs     ● ● 

School Campuses      ● 

Retirement Communities      ● 

Fixed Route      ● 

Traffic Management Zones 

Temporary Closures   ●  ● ● 

Dynamic Traffic Signs     ●  

Variable Speed Limits   ●  ● ● 

Temporary or Non-Existent Lane Marking   ●  ● ● 

Human-Directed Traffic     ● ● 

Loading and Unloading Zones     ● ● 

School/construction zones 

Dynamic speed limit     ● ● 

Erratic pedestrian movement     ● ● 

Interference Zones 

Tunnels ● ● ● ● ●  

Parking Garage       

Dense Foliage       

Limited GPS ● ●  ●   

Atmospheric Conditions       
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General Comparison of Sensor Capability and Detection Performance24 

Table A-2. Comparison of Sensor Capabilities 

 Lidar Radar Vision 
Sensing Dimensions 3D 1D 2D 
Range (m) 100 250 100 
FOV (deg) 100-120 20-70 50-150 
Accuracy (in cm) ±5 ±120 ±15 
Weather (Rain, snow 
dust) 

++ +++ - 

Fog + +++ - 
Pitch darkness +++ +++ + 
Direct sunlight ++ +++ ++ 
Ambient Light 
Independence 

+++ +++ ++ 

Read signs and Sees 
colors 

- - +++ 

Main function Pedestrian 
protection 

Collision avoidance, 
CC 

Sign reading, lane 
markings 

+, ++, +++: Limited advantage, Moderate advantage, High advantage 
-: Limited performance 

Metrics were adapted from various findings in literature that compared lidar, radar, and vision 
sensors to performance during driving conditions (e.g., lighting conditions and range of 

perception). 

                                                
24 (Yole, 2015) 
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Full and Limited Access Roadways by State Table25 

Table A-3. Functional System Lane-Length, State Tables, Sept. 2017 

States 

Rural Urban 

Interstate 
Other 
Freeways and 
Expressways 

Other 
Principal 
Arterial 

Minor 
Arterial 

Major 
Collector 

Minor 
Collector 

Local Total Interstate 

Other 
Freeways 
and 
Expressways 

Other 
Principal 
Arterial 

Minor 
Arterial 

Major 
Collector 

Minor 
Collector 

Local Total 

Alabama  2,399   -  5,882   44   10   -  -  8,335   2,176     128   4,543   165    21   -  16   7,048  

Alaska  2,057   -  1,612   306   66     3   1  4,045    303   -   504   38    7   -   0   852  

Arizona  3,714     70   3,311   11   50     0   1    7,157   1,463    1,557   2,667   65    7   -   0   5,758  

Arkansas  1,753     288   4,998    8    7     2   0   7,056   1,449     425   1,903   107    21   -   7   3,912  

California  5,254    1,516   7,950   72   104   -  - 14,896   9,622    9,303   23,447   209    65    41   - 42,686  

Colorado  2,628     112   5,730   -   3   -  -  8,472   1,515    1,364   4,004   44    11   -  -  6,939  

Connecticut   150     141   239   -  -  -  -  530   1,718     996   1,864   3    1   -   0   4,582  

Delaware  -    102   395   20   -  -  -  518    253     144    749   23   -  -  -  1,169  

District of 
Columbia 

 -  -  -  -  -  -  -  -   73      69    441   0   -  -  -  583  

Florida  3,428     683   7,270   11   14   -  - 11,406   4,816    2,844   16,737   573    62    14   15  25,061  

Georgia  2,559   -  7,688    1,551   140   -  2  11,940   4,278     796   8,681   548    82    1   32  14,419  

Hawaii  -  -  157    2   -  -  2   161    342     152    824   7    2   -  25   1,351  

Idaho  2,075     327   3,703    0    0   -  -  6,106    456      83    952   9    2   -  -  1,503  

Illinois  5,052     193   4,504   494    9     0   9  10,261   4,898     489   9,536   1,135   189    14   18  16,279  

                                                
25 https://www.fhwa.dot.gov/policyinformation/statistics/2017/hm51.cfm  

https://www.fhwa.dot.gov/policyinformation/statistics/2017/hm51.cfm
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States 

Rural Urban 

Interstate 
Other 
Freeways and 
Expressways 

Other 
Principal 
Arterial 

Minor 
Arterial 

Major 
Collector 

Minor 
Collector 

Local Total Interstate 

Other 
Freeways 
and 
Expressways 

Other 
Principal 
Arterial 

Minor 
Arterial 

Major 
Collector 

Minor 
Collector 

Local Total 

Indiana  3,127     502   3,364   190   133   -  - 7,315   2,438     560   3,592   510    61    2    6   7,169  

Iowa  2,440   -  8,820    1    1   -  - 11,262    833   -  3,084   56    1   -   2   3,976  

Kansas  2,580    1,602   5,460   -  -  -  - 9,643   1,129     775   1,051   12    3    1   -  2,971  

Kentucky  2,909    1,901   3,452   14   16   -  0  8,294   1,241     309   2,462   17    14    3    8   4,053  

Louisiana  2,215     97   3,184   174   65   -  - 5,736   1,834     297   3,645   220    29    3   20   6,050  

Maine  1,173   -  1,589   12   -  -  2  2,776    381      68    385   24    15   -   0   873  

Maryland   673     251   920    6   -  -  - 1,850   2,145    1,404   3,842   124    22    1    7   7,544  

Massachuse
tts 

  308     60   251   22    0   -  -  642   2,899    1,395   4,180   506    43   -   1   9,023  

Michigan  2,369    1,377   4,521    9   14   -  - 8,291   3,711    1,588   8,795   35    10   -   1  14,138  

Minnesota  2,359     182   8,614    0   -  -  - 11,155   1,695     968   2,169   11    12   -   3   4,858  

Mississippi  2,219   -  6,522   54   16   -  3  8,815   1,137     252   3,202   39   -  -   0   4,630  

Missouri  3,426    4,097   4,666   62   20   -  1  12,272   3,113    2,178   3,381   13    14   -   1   8,700  

Montana  4,377   -  5,926   -  -  -  - 10,303    391   -   701   -  -  -  -  1,092  

Nebraska  1,712    1,271   4,843   132   -  -  - 7,957    391     494   1,153   219    14    3   -  2,274  

Nevada  1,840   -  3,384   70   -  -  - 5,295    793     290   1,561   33   -   14   -  2,691  

New 
Hampshire 

  567     37   673   114   -  -  - 1,390    433     314    553   53    3   -   3   1,359  

New Jersey   277     185   370   -  -  -  -  832   2,704    2,512   5,938   208    32    0    1  11,395  
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States 

Rural Urban 

Interstate 
Other 
Freeways and 
Expressways 

Other 
Principal 
Arterial 

Minor 
Arterial 

Major 
Collector 

Minor 
Collector 

Local Total Interstate 

Other 
Freeways 
and 
Expressways 

Other 
Principal 
Arterial 

Minor 
Arterial 

Major 
Collector 

Minor 
Collector 

Local Total 

New Mexico  3,431   -  5,651   37    0     1   - 9,120    747      50   2,225   71    20    10    1   3,123  

New York  3,289     742   4,531   14    1   -  - 8,577   4,787    3,769   9,351   172    56    1   11  18,147  

North 
Carolina 

 2,263    1,699   4,363   669   244     0   7  9,244   3,803    1,973   5,846   487    31    8   14  12,161  

North 
Dakota 

 2,039   -  6,901   -   1   -  - 8,941    258   -   662   -  -  -  -  919  

Ohio  3,032    1,313   3,999   90   33   -  0  8,468   5,269    2,438   7,517   848    94   -  39  16,205  

Oklahoma  2,596   -  6,610    2   10   -  - 9,218   1,389     934   2,953   21    9   -  -  5,306  

Oregon  2,021   -  5,897   -   3   -  5  7,927   1,108     259   2,663   76    12    1   12   4,131  

Pennsylvani
a 

 4,365    1,400   3,632   14   21   -  - 9,433   3,501    2,258   8,063   144    52   -   0  14,018  

Rhode 
Island 

  71     43   208   -  -  -  -  323    307     326    900   -   2   -  -  1,534  

South 
Carolina 

 2,228     187   4,616    0   -  -  - 7,031   1,595     368   4,085   40    9   -  -  6,096  

South 
Dakota 

 2,364    1,152   5,362   16   -  -  - 8,895    348      71    369   1   -  -  -  790  

Tennessee  2,592     94   5,335   19   10   -  - 8,049   2,917     788   6,812   157    38   -  - 10,711  

Texas  8,149   - 22,586   479   82   -  - 31,295   8,360    7,282   21,915   327   123   -   7  38,014  

Utah  2,785     36   2,604   910   541     6   - 6,882   1,619     159   2,450   177    42   -  12   4,459  

Vermont  1,024      3   647   -  -  -  - 1,674    257      24    223   8    4   -  -  516  

Virginia  2,507     363   5,722   45   24   -  3  8,663   3,011    1,557   5,501   133    16    3    3  10,225  

Washington  1,921    1,583   2,638   22   11   -  0  6,176   2,104    1,602   4,811   64    27   -   5   8,613  
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States 

Rural Urban 

Interstate 
Other 
Freeways and 
Expressways 

Other 
Principal 
Arterial 

Minor 
Arterial 

Major 
Collector 

Minor 
Collector 

Local Total Interstate 

Other 
Freeways 
and 
Expressways 

Other 
Principal 
Arterial 

Minor 
Arterial 

Major 
Collector 

Minor 
Collector 

Local Total 

West 
Virginia 

 1,296   -  2,628   -  -  -  - 3,925   1,030      53   1,258   1   -  -  -  2,342  

Wisconsin  2,144     810   7,064   149   26   -  - 10,192   1,768    1,381   5,000   56    29   -   0   8,234  

Wyoming  3,232   -  4,082    6   -    0   - 7,320    423      11    723   0   -  -  -  1,156  

U.S. Total 118,989   24,421  225,076  5,851   1,679    12   36  
376,06
4  

105,229    57,058  219,871  7,791   1,303   120   270  391,641  
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Roadways Open to Traffic by State Table26 

Table A-4. Length by Open and Not Open to Traffic, State Tables, Sept. 2017 

State  

Open to Traffic Not Open to 
Traffic  

TOTAL 

Interstate Other 

Rural Urban Rural Urban Rural Urban Rural Urban Total 

Alabama 571 433 1,984 1,304 - - 2,554 1,737 4,291 

Alaska 1,002 79 989 161 - - 1,990 240 2,230 

Arizona 916 252 1,208 818 - - 2,124 1,071 3,195 

Arkansas 439 310 1,961 682 - - 2,400 992 3,393 

California 1,186 1,264 3,577 8,147 - - 4,763 9,412 14,175 

Colorado 648 304 2,576 1,381 - - 3,225 1,684 4,909 

Connecticut 29 317 150 947 - - 178 1,264 1,442 

Delaware - 41 152 232 - - 152 272 424 

District of 
Columbia 

- 12 - 122 - - - 134 134 

Florida 717 778 2,746 4,541 - - 3,464 5,319 8,783 

Georgia 536 711 3,133 2,809 - - 3,668 3,521 7,189 

Hawaii - 55 80 315 - - 80 370 450 

Idaho 519 92 1,727 369 - - 2,246 462 2,708 

Illinois 1,243 942 2,306 3,361 - - 3,550 4,302 7,852 

Indiana 772 492 1,510 1,450 - - 2,282 1,942 4,224 

Iowa 612 179 3,410 925 - - 4,022 1,103 5,126 

Kansas 639 234 3,031 515 - - 3,671 749 4,420 

Kentucky 622 220 1,720 738 - - 2,342 958 3,301 

Louisiana 532 405 1,144 1,150 - - 1,676 1,555 3,231 

Maine 278 88 781 181 - - 1,059 269 1,328 

Maryland 142 338 377 1,300 - - 519 1,638 2,157 

                                                
26 https://www.fhwa.dot.gov/policyinformation/statistics/2017/hm51.cfm  

https://www.fhwa.dot.gov/policyinformation/statistics/2017/hm51.cfm
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State  

Open to Traffic Not Open to 
Traffic  

TOTAL 

Interstate Other 

Rural Urban Rural Urban Rural Urban Rural Urban Total 

Massachusetts 72 508 145 2,240 - - 217 2,749 2,966 

Michigan 567 685 2,484 2,736 - - 3,051 3,421 6,472 

Minnesota 588 325 3,489 848 - - 4,077 1,174 5,250 

Mississippi 554 253 1,812 1,014 - - 2,367 1,267 3,634 

Missouri 842 538 2,989 1,380 - - 3,831 1,918 5,749 

Montana 1,094 98 2,773 217 - - 3,867 315 4,182 

Nebraska 414 68 2,722 513 - - 3,136 581 3,717 

Nevada 448 150 1,539 421 - - 1,986 571 2,557 

New Hampshire 142 83 388 319 - - 530 402 932 

New Jersey 45 387 195 2,343 - - 240 2,730 2,970 

New Mexico 847 153 1,772 605 - - 2,618 759 3,377 

New York 803 936 2,293 4,030 - - 3,096 4,967 8,063 

North Carolina 551 721 2,213 2,182 - - 2,764 2,903 5,667 

North Dakota 510 61 2,944 205 - - 3,454 266 3,720 

Ohio 643 931 1,827 3,205 - - 2,470 4,137 6,607 

Oklahoma 646 286 2,232 986 - - 2,878 1,272 4,151 

Oregon 495 234 2,657 923 - - 3,153 1,157 4,310 

Pennsylvania 1,075 786 1,897 3,399 - - 2,972 4,185 7,157 

Rhode Island 18 52 108 424 - - 126 476 602 

South Carolina 546 304 1,591 1,161 - - 2,137 1,465 3,602 

South Dakota 591 88 2,891 127 - - 3,482 214 3,696 

Tennessee 634 548 1,766 2,068 - - 2,399 2,616 5,015 

Texas 2,001 1,435 7,632 6,963 - - 9,633 8,398 18,031 

Utah 684 253 1,879 768 - - 2,563 1,021 3,584 

Vermont 256 64 306 102 - - 562 166 728 

Virginia 598 521 1,731 1,752 - - 2,329 2,274 4,602 

Washington 429 335 1,927 1,867 - - 2,356 2,202 4,557 
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State  

Open to Traffic Not Open to 
Traffic  

TOTAL 

Interstate Other 

Rural Urban Rural Urban Rural Urban Rural Urban Total 

West Virginia 318 236 1,018 414 - - 1,336 650 1,986 

Wisconsin 512 364 3,158 1,925 - - 3,670 2,288 5,958 

Wyoming 808 106 1,984 220 - - 2,792 326 3,117 

U.S. Total 29,133 19,058 96,922 76,805 - - 126,055 95,863 
221,91
9 
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1. Introduction 

1.1 Purpose of this Document 

Task 2.1 identified the most likely Automated Vehicle (AV) deployment scenarios to be 
encountered on public roadways between now and 2030 and assessed each scenario’s 
dependency on infrastructure to support the operation of the technology. This technical 
memorandum reviews the infrastructure dependencies of the AV scenarios from Task 2.1, 
identifies gaps in the needed infrastructure, and classifies those gaps based on why they are 
present. Further, Task 2.1 serves to identify steps that may be taken to plan for infrastructure 
deployment with new approaches to design, construction, operation, and maintenance. 

This document refers throughout to connected & automated vehicles (CAV) as a term of 
reference for advanced vehicle technology used to facilitate the deployment scenarios 
referenced in Task 2.1. It should be acknowledged that while CAV is used as a singular term for 
this vehicle technology, the term represents two distinct technologies, each with separate 
relationships to infrastructure but which are expected to complement one another to support 
identified scenarios:  

• Automated Vehicle (AV) systems use various onboard (in-vehicle) sensors and data 
processing systems to pilot the vehicle without the input of a human driver. AV systems 
can simply keep a vehicle in its lane or at a safe following-distance from a vehicle in front 
of it, initiate automatic braking and collision evasion maneuvers, or control every element 
piloting the vehicle without a human driver being engaged at all in the process.  

• Connected Vehicle (CV) applications communicate information to a vehicle’s onboard 
systems from external data sources such as other vehicles or roadside infrastructure. 
This information provides greater awareness of the surroundings, which improves safety 
and mobility. CV systems complement AV systems with additional contextual data that 
improves awareness of the surroundings. 

1.2 Overview of Infrastructure Readiness 

The overall assessment of infrastructure readiness is framed in terms of the most likely use 
cases to be deployed by 2030 and the Operational Design Domain (ODD) elements associated 
with that deployment. The ODD defines the environment within which a particular use case is 
expected to the be applied  

This assessment of infrastructure readiness for CAVs is tempered by several limiting factors, 
owing primarily to either the relative immaturity of the technology (and resulting lack of full 
understanding of infrastructure dependencies and requirements), or the lack of consistency in 
national-level reporting for several infrastructure asset types. These factors limit the ability to 
determine, or even approximate, the proportion of the national roadway system most suitable for 
CAV operation in the near term. Limitation on CAV infrastructure readiness includes the 
following: 

• A lack of readily available data as to scope, condition, and maintenance cycles of critical 
infrastructure elements including pavement markings, signage, work zones, and 
Intelligent Transportation System (ITS) infrastructure 

• The lack of consistent measures for infrastructure condition, outside of federally reported 
metrics for pavement and bridge condition 
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• The varying ODD requirements by use case, and anticipated differences between 
manufacturers of even similar technologies  

Infrastructure readiness assessment is challenged by the need for individual agency-led 
readiness assessments, using consistent systems and metrics to classify levels of readiness 
based on roadway features and maintenance conditions. At present, this consistency is lacking. 
Recognizing this shortcoming, the Colorado Department of Transportation (CDOT) has been 
piloting a Road Classification System, and NCHRP 20-24(112), Connected Road Classification 
System Development, is exploring the merits of developing a system such as this for national 
use. 

The following sections describe the generalized observation of infrastructure readiness of key 
infrastructure elements, including context discussion on the known or anticipated ODD for near-
term CAV use cases.  

1.2.1 Traffic Control Devices  

Traffic control devices (TCDs) are perhaps one of the most critical infrastructure elements 
influencing proper CAV operation. The Federal Highway Administration (FHWA) stresses this 
infrastructure component as critical in its ongoing National Dialogue on Highway Automation 
with infrastructure owners and operators (IOOs), stakeholders, and manufacturers. The lack of 
available data makes it difficult to assess the condition of TCDs, and points to a broader need 
for improved asset management approaches for TCDs to prioritize improvements and 
maintenance.  

Pavement Markings 

When detected by sensors, pavement markings play an essential role in supporting a vehicle’s 
lane awareness for many CAV use cases. While standards for pavement markings are well 
established, there is little documentation about the condition of pavement markings on a broad 
scale or the associated maintenance practices of agencies, including timeframes for 
replacement. The importance of markings to CAV deployment and the lack of available 
information points to the need for increased asset management focus for this infrastructure.  

A wide range of actions are underway related to pavement markings, which will help to guide 
agencies going forward and are anticipated to ultimately lead to updated standards. In 2017, the 
California Department of Transportation (Caltrans)—recognizing the importance of pavement 
markings to the emerging CAV ecosystem—issued a directive to discontinue the use of non-
reflective pavement markers known as “Botts Dots” for lane delineation on multilane roadways, 
and to increase the width of all 4-inch longitudinal lines to 6-inch-wide lines on state highways.1 
This represented one of the first state actions to modify pavement marking standards in 
anticipation of the needs of CAV technologies.  

In June 2016, the Texas Transportation Institute began NCHRP 20-102(6), Road Markings for 
Machine Vision. The project’s objectives include the following:2  
 

                                                

1 http://www.dot.ca.gov/hq/construc/CPDirectives/documents/cpd17-3.pdf 

2 TTI Update to the Sub-Committee on Traffic Engineering, AASHTO June 2016 Committee Meeting 
http://sp.scote.transportation.org/Documents/2016%20SCOTE%20Meeting/Tuesday%207JUN17/NCHRP
%2020-102(6)%20update.pdf 
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• Develop information on the performance characteristics of pavement markings that 
affect the ability of machine vision systems to recognize them. 

 

• Provide data and recommendations that the AASHTO/SAE Working Group can use to 
quickly develop guidelines and criteria.  

In addition, the National Committee on Uniform Traffic Control Devices’ CAV Task Force 
developed preliminary recommendations (February 2019) concerning pavement markings to 
address CAV. These recommendations included guidance on stripe width, dimensioning of 
dashed/skip striping, consistent application of markings at points of merging/diverging, minimum 
retro-reflectivity, and use of contrast striping.  

These efforts collectively are expected to yield improved guidance to IOOs on near-term steps 
to improve CAV readiness for this important infrastructure element. 

Signage 

The ability to read and interpret traffic signs is an important factor for use cases with higher 
levels of automation to understand the rules of the roadway in the environment in which it 
operates. However, the increasing role of in-vehicle data and mapping could mitigate the need 
for machine-readable signage in the future. Today, map assets used by navigation applications 
increasingly include regulatory sign information (e.g., posted speed limit) for the relevant 
location. Embedding such information in the high-resolution mapping used by CAVs would likely 
limit the need for vehicles to read and interpret physical signage. 

The Manual on Uniform Traffic Control Devices (MUTCD) update planned for 2020 is expected 
to address changes in signage standards to support machine readability, which could include 
greater use of symbology, consistency of fonts, and other factors. In addition, new technologies 
are emerging to make signs directly machine-interpreted through use of an embedded code. 
One such product developed by 3M (the smart code traffic sign) uses a code embedded in the 
sign face, which can be seen and interpreted only by a vision sensor on the vehicle. However, 
limited guidance is available today on improving CAV readiness of sign infrastructure. 

Traffic Signals  

The ability to communicate signal phase and timing (SPaT) data to vehicles from a traffic signal 
is a key opportunity for CAV and a foundational element of many use cases. Doing so requires 
not only infrastructure readiness and investment but also a consensus on the communications 
mechanism. 

While information is available on the scale of the nation’s traffic-signal assets, little information 
exists on important related topics such as 1) the age and condition of the system and 2) the 
extent to which the nation’s traffic signals have backhaul communications available to connect 
them to a central system or external network. Both play a key role in deploying CAV 
infrastructure without significant upgrades to the existing infrastructure. Further, signal system 
self-assessments conducted earlier this decade found gaps in resources, including experienced 
staff to properly update and maintain signal systems.  

The actual deployment of CAV infrastructure—specifically roadside units using the standard for 
Dedicated Short-Range Communications (DSRC) —at traffic signals is limited, although IOO 
efforts to do so are increasing. The National Operations Center of Excellence has reported that 
over 2,000 SPaT-enabled traffic signals are planned for deployment through 2020—a significant 
growth in deployment but representing less than 1 percent of all traffic signals in the US. 
Expansion of deployment will continue to be constrained in the near term by several factors: 
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• There remains a lack of consensus (or mandate) in the industry around the best 
communications technology for a national, interoperable system. While DSRC is more 
mature in terms of testing and development, an alternative based on cellular technology (C-
V2X), along with other alternate technologies, are being explored for consideration for such 
a system. 

• The lack of industry consensus is inhibiting release of vehicle systems equipped with 
onboard units capable of receiving and using SPaT and other CV messages, thereby 
diminishing the value of deployment. 

• CV infrastructure represents new infrastructure and technology not currently deployed in the 
system, thus further straining IOO budgets. 

National Operations Center of Excellence published a series of resources in support of the 
SPaT Challenge,3 including guidelines for selecting corridors, systems engineering documents, 
procurement resources, and implementation guidance. These resources aim to support 
agencies in fulfilling the SPaT Challenge, with the goal of gaining agency experience with CV 
deployment. 

Work Zone Traffic Control Devices 

As temporary TCDs, work zones traffic control takes on a different context from fixed 
infrastructure when evaluated for readiness. The relationship between CAVs and work zone 
TCDs centers on two key topics: data on work zone characteristics, and machine recognition of 
work-zone TCDs. 

Today, real-time work zone data, particularly for short-term or mobile work zones, is limited and 
inconsistent. A common vocabulary and data format are lacking. However, efforts are underway 
in both research and practice to address these challenges and to provide guidance and 
resources to agencies to further data capture and sharing.  

Five state departments of transportation and six companies from private industries, together 
known as the WZDx Working Group (Figure 1-1), voluntarily developed v1.1 of the specification 
in collaboration with USDOT.4 This specification is expected to guide IOOs regarding data 
capturing and sharing to support both CAVs and current mobile users of navigation/information 
services. 

There is little guidance on recommended changes to work zone TCDs themselves, beyond 
guidance provided generally for pavement markings and signage. It is anticipated that the 
planned update of the MUTCD in 2020, and related ongoing research discussed earlier, will 
begin to address these elements. However, given the non-fixed nature of these devices and 
materials, new recommendations will be addressed largely in the upgrade of devices in stock 
(both by the IOOs and traffic control contractors), and the application of recommended 
temporary markings, and thus will have a more distributed impact than that of updating fixed 
infrastructure. 

 

                                                

3 https://transportationops.org/spatchallenge/resources 

4 Work Zone Data Exchange, https://github.com/usdot-jpo-ode/jpo-wzdx/blob/master/README.md 
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Figure 1-1: Work Zone Data Exchange Work Group Members 
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1.2.2 Roadway Pavement and Configuration 

Unpaved Roadway Impacts on CAV 

CAVs operating on unpaved roadways face a challenge in using sensors for lane identification 
and positioning. Unpaved roadways typically lack any physical or marked delineation of either 
the physical roadway edge or centerline/lane line. Enhancements in the technology and 
mapping could overcome these challenges in the long term; however, CAV functions on 
unpaved roadways will likely be inhibited in the near term.  

While approximately one-third of all roadway miles in the US are unpaved, paved roadways 
carry about 99 percent of vehicle-miles traveled in both rural and urban areas. Therefore, the 
inability to carry out many CAV use cases on unpaved roadways is limited in terms of its impact 
from a traffic volume perspective and the overall scale of AV adoption. However, this challenge 
will disproportionately limit the ability of rural populations to take advantage of CAV 
technologies.  

Roadway Configurations 

Near-term CAV use cases have been identified as having an ODD restricted to limited-access 
roadways. While only 2 percent of the nation’s roadways are classified as limited-access 
(proportions that are consistent in both urban and rural contexts), these roadways carry 
approximately 63 percent of all vehicle-miles traveled in the US. Thus, CAV use cases with an 
ODD of limited-access roadways will benefit a higher proportion of travel relative to the scale of 
the system. 

1.2.3 Bridges 

The main relationship between CAV readiness and bridges is the potential impact of Driver 
Assistive Truck Platooning (DATP) on bridge loadings. The closer spacing of vehicles operating 
in a platoon, particularly heavy vehicles, are likely to change the loading characteristics and 
demands on a bridge structure such that some bridges may not be designed to sufficiently 
support these heavier loads. Additionally, as the Brookings Institution points out, “Bridges 
represent special problems for autonomous vehicles. They ‘offer few environmental cues – 
there are no buildings for instance – making it hard for the car to figure out exactly where it is,’ 
according to Raffi Krikorian, director of engineering at Uber.5 

While there is extensive available bridge condition data, it does not consider the ability of 
bridges to support platooned vehicle loads. The impact of truck platooning on bridges is highly 
sensitive to the following-distance (which is a function of both statutory limits as well as 
technology limitations) and allowable truck weights, making analysis of such impacts location-
specific. The FHWA announced in 2018 as part of its National Dialogue on Highway Automation 
that it will study truck platooning impacts on bridges, which is expected to provide additional 
research and guidance on evaluating such impacts at the local level. 

1.2.4 Intelligent Transportation Systems Infrastructure 

ITS infrastructure’s role in supporting CAV is primarily that of an enabler to deploy CV 
infrastructure. The associated site infrastructure (including poles, cabinets, and power) along 

                                                

5 https://www.brookings.edu/research/moving-forward-self-driving-vehicles-in-china-europe-japan-korea-
and-the-united-states/  

https://www.brookings.edu/research/moving-forward-self-driving-vehicles-in-china-europe-japan-korea-and-the-united-states/
https://www.brookings.edu/research/moving-forward-self-driving-vehicles-in-china-europe-japan-korea-and-the-united-states/
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with the backhaul communications used to connect ITS devices to a central system or network 
play key roles in supporting CV infrastructure deployment; therefore, their presence and 
condition serve as an indicator of readiness for such deployment. 

The information from the 2016-2017 National ITS Deployment Tracking Survey database6 
shows widespread deployment of ITS devices in urban areas throughout the US, as well as 
along major extents of the nation’s highway system. While significant information is available 
nationally in terms of the scale (number of sites) and location of ITS devices, there is little 
published data available, which translates that to a comparable measure to gauge the 
percentage of the US roadway system covered by ITS devices, such as road-miles or lane-
miles. In addition, national-level data neither addresses the type or robustness of backhaul 
communications nor the condition of the equipment, which further complicates assessing the 
suitability to support CV infrastructure deployment. 

Although, data points to extensive ITS deployment sites around the US, CV infrastructure 
deployment at ITS device locations will continue to be constrained in the near term. This 
constraint is due to factors related to lack of consensus surrounding communications 
technologies, lack of penetration into the vehicle fleet, and lack of funding for new infrastructure 
and systems. 

1.2.5 Cellular Network Services 

While cellular network services fall outside the responsibility for IOOs, these services will still 
play a role in CAV system deployment and operation. Based on Federal Communications 
Commission statistics, 4G/LTE networks essentially have reached nearly 100 percent of US 
roadways covered by at least one carrier. While this information indicates the scale of the 
network coverage and the ability to support near-term CAV applications, it is unknown whether 
4G/LTE provides enough network speeds and bandwidth to support higher-order uses, such as 
high-resolution map downloads necessary to support some CAV applications, particularly for 
wide-scale deployment. 

Unlike infrastructure owned by IOOs, business considerations and market demand are 
anticipated to drive development of services and associated infrastructure to meet this need, 
thus closing most gaps. Next generation (5G) cellular services are in their infancy and are 
testing in limited geographies around the country. As this technology matures, deployment of 
infrastructure to support 5G is expected to follow business opportunities. Thus, a strong market 
of CAVs could drive further deployment of 5G infrastructure.  

Cellular infrastructure, the domain of the telecommunications companies, could intersect with 
public infrastructure considerations owing to the expected topology of 5G networks. Rather than 
large, wide-area broadcast towers that are indicative of current cellular networks, 5G networks 
would rely on small-cell technology, including a series of small, localized cellular nodes aimed at 
increasing the capacity and speed of the network. The nature of these small cells and the 
required extent of the network will frequently necessitate deploying in the public rights-of-way 
and co-locating on existing infrastructure (typically owned by IOOs) to be viable. 

To address this deployment approach, in September 2018, the Federal Communications 
Commission issued a directive aimed at speeding the deployment of small-cell infrastructure by 
removing regulatory barriers and clarifying the fees an IOO or other public entity can charge for 

                                                

6 https://www.itsassets.its.dot.gov/ 
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applying processes and co-locating equipment in the public rights-of-way, along with other 
guidance.7 Further, widespread legislative activity at the state level is aimed at establishing 
guidance for small-cell deployment. The lack of legal clarity related to small-cell deployment at 
the state level could delay deployment in that locality, thus degrading the ability for some CAV 
applications to be supported.  

1.3 Framework for Gap Analysis 

The role of infrastructure elements in supporting CAVs can best be viewed by considering the 
relationship between infrastructure and technology elements, including sensor and 
communications systems on board the CAV, as well as the environments within which the CAV 
is designed to operate. To address these relationships, the gap analysis is structured as follows:  

• Infrastructure: the fixed assets owned and maintained by IOOs and third-party providers. 
For these scenarios, the infrastructure types are traffic control devices (including 
pavement markings, signage and traffic signals, work zone traffic control devices); 
technology and communications (including traffic signals, other ITS/V2I communications, 
and cellular communications); and road and bridge infrastructure (including roadway 
surface and bridges). 

• Relevance to the scenario: describes how the dependency between each scenario and 
the specific infrastructure elements. For instance, bridge condition and loading are a 
dependency relevant to a DATP scenario but not to other non-DATP scenarios. 

• Performance factors: specific measures of infrastructure performance that are central to 
the gap analysis process for each scenario.  

• Condition/gaps: summarizes the current condition and gaps of the infrastructure as it 
relates to the scenario and the specific performance factors. It is from this element that 
steps may be taken to plan for infrastructure deployment. New approaches to design, 
construction, operation, and maintenance will be developed. 

                                                

7 https://www.fcc.gov/document/fcc-facilitates-wireless-infrastructure-deployment-5g 
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2. Scenario Evaluation 

There are limitations with attempting to utilize existing infrastructure and technology for 
Automated Driving Systems. To identify gaps in infrastructure readiness, it is important to 
understand and define how CAVs will interact with, and rely on, infrastructure components in the 
future. Scenarios were developed that define aspects of CAV operation that can serve as a basis 
for assessing potential gaps and needs. Six scenarios were identified that illustrate how CAVs 
will operate in the future, and are described considering the following variables: 

• Operations: types of vehicles, mission and objectives, maneuvers (turns, merging, etc.) 

• Operational design domain (ODD): roadway, pavement marking, signage, signals, work 
zones, weather, speed, etc. 

• Technology: sensor suites, digital maps, perception algorithms 

The scenarios presented below, as outlined in the Task 2.1 technical memorandum, have been 
separated into high-level infrastructure requirements and compared to baseline infrastructure 
data collected in Task 1. This will assist in identifying existing gaps, and how the gaps would 
impact the operation of CAVs. 

2.1 Overview of Selected Scenarios 

Table 2-1 is a summary of prioritized scenarios and key infrastructure requirements for each 
scenario. For each scenario, the table identifies the AV feature, the vehicle type, the timing, and 
necessity (i.e., technology maturity, the ODD, and the scenario’s key infrastructure 
requirements). 

2.1.1 L2 Partially Automated Autopilot  

Scenario Description: Phase 1 of this L2 partially automated autopilot feature would operate on 
divided highways with mixed traffic, where conventional vehicles may interact with CAVs in this 
domain. Since this type of feature can be seen on the market today and is not limited by 
geographic region, a push to address the needs of this scenario is important to federal, state, 
and local agencies across the entire US. Manufacturers that are currently selling vehicles with 
this feature include Tesla, Volvo, Mercedes, BMW, and GM. Based on a predictive model 
developed in Task 2.1, the market share in 2019 is <1 percent and by 2025 is anticipated to 
reach 3.7 percent. Higher market share could be achieved if this feature demonstrates its effect 
in reducing the number of serious roadway crashes (fatalities and incapacitating injuries) due to 
driver error as well as government mandated inclusion of this technology in newly manufactured 
vehicles. The Phase 1 partially automated autopilot feature is limited to the specific roadways on 
which it operates effectively. 
 
CAV Features: In Phase 1 of this feature, automation is expected to provide longitudinal and 
lateral control, including lane and speed maintenance and lane switching functions, relying 
largely on limited sensor packages, such as forward-facing cameras and radar. While these 
features currently have very limited ability to navigate stop signs, traffic signals, and 
roundabouts, successful navigation should improve over the next five years.  
 



NCHRP 20-102(15): Impacts of Connected and Automated Vehicle Technologies on the Highway Infrastructure 

 10  08/14/2019 

Table 2-1. Summary of Prioritized Scenarios and Infrastructure Requirements 

 

AV Feature 
 

Vehicle 

Type 

Timing and 

Necessity 

(Technology 

Maturity) 

 

Operational 

Design 

Domain 

 

Key Infrastructure Requirements 

Digital Physical 

L2 Partially 

Automated 

Autopilot 

 

Light- 

Duty 

Short Term 

(First- 

Generation) 

 

Divided 

Highways 

 

• GPS 

• 3D Maps 

• Clear Lane 

Markings 

• Visible Signage 

 
L2 Partially 

Automated 

Platooning 

 
Heavy- 

Duty 

 
Short Term 

(First-

Generation) 

 
Managed 

Lanes 

 
• V2I and V2V 

Communications 

• GPS 

• Dedicated Lanes 

• Clear Lane 

Markings 

• Visible Signage 

• Lane Barriers 
L3 Conditional 

Automated 

Traffic Jam 

Drive 

 
Light-

Duty 

 

Short Term 

(First-

Generation) 

 
Divided 

Highway 

 
• GPS 

• 3D Maps 

• Clear Lane 

Markings 

• Visible Signage 

• Lane Barriers 
 
L3 Conditional 

Automated 

Highway Drive 

 

Light-

Duty 

 
Long Term 

(Third-

Generation) 

 

Undivided 

Highway 

• V2I and V2V 

Communications 

• GPS 

• 3D Maps 

• Weather Data 

• Work Zone Alerts 

 

• Clear Lane 

Markings 

• Visible Signage 

• Roadway 

Reflectors 

 
L4 Highly 

Automated 

Vehicle/ 

Transportatio

n Network 

Companies  

 
Light-

Duty 

 
Medium Term 

(Second-

Generation) 

 
Intrastate 

(urban and 

rural roads) 

• V2I and V2V 

Communications 

• GPS 

• 3D Maps 

• Pothole Locations 

• Weather Data 

• Infrastructure Data 

• Work Zone Alerts 

 

• Clear Lane 

Markings 

• Visible Signage 

• Pick Up/Drop Off 

Zones 

• Charging 

Stations 

 

L4 Highly 

Automated 

Low-Speed 

Shuttle 

 

Transit 
 
Medium Term 

(Second- 

Generation) 

 

Geofenced 

Central 

Business 

District 

• V2I and V2V 

Communications 

• GPS 

• 3D Maps 

• Pothole Locations 

• Weather Data 

• Infrastructure Data 

• Work Zone Alerts 

 

• Clear Lane 

Markings 

• Visible Signage 

• Pick Up/Drop Off 

Zones 

• Charging 

Stations 

 
These systems depend on the vision system to accurately detect roadway markings and signs 
to ensure safe navigation. Currently these features may include some mapping and V2I support. 
System performance will likely be adversely affected by degraded weather, lighting, and 
infrastructure conditions. Limited testing may not have uncovered unforeseen system faults.  

Infrastructure Needs and Impacts: The infrastructure considerations for this scenario are largely 
driven by challenges in human factors and limits to automated driving system perception 
technology. In a Level 2 CAV, a human is still responsible for the Dynamic Driving Task (DDT) 
and Object and Event Detection and Response (OEDR) of this feature. This means the human 
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should take over control in cases where the feature may have difficulties operating. However, 
human factors are a key challenge in L2 systems. Human drivers may become over-reliant on 
the system, and not be prepared to take over control when they are needed. Steps to improve 
driver awareness and attentiveness, especially in environments that may pose the biggest 
challenges to automation system performance, can help address these human factors 
challenges. Areas where the system cannot operate, such as toll booths would need to be either 
mapped in advance or detected by the system.  

The feature uses first-generation sensors, which have challenges perceiving certain aspects of 
infrastructure. Machine vision cameras are used to detect lane markings and signage; therefore, 
it is important that this roadway infrastructure is visible and in good condition. Cameras are 
dependent on ambient light to detect infrastructure components and do not perform well in 
glare, fog, or other poor weather conditions. Therefore, AV deployment of L2 autopilot features 
will benefit from efforts to make infrastructure more easily perceived by machine vision in a 
variety of lighting and weather conditions, such as lane markings that are wider, higher contrast, 
more retroreflective, and well maintained. In areas with winter weather, frozen precipitation 
build-up on signs may result in those signs not becoming readable by machine vision. While, 
first-generation radar systems have a long range and perform well in most weather conditions, 
they have relatively low accuracy and may be negatively impacted by certain road geometry. 
Radar systems are critical for detecting other road users and obstacles.  

Early L2 partially autopilot features have had reports of performance issues in areas with 
horizontal and vertical road curves. This may be due in part to limitations of sensor packages. 
Line-of-sight of the perception system may be challenged by low mounting positions. Cameras 
and radar are less accurate than Lidar, which reduces the accuracy of road geometry detection. 
Windy roads pose challenges for these AV features, and revisiting standards related to line-of-
sight may benefit safety of these vehicles. GPS and navigation systems are also vital to the 
operation of this CAV feature. Areas of degraded GPS coverage, such as geological and urban 
canyons, may negatively impact system performance.  

Connectivity (i.e., V2V and V2I communications) could provide vital information to the vehicle 
such as speed limits, maps, and weather conditions. Connectivity can help overcome limitations 
of the perception systems and achieve greater benefits from automation, but investments in this 
infrastructure will need to prioritize areas where the most benefit can be gained. Partnerships 
between technology companies and transportation agencies can help understand needs and 
impacts and execute successful deployments that achieve benefits. For example, Ford Motor 
Company, Qualcomm, and Panasonic are working with CDOT to deploy CV infrastructure in a 
three-staged process that prioritizes managed lanes and connected signalized intersections to 
achieve CDOT’s safety and efficiency goals. Some of the CV applications that could benefit L2 
partially automated autopilot include spot weather warning, roadway departure warning, queue 
warning, and dynamic speed harmonization. 

2.1.2 L2 Partially Automated Platooning  

Scenario Description: This feature automates lateral and longitudinal vehicle control of heavy-
duty vehicles on a highway. This may include maintaining a formation of vehicles (platoon) with 
very short following distances. This scenario focuses on first-generation technologies in the first 
phase of deployment. The ODD used for this scenario is limited to platooning corridors on 
divided highways. In addition to providing benefits to the driver and commercial operator, 
platooning operations can support capacity management goals. The predictive model 
anticipates that the wide impact benefits achieved by this feature (safety, energy savings, road 
capacity, etc.) are expected to be the main reason for expanding the market of this feature 
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rapidly more than any of the other features. It is anticipated that the market for this feature will 
rely mainly on heavy-duty vehicles for deployment, and its market share could reach 3.61 percet 
by 2025.  

CAV Features: This scenario focuses on first-generation vehicle technologies, including 
forward-facing radar, cameras, and potentially V2V communications. High frequency, reliable 
communication of vehicle intent is critical to achieving short headway distances needed to 
achieve fuel efficiency benefits in platooning. When available, connected corridors could offer 
V2I equipment to improve capacity, safety, and other aspects of operations. Since there is a 
limited degree of autonomy, a human is still required in the vehicle to ensure proper takeover in 
an emergency. Platooning is likely a catalyst for improving fuel efficiency of freight trucks on 
interstate highways. Truck platooning is currently being tested by several companies such as 
Peloton, Volvo, and others. For the vehicle to properly function, roadways must be maintained 
to ensure signage and markings can be clearly interpreted.  

Infrastructure Needs and Impacts: The feature will assist following vehicles maintain a constant 
headway and lateral alignment. The sensors on board the vehicle will need to detect 
infrastructure elements, such as lane markings, barriers, and signs, to determine proper 
heading and speed. The infrastructure requirements for this feature are largely driven by 
challenges in human factors, connectivity, and limits to automated driving system perception 
technology.  

In a Level 2 CAV, a human is still responsible for the DDT and OEDR. Human factors may be a 
key challenge for this L2 system. Steps to improve driver awareness and attentiveness, 
especially in environments that may pose the biggest challenges to automation system 
performance, can help address these human factors challenges. For example, advanced traffic 
signs, pavement markings and delineation for upcoming lane drops provide information for the 
human driver today.  

The feature still uses first-generation technologies, including radar, cameras, and DSRC, which 
may have challenges perceiving certain aspects of infrastructure. Machine vision cameras are 
used to detect lane markings and signage; therefore, it is important that this roadway 
infrastructure is visible and in good condition. Cameras are dependent on ambient light to detect 
infrastructure components and do not perform well in glare, fog, or other poor weather 
conditions. Therefore, AV deployment of L2 features will benefit from efforts to make 
infrastructure more easily perceived by machine vision in a variety of lighting and weather 
conditions, such as lane markings that are wider, higher contrast, more retroreflective, and well 
maintained.  

In platooning, the leader vehicle’s responsibilities differ from the follower’s. For the rear vehicle, 
the radar and camera are critical for measuring distances, and connectivity provides information 
about the lead vehicle’s future speed, which is critical for maintaining the headway and lateral 
position. Look-ahead information about traffic disruptions, such as congestion or emergency 
vehicles, can help improve coordination between vehicles in a platoon.  

Connectivity can provide additional information that improves freight operations and safety in 
targeted areas. For example, wind gusts exceed 65 mph and crash rates are 3 to 5 times higher 
during the winter (compared to the summer) on Wyoming roadways that are over 6,000 feet in 
elevation. The Connected Vehicle Pilot Deployment project in Wyoming is developing 
applications that use V2I and V2V connectivity to support a range of services from advisories, 
including roadside alerts, parking notifications and dynamic travel guidance, to help reduce the 
number of blow over and adverse weather-related incidents in the corridor to improve safety and 
reduce incident-related delays along I-80. L2 heavy-duty vehicle features could benefit from 
these types of applications. 
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2.1.3 L3 Conditional Automated Traffic Jam Drive  

Scenario Description: The Traffic Jam Drive (TJD) feature functions on divided highways when 
there are congested roadways with slow-moving traffic. This feature is already deployed in 
Europe (i.e., Audi A8), and based on the predictive model, this feature is expected to begin 
entering the US market during 2020-2021. This feature is expected to reach a market 
penetration rate of 8.5 percent by 2025.  

CAV Features: This feature is expected to include a slightly more advanced set of technologies 
than the autopilot and platooning features, such as a sensor suite containing Lidar, radar, 
ultrasonic, and cameras. This CAV feature will operate in a limited ODD. For example, Audi’s 
fourth-generation TJD pilot requires a vehicle directly ahead of it, though there is no exchange 
of data required between the vehicles. It also requires a line of slow-moving vehicles in the lane 
next to it, and clear roadway edges. This feature may have a maximum speed of approximately 
37 mph.  

Infrastructure Needs and Impacts: From the infrastructure perspective, this feature has some 
key limitations, such as depending on surrounding vehicles and having clear roadway edges. 
There are also potential challenges around changes to the roadway and not being able to 
navigate around disabled vehicles or during poor weather conditions. The feature will benefit 
from real-time crash, traffic, or weather data to support the TJD function.  

The feature uses Lidar and ultrasonic sensors, which improve the accuracy, coverage, and 
reliability of the perception system compared to the previous two scenarios discussed in this 
section. The same sensor challenges from those two features still apply, but the feature should 
be more resilient to those challenges. Furthermore, the dependence on surrounding cars to help 
navigate (i.e., the requirement to have a car in front and cars to the side) decreases the 
dependence on sensors for lane detection. Still, the L3 feature must detect the roadway edge 
based on pavement markings, barriers, guard rails, or other delineation. To improve functionality 
of these systems, IOOs may wish to inventory and maintain clear roadway edges. 

In a Level 3 CAV, a human is not responsible for the DDT and OEDR but must be prepared to 
take over control of the vehicle when signaled by the TJD feature. TJD is designed for a vehicle 
operating in a densely occupied area.  

The feature may benefit from real-time message updates for weather, traffic, and other 
changing conditions. In heavily congested areas, IOOs may consider investments for 
connectivity. Additionally, connectivity such as V2I communications could provide vital 
information to the vehicle such as work zones and incapacitated vehicles. As the market 
penetration of this L3 TJD feature increases to 8.5 percent in 2025, more safety and operational 
benefits can be achieved. GPS and navigation systems are vital to the operation of this CAV 
feature, and may be negatively impacted by geologic and urban canyons. 

2.1.4 L3 Conditional Automated Highway Drive  

Scenario Description: This scenario focuses on the second generation of CAV technologies 
where a medium-term deployment may interact with other CAVs and various infrastructure 
elements on the roadway. Based on the predictive model, it is expected that this feature will not 
hit US roads for commercial use prior to 2020. However, upon deployment, this feature’s market 
is expected to grow at a pace relatively faster than the initial growth pace of the TJD. Though 
the feature depends on advanced sensing technologies, it will depend on several infrastructure 
elements that not only provide data (environmental and perception) but also connectivity with 
other CAVs in the traffic stream.  
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CAV Feature: Onboard features include ADAS-enabling technologies such as forward-facing 
cameras, a radar array and perception sensors such as Lidar to provide additional input for 
navigation. In this L3 CAV, advanced sensors and perception algorithms are expected to 
respond to more dynamic environments. However, the driver is still responsible for the DDT and 
OEDR under certain conditions. This feature likely operates in a highway environment, at high 
speeds (e.g., 45-75 mph), and in clear or dry weather conditions.  

Infrastructure Needs and Impacts: Since this scenario focuses on highway operation, it depends 
on highway infrastructure elements. These typically include pavement markings, barriers, 
signage, dynamic message signs, vehicle detectors, ramp meters and weather sensors.  

Conditional automated highway drive is designed for a vehicle to act without input from the 
driver on highways, provided certain conditions (e.g., clear road weather conditions) are met. 
The system is also able to overtake slower vehicles or merge at highway junctions. This would 
require connectivity such as V2V and V2I communications to ensure safe operation. These 
communications mainly provide vital information to the vehicle such as speed limit, speed of 
adjacent vehicles, work zones, presence of emergency vehicles, weather conditions and 
roadway geometry. GPS and navigation systems aid the operation of this CAV feature and will 
gain from digital infrastructure such as high-definition maps or dynamic work zone updates via 
infrastructure sensors and relays.  

The second-generation sensors shared in this scenario continue to have improvements over its 
predecessors when perceiving certain aspects of infrastructure. Camera vision will be used in 
perceiving, classifying, and responding to roadway features (barriers, lane markings and 
signage) and other obstruction in the environment. It may also include new perception sensors 
such as Lidar to interpret dynamic traffic conditions and events. Anticipated advancements in 
perception algorithms may allow for roadway signs and markings to interpret degraded, and 
even obstructed, physical elements. However, it is still important that the infrastructures remain 
as machine readable as possible in a variety of lighting conditions. Additionally, second-
generation sensors, such as radar systems, may be equipped to resolve challenges discovered 
from their preceding technology, such as performance issues in areas with horizontal and 
vertical road curvatures.  

Thus, it is important for IOOs to frequently monitor the above-mentioned infrastructure elements 
on a regular basis to make sure they are adding value to CAVs. For example, highway speed 
limit or merge sign recognition is influenced by several factors besides algorithms, including 
degradation, weather, lighting, and angle. The color of the sign fades with time because of long 
exposure to sunlight, so it is important to consider when a sign must be replaced. Visibility is 
affected by weather conditions such as rain and clouds. The color information is very sensitive 
to the variations of the light conditions such as shadows, clouds, and the sun. It can be affected 
by the illuminant color (daylight), illumination geometry, and viewing angle. Poorly maintained 
infrastructure (e.g., lane markings) could result in more frequent disengagements, while well-
maintained infrastructure could result in less frequent disengagements.  

The state departments of transportation (DOTs), maintenance operators, transportation 
consulting agencies and system integrators will play a major role in designing, installing, and 
maintaining infrastructure elements that will benefit CAV features. When construction, repair or 
maintenance operations are planned, state DOTs and contractors will be responsible to share 
necessary information to digital infrastructure operators to update dynamic maps and update 
necessary speed data on roadway infrastructure sensors that communicate speed limits to 
vehicles. Additional infrastructure elements such as providing advance work zone informational 
messages and signing on approach to a work area will benefit CAV operations. 
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2.1.5 L4 Highly Automated Vehicle/Transportation Network Companies  

Scenario Description: This feature will change transportation choices in urban areas and central 
business districts when deployed. This feature is already being deployed in some areas, 
Transportation Network Companies (TNCs) investing in developing this technology further 
support the evidence of medium-term deployment. Based on the predictive model, Highly 
Automated Vehicles (HAVs) will start hitting US roads during 2021. With more manufacturers 
offering their first L4 models, during 2021 through 2024, the rate of market growth will keep 
increasing until 2025 to 2026. Beyond 2026, this feature is expected to increase at a steady rate 
and reach market share of 19 percent by 2030. Based on the predictive model forecasts, this 
feature would need noteworthy investments in charging infrastructure as these HAVs are 
expected to be fully electric. This feature is expected to alleviate the demand on parking 
infrastructure as well. Furthermore, since this feature will operate in a mixed environment 
(sharing the road with legacy vehicles), support from existing physical and digital infrastructure 
is important.  

CAV Feature: At L4 Automation, human factors issues are not as pertinent, since the vehicle 
operates without any expectation that the driver will respond to a request to intervene. Typical 
features expected for a highly automated L4 vehicle include an advanced perception sensor 
suite, containing an array of cameras, radar, and Lidar as well as onboard V2X communication 
systems to enable connectivity between the vehicle, its environment, and users. The automated 
driving system is responsible for the DDT and OEDR of this feature within its ODD. Since the 
vehicle will interact as a mobility on-demand asset, communications between the vehicle and 
occupant must be robust to operate effectively. This feature will benefit from high-definition (HD) 
maps with dynamic traffic elements, such as congestion, road closures, work zones, toll roads, 
etc. to provide a safe and efficient routing.  

Infrastructure Needs and Impacts: The infrastructure requirements for this feature are largely 
driven by connectivity requirements in Phase 2 deployment and challenges involved in driving in 
complex urban environments. The feature will likely need information about the infrastructure 
(pavement markings, speed limit, roadway signs, dynamic messaging, and roadway conditions), 
through sensing and perception or digital maps, for safe operation.  

Since the feature is expected to operate in both urban and rural locations within a state, they are 
likely to interact with traffic signals, complicated roadway geometry (e.g., roundabouts), 
pedestrians, stop-sign controlled intersections, legacy vehicles and potentially, animals. Thus, 
connectivity such as V2I, V2V and in general V2X is critically important on a reliable 
communication network.  

The feature uses second-generation sensors, which have improvements over their predecessor 
when perceiving certain aspects of infrastructure. Machine vision is used to detect lane 
markings and signage, but with anticipated advancements with image processing and 
perception algorithms, degraded roadway signs and pavement markings and even obstructed 
physical elements may still be interpreted by the camera. It is still important to note that the 
infrastructure pavement markings and signs will still need appropriate maintenance, as HD 
mapping capabilities have not fully matured yet. Advancements in cameras have improved their 
ability to perceive lane markings, signage, and classifying objects. Therefore, while the second 
generation of L4 CAV features could benefit from efforts to make infrastructure more easily 
perceived by machine vision in a variety of lighting and weather conditions, slight degradation 
may not impact operations. Second-generation radar systems have improved accuracy when 
compared to their first-generation counterparts, but accuracy issues persist. Radar systems are 
critical for detecting other road users and obstacles, and this is particularly important when 
operating in an urban environment.  
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Second-generation Lidar systems still have perception issues in fog and inclement weather. 
Lidar is critical for detecting pedestrians. Flashing fog lights could be placed near pedestrian 
crosswalks in city centers, so the vehicle is aware that there may be pedestrians nearby and to 
proceed with caution.  

Since this feature operates in both urban and rural areas, state DOTs, county agencies, city 
traffic departments, communication network operators, and contractors and system integrators 
are likely to play an important role in deploying and maintaining existing infrastructure and 
potentially design and deploy new infrastructure elements with connectivity features.  

Connectivity (i.e., V2V, V2I and V2X communications) could provide vital information to the 
vehicle such as speed limits, signal timing, weather, and road closures to help improve 
operations, such as by providing efficient and safe routing. Connectivity can help overcome 
limitations of the perception systems and achieve greater benefits from automation.  

2.1.6 L4 Highly Automated Low-Speed Shuttle  

Scenario Description: As technology matures, low-speed automated shuttles traveling below 37 
mph have the potential to disrupt urban areas. These shuttles are expected to be a low-cost 
implementation in controlled and geofenced areas, such as an academic facility, and may be 
expected to be used in the near term. Phase 2 of this feature introduces fixed-route operation in 
a central business district. These features are already on today’s roads (Bloom, 2018), (Daniel, 
2018) (WINK News, 2018). Based on the predictive model, approximately two-thirds of all 
domestic pilots and demonstrations were announced since the beginning of 2017 (FHWA 2018); 
more pilots are expected to target more than 50 US cities within the next 5 years. This is mainly 
due to the controlled environment, fixed routes, and low speed in which these shuttles operate, 
which encourages testing this technology with fewer concerns about the safety of the riders. 
This scenario would engage in typical challenges experienced in a densely populated zone—
pedestrian traffic, other road users (cyclists, light duty, and other transit vehicles), potential work 
zones, and noisy (high data-traffic) roadways.  

CAV Feature: Features for a highly automated low-speed shuttle include a sensor perception 
suite containing cameras, an array of radar, ultrasonic sensors, and Lidar to help navigate in a 
densely populated and dynamic ODD. The automated driving system is responsible for the DDT 
and OEDR of this feature within its ODD. These sensors may need to interpret unique signals 
from both fixed signage and humans occupying the same road (cyclists signaling to turn, 
crossing guards providing direction, pedestrian hand signals queueing to cross, etc.). The 
reliance on connectivity and mapping services must be factored into the scenario, as routes 
may need to be shared with occupants with their mobile device.  

Infrastructure Needs and Impacts: The infrastructure requirements for this feature are largely 
driven by connectivity requirements in Phase 2 deployment and challenges in driving in urban 
environments. This low-speed shuttle scenario is different from the TNC scenario in that it 
operates on fixed routes in urban environments. Furthermore, these routes are mainly 
geofenced to limit the range of interaction with different types of physical infrastructure. Thus, 
connectivity such as V2I, V2V and in general V2X is critically important on a reliable 
communication network. This connectivity will provide the low-speed shuttles with information 
on traffic signals that conflict with pedestrian phases, speed limits, signage, traffic data, weather 
information, and road closures for efficient and safe routing.  

Like the previous scenario, maintaining infrastructure elements such as pavement markings and 
signage is important as HD mapping capabilities have not fully matured yet and the low-speed 
shuttles will rely on their sensor suite to perceive their environments through the physical 
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infrastructure. Dedicated stations for picking and dropping passengers may be a need to 
facilitate safe operation. Since these are low-speed autonomous shuttles, county and city 
agencies may plan for dedicated lanes further reducing the dependence on physical and digital 
infrastructure. These shuttles may be electrically powered and are anticipated to need 
appropriate charging facilities to operate routinely.  

Eventually, an expanded automated shuttle service could augment the larger buses to serve 
more lightly traveled routes or in some of the more congested areas of campus. The Navya 
shuttles, as well as smaller vehicles, could also be used for on-demand mobility services to get 
students around at night or in poor weather. Thus, these shuttles can benefit from getting real-
time weather information, traffic data, traffic-signal information and transit bus schedule updates 
and road closure information from physical infrastructure. 

2.2 Performance Factors 

The performance factors used in the gap analysis include: 

Traffic Control Devices 

• Detection capability – fair weather: the ability of the system to detect the traffic control 
device under fair weather conditions (good visibility) 

• Detection capability – Inclement weather (rain/snow): the ability of the system to detect 
the traffic control device under inclement weather conditions, including during 
precipitation or fog/low visibility conditions 

• Detection capability – low light: the ability of the system to detect the traffic control 
device under low-light conditions 

• Interpretation of sign messages: the ability of the system to read and properly interpret 
the sign message from roadside traffic signs 

• Condition of materials: the condition of the traffic control device material, including the 
level of wear and degradation of retro-reflectivity 

• Consistency of application: the consistency with which IOOs apply traffic control devices, 
in terms of their use and location of application 

• Consistency of materials: the consistency of traffic control device materials used by 
IOOs 

• Obscuring of signage: The extent to which readability of signage may be impacted by 
external factors.  

• Work zone data availability: the extent to which data regarding work zone presence, 
location and characteristics is available to third parties, and the accuracy of that data 

Traffic Signals 

• Backhaul communications availability: the extent to which traffic signals are connected to 
communications allowing them to be remotely accessible 

• Central system management: the extent to which traffic signals are connected to a 
central system for control and management 
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• V2I capability: the degree to which traffic-signal locations have V2I radio 
communications capabilities 

• SPaT-compatible controller availability: the extent to which existing traffic-signal 
controllers are capable of outputting a standard SPaT message suitable for broadcast to 
nearby vehicles 

Other ITS/V2I Communications Infrastructure 

• Consistency of deployment: the extent to which the characteristics and capabilities of 
communications infrastructure are consistent from location to location 

• Central device management: the availability and extent of use of central device 
management systems for controlling and maintaining field technology 

• Data management systems: the availability of data management systems to support 
collection, retention, and analytics of a variety of transportation datasets, including CV 
messages 

• Extent of coverage: the availability of ITS and communications infrastructure across 
nation’s roadway system 

Roadway and Bridge Infrastructure 

• Availability of pavement condition data: the availability of high-resolution pavement 
condition data suitable for CAV navigation and condition warning 

• Availability of weather-related roadway surface condition data: the availability of data to 
support safety-related applications tied to surface condition of the roadways due to 
precipitation and temperature 

• Bridge design supports truck platooning: the extent to which bridges are sufficient to 
support the dynamic loading requirements for truck platooning 

• Edge detection – paved/unmarked: the ability of the system to detect a roadway edge 
when pavement markings are not present on a paved roadway, such as the case of a 
curb or a minor street with no edge delineation 

• Edge detection – unpaved: the ability of the system to detect a roadway edge when the 
roadway is unpaved and, thus, unmarked 

2.3 Scenario Gap Analysis 

Tables 2-2 – 2-7 includes a gap analysis for each scenario which identifies: 

• Infrastructure components of interest 

• Relevance of that infrastructure to the scenario 

• Performance features related to that infrastructure 

• Condition/gaps associated with infrastructure relative to needs of the AV scenario 
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Table 2-2:  L2 Partially Automated Autopilot Scenario Gap Analysis 

 
Infrastructure Relevance to the Scenario Performance Factors Condition/Gaps 

TRAFFIC CONTROL DEVICES 

Pavement 
Markings 

In this scenario, the automated 
driving system is expected to 
provide longitudinal and lateral 
control for partially automated 
autopilot on divided highways with 
mixed traffic, including lane and 
speed maintenance and lane 
changing functions, relying largely 
on forward-facing cameras and 
radar. The vision systems need to 
accurately detect pavement 
markings including edge-lines, 
lane lines, theoretical gores, 
symbols, and other markings. 
However, the driver is still 
responsible for the Dynamic 
Driving Task (DDT) and Object 
and Event Detection and 
Response (OEDR) in certain 
situations. 

Detection capability – fair 
weather 

• CAV sensors are in their early stages of development and have some limitations: 

• Performance issues exist on roadways with horizontal and vertical curves (especially winding roads). 

• Line-of-sight of the perception system may be challenged by low mounting positions.  

• Cameras and radar are less accurate than Lidar, which reduces the accuracy of road geometry detection.  

• Sensors have difficulty reading white pavement markings on light colored pavements (new concrete). 

• Skip lines with inconsistent width and length (including gaps)  

Detection capability – 
Inclement weather 
(rain/snow) 

• In snow and ice regions, maintenance by IOOs (snow and ice) is not always adequate to ensure exposure of markings during inclement 
weather.  

• Use of wet-weather retro-reflectivity materials is not standardized nationally. 

• Minimum retro-reflectivity standards and guidance language are anticipated in 2020 MUTCD for owners utilize (4-year compliance date from 
effective date of the revision to the MUTCD). 

• Differences in IOOs maintaining minimum retro-reflectivity levels are anticipated in the upcoming 2020 MUTCD. 
Detection capability – low 
light 

• Minimum retro-reflectivity standards and guidance language are anticipated in 2020 MUTCD for owners to utilize (4-year compliance date 

from effective date of the revision to the MUTCD).  

• Differences in IOOs maintaining minimum retro-reflectivity levels are anticipated in the upcoming 2020 MUTCD. 
Condition of materials • Asset management and condition data on pavement markings was found to be very limited.  

• Minimum requirements in terms of the visual presence of the marking, including percentage of line on the roadway, color, vary by IOO. 
Consistency of application • All owner agencies have their own standards for applying pavement markings within the range allowable by the MUTCD. 

• IOO standards dimensions for markings, while conforming with the MUTCD, are inconsistent between jurisdictions and in some case, 
within jurisdictions: 4-inch to 6-inch width for long lines; 6-inch preferred by the Society of Automotive Engineers 

• Skip lines with inconsistent width and length (including gaps)  

Consistency of materials • Inconsistency by owner as to the material type (long-life markings or paint), which vary in terms of their machine readability in different light 
conditions  

Signage In this scenario, the automated 
driving system needs to accurately 
detect and interpret regulatory 
signs in order to comply with 
speed limits and other regulatory 
guidance in areas with gaps in 
map information. However, the 
driver is still responsible for the 
Dynamic Driving Task (DDT) and 
Object and Event Detection and 
Response (OEDR) in certain 
situations. 

Detection capability – fair 
weather 

• CAV sensors are in their early stages of development and have some limitations: 

• Performance issues on roadways exist with horizontal and vertical curves (especially winding roads). 

• Line-of-sight of the perception system may be challenged by low mounting positions.  

• Cameras and radar are less accurate than Lidar, which reduces the accuracy of road geometry detection.  
Detection capability – 
Inclement weather 
(rain/snow) 

• In snow and ice regions, (snow and ice) deter readability of signs during inclement weather.  

• Differences exist in IOOs maintaining minimum retro-reflectivity levels in the 2009 MUTCD. 

Detection capability – low 
light 

• Differences exist in IOOs maintaining minimum retro-reflectivity levels in the 2009 MUTCD. 

Interpretation of sign 
messages  

• The machine interpretation of signs has been found to be impacted by factors such as sign color, the use of symbology or letter messaging, 
and other factors. Research on these factors for signs in the US is not complete. 

Condition of materials • Wide-scale condition data on traffic signs in the US is limited. 

• Minimum requirements for the visual presence of the sign including, color (within the color box) and minimum retro-reflectivity, vary by IOO.  
Consistency of application • IOO standards for sign placement and color, while conforming with the MUTCD, are inconsistent between jurisdictions and in some case, 

within jurisdictions: 
o Spacing of signs 
o Color of sign types 

Obscuring of signage • Vandalism of signage impacts detection and machine interpretation. 

• Foliage growth may impact visibility of signage and machine interpretation if partially or fully obscured.  
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Infrastructure Relevance to the Scenario Performance Factors Condition/Gaps 

Work Zones TCDs In this scenario, the automated 
driving system needs to accurately 
detect and interpret the work zone 
traffic control devices in order to 
safely navigate the work zone, 
including signage, markings, and 
special hazard delineation devices. 
However, the driver is still 
responsible for the Dynamic 
Driving Task (DDT) and Object 
and Event Detection and 
Response (OEDR) in certain 
situations. 

Work zone data availability  • IOOs have different processes for gathering and sharing work zone data. 

• Real-time data is limited, particularly for short-term work zones. 

• Data today is not at a sufficient resolution to aid in automated driving system navigation through a work zone, in terms of both specificity 
(e.g., specific lane closure location and configuration) and GPS coordinate accuracy. 

• There is no common data format for describing work zones.  

Consistency of application • Within the MUTCD, all owner agencies have their own standards for applying sign installation. 

• Within the MUTCD, all owner agencies have their own standards for applying WZ device installation. 

TECHNOLOGY AND COMMUNICATIONS 

Traffic Signals Traffic signals are not relevant to 
this scenario. 

  

Other ITS/V2I 
Communications 

In this scenario, the automated 
driving system may require 
additional information regarding 
infrastructure or external 
conditions, such as weather. In 
addition to broadcast (cellular, Wi-
Fi, etc.) media, direct V2I 
communications may be needed to 
support this exchange of data, 
particularly for critical safety 
warnings which are highly location 
or time specific. 

Consistency of deployment  • ITS deployment characteristics (e.g., locations, spacing of devices, types of devices) are highly variable by agency, and vary between urban 
and rural areas. 

• Communications mechanisms vary for each deployment and may include wireline (e.g., fiber optic), wireless or leased services, each with 
different bandwidth and speed capabilities. 

Extent of coverage • While there is significant data on ITS assets around the US, the associated communications to those devices is not well understood, and 
tracking varies between IOOs. 

• Asset management for ITS devices is less inconsistent than signing and pavement markings. To help address this challenge, in 2019, the 
FHWA initiated the project, “Applying Transportation Asset Management to Traffic Signals and Intelligent Transportation Systems,” which 
will develop guidelines for applying asset management principles to Transportation System Management and Operations assets. 

Central device 
management  

• Management of V2I devices requires a central system to support device configuration, management, and performance monitoring. 

• Commercial management systems are very limited at this time. 

Data management systems • There is a wide range of data generated from ITS devices without standardized practice for processing and operationalizing it.  

• There are few if any commercial systems which integrate CV datasets or employ those to provide enhanced applications. 

Cellular In this scenario, the automated 
driving system will require 
additional information regarding 
infrastructure – in particular 
acquisition of digital mapping 
assets. Given its range and extent 
of coverage, cellular is anticipated 
to support data transfer for 
elements that are not safety-critical 
or highly time sensitive in nature. 

Extent of coverage • 4G/LTE service is available today from at least one carrier over nearly 85% of roadway miles in the US. 

• 5G cellular service at this time is limited to small geographic pilot locations. 

ROAD AND BRIDGE INFRASTRUCTURE 

Roadway Surface In this scenario, the automated 
driving system is expected to 
provide longitudinal and lateral 
control for partially automated 

Availability of pavement 
condition data 

• General pavement condition data is widely available due to Federal reporting requirements; however, the available data does not include 
precision location of pavement surface hazards, such as potholes, which may be needed by AVs to safely operate on a deteriorated 
roadway. 

• There is no standardization of high-resolution pavement surface hazard data.  
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Infrastructure Relevance to the Scenario Performance Factors Condition/Gaps 

autopilot on divided highways with 
mixed traffic, including lane and 
speed maintenance and lane 
changing functions, relaying 
largely on forward-facing cameras 
and radar. In order to operate in 
some environments, the 
automated driving system may 
need data related to the roadway 
condition in order to operate 
safely. 

Availability of weather-
related roadway surface 
condition data 

• Availability of road weather data is variable, as it is location-specific and highly dependent on supportive sensor infrastructure. 

• There is potential for vehicles to serve as weather probe data collectors to support road weather data gathering, but there is a lack of fleet 
penetration of equipped vehicles today to make this a viable data source at scale,  

Bridges Bridge condition and load 
characteristics are not relevant to 
this scenario. 

N/A N/A 
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Table 2-3: L2 Partially Automated Platooning Scenario Gap Analysis 

Infrastructure Relevance to the Scenario Performance Factors Condition/Gaps 

TRAFFIC CONTROL DEVICES 

Pavement 
Markings 

In this scenario, the automated 
driving system is expected to 
provide longitudinal and lateral 
control for heavy-duty vehicles on 
a divided highway (platooning 
corridor), including lane and speed 
maintenance and lane changing 
functions, relaying largely on 
forward-facing cameras and radar. 
The vision systems need to 
accurately detect pavement 
markings including edge-lines, 
lane lines, theoretical gores, 
symbols, and other markings. 
However, the driver is still 
responsible for the DDT and 
OEDR under certain conditions. 

Detection capability – fair 
weather 

• CAV sensors are in their early stages of development and have some limitations: 

• Performance issues exist on roadways with horizontal and vertical curves (especially winding roads). 

• Line-of-sight of the perception system may be challenged by low mounting positions.  

• Cameras and radar are less accurate than Lidar, which reduces the accuracy of road geometry detection.  

• Sensors have difficultly reading white pavement markings on light colored pavements (new concrete). 

• Skip lines with inconsistent width and length (including gaps)  
Detection capability – 
Inclement weather 
(rain/snow) 

• In snow and ice regions, maintenance by IOOs (snow and ice) not always adequate to ensure exposure of markings during inclement 
weather.  

• Use of wet-weather retro-reflectivity materials is not standardized nationally. 

• Minimum retro-reflectivity standards and guidance language are anticipated in 2020 MUTCD for owners to utilize (4-year compliance date 
from effective date of the revision to the MUTCD). 

• Differences in IOOs maintaining minimum retro-reflectivity levels are anticipated in the upcoming 2020 MUTCD. 

Detection capability – low 
light 

• Minimum retro-reflectivity standards and guidance language are anticipated in 2020 MUTCD for owners utilize (4-year compliance date from 

effective date of the revision to the MUTCD).  

• Differences in IOOs maintaining minimum retro-reflectivity levels are anticipated in the upcoming 2020 MUTCD. 

Condition of materials • Asset management and condition data on pavement markings was found to be very limited.  

• Minimum requirements in terms of the visual presence of the marking, including percentage of line on the roadway, color, vary by IOO. 

Consistency of application • All owner agencies have their own standards for applying pavement markings within the range allowable by the MUTCD. 

• IOO standards dimensions for markings, while conforming with the MUTCD, are inconsistent between jurisdictions and in some case, 
within jurisdictions: 4-inch to 6-inch width for long-lines; 6-inch preferred by SAE. 

• Skip lines with inconsistent width and length (including gaps)  
Consistency of materials • Inconsistency by owner as to the material type (long-life markings or paint), which vary in terms of their machine readability in different light 

conditions.  

Signage In this scenario, the automated 
driving system needs to accurately 
detect and interpret regulatory 
signs in order to comply with 
speed limits and other regulatory 
guidance in areas with gaps in 
map information. However, the 
driver is still responsible for the 
DDT and OEDR under certain 
conditions. 

Detection capability – fair 
weather 

• CAV sensors are in their early stages of development and have some limitations: 

• Performance issues on roadways with horizontal and vertical curves (especially winding roads). 

• Line-of-sight of the perception system may be challenged by low mounting positions.  

• Cameras and radar are less accurate than Lidar, which reduces the accuracy of road geometry detection.  

Detection capability – 
Inclement weather 
(rain/snow) 

• In snow and ice regions, (snow and ice) deters readability of signs during inclement weather.  

• Differences exist in IOOs maintaining minimum retro-reflectivity levels in the 2009 MUTCD. 

Detection capability – low 
light 

• Differences exist in IOOs maintaining minimum retro-reflectivity levels in the 2009 MUTCD. 

Interpretation of sign 
messages  

• The machine interpretation of signs has been found to be impacted by factors such as sign color, the use of symbology or letter messaging, 
and other factors. Research on these factors for signs in the US is not complete. 

Condition of materials • Wide-scale condition data on traffic signs in the US is limited. 

• Minimum requirements for the visual presence of the sign including, color (within the color box) and minimum retro-reflectivity, vary by IOO.  

Consistency of application • IOO standards for sign placement and color, while conforming with the MUTCD, are inconsistent between jurisdictions and in some case, 
within jurisdictions. 
o Spacing of signs 
o Color of sign types 

Obscuring of signage • Vandalism of signage impacts detection and machine interpretation. 

• Foliage growth may impact visibility of signage and machine interpretation if partially or fully obscured.  
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Infrastructure Relevance to the Scenario Performance Factors Condition/Gaps 

Work Zones TCDs In this scenario, the automated 
driving system needs to accurately 
detect and interpret the work zone 
traffic control devices in order to 
safely navigate the work zone, 
including signage, markings, and 
special hazard delineation devices. 
However, the driver is still 
responsible for the DDT and 
OEDR under certain conditions. 

Work zone data availability  • IOOs have different processes for gathering and sharing work zone data. 

• Real-time data is limited, particularly for short-term work zones. 

• Data today is not at a sufficient resolution to aid in automated driving system navigation through a work zone, in terms of both specificity 
(e.g., specific lane closure location and configuration) and GPS coordinate accuracy. 

• There is no common data format for describing work zones.  

Consistency of application • Within the MUTCD, all owner agencies have their own standards for applying sign installation. 

• Within the MUTCD, all owner agencies have their own standards for applying WZ device installation. 

TECHNOLOGY AND COMMUNICATIONS 

Traffic Signals Traffic signals are not relevant to 
this scenario. 

  

Other ITS/V2I 
Communications 

In this scenario, the automated 
driving system may require 
additional information regarding 
infrastructure or external 
conditions, such as weather. In 
addition to broadcast (cellular, Wi-
Fi, etc.) media, direct V2I 
communications may be needed to 
support this exchange of data, 
particularly for critical safety 
warnings which are highly location 
or time specific. 

Consistency of deployment  • ITS deployment characteristics (e.g., locations, spacing of devices, types of devices) are highly variable by agency, and vary between urban 
and rural areas. 

• Communications mechanisms vary for each deployment and may include wireline (e.g., fiber optic), wireless or leased services, each with 
different bandwidth and speed capabilities. 

Extent of coverage • While there is significant data on ITS assets around the US, the associated communications to those devices is not well understood, and 
tracking varies between IOOs. 

• Asset management for ITS devices is less inconsistent than signing and pavement markings. To help address this challenge, in 2019, the 
FHWA initiated the project, “Applying Transportation Asset Management to Traffic Signals and Intelligent Transportation Systems,” which 
will develop guidelines for applying asset management principles to Transportation System Management and Operations assets. 

Central device 
management  

• Management of V2I devices requires a central system to support device configuration, management, and performance monitoring. 

• Commercial management systems are very limited at this time. 

Data management systems • There is a wide range of data generated from ITS devices without standardized practice for processing and operationalizing it . 

• There are few if any commercial systems that integrate CV datasets or employ those to provide enhanced applications. 
Cellular In this scenario, the automated 

driving system will require 
additional information regarding 
infrastructure – in particular 
acquisition of digital mapping 
assets. Given its range and extent 
of coverage, cellular is anticipated 
to support data transfer for 
elements that are not safety-critical 
or highly time sensitive in nature. 

Extent of coverage • 4G/LTE service is available today from at least one carrier over nearly 85 percent of roadway miles in the US. 

• 5G cellular service at this time is limited to small geographic pilot locations. 
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Infrastructure Relevance to the Scenario Performance Factors Condition/Gaps 

ROAD AND BRIDGE INFRASTRUCTURE 

Roadway Surface In this scenario, the automated 
driving system is expected to 
provide longitudinal and lateral 
control for heavy-duty vehicles on 
a divided highway (platooning 
corridor), including lane and speed 
maintenance and lane changing 
functions, relaying largely on 
forward-facing cameras and radar. 
In order to operate in some 
environments, the automated 
driving system may need data 
related to the roadway condition in 
order to operate safely. 

Availability of pavement 
condition data 

• General pavement condition data is widely available due to federal reporting requirements; however, the available data does not include 
precision location of pavement surface hazards, such as potholes, which may be needed by AVs to safely operate on a deteriorated 
roadway. 

• There is no standardization of high-resolution pavement surface hazard data.  

Availability of weather-
related roadway surface 
condition data 

• Availability of road weather data is variable, as it is location-specific and highly dependent on supportive sensor infrastructure. 

• There is potential for vehicles to serve as weather probe data collectors to support road weather data gathering, but there is a lack of fleet 
penetration of equipped vehicles today to make this a viable data source at scale.  

Bridges In this condition, bridge condition is 
a particularly critical factor in 
deploying Driver Assistive Truck 
Platooning (DATP) applications, 
which use CV technologies and AV 
functions that allow trucks to follow 
a lead vehicle at close distance. 
Operation on corridors that allow 
truck platooning is assumed.  

Availability of corridors that 
allow truck platooning 

 

• A scan of legislative activity around the US found that as of late 2018, 24 states have enacted legislation that expressly allows truck 
platooning—either as a blanket allowance or as part of limited testing or commercial deployment provisions.*  

Bridge design supports 
dynamic loading 
requirements for truck 
platooning 

• There is significant need to ensure that bridges can withstand the new types of loading that DATP would result in. 

• There is no standard practice to date on evaluating or designing for platooning loads on bridges. 

 

* https://peloton-tech.com/platooning-regulation-moving-forward/ 

https://peloton-tech.com/platooning-regulation-moving-forward/
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Table 2-4: L3 Conditional Automated Traffic Jam Drive Scenario Gap Analysis 

Infrastructure Relevance to the Scenario Performance Factors Condition/Gaps 

TRAFFIC CONTROL DEVICES 

Pavement 
Markings 

In this scenario, the automated 
driving system is expected to 
provide longitudinal and lateral 
control on divided highways when 
there are congested roadways 
where slow-moving traffic exists, 
including lane and speed 
maintenance and lane changing 
functions, relaying largely on 
forward-facing cameras and radar. 
The vision systems need to 
accurately detect pavement 
markings including edge-lines, 
lane lines, theoretical gores, 
symbols, and other markings. 
However, the driver must be 
prepared to take over control of the 
vehicle when signaled by the TJD 
feature. 

Detection capability – fair 
weather 

• CAV sensors are in their early stages of development and have some limitations: 

• Line-of-sight of the perception system may be challenged by low mounting positions.  

• Sensors have difficultly reading white pavement markings on light colored pavements (new concrete). 

• Skip lines with inconsistent width and length (including gaps).  
Detection capability – 
Inclement weather 
(rain/snow) 

• In snow and ice regions, maintenance by IOOs (snow and ice) not always adequate to ensure exposure of markings during inclement 
weather.  

• Use of wet-weather retro-reflectivity materials is not standardized nationally. 

• Minimum retro-reflectivity standards and guidance language are anticipated in 2020 MUTCD for owners utilize (4-year compliance date from 
effective date of the revision to the MUTCD). 

• Differences in IOOs maintaining minimum retro-reflectivity levels are anticipated in the upcoming 2020 MUTCD. 

Detection capability – low 
light 

• Minimum retro-reflectivity standards and guidance language are anticipated in 2020 MUTCD for owners utilize (4-year compliance date from 

effective date of the revision to the MUTCD).  

• Differences in IOOs maintaining minimum retro-reflectivity levels are anticipated in the upcoming 2020 MUTCD. 
Condition of materials • Asset management and condition data on pavement markings was found to be very limited.  

• Minimum requirements in terms of the visual presence of the marking, including percentage of line on the roadway, color, vary by IOO. 
Consistency of application • All owner agencies have their own standards for applying pavement markings within the range allowable by the MUTCD. 

• IOO standards dimensions for markings, while conforming with the MUTCD, are inconsistent between jurisdictions and in some case, 
within jurisdictions: 4-inch to 6-inch width for long-lines; 6-inch preferred by SAE. 

• Skip lines with inconsistent width and length (including gaps). 
Consistency of materials • Inconsistency by owners as to the material type (long-life markings or paint) vary in terms of their machine readability in different light 

conditions.  

Signage In this scenario, the automated 
driving system needs to accurately 
detect and interpret regulatory 
signs on divided highways when 
there are congested roadways 
where slow-moving traffic exists, in 
order to comply with speed limits 
and other regulatory guidance in 
areas with gaps in map 
information. However, the driver 
must be prepared to take over 
control of the vehicle when 
signaled by the TJD feature. 

Detection capability – fair 
weather 

• CAV sensors are in their early stages of development and have some limitations: 

• Line-of-sight of the perception system may be challenged by low mounting positions.  

• Cameras and radar are less accurate than Lidar, which reduces the accuracy of road geometry detection.  
Detection capability – 
Inclement weather 
(rain/snow) 

• In snow and ice regions, (snow and ice) deter readability of signs during inclement weather.  

• Differences existing in IOOs maintaining minimum retro-reflectivity levels in the 2009 MUTCD. 

Detection capability – low 
light 

• Differences exist in IOOs maintaining minimum retro-reflectivity levels in the 2009 MUTCD. 

Interpretation of sign 
messages  

• The machine interpretation of signs has been found to be impacted by factors such as sign color, the use of symbology or letter messaging, 
and other factors. Research on these factors for signs in the US is not complete. 

Condition of materials • Wide-scale condition data on traffic signs in the US is limited. 

• Minimum requirements for the visual presence of the sign including, color (within the color box) and minimum retro-reflectivity, vary by IOO.  

Consistency of application • IOO standards for sign placement and color, while conforming with the MUTCD, are inconsistent between jurisdictions and in some case, 
within jurisdictions. 
o Spacing of signs 
o Color of sign types 

Obscuring of signage • Vandalism of signage impacts detection and machine interpretation. 

• Foliage growth may impact visibility of signage and machine interpretation if partially or fully obscured.  
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Infrastructure Relevance to the Scenario Performance Factors Condition/Gaps 

Work Zones TCDs In this scenario, the automated 
driving system needs to accurately 
detect and interpret the work zone 
traffic control devices, within a 
connected corridor, in order to 
safely navigate the work zone, 
including signage, markings and 
special hazard delineation devices. 
However, the driver must be 
prepared to take over control of the 
vehicle when signaled by the TJD 
feature. 

Work zone data availability  • IOOs have different processes for gathering and sharing work zone data. 

• Real-time data is limited, particularly for short-term work zones. 

• Data today is not at a sufficient resolution to aid in automated driving system navigation through a work zone, in terms of both specificity 
(e.g., specific lane closure location and configuration) and GPS coordinate accuracy. 

• There is no common data format for describing work zones.  

Consistency of application • Within the MUTCD, all owner agencies have their own standards for applying sign installation. 

• Within the MUTCD, all owner agencies have their own standards for applying WZ device installation. 

TECHNOLOGY AND COMMUNICATIONS 

Traffic Signals Traffic signals are not relevant to 
this scenario. 

  

Other ITS/V2I 
Communications 

In this scenario, the automated 
driving system may require 
additional information regarding 
infrastructure or external 
conditions, such as weather. In 
addition to broadcast (cellular, Wi-
Fi, etc.) media, direct V2I 
communications may be needed to 
support this exchange of data, 
particularly for critical safety 
warnings which are highly location 
or time specific. 

Consistency of deployment  • ITS deployment characteristics (e.g., locations, spacing of devices, types of devices) are highly variable by agency, and vary between urban 
and rural areas. 

• Communications mechanisms vary for each deployment and may include wireline (e.g., fiber optic), wireless or leased services, each with 
different bandwidth and speed capabilities. 

Extent of coverage • While there is significant data on ITS assets around the US, the associated communications to those devices is not well understood, and 
tracking varies between IOOs 

• Asset management for ITS devices is less inconsistent than signing and pavement markings. To help address this challenge, in 2019, the 
FHWA initiated the project, “Applying Transportation Asset Management to Traffic Signals and Intelligent Transportation Systems,” which 
will develop guidelines for applying asset management principles to Transportation System Management and Operations assets. 

Central device 
management  

• Management of V2I devices requires a central system to support device configuration, management, and performance monitoring. 

• Commercial management systems are very limited at this time. 

Data management systems • There is a wide range of data generated from ITS devices without standardized practice for processing and operationalizing it . 

• There are few if any commercial systems which integrate CV datasets or employ those to provide enhanced applications. 
Cellular In this scenario, the automated 

driving system will require 
additional information regarding 
infrastructure – in particular 
acquisition of digital mapping 
assets. Given its range and extent 
of coverage, cellular is anticipated 
to support data transfer for 
elements that are not safety-critical 
or highly time sensitive in nature. 

Extent of coverage • 4G/LTE service is available today from at least one carrier over nearly 85% of roadway miles in the US. 

• 5G cellular service at this time is limited to small geographic pilot locations. 
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Infrastructure Relevance to the Scenario Performance Factors Condition/Gaps 

ROAD AND BRIDGE INFRASTRUCTURE 

Roadway Surface In this scenario, the automated 
driving system is expected to 
provide longitudinal and lateral 
control on divided highways when 
there are congested roadways 
where slow-moving traffic exists, 
including lane and speed 
maintenance and lane changing 
functions, relaying largely on 
forward-facing cameras and radar. 
In order to operate in some 
environments, the automated 
driving system may need data 
related to the roadway condition in 
order to operate safely. 

Availability of pavement 
condition data 

• General pavement condition data is widely available due to Federal reporting requirements; however, the available data does not include 
precision location of pavement surface hazards, such as potholes, which may be needed by AVs to safely operate on a deteriorated 
roadway. 

• There is no standardization of high-resolution pavement surface hazard data.  

Availability of weather-
related roadway surface 
condition data 

• Availability of road weather data is variable, as it is location-specific and highly dependent on supportive sensor infrastructure. 

• There is potential for vehicles to serve as weather probe data collectors to support road weather data gathering, but there is a lack of fleet 
penetration of equipped vehicles today to make this a viable data source at scale.  

Bridges Bridge condition and load 
characteristics are not relevant to 
this scenario. 

N/A N/A 
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Table 2-5: L3 Conditional Automated Highway Drive Scenario Gap Analysis 

Infrastructure Relevance to the Scenario Performance Factors Condition/Gaps 

TRAFFIC CONTROL DEVICES 

Pavement 
Markings 

In this scenario, the automated 
driving system is expected to 
provide longitudinal and lateral 
control for automated highway 
driving, including lane and speed 
maintenance and lane changing 
functions, relaying largely on 
forward-facing cameras, radar, and 
perception sensors such as Lidar. 
The vision systems need to 
accurately detect pavement 
markings including edge-lines, 
lane lines, stop bars, theoretical 
gores, symbols, and other 
markings. However, the driver is 
still responsible for the DDT and 
OEDR under certain conditions. 

Detection capability – fair 
weather 

• CAV sensors are in their early stages of development and have some limitations: 

• Performance issues on roadways with horizontal and vertical curves (especially winding roads) 

• Line-of-sight of the perception system may be challenged by low mounting positions.  

• Sensors difficult reading white pavement markings on light colored pavements (new concrete) 

• Skip lines with inconsistent width and length (including gaps).  

Detection capability – 
Inclement weather (rain) 

• Use of wet-weather retro-reflectivity materials is not standardized nationally. 

• Minimum retro-reflectivity standards and guidance language are anticipated in 2020 MUTCD for owners utilize (4-year compliance date from 
effective date of the revision to the MUTCD). 

• Differences in IOOs maintaining minimum retro-reflectivity levels are anticipated in the upcoming 2020 MUTCD. 
Detection capability – low 
light 

• Minimum retro-reflectivity standards and guidance language are anticipated in 2020 MUTCD for owners utilize (4-year compliance date from 

effective date of the revision to the MUTCD).  

• Differences in IOOs maintaining minimum retro-reflectivity levels are anticipated in the upcoming 2020 MUTCD. 
Condition of materials • Asset management and condition data on pavement markings was found to be very limited.  

• Minimum requirements in terms of the visual presence of the marking, including percentage of line on the roadway, color, vary by IOO. 
Consistency of application • All owner agencies have their own standards for applying pavement markings within the range allowable by the MUTCD. 

• IOO standards dimensions for markings, while conforming with the MUTCD, are inconsistent between jurisdictions and in some case, 
within jurisdictions. 4-inch to 6-inch width for long-lines; 6-inch preferred by SAE 

• Skip lines with inconsistent width and length (including gaps). 

Consistency of materials • Inconsistency by owner as to the material type (long-life markings or paint), which vary in terms of their machine readability in different light 
conditions.  

Signage In this scenario, the automated 
driving system needs to accurately 
detect and interpret regulatory 
signs, in an automated highway 
driving environment, in order to 
comply with speed limits and other 
regulatory guidance in areas with 
gaps in map information. However, 
the driver is still responsible for the 
DDT and OEDR under certain 
conditions. 

Detection capability – fair 
weather 

• CAV sensors are in their early stages of development and have some limitations: 

• There are performance issues on roadways with horizontal and vertical curves (especially winding roads). 

• Line-of-sight of the perception system may be challenged by low mounting positions.  

• Cameras and radar are less accurate than Lidar, which reduces the accuracy of road geometry detection.  

Detection capability – 
Inclement weather (rain) 

• There are differences in IOOs maintaining minimum retro-reflectivity levels in the 2009 MUTCD. 

Detection capability – low 
light 

• There are differences in IOOs maintaining minimum retro-reflectivity levels in the 2009 MUTCD. 

Interpretation of sign 
messages  

• The machine interpretation of signs has been found to be impacted by factors such as sign color, the use of symbology or letter messaging, 
and other factors. Research on these factors for signs in the US is not complete. 

Condition of materials • Wide-scale condition data on traffic signs in the US is limited. 

• Minimum requirements for the visual presence of the sign including, color (within the color box) and minimum retro-reflectivity, vary by IOO.  

Consistency of application • IOO standards for sign placement and color, while conforming with the MUTCD, are inconsistent between jurisdictions and in some case, 
within jurisdictions. 
o Spacing of signs 
o Color of sign types 

Obscuring of signage • Vandalism of signage impacts detection and machine interpretation. 

• Foliage growth may impact visibility of signage and machine interpretation if partially or fully obscured.  



NCHRP 20-102(15): Impacts of Connected and Automated Vehicle Technologies on the Highway Infrastructure 

  29 8/14/2019 

Infrastructure Relevance to the Scenario Performance Factors Condition/Gaps 

Work Zones TCDs In this scenario, the automated 
driving system needs to accurately 
detect and interpret the work zone 
traffic control devices in order to 
safely navigate the work zone, 
including signage, markings, and 
special hazard delineation devices. 
However, the driver is still 
responsible for the DDT and 
OEDR under certain conditions. 

Work zone data availability  • IOOs have different processes for gathering and sharing work zone data. 

• Real-time data is limited, particularly for short-term work zones. 

• Data today is not at a sufficient resolution to aid in automated driving system navigation through a work zone, in terms of both specificity 
(e.g., specific lane closure location and configuration) and GPS coordinate accuracy. 

• There is no common data format for describing work zones.  

Consistency of application • Within the MUTCD, all owner agencies have their own standards for applying sign installation. 

• Within the MUTCD, all owner agencies have their own standards for applying WZ device installation. 

TECHNOLOGY AND COMMUNICATIONS 

Traffic Signals In this scenario, the automated 
driving system will need to detect 
and interpret the current signal 
state in order to determine a 
response (stop or proceed). This 
must occur either through sensor 
detection and interpretation by the 
automated driving system, or 
digital transmission of the signal 
phase and timing (SPaT) through 
V2I communication. SPaT 
awareness allows for more 
coordinated acceleration and 
deceleration of CVs in anticipating 
changes in the traffic-signal 
indication. Furthermore, 
intersections equipped with 
sensors can detect pedestrians 
and other potential obstacles in or 
near the roadway and relay that 
information to a CV, thus 
improving safety for non-motorized 
users. However, the driver is still 
responsible for the DDT and 
OEDR under certain conditions. 

 

V2I communication 
capability 

• V2I communication deployment is extremely limited to date. 

• Data gathered through the national SPaT Challenge indicates that DSRC deployment at just over 2,000 traffic signals is expected by 2020, 
representing less than one percent of all traffic signals in the US. 

• Lack of industry consensus on a specific V2I technology, as well as lack of deployment within the auto industry, has slowed deployment by 
IOOs, as well as slowing development and maturity of V2I equipment. 

SPaT-compatible controller 
availability 

• As reported via the SPaT Challenge, just over 2,000 fully enabled traffic signals are expected by 2020, including both SPaT-capable traffic-
signal controllers and V2I communications. 

• Multiple controller manufacturers have developed updated controller hardware and firmware which can output the data necessary to form a 
SPaT message and send it to a V2I communication device. 

• It is unknown the extent of deployment of controllers that are capable of outputting SPaT data.  

Backhaul communication 
availability 

• Available data at the national level regarding signal age, capability, and function is lacking.  

• A 2009 Regional Traffic-Signal Operations Program overview conducted by the FHWA* estimated that there are more than 2,000 separate 
agencies responsible for traffic-signal management and operation throughout the  US.  

• 2012 Institute of Transportation Engineers “report card” on traffic signals throughout the  US** —a compilation of self-reporting from 
agencies that provides a benchmark on signal operations, management and maintenance, and the condition of traffic-signal systems scored 
“traffic monitoring and data collection” as an “F”. 

Central system 
management 

• Management of V2I devices requires a central system to support device configuration, management, and performance monitoring. 

• Commercial management systems are very limited at this time. 

Other ITS/V2I 
Communications 

In this scenario, the automated 
driving system may require 
additional information regarding 
infrastructure or external 
conditions, such as weather. In 
addition to broadcast (cellular, Wi-
Fi, etc.) media, direct V2I 
communications may be needed to 
support this exchange of data, 
particularly for critical safety 
warnings which are highly location 
or time specific. 

Consistency of deployment  • ITS deployment characteristics (e.g., locations, spacing of devices, types of devices) are highly variable by agency, and vary between urban 
and rural areas. 

• Communications mechanisms vary for each deployment and may include wireline (e.g., fiber optic), wireless or leased services, each with 
different bandwidth and speed capabilities. 

Extent of coverage • While there is significant data on ITS assets around the US, the associated communications to those devices is not well understood, and 
tracking varies between IOOs. 

• Asset management for ITS devices is less inconsistent than signing and pavement markings. To help address this challenge, in 2019, the 
FHWA initiated the project, “Applying Transportation Asset Management to Traffic Signals and Intelligent Transportation Systems,” which 
will develop guidelines for applying asset management principles to Transportation System Management and Operations assets. 

Central device 
management  

• Management of V2I devices requires a central system to support device configuration, management, and performance monitoring. 

• Commercial management systems are very limited at this time. 

Data management systems • There is a wide range of data generated from ITS devices without standardized practice for processing and operationalizing it.  

• There are few if any commercial systems which integrate CV datasets or employ those to provide enhanced applications. 
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Infrastructure Relevance to the Scenario Performance Factors Condition/Gaps 

Cellular In this scenario, the automated 
driving system will require 
additional information regarding 
infrastructure – in particular 
acquisition of digital mapping 
assets. Given its range and extent 
of coverage, cellular is anticipated 
to support data transfer for 
elements that are not safety-critical 
or highly time sensitive in nature. 

Extent of coverage • 4G/LTE service is available today from at least one carrier over nearly 85% of roadway miles in the US. 

• 5G cellular service at this time is limited to small geographic pilot locations. 

ROAD AND BRIDGE INFRASTRUCTURE 

Roadway Surface In this scenario, the automated 
driving system is expected to 
provide longitudinal and lateral 
control for automated highway 
driving, including lane and speed 
maintenance and lane changing 
functions, relaying largely on 
forward-facing cameras and radar. 
In order to operate in some 
environments, the vision systems 
need to accurately detect the 
roadway edge when it is not 
delineated by a pavement marking. 
In addition, the automated driving 
system may need data related to 
the roadway condition in order to 
operate safely. However, the driver 
is still responsible for the DDT and 
OEDR under certain conditions. 

Edge detection – 
paved/unmarked 

• Sensors can detect the edge of the paved roadway, particularly in the case of a physical curb, in order to define the lane of operation. 

• Sensors rely on physical definition (raised curb or contrast between the edge of the pavement and the adjacent ground). 

• Factors such as water/ponding, snow and ice build-up, and limited physical distinction between the roadway pavement and the 
shoulder/adjacent ground can occlude sensing of the roadway edge.  

Availability of pavement 
condition data 

• General pavement condition data is widely available due to Federal reporting requirements; however, the available data does not include 
precision location of pavement surface hazards, such as potholes, which may be needed by AVs to safely operate on a deteriorated 
roadway. 

• There is no standardization of high-resolution pavement surface hazard data.  
Availability of weather-
related roadway surface 
condition data 

• Availability of road weather data is variable, as it is location-specific and highly dependent on supportive sensor infrastructure. 

• There is potential for vehicles to serve as weather probe data collectors to support road weather data gathering, but there is a lack of fleet 
penetration of equipped vehicles today to make this a viable data source at scale.  

Bridges Bridge condition and load 
characteristics are not relevant to 
this scenario. 

N/A N/A 

* https://ops.fhwa.dot.gov/publications/fhwahop09007/index.htm 
** https://www.ite.org/pub/?id=e265477a-2354-d714-5147-870dfac0e294 
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Table 2-6: L4 Highly Automated Vehicle/Transportation Network Companies Scenario Gap Analysis 

Infrastructure Relevance to the Scenario Performance Factors Condition/Gaps 

TRAFFIC CONTROL DEVICES 

Pavement 
Markings 

In this scenario, the automated 
driving system is expected to 
provide longitudinal and lateral 
control, including lane and speed 
maintenance and lane changing 
functions, relaying largely on 
forward-facing cameras and radar. 
The vision systems need to 
accurately detect pavement 
markings including edge-lines, 
lane lines, stop bars, theoretical 
gores, crosswalks, yield lines, bike 
lanes, transit lanes, symbols, and 
other markings. 

Detection capability – fair 
weather 

• CAV sensors are in their early stages of development and have some limitations: 

• There are performance issues on roadways with horizontal and vertical curves (especially winding roads). 

• Line-of-sight of the perception system may be challenged by low mounting positions.  

• Sensors have difficultly reading white pavement markings on light colored pavements (new concrete). 

• Skip lines with inconsistent width and length (including gaps).  

Detection capability – 
Inclement weather 
(rain/snow) 

• In snow and ice regions, maintenance by IOOs (snow and ice) not always adequate to ensure exposure of markings during inclement 
weather.  

• Use of wet-weather retro-reflectivity materials is not standardized nationally. 

• Minimum retro-reflectivity standards and guidance language anticipated in 2020 MUTCD for owners utilize (4-year compliance date from 
effective date of the revision to the MUTCD). 

• Differences in IOOs maintaining minimum retro-reflectivity levels are anticipated in the upcoming 2020 MUTCD. 
Detection capability – low 
light 

• Minimum retro-reflectivity standards and guidance language anticipated in 2020 MUTCD for owners utilize (4-year compliance date from 

effective date of the revision to the MUTCD).  

• Differences in IOOs maintaining minimum retro-reflectivity levels are anticipated in the upcoming 2020 MUTCD. 

Condition of materials • Asset management and condition data on pavement markings was found to be very limited.  

• Minimum requirements in terms of the visual presence of the marking, including percentage of line on the roadway, color, vary by IOO. 

Consistency of application • All owner agencies have their own standards for applying pavement markings within the range allowable by the MUTCD. 

• IOO standards dimensions for markings, while conforming with the MUTCD, are inconsistent between jurisdictions and in some case, 
within jurisdictions: 4-inch to 6-inch width for long-lines; 6-inch preferred by SAE. 

• Skip lines with inconsistent width and length (including gaps). 

Consistency of materials • Inconsistency by owner as to the material type (long-life markings or paint), which vary in terms of their machine readability in different light 
conditions.  

Signage In this scenario, the automated 
driving system needs to accurately 
detect and interpret regulatory 
signs in order to comply with 
speed limits and other regulatory 
guidance in areas with gaps in 
map information. 

Detection capability – fair 
weather 

• CAV sensors are in their early stages of development and have some limitations: 

• There are performance issues on roadways with horizontal and vertical curves (especially winding roads). 

• Line-of-sight of the perception system may be challenged by low mounting positions.  

• Cameras and radar are less accurate than Lidar, which reduces the accuracy of road geometry detection.  
Detection capability – 
Inclement weather 
(rain/snow) 

• In snow and ice regions, (snow and ice) deter readability of signs during inclement weather.  

• There are differences in IOOs maintaining minimum retro-reflectivity levels in the 2009 MUTCD. 

Detection capability – low 
light 

• There are differences in IOOs maintaining minimum retro-reflectivity levels in the 2009 MUTCD. 

Interpretation of sign 
messages  

• The machine interpretation of signs has been found to be impacted by factors such as sign color, the use of symbology or letter messaging, 
and other factors. Research on these factors for signs in the US is not complete. 

Condition of materials • Wide-scale condition data on traffic signs in the US is limited. 

• Minimum requirements for the visual presence of the sign including, color (within the color box) and minimum retro-reflectivity, vary by IOO.  

Consistency of application • IOO standards for sign placement and color, while conforming with the MUTCD, are inconsistent between jurisdictions and in some case, 
within jurisdictions. 
o Spacing of signs 
o Color of sign types 

Obscuring of signage • Vandalism of signage impacts detection and machine interpretation. 

• Foliage growth may impact visibility of signage and machine interpretation if partially or fully obscured.  

Work Zones TCDs In this scenario, the automated 
driving system needs to accurately 
detect and interpret the work zone 
traffic control devices in order to 
safely navigate the work zone, 

Work zone data availability  • IOOs have different processes for gathering and sharing work zone data. 

• Real-time data is limited, particularly for short-term work zones. 

• Data today is not at a sufficient resolution to aid in automated driving system navigation through a work zone, in terms of both specificity 
(e.g., specific lane closure location and configuration) and GPS coordinate accuracy. 

• There is no common data format for describing work zones.  
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Infrastructure Relevance to the Scenario Performance Factors Condition/Gaps 

including signage, markings, and 
special hazard delineation devices. 

 

 

Consistency of application • Within the MUTCD, all owner agencies have their own standards for applying sign installation. 

• Within the MUTCD, all owner agencies have their own standards for applying WZ device installation. 

TECHNOLOGY AND COMMUNICATIONS 

Traffic Signals In this scenario, the automated 
driving system will need to detect 
and interpret the current signal 
state in order to determine a 
response (stop or proceed). This 
must occur either through sensor 
detection and interpretation by the 
automated driving system, or 
digital transmission of the signal 
phase and timing (SPaT) through 
V2I communication. SPaT 
awareness allows for more 
coordinated acceleration and 
deceleration of CVs in anticipating 
changes in the traffic-signal 
indication. Furthermore, 
intersections equipped with 
sensors can detect pedestrians 
and other potential obstacles in or 
near the roadway and relay that 
information to a CV, thus 
improving safety for non-motorized 
users.  

 

V2I communication 
capability 

• V2I communication deployment is extremely limited to date. 

• Data gathered through the national SPaT Challenge indicates that DSRC deployment at just over 2,000 traffic signals is expected by 2020, 
representing less than one percent of all traffic signals in the US. 

• Lack of industry consensus on a specific V2I technology, as well as lack of deployment within the auto industry, has slowed deployment by 
IOOs, as well as slowing development and maturity of V2I equipment. 

SPaT-compatible controller 
availability 

• As reported via the SPaT Challenge, just over 2,000 fully enabled traffic signals are expected by 2020, including both SPaT-capable traffic-
signal controllers and V2I communications. 

• Multiple controller manufacturers have developed updated controller hardware and firmware which is capable of outputting the data 
necessary to form a SPaT message and send it to a V2I communication device. 

• It is unknown the extent of deployment of controllers that are capable of outputting SPaT data.  

Backhaul communication 
availability 

• Available data at the national level regarding signal age, capability, and function is lacking.  

• A 2009 Regional Traffic-Signal Operations Program overview conducted by the FHWA* estimated that there are more than 2,000 separate 
agencies responsible for traffic-signal management and operation throughout the  US.  

• 2012 Institute of Transportation Engineers “report card” on traffic signals throughout the  US,** —a compilation of self-reporting from 
agencies that provides a benchmark on signal operations, management and maintenance, and the condition of traffic-signal systems scored 
“traffic monitoring and data collection” as an “F”. 

Central system 
management 

• Management of V2I devices requires a central system to support device configuration, management, and performance monitoring. 

• Commercial management systems are very limited at this time. 

Other ITS/V2I 
Communications 

In this scenario, the automated 
driving system may require 
additional information regarding 
infrastructure or external 
conditions, such as weather. In 
addition to broadcast (cellular, Wi-
Fi, etc.) media, direct V2I 
communications may be needed to 
support this exchange of data, 
particularly for critical safety 
warnings which are highly location 
or time specific. 

Consistency of deployment  • ITS deployment characteristics (e.g., locations, spacing of devices, types of devices) are highly variable by agency, and vary between urban 
and rural areas. 

• Communications mechanisms vary for each deployment and may include wireline (e.g., fiber optic), wireless or leased services, each with 
different bandwidth and speed capabilities. 

Extent of coverage • While there is significant data on ITS assets around the US, the associated communications to those devices is not well understood, and 
tracking varies between IOOs. 

• Asset management for ITS devices is less inconsistent than signing and pavement markings. To help address this challenge, in 2019, the 
FHWA initiated the project, “Applying Transportation Asset Management to Traffic Signals and Intelligent Transportation Systems,” which 
will develop guidelines for applying asset management principles to Transportation System Management and Operations assets. 

Central device 
management  

• Management of V2I devices requires a central system to support device configuration, management, and performance monitoring. 

• Commercial management systems are very limited at this time. 

Data management systems • There is a wide range of data generated from ITS devices without standardized practice for processing and operationalizing it.  

• There are few if any commercial systems which integrate CV datasets or employ those to provide enhanced applications. 



NCHRP 20-102(15): Impacts of Connected and Automated Vehicle Technologies on the Highway Infrastructure 

  33 8/14/2019 

Infrastructure Relevance to the Scenario Performance Factors Condition/Gaps 

Cellular In this scenario, the automated 
driving system will require 
additional information regarding 
infrastructure – in particular 
acquisition of digital mapping 
assets. Given its range and extent 
of coverage, cellular is anticipated 
to support data transfer for 
elements that are not safety-critical 
or highly time sensitive in nature. 

Extent of coverage • 4G/LTE service is available today from at least one carrier over nearly 85 percent of roadway miles in the US. 

• 5G cellular service at this time is limited to small geographic pilot locations. 

ROAD AND BRIDGE INFRASTRUCTURE 

Roadway Surface In this scenario, the automated 
driving system is expected to 
provide longitudinal and lateral 
control, including lane and speed 
maintenance and lane changing 
functions, relaying largely on 
forward-facing cameras and radar. 
In order to operate in some 
environments, the vision systems 
need to accurately detect the 
roadway edge when it is not 
delineated by a pavement marking. 
In addition, the automated driving 
system may need data related to 
the roadway condition in order to 
operate safely. 

 

Edge detection – 
paved/unmarked 

• Sensors can detect the edge of the paved roadway, particularly in the case of a physical curb, in order to define the lane of operation. 

• Sensors rely on physical definition (raised curb or contrast between the edge of the pavement and the adjacent ground). 

• Factors such as water/ponding, snow and ice build-up, and limited physical distinction between the roadway pavement and the 
shoulder/adjacent ground can occlude sensing of the roadway edge.  

Edge detection - unpaved • The lack of definition of the roadway edge for an unpaved roadway (marked or physical distinction) make it difficult for sensors to determine 
the operating envelope. 

• Factors such as water/ponding, snow and ice build-up can further occlude sensing of the roadway edge.  

Availability of pavement 
condition data 

• General pavement condition data is widely available due to federal reporting requirements; however, the available data does not include 
precision location of pavement surface hazards, such as potholes, which may be needed by AVs to safely operate on a deteriorated 
roadway. 

• There is no standardization of high-resolution pavement surface hazard data.  
Availability of weather-
related roadway surface 
condition data 

• Availability of road weather data is variable, as it is location-specific and highly dependent on supportive sensor infrastructure. 

• There is potential for vehicles to serve as weather probe data collectors to support road weather data gathering, but there is a lack of fleet 
penetration of equipped vehicles today to make this a viable data source at scale.  

Bridges Bridge condition and load 
characteristics are not relevant to 
this scenario. 

N/A N/A 

* https://ops.fhwa.dot.gov/publications/fhwahop09007/index.htm 
** https://www.ite.org/pub/?id=e265477a-2354-d714-5147-870dfac0e294 
 



NCHRP 20-102(15): Impacts of Connected and Automated Vehicle Technologies on the Highway Infrastructure 

  34 8/14/2019 

Table 2-7: L4 Highly Automated Low-Speed Shuttle Scenario Gap Analysis 

Infrastructure Relevance to the Scenario Performance Factors Condition/Gaps 

TRAFFIC CONTROL DEVICES 

Pavement 
Markings 

In this scenario, the automated 
driving system is expected to 
provide longitudinal and lateral 
control along a fixed low-speed 
route, including lane and speed 
maintenance and lane changing 
functions, relaying largely on 
forward-facing cameras, radar, 
ultrasonic sensors, and Lidar. The 
vision systems need to accurately 
detect pavement markings 
including lane lines, stop bars, 
crosswalks, yield lines, bike lanes, 
transit lanes, symbols, and other 
markings. 

Detection capability – fair 
weather 

• CAV sensors are in their early stages of development and have some limitations: 

• Line-of-sight of the perception system may be challenged by low mounting positions.  

• Sensors are difficult reading white pavement markings on light colored pavements (new concrete). 

• Skip lines with inconsistent width and length (including gaps).  
Detection capability – 
Inclement weather 
(rain/snow) 

• In snow and ice regions, maintenance by IOOs (snow and ice) not always adequate to ensure exposure of markings during inclement 
weather.  

• Use of wet-weather retro-reflectivity materials is not standardized nationally. 

• Minimum retro-reflectivity standards and guidance language are anticipated in 2020 MUTCD for owners utilize (4-year compliance date from 
effective date of the revision to the MUTCD). 

• Differences in IOOs maintaining minimum retro-reflectivity levels are anticipated in the upcoming 2020 MUTCD. 

Detection capability – low 
light 

• Minimum retro-reflectivity standards and guidance language anticipated in 2020 MUTCD for owners utilize (4-year compliance date from 

effective date of the revision to the MUTCD).  

• Differences in IOOs maintaining minimum retro-reflectivity levels are anticipated in the upcoming 2020 MUTCD. 
Condition of materials • Asset management and condition data on pavement markings was found to be very limited.  

• Minimum requirements in terms of the visual presence of the marking, including percentage of line on the roadway, color, vary by IOO. 
Consistency of application • All owner agencies have their own standards for applying pavement markings within the range allowable by the MUTCD. 

• IOO standards dimensions for markings, while conforming with the MUTCD, are inconsistent between jurisdictions and in some case, 
within jurisdictions: 4-inch to 6-inch width for long-lines; 6-inch preferred by SAE. 

• Skip lines with inconsistent width and length (including gaps). 
Consistency of materials • Inconsistency by owner as to the material type (long-life markings or paint), which vary in terms of their machine readability in different light 

conditions.  

Signage In this scenario, the automated 
driving system needs to accurately 
detect and interpret regulatory 
signs in order to comply with 
speed limits and other regulatory 
guidance in areas with gaps in 
map information. 

Detection capability – fair 
weather 

• CAV sensors are in their early stages of development and have some limitations: 

• Line-of-sight of the perception system may be challenged by low mounting positions.  

• Cameras and radar are less accurate than Lidar, which reduces the accuracy of road geometry detection.  
Detection capability – 
Inclement weather 
(rain/snow) 

• In snow and ice regions, (snow and ice) deter readability of signs during inclement weather.  

• There are differences in IOOs maintaining minimum retro-reflectivity levels in the 2009 MUTCD. 

Detection capability – low 
light 

• There are differences in IOOs maintaining minimum retro-reflectivity levels in the 2009 MUTCD. 

Interpretation of sign 
messages  

• The machine interpretation of signs has been found to be impacted by factors such as sign color, the use of symbology or letter messaging, 
and other factors. Research on these factors for signs in the US is not complete. 

Condition of materials • Wide-scale condition data on traffic signs in the US is limited. 

• Minimum requirements for the visual presence of the sign including, color (within the color box) and minimum retro-reflectivity, vary by IOO.  

Consistency of application • IOO standards for sign placement and color, while conforming with the MUTCD, are inconsistent between jurisdictions and in some case, 
within jurisdictions. 
o Spacing of signs 
o Color of sign types 

Obscuring of signage • Vandalism of signage impacts detection and machine interpretation. 

• Parked vehicles in a central business district may impact visibility of signage and machine interpretation if partially or fully obscured.  



NCHRP 20-102(15): Impacts of Connected and Automated Vehicle Technologies on the Highway Infrastructure 

  35 8/14/2019 

Infrastructure Relevance to the Scenario Performance Factors Condition/Gaps 

Work Zones TCDs In this scenario, the automated 
driving system needs to accurately 
detect and interpret the work zone 
traffic control devices in order to 
safely navigate the work zone, 
including signage, markings, and 
special hazard delineation devices. 

Work zone data availability  • IOOs have different processes for gathering and sharing work zone data. 

• Real-time data is limited, particularly for short-term work zones. 

• Data today is not at a sufficient resolution to aid in automated driving system navigation through a work zone, in terms of both specificity 
(e.g., specific lane closure location and configuration) and GPS coordinate accuracy. 

• There is no common data format for describing work zones.  

Consistency of application • Within the MUTCD, all owner agencies have their own standards for applying sign installation. 

• Within the MUTCD, all owner agencies have their own standards for applying WZ device installation. 

TECHNOLOGY AND COMMUNICATIONS 

Traffic Signals In this scenario, the automated 
driving system will need to detect 
and interpret the current signal 
state in order to determine a 
response (stop or proceed). This 
must occur either through sensor 
detection and interpretation by the 
automated driving system, or 
digital transmission of the signal 
phase and timing (SPaT) through 
V2I communication. SPaT 
awareness allows for more 
coordinated acceleration and 
deceleration of CVs in anticipating 
changes in the traffic-signal 
indication. Furthermore, 
intersections equipped with 
sensors can detect pedestrians 
and other potential obstacles in or 
near the roadway and relay that 
information to a CV, thus 
improving safety for non-motorized 
users.  

 

V2I communication 
capability 

• V2I communication deployment is extremely limited to date. 

• Data gathered through the national SPaT Challenge indicates that DSRC deployment at just over 2,000 traffic signals is expected by 2020, 
representing less than one percent of all traffic signals in the US. 

• Lack of industry consensus on a specific V2I technology, as well as lack of deployment within the auto industry, has slowed deployment by 
IOOs, as well as slowing development and maturity of V2I equipment. 

SPaT-compatible controller 
availability 

• As reported via the SPaT Challenge, just over 2,000 fully enabled traffic signals are expected by 2020, including both SPaT-capable traffic-
signal controllers and V2I communications. 

• Multiple controller manufacturers have developed updated controller hardware and firmware that is capable of outputting the data necessary 
to form a SPaT message and send it to a V2I communication device. 

• It is unknown the extent of deployment of controllers which are capable of outputting SPaT data.  

Backhaul communication 
availability 

• Available data at the national level regarding signal age, capability, and function is lacking.  

• A 2009 Regional Traffic-Signal Operations Program overview conducted by the FHWA* estimated that there are more than 2,000 separate 
agencies responsible for traffic-signal management and operation throughout the  US.  

• 2012 Institute of Transportation Engineers “report card” on traffic signals throughout the  US,** —a compilation of self-reporting from 
agencies that provides a benchmark on signal operations, management and maintenance, and the condition of traffic-signal systems scored 
“traffic monitoring and data collection” as an “F”. 

Central system 
management 

• Management of V2I devices requires a central system to support device configuration, management, and performance monitoring. 

• Commercial management systems are very limited at this time. 

Other ITS/V2I 
Communications 

In this scenario, the automated 
driving system may require 
additional information regarding 
infrastructure or external 
conditions, such as weather. In 
addition to broadcast (cellular, Wi-
Fi, etc.) media, direct V2I 
communications may be needed to 
support this exchange of data, 
particularly for critical safety 
warnings which are highly location 
or time specific. 

Consistency of deployment  • ITS deployment characteristics (e.g., locations, spacing of devices, types of devices) are highly variable by agency, and vary between urban 
and rural areas. 

• Communications mechanisms vary for each deployment and may include wireline (e.g., fiber optic), wireless or leased services, each with 
different bandwidth and speed capabilities. 

Extent of coverage • While there is significant data on ITS assets around the US, the associated communications to those devices is not well understood, and 
tracking varies between IOOs. 

• Asset management for ITS devices is less inconsistent than signing and pavement markings. To help address this challenge, in 2019, the 
FHWA initiated the project, “Applying Transportation Asset Management to Traffic Signals and Intelligent Transportation Systems,” which 
will develop guidelines for applying asset management principles to Transportation System Management and Operations assets. 

Central device 
management  

• Management of V2I devices requires a central system to support device configuration, management, and performance monitoring. 

• Commercial management systems are very limited at this time. 

Data management systems • There is a wide range of data generated from ITS devices without standardized practice for processing and operationalizing it.  

• There are few if any commercial systems which integrate CV datasets or employ those to provide enhanced applications. 
Cellular In this scenario, the automated 

driving system will require 
additional information regarding 
infrastructure – in particular 
acquisition of digital mapping 
assets. Given its range and extent 

Extent of coverage • 4G/LTE service is available today from at least one carrier over nearly 85 percent of roadway miles in the US. 

• 5G cellular service at this time is limited to small geographic pilot locations. 
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of coverage, cellular is anticipated 
to support data transfer for 
elements that are not safety-critical 
or highly time sensitive in nature. 

ROAD AND BRIDGE INFRASTRUCTURE 

Roadway Surface In this scenario, the automated 
driving system is expected to 
provide longitudinal and lateral 
control, including lane and speed 
maintenance and lane changing 
functions, relaying largely on 
forward-facing cameras, radar, 
ultrasonic sensors, and Lidar. In 
order to operate in some 
environments, the vision systems 
need to accurately detect the 
roadway edge when it is not 
delineated by a pavement marking. 
In addition, the automated driving 
system may need data related to 
the roadway condition in order to 
operate safely. 

Edge detection – 
paved/unmarked 

• Sensors can detect the edge of the paved roadway, particularly in the case of a physical curb, in order to define the lane of operation. 

• Sensors rely on physical definition (raised curb or contrast between the edge of the pavement and the adjacent ground). 

• Factors such as water/ponding, snow and ice build-up, and limited physical distinction between the roadway pavement and the 
shoulder/adjacent ground can occlude sensing of the roadway edge.  

Edge detection - unpaved • The lack of definition of the roadway edge for an unpaved roadway (marked or physical distinction) makes it difficult for sensors to 
determine the operating envelope. 

• Factors such as water/ponding, snow and ice build-up can further occlude sensing of the roadway edge.  

Availability of pavement 
condition data 

• General pavement condition data is widely available due to federal reporting requirements; however, the available data does not include 
precision location of pavement surface hazards, such as potholes, which may be needed by AVs to safely operate on a deteriorated 
roadway. 

• There is no standardization of high-resolution pavement surface hazard data.  
Availability of weather-
related roadway surface 
condition data 

• Availability of road weather data is variable, as it is location-specific and highly dependent on supportive sensor infrastructure. 

• There is potential for vehicles to serve as weather probe data collectors to support road weather data gathering, but there is a lack of fleet 
penetration of equipped vehicles today to make this a viable data source at scale.  

Bridges Bridge condition and load 
characteristics are not relevant to 
this scenario. 

N/A N/A 

* https://ops.fhwa.dot.gov/publications/fhwahop09007/index.htm 
** https://www.ite.org/pub/?id=e265477a-2354-d714-5147-870dfac0e294 
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3. Gap Assessment and Conclusions 

Section 3 summarizes the identified gaps in roadway infrastructure components as they relate 
to the AV scenarios presented in Section 2. Resultant gaps are then summarized for specific 
TCDs, technology and communications as well as road and bridge infrastructure as they relate 
to existing standards, infrastructure treatments, absence of new standards or inability to 
maintain.  

Tables 3-1 through 3-6 list the identified gaps, show the relevance of each gap to each 
scenario, and categorize the gaps as follows: 

• Deficiency of the existing infrastructure standard 

• Inconsistency of the infrastructure treatment 

• Absence of a needed infrastructure standard 

• Inability to maintain infrastructure at a serviceable level 

• Deficiency of the technology which a third party must address 

 

The following is a summary of findings and conclusions for each of the critical infrastructure areas: 

Pavement Markings 

There were a significant number of gaps found with regards to pavement markings, which were 
identified to impact all scenarios considered. While advancements are still needed in sensor 
technologies to better detect pavement markings under adverse conditions, there are a number 
of gap areas where more consistent application of standards, where variation is allowable, 
would better support CAV operation. Maintenance was found to be a cause of a number of gap 
areas as well. There was a limited need found to create or update standards in the following 
areas: 

• Use of asset management for pavement markings 

• Skip lines with inconsistent width and length 

Pavement markings should be considered essential for all scenarios evaluated, while keeping in 
mind that there are AV solutions that may not require them in order to operate. 

Signage 

Signage was similarly found to be a key infrastructure dependency for all scenarios, although 
with the advent and continued updating of digital mapping assets, it is questionable whether this 
will be a long-term dependency (i.e., CAVs relying instead on mapping assets, which include 
digital signage, rather than reading and interpreting physical signs). Additional research is 
needed in the area of machine readability of signage in order to consider whether changes to 
sign messages, fonts, and other factors are necessary. Maintenance was also identified as a 
key factor in sign detectability and readability as a controllable factor by IOOs.  

Signage should be considered essential for all scenarios evaluated, while keeping in mind that 
there are AV solutions that may not require them in order to operate. 
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Work Zone Traffic Control Devices 

The need for data to increase awareness of work zones for CAVs was identified as an important 
dependency for multiple scenarios, and an area generally lacking in standards, both in practice 
of collecting the data and in standard data formats and processes for publishing data. Further, 
there is inconsistency within the standard in terms of how traffic control devices are deployed, 
further complicating proper interpretation by CAVs. 

Traffic Signals 

Traffic signals were identified as a key dependency for all scenarios where CAVs would operate 
off-highway and in environments were traffic signals are present. While many CAV technologies 
are being designed to operate without the need for a direct communications link with traffic 
signals, the ability to directly receive a digital interpretation of the current traffic-signal condition 
(SPaT) has the potential to greatly improve the operation and safety of the system and provide 
additional benefits not possible through visual interpretation of the signal state. Current 
deployment of V2I technology at traffic signals is extremely limited—a function both of a lack of 
standardization of the communications medium and a lack of market penetration. However, 
basic readiness for V2I varies widely between agencies, and there is limited data on backhaul 
communications capabilities, signal controller readiness and other factors, which are largely 
discretionary expenditures on the part of IOOs and not a deficiency of standards. Further asset 
management is needed to better understand the scale of these deployment gaps. 

Other ITS/V2I Communications 

The need to exchange data with the infrastructure, while not necessarily a firm dependency for 
many scenarios, is generally an essential element of the CAV ecosystem, particularly as it 
relates to real-time acquisition of mapping assets. In terms of public infrastructure, while there is 
relatively good asset management data with regards to ITS devices, little is known about their 
communications mechanisms, central management and other factors that impact the ability to 
leverage those systems for V2I communications. Unlike pavement markings, where standards 
clearly dictate under what circumstances they must be applied, ITS deployment is generally 
conducted entirely at the discretion of the IOO, and the specific type of deployment is highly 
variable in terms of the types of devices, spacing of installations, and communications media. 
Additional standards or guidance may be necessary to improve application consistency should 
scenarios prove to be more highly dependent on V2I communications than currently anticipated. 
At this time such communications may be anticipated to be more use-case and location specific. 

With regards to the cellular communications network, while there is a high degree of 4G/LTE 
market penetration today, the need for rapid proliferation of 5G technology may be required 
depending on the needs of the technology and the rate of adoption. This is expected to be seen 
as a key market opportunity by the telecommunications industry; therefore, there is a strong 
incentive to meet this demand through rapid deployment. 

Roadway and Bridge Infrastructure 

For some scenarios that may operate on a range of low-speed roadways, the ability to detect 
the roadway edge is a critical dependency, particularly in cases where there is a lack of and 
edge line strip on either a paved or unpaved roadway. This challenge is a function of both the 
lack of a required edge line in some circumstances (an allowance in the existing standards), and 
further by potential maintenance issues (such as incomplete snow clearance or ponding water), 
which could further challenge the system’s ability to detect the roadway edge. For highly 
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automated scenarios, there is further need for improved high-resolution data on pavement 
condition for the vehicle to avoid potholes or adjust speed based on surface conditions. There is 
a lack of standards in terms of the collection, format, and dissemination process for this type of 
data. 

Impacts on bridge loading are largely a dependency only of the L2 Partially Automated 
Platooning scenario, where driver-assisted truck platooning would occur. There is a lack of 
standards in terms of the evaluation of bridges to support platooning loads, as well as the 
design of bridges to support this changed loading in the future. Both gaps require further 
research.  
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Table 3-1: Summary and Classification of Pavement Marking Infrastructure Gaps 

INFRASTRUCTURE GAP 

SCENARIO APPLICABILITY  GAP ASSESSMENT 
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CAV sensors are in their early 
stages of development and have 
some limitations: 

• Performance issues exist on 
roadways with horizontal and 
vertical curves (especially 
winding roads). 

• Line-of-sight of the perception 
system may be challenged by 
low mounting positions. 

• Sensors have difficultly reading 
white pavement markings on 
light colored pavements (new 
concrete) 

X X X X X X      X 

Skip lines with inconsistent width 
and length (including gaps).. 

X X X X X X  X     

In snow and ice regions, 
maintenance by IOOs (snow and 
ice) are not always adequate to 
ensure exposure of markings 
during inclement weather.  

X X X X X X     X  

Use of wet-weather retro-
reflectivity materials is not 
standardized nationally. 

X X X X X X   X    

Minimum retro-reflectivity 
standards and guidance 
language are anticipated in 2020 
MUTCD for owners to utilize (4-
year compliance date from 
effective date of the revision to 
the MUTCD). 

X X X X X X   X    

Differences in IOOs maintaining 
minimum retro-reflectivity levels 
are anticipated in the upcoming 
2020 MUTCD 

X X X X X X     X  

Asset management and 
condition data on pavement 

X X X X X X    X   
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INFRASTRUCTURE GAP 

SCENARIO APPLICABILITY  GAP ASSESSMENT 
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markings was found to be very 
limited.  

There are minimum requirements 
in terms of the visual presence of 
the marking, including 
percentage of line on the 
roadway, color, vary by IOO 

X X X X X X     X  

All owner agencies have their 
own standards for applying 
pavement markings within the 
range allowable by the MUTCD. 

X X X X X X   X    

IOO standards dimensions for 
markings, while conforming with 
the MUTCD, are inconsistent 
between jurisdictions and in 
some case, within jurisdictions: 
4-inch to 6-inch width for long-
lines; 6-inch preferred by SAE. 

X X X X X X   X    

Owners are inconsistent as to 
the material type (long-life 
markings or paint), which varies 
in terms of their machine 
readability in different light 
conditions.  

X X X X X X   X    
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Table 3-2: Summary and Classification of Signage Infrastructure Gaps 

INFRASTRUCTURE GAP 

SCENARIO APPLICABILITY  GAP ASSESSMENT 
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CAV sensors are in their early stages 
of development and have some 
limitations: 

• Performance issues exist on 
roadways with horizontal and 
vertical curves (especially 
winding roads). 

• Line-of-sight of the perception 
system may be challenged by 
low mounting positions. 

• Sensors have difficultly 
reading white pavement 
markings on light colored 
pavements (new concrete) 

X X X X X X      X 

In snow and ice regions, (snow and 
ice) deter readability of signs during 
inclement weather.  

X X X X X X     X  

Differences in IOOs maintaining 
minimum retro-reflectivity levels exist in 
the 2009 MUTCD 

X X X X X X   X  X  

The machine interpretation of signs has 
been found to be impacted by factors 
such as sign color, the use of 
symbology or letter messaging, and 
other factors. Research on these 
factors for signs in the US is not 
complete. 

X X X X X X  X X   X 

Wide-scale condition data on traffic 
signs in the US is limited. 

X X X X X X    X   

Minimum requirements for the visual 
presence of the sign including, color 
(within the color box) and minimum 
retro-reflectivity, vary by IOO. 

X X X X X X   X  X  

IOO standards for sign placement and 
color, while conforming with the 
MUTCD, are inconsistent between 
jurisdictions and in some case, within 
jurisdictions: 

X X X X X X   X    
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INFRASTRUCTURE GAP 

SCENARIO APPLICABILITY  GAP ASSESSMENT 
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• Spacing of signs 

• Color of sign types 

Vandalism of signage impacts 
detection and machine interpretation. 

X X X X X X     X  

Foliage growth may impact visibility of 
signage and machine interpretation if 
partially or fully obscured.  

X X X X X X     X  
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Table 3-3: Summary and Classification of Work-Zone Traffic Control Device Infrastructure 
Gaps 

 SCENARIO APPLICABILITY  GAP ASSESSMENT 
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IOOs have different processes 
for gathering and sharing work 
zone data. 

  X X X X    X   

Real-time data is limited, 
particularly for short-term work 
zones. 

  X X X X    X   

There is no common data format 
for describing work zones.  

  X X X X    X   

Data today is not at a sufficient 
resolution to aid in automated 
driving system navigation 
through a work zone, in terms of 
both specificity (e.g., specific 
lane closure location and 
configuration) and GPS 
coordinate accuracy. 

  X X X X    X   

Within the MUTCD, all owner 
agencies have their own 
standards for applying sign 
installation. 

  X X X X   X    

Within the MUTCD, all owner 
agencies have their own 
standards for applying work zone 
traffic control device installation. 

  X X X X   X    
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Table 3-4: Summary and Classification of Traffic-Signal Infrastructure Gaps 

INFRASTRUCTURE GAP 

SCENARIO APPLICABILITY  GAP ASSESSMENT 
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Inconsistencies exist with traffic-
signal design, installation and 
maintenance by IOOs.  

   X X X   X    

Available asset management 
data at the national level 
regarding signal age, capability, 
and function is lacking.  

   X X X    X   

V2I communication deployment 
with traffic signals is extremely 
limited to date. 

   X X X      X 

Very limited DSRC deployment 
by 2020. which is anticipated to 
represent less than one percent 
of all traffic signals in the US. 

   X X X      X 

Lack of industry consensus on a 
specific V2I technology, as well 
as lack of deployment within the 
auto industry, has slowed 
deployment by IOOs, as well as 
slowing development and 
maturity of V2I equipment. 

   X X X   X X   

It is unknown the extent of 
deployment of controllers which 
are capable of outputting SPaT 
data.  

   X X X    X   

Management of V2I devices 
requires a central system to 
support device configuration, 
management, and performance 
monitoring. 

   X X X    X   

Commercial management 
systems are very limited at this 
time. 

   X X X    X   
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Table 3-5: Summary and Classification of ITS/V2I/Communications Infrastructure Gaps 

INFRASTRUCTURE GAP 

SCENARIO APPLICABILITY  GAP ASSESSMENT 
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ITS deployment characteristics 
(e.g., locations, spacing of 
devices, types of devices) are 
highly variable by agency, and 
vary between urban and rural 
areas. 

X X X X X X   X    

Communications mechanisms 
vary for each deployment and 
may include wireline (e.g., fiber 
optic), wireless or leased 
services, each with different 
bandwidth and speed 
capabilities. 

X X X X X X   X    

While there is significant data on 
ITS assets around the US, the 
associated communications to 
those devices is not well 
understood, and tracking varies 
between IOOs. 

X X X X X X    X   

Asset management is lacking for 
ITS devices by IOOs.  

X X X X X X    X   

Management of V2I devices 
requires a central system to 
support device configuration, 
management, and performance 
monitoring. 

X X X X X X  X     

Commercial management 
systems are very limited at this 
time. 

X X X X X X  X     

There is a wide range of data 
generated from ITS devices 
without standardized practice for 
processing and operationalizing 
the data. 

X X X X X X    X   

There are few if any commercial 
systems which integrate CV 
datasets or employ those to 
provide enhanced applications. 

X X X X X X  X     
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INFRASTRUCTURE GAP 

SCENARIO APPLICABILITY  GAP ASSESSMENT 
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Today 4G/LTE service is 
unavailable over approximately 
15% of roadway miles in the US.  

X X X X X X      X 

Today 5G cellular service is 
limited to small geographic pilot 
locations with a focus in larger 
metropolitan areas. 

X X X X X X      X 
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Table 3-6: Summary and Classification of Roadway and Bridge Infrastructure Gaps 

INFRASTRUCTURE GAP 

SCENARIO APPLICABILITY  GAP ASSESSMENT 
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Vehicles ability to sense the 
roadway edge may be obstructed 
due to factors such as 
water/ponding, snow and ice 
build-up, and limited physical 
distinction between the roadway 
pavement and the 
shoulder/adjacent ground.  

X X X X X X     X  

The lack of definition of the 
roadway edge for an unpaved 
roadway (marked or physical 
distinction) make it difficult for 
sensors to determine the 
operating envelope. 

    X X  X     

Lack of real-time pavement 
condition data including 
pavement surface hazards, such 
as potholes, which may be 
needed by AVs to safely operate 
on a deteriorated roadway. 

X X X X X X    X   

There is no standardization of 
high-resolution pavement surface 
hazard data.  

X X X X X X    X   

Availability of road weather data 
is variable, as it is location-
specific and highly dependent on 
supportive sensor infrastructure. 

X X X X X X    X   

A lack of fleet penetration of 
equipped vehicles to serve as 
weather probe data collectors to 
support road weather data 
gathering. 

X X X X X X    X   

The need for detailed bridge 
analysis along freeway corridors 
where truck platooning is allowed 
to ensure that bridges can 
withstand the new types of 
dynamic loading that DATP 
would result in.  

 X      X     
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PURPOSE OF TODAY’S WEBINAR
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This document is confidential and intended solely for the client to whom it is addressed.

Introduce NCHRP Project Objectives

Set the context for this webinar by providing an overview of the project

Present Project Findings

Describe the project approach and findings from the first two tasks

Obtain Stakeholder Feedback

Obtain detailed feedback and thoughts from the participants through polls and 

discussion questions to help shape further research 



PROJECT OBJECTIVES

2B
o

o
z
 |
 A

lle
n

 |
 H

a
m

ilt
o

n

This document is confidential and intended solely for the client to whom it is addressed.

To develop guidance for state and local transportation agencies to evaluate and—if necessary—adapt 

their standards and practices for roadway and ITS designs, and related maintenance and operations to 

accommodate the deployment of connected and automated vehicle technologies.

CONDUCT BASELINE LITERATURE REVIEW

To build on a strong foundation, the research team conducted an in-depth literature review of CAV 

technologies, state of physical infrastructure and existing standards (MUTCD) to gain a base line

ENGAGE STAKEHOLDERS TO REFINE APPROACH

Engage key stakeholders in the industry to obtain feedback on project findings. The feedback will feed 

into the draft guidance document and help shape further research on this topic

IDENTIFY DEPLOYMENT SCENARIOS AND INFRASTRUCTURE GAPS

Defined, prioritized and analyzed CAV deployment to identify gaps in existing infrastructure elements 

and components of standards or design that require update

DEVELOP GUIDANCE DOCUMENT

The research team will then develop a draft guidance document and then re-engage with key 

stakeholders for further input. The final guidance document will incorporate all stakeholder feedback



3Booz Allen Hamilton Internal

SCENARIO SELECTION FRAMEWORK

Step 1: 
Develop 
Scenario 

Framework

Step 2: 
Develop 

Candidate 
Scenarios

Step 3: 
Develop 

Predictive 
Model

Step 4: Select 
Scenarios for 

Further 
Analysis

Step 5:  Assess 
Infrastructure 

Needs and 
Impacts

We developed the 
scenario framework 
by selecting six 
candidate CAV 
features and 
defining ODD 
elements and 
deployment 
characteristics.

Finally, we 
assessed the 
potential digital 
and physical 
infrastructure 
needs and impacts 
for each selected 
CAV feature

An initial list of 
candidate 
scenarios for each 
CAV feature was 
developed using  
the ODD and 
deployment 
characteristics 
defined in Step 1. 

A simple CAV 
feature-specific 
predictive model 
was developed to 
assist in Step 4 
and in gaining 
insight into the 
future market 
share of the 
candidate CAV 
features.  

We then down 
selected six 
scenarios (one for 
each CAV feature) 
based on the 
following factors:
• Infrastructure 

coverage
• Necessity and 

Timing
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SELECTED SCENARIOS 
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This document is confidential and intended solely for the client to whom it is addressed.

Scenario 1 L2 Partially Automated 
Autopilot 

Scenario 2  L2 Partially Automated 
Platooning

Scenario 3 L3 Conditional Traffic Jam 
Drive

• Though these features have different functionalities they use the same technology 

components (such as radar, cameras, Lidar, etc.)

• Additionally, most depend on the same infrastructure elements such as pavement 

marking and signage for proper functionality 

• However, there are some differences as the levels of automation increase

Scenario 4 L3 Conditional Automated 
Highway Drive

Scenario 5 L4 Highly Automated 
Vehicle/TNC

Scenario 6 L4 Low-Speed Shuttle



Scenario 1 Description:
L2 Partially Automated Autopilot 
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This document is confidential and intended solely for the client to whom it is addressed.

Physical

• First-generation cameras will require lane 

markings and signage in excellent or good 

condition

• Lane Barriers to safeguard vehicles from any 

oncoming traffic

Digital

• GPS for position and navigation information

Description

• Uses adaptive cruise control (ACC) and Lane Keeping Assist (LKA) with limited input from the driver to control 

vehicle speed and lane position on divided highways

• Example: Tesla Auto-Pilot Feature

Technology 

• Relies on a variety of sensor packages, such as forward- facing radar, ultrasonic sensors, and cameras.

• V2V and V2I  communications could complement vehicle sensors but are not widely deployed.  

• Feature performance can be impacted by inclement weather, poor lighting, and poor infrastructure conditions

• Policy and regulatory barriers are likely to be minimal for this feature

• First –generation technology under specific 

operational characteristics: 

o Vehicle Type: Light-Duty

o Roadway Type: Divided Highways

o Speed Limit: Highway Speeds

o Weather: Clear

o Work Zones: N/A 

• Based on data available today, this feature is 

anticipated to have a market penetration rate of 

29% by 2030

Scenario Description Infrastructure Impacts & Needs

CAV Feature



Discussion Questions For Each Scenario
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This document is confidential and intended solely for the client to whom it is addressed.

Q1. Based on your jurisdiction / application developed does this scenario relate to you?

• Yes / No

• How will it impact your infrastructure maintenance and operations plans? 

Q2. Do the infrastructure needs and impacts of this scenario apply to your jurisdiction or 
application developed? 

• Yes / No

• Why or Why not?

Q3. Are there any infrastructure elements missing from this scenario? 

• Please share your thoughts in the chat window



Scenario 2 Description:
L2 Partially Automated Platooning
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This document is confidential and intended solely for the client to whom it is addressed.

Physical

• First-generation cameras will require lane 

markings and signage in excellent or good 

condition

• Distinctive markings to separate platoon lane from 

general lanes

Digital

• V2V and V2I  communications to maintain platoon

• GPS for position and navigation information 

Description

• Uses cooperative adaptive cruise control (CACC), lane keeping assist (LKA) and V2V technologies to help 

trucks operate in closely-coupled automated platoons on both long-haul and short-haul freight corridors

• Example Pilots: Peloton Pilot Testing Platooning Technologies on Ohio Turnpike

Technology 

• Relies on a variety of sensor packages, such as forward- facing cameras and Radar.

• V2V and V2I communications allow platooning trucks to accelerate and brake together as a single system

• Feature performance can be impacted by inclement weather, poor lighting, and poor infrastructure conditions

• There are existing policy and regulatory barriers that could impact the deployment timeline of this feature

• First –generation technology under specific 

operational characteristics: 

o Vehicle Type: Heavy-Duty

o Roadway Type: Managed Lanes

o Speed Limit: Highway Speeds

o Weather: Clear

o Work Zones: N/A 

• Based on data available today, this feature is 

anticipated to have a market penetration rate of 

29% by 2030

Scenario Description Infrastructure Impacts & Needs

CAV Feature



Scenario 3 Description:
L3 Conditional Traffic Jam Drive
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This document is confidential and intended solely for the client to whom it is addressed.

Physical

• First-generation cameras will require lane 

markings and signage in excellent or good 

condition

• Lane Barriers to safeguard vehicles from any 

oncoming traffic

Digital

• Dynamic Road Data on traffic conditions

• GPS for position and navigation information

Description

• Uses adaptive cruise control (ACC) and Lane Keeping Assist (LKA) to enable autonomous driving in highway 

traffic jams, with the expectation that the driver will be ready to respond to a request to intervene 

• Example: Audi Traffic Jam Pilot deployed on the European version of the 2019 Audi A8

Technology 

• Relies on a variety sensor packages, such as forward- facing cameras, radar, ultrasonic sensors and lasers

• V2V and V2I  communications could complement vehicle sensors but are not widely deployed.  

• Feature performance can be impacted by inclement weather, poor lighting, and poor infrastructure conditions

• There are existing policy and regulatory barriers that could impact the deployment timeline of this feature

• First –generation technology under specific 

operational characteristics: 

o Vehicle Type: Light-Duty

o Roadway Type: Divided Highway

o Speed Limit: Speeds < 37 mph

o Weather: Clear

• Based on data available today, this feature is 

anticipated to have a market penetration rate of 

20% by 2030

Scenario Description Infrastructure Impacts & Needs

CAV Feature



Scenario 4 Description:
L3 Conditional Automated Highway Drive
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This document is confidential and intended solely for the client to whom it is addressed.

Physical

• Second-generation cameras will require lane 

markings in good or fair condition

• Second-generation cameras will require signage in 

good or fair condition  

Digital

• HD Maps providing detailed road geometry data

• V2I communications for updating maps with work 

zones, potholes, traffic, and  weather data

• V2V communications for information on speed and 

position of nearby vehicles

Description

• Uses adaptive cruise control (ACC) and lane keeping assist (LKA) to enable autonomous driving at highway 

speeds, with the expectation that the driver will be ready to respond to a request to intervene  

• Example: Mercedes Highway Pilot Truck (Not commercialized)

Technology 

• Relies on a variety sensor packages, such as radar and camera

• V2V and V2I  communications are widely deployed and improve traffic safety and awareness

• Feature performance no longer impacted by rainy and windy weather conditions

• There are existing policy and regulatory barriers that could impact the deployment timeline of this feature

• Second –generation technology under specific 

operational characteristics: 

o Vehicle Type: Light-Duty

o Roadway Type: Divided Highway

o Speed Limit: Highway Speeds

o Weather: Clear, Wind, and Rain

o Work Zones: Yes

• Based on data available today, this feature is 

anticipated to have a market penetration rate of 

20% by 2030 (Mostly at L4 level)

Scenario Description Infrastructure Impacts & Needs

CAV Feature
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Physical

• Second-generation cameras will require lane 

markings in good or fair condition

• Second-generation cameras will require signage in 

good or fair condition  

Digital

• HD Maps providing detailed road geometry data

• V2I communications for updating maps with work 

zones, potholes, traffic, and  weather data

• Curbside information in HD maps to assist with taxi 

parking availability

Description

• L4 Highly Automated Vehicle/TNC enables the vehicle to pick up passengers or goods and drive to a 

destination without the need for an onboard driver

• Example: Waymo Automated TNC and Tesla Self-Drive (Not commercialized)

Technology 

• These vehicles are  expected to be electric with Advanced perception sensor suite, containing an array of 

cameras, radar, and Lidar as well as onboard V2X communication systems. 

• This feature will benefit from high-definition (HD) maps with dynamic traffic elements, such as congestion, road 

closures, work zones, toll roads, etc. to provide a safe and efficient routing. 

• There are existing policy and regulatory barriers that could impact the deployment timeline of this feature

• Second –generation technology under specific 

operational characteristics: 

o Vehicle Type: Light-Duty

o Roadway Type: Geofenced central business 

district and intrastate

o Speed Limit: Speeds > 0 mph

o Weather: Clear, Wind, and Rain

o Work Zones: Yes

• Based on data available today, this feature is 

anticipated to have a market penetration rate of 

20% by 2030 

Scenario Description Infrastructure Impacts & Needs

CAV Feature



Scenario 6 Description:
L4 Low-Speed Shuttle
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This document is confidential and intended solely for the client to whom it is addressed.

Physical

• Second-generation cameras will require lane 

markings in good or fair condition

• Second-generation cameras will require signage in 

good or fair condition  

Digital

• HD Maps providing detailed road geometry data

• V2I communications for updating maps with work 

zones, potholes, traffic, and  weather data

• Pick-Up/Drop-Off zones information layer added to 

the HD maps and updated on real-time

Description

• An electric automated shuttle that drives along a predetermined route and/or controlled environment at low-

speeds and does not need an onboard driver control interface

• Example pilots: Navya Pilot Testing Low-Speed Shuttle Technologies in Las Vegas, NV

Technology 

• Typical features expected include sensor perception suite containing cameras, an array of radar, ultrasonic 

sensors, and Lidar to help navigate in a densely populated . 

• This feature will benefit from high-definition (HD) maps with transit information such as transit pick up and 

drop-off zone locations

• There are existing policy and regulatory barriers that could impact the deployment timeline of this feature

• Second –generation technology under specific 

operational characteristics: 

o Vehicle Type: Transit

o Roadway Type: Geofenced Central 

Business District

o Speed Limit: Speeds < 37 mph

o Weather: Clear, Wind, and Rain

o Work Zones: Yes

• Based on data available today more pilots are 

expected to target more than 50 U.S. cities 

Scenario Description Infrastructure Impacts & Needs

CAV Feature
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GAP ANALYSIS FRAMEWORK

Step 1: 
Develop Gap 

Analysis 
Framework

Step 2: Identify 
Infrastructure 

Types

Step 3: 
Determine 

Relevance to 
the Scenario 

Step 4: 
Develop 

Performance 
Factors 

Step 5:  Assess  
Conditions and  
Infrastructure 

Gaps

The gap analysis 

framework was 

developed

considering the 

relationship between 

infrastructure and 

technology elements 

including sensor and 

communications 

systems on-board the 

CAV, as well as the 

environments within 

which the CAV is 

designed to operate 

in.  

Summarized the 

current condition and 

gaps of the 

infrastructure as it 

relates to the 

scenario and the 

specific performance 

factors from Step 3.  

Steps may then be 

taken to plan for 

infrastructure 

deployment with new 

approaches to:

• Design

• Construction

• Operation

• Maintenance

Identified fixed assets 

owned and maintained 

by IOOs and third-party 

providers.   

• Traffic control devices 

(pavement markings, 

signage, work zone 

TCDs)

• Technology and 

communications (traffic 

signals, other ITS/V2I 

communications, and 

cellular 

communications)

• Road and bridge 

infrastructure (including 

roadway surface and 

bridges)

Determined the 

dependency between 

each scenario and the 

specific infrastructure 

elements in Step 2.  

For instance, bridge 

condition and loading 

is a dependency 

relevant to a DATP 

scenario, but not to 

other non-DATP 

scenarios

Developed specific 

performance factors for 

each infrastructure type 

for each scenario. 

For instance, 

performance factors for 

pavement markings 

are:

• Detection Capability 

(fair weather, adverse 

weather, low light)

• Condition of Materials

• Consistency of 

Application 

• Consistency of 

Materials
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• Significant number of gaps 
identified across all scenarios

• Consistency of application (e.g. 4” vs. 6” 
line widths)

• Maintenance to meet retro-reflectivity 

requirements

• Need to create or update standards 
for:

• Use of asset management for pavement 

markings

• Inconsistent width and length of skip 

stripes

Infrastructure Gaps Identified:
Pavement Markings

Scenario Appl.

L2 Partially Automated 

Autopilot

L2 Heavy-Duty Vehicle 

Highway Drive

L3 Conditional Traffic Jam 

Drive

L3 Conditional Automated 

Highway Drive

L4 Highly Automated 

Vehicle TNC

L4 Low-Speed Shuttle
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• Key infrastructure dependency for 
all scenarios

• Questionable long-term role given 

expansion of digital map assets

• Additional research needed in the 
area of machine readability of 
signage

• Fonts and symbols

• May necessitate updated standards

• Maintenance is a factor (both 
signage and clearing obstructions)

Infrastructure Gaps Identified:
Signage

Scenario Appl.

L2 Partially Automated 

Autopilot

L2 Heavy-Duty Vehicle 

Highway Drive

L3 Conditional Traffic Jam 

Drive

L3 Conditional Automated 

Highway Drive

L4 Highly Automated 

Vehicle TNC

L4 Low-Speed Shuttle
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• Need for increased awareness of 
work zones

• Locations

• Restrictions

• Durations

• Geometric configuration

• Lack of standards for collecting 
data and standardizing data 
formats

• Inconsistencies within the standard 
in terms of how devices are 
deployed

Infrastructure Gaps Identified:
Work Zones

Scenario Appl.

L2 Partially Automated 

Autopilot

L2 Heavy-Duty Vehicle 

Highway Drive

L3 Conditional Traffic Jam 

Drive

L3 Conditional Automated 

Highway Drive

L4 Highly Automated 

Vehicle TNC

L4 Low-Speed Shuttle
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• Partial dependency for all scenarios 
operating on surface streets

• Technology designed to operate without 

communications

• V2I would greatly improve detection and 

allow other features

• Lack of consensus on V2I standards 
is delaying deployment

• V2I readiness widely varies 
between agencies

• Presence of backhaul communications

• Condition of signal controller

• Need for improved asset management

Infrastructure Gaps Identified:
Traffic Signals

Scenario Appl.

L2 Partially Automated 

Autopilot

L2 Heavy-Duty Vehicle 

Highway Drive

L3 Conditional Traffic Jam 

Drive

L3 Conditional Automated 

Highway Drive

L4 Highly Automated 

Vehicle TNC

L4 Low-Speed Shuttle
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• Depends indirectly on public 
infrastructure

• Could support a range of latency-

sensitive applications

• Cellular networks will have key role 
in real-time mapping acquisitions

• High levels of 4G/LTE penetration today

• Limited deployment of 5G

• No standard approach for location 
of ITS devices and supporting 
communications for CAV operation

• Lack of consensus on V2I standards 
is delaying deployment

Infrastructure Gaps Identified:
Other ITS/V2I Communications

Scenario Appl.

L2 Partially Automated 

Autopilot

L2 Heavy-Duty Vehicle 

Highway Drive

L3 Conditional Traffic Jam 

Drive

L3 Conditional Automated 

Highway Drive

L4 Highly Automated 

Vehicle TNC

L4 Low-Speed Shuttle
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• Challenge detecting the roadway 
edge in the absence of curb or 
pavement marking

• Snow clearance or roadside drainage 

issues may further complicate this issue

• Need for high-resolution pavement 
condition data 

• Pothole avoidance

• Adjust speed based on surface conditions

• Lack of standards for collection, format 

and dissemination for this type of data

Infrastructure Gaps Identified:
Roadway Infrastructure

Scenario Appl.

L2 Partially Automated 

Autopilot

L2 Heavy-Duty Vehicle 

Highway Drive

L3 Conditional Traffic Jam 

Drive

L3 Conditional Automated 

Highway Drive

L4 Highly Automated 

Vehicle TNC

L4 Low-Speed Shuttle
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• Bridge loading is main 
consideration for heavy vehicle 
platooning

• Changes to bridge loading from close 

following vehicles

• Lack of standards for evaluating impact 

on structures

• Need for further research and 
potentially design standards 
updates

• Potential impacts for AV navigation 
due to lack of  environmental cues 
present on  bridge decks. 

Infrastructure Gaps Identified:
Bridge Infrastructure

Scenario Appl.

L2 Partially Automated 

Autopilot

L2 Heavy-Duty Vehicle 

Highway Drive

L3 Conditional Traffic Jam 

Drive

L3 Conditional Automated 

Highway Drive

L4 Highly Automated 

Vehicle TNC

L4 Low-Speed Shuttle
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This document is confidential and intended solely for the client to whom it is addressed.

Q19: What infrastructure gaps were not covered in this study but 

applies to your jurisdiction or CAV technology you are developing?

• Please share your thoughts in the chat window
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This document is confidential and intended solely for the client to whom it is addressed.

Q20: What are your major concerns surrounding infrastructure and 

CAV technologies?

• Please share your thoughts in the chat window
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This document is confidential and intended solely for the client to whom it is addressed.

Q21: What other CAV features and scenarios not covered here will 

impact the infrastructure? Why? 

• Please share your thoughts in the chat window
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This document is confidential and intended solely for the client to whom it is addressed.

Q22: Which areas need guidance for state and local transportation 

agencies to enable CAV technologies ?

• Please share your thoughts in the chat window



NEXT STEPS
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• The input received will be used for developing the draft guidance document to help state 

and local agencies to evaluate infrastructure elements

• A brief report summarizing the comments and feedback received today will be shared 

with the attendees by the end of this month

• Based on the input received from the webinar:

- We will refine our approach to the development of the draft guidance document

- Develop a draft version of the guidance and share the contents of it via another 

stakeholder engagement (early October). 

• We will follow-up with a short post-webinar survey to give an opportunity for those not 

able to attend today or didn’t have enough time to provide input today
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NCHRP 20-102(15): Impacts of Connected and Automated 

Vehicle Technologies on the Highway Infrastructure 

Webinar 1: Summary Report 

 

Background 

CAV technologies are advancing faster than ever, and there is a growing need to better 

understand how and when traditional physical infrastructure may be affected. Some 

agencies are starting to question the value of maintaining key physical infrastructure 

(because they might not be needed in the future). Agencies are also questioning roadway 

design, work zones, etc. will be affected as CAV technologies are deployed.  

As part of this NCHRP project, the research team is conducting a state-of-the-art 

assessment across technology, physical infrastructure, and standards to baseline 

existing physical infrastructure supporting CAV technologies. A set of CAV deployment 

scenarios, along with infrastructure needs and gaps will then be identified. These findings 

will be used to produce guidance for state and local transportation agencies in evaluating 

and—if necessary—adapting their standards and practices for roadway and intelligent 

transportation system designs (including traffic control devices) and related maintenance 

and operations to reflect the deployment of CAV technologies.    

Target Audience 

Includes both public (State DOTs, Research Institutions, Standards Development 

Organizations, etc.) and private (OEMs, technology companies, traffic control device 

manufacturers, etc.).  

Webinar Objectives 

The interactive webinar is focused on achieving two primary objectives: 

1. Provide a brief overview of this project and an update on tasks already completed. 
This will highlight the CAV features expected to hit the U.S. roads in the near future 
and the infrastructure needs for accommodating these features.  

2. Solicit your feedback on the use case scenarios currently defined in the project, 
and the performance factors/gaps relative to existing roadway infrastructure. 
Getting feedback from different stakeholder’s entities is vital for this project and will 
form the foundation for the guidance document (end-product of this effort). 

 

Participation Statistics 

60 stakeholders were prioritized and sent official invitations from NCHRP to participate in 
this Webinar. There were 30 registrants and 53% of the participants responded to in-
webinar polls and questions. The on-screen Chat was active throughout the webinar and 
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most of the participants published comments on the chat window for each scenario. 
These comments have been captured in this report.  Based on the results of the poll 
indicated that all scenarios were applicable, the relevant infrastructure elements were 
identified, and that there were no missing infrastructure elements from the scenarios 
being described.  

 
Scenario 1: L2 Partially Automated Autopilot 
General Comments 

• There is a considerable length of "divided highways" that do not have any sort of 
"lane barrier" separating opposing traffic, instead has a grass median. 

• Recommend providing more clarification on signing.  Signing inventory are 
massive and very diverse across jurisdictions.  For example, provide more details 
on what good or excellent means. This would be hard to maintain for many 
jurisdictions.   

• Use another term instead of “first-generation” 

• Heavy winter weather and snow removal agents affect the striping quality in 
colder regions.  Oil tracks during high temperatures, in the south also adversely 
affect the quality of pavement markings. Accordingly, maintaining a level of 
pavement marking reflectivity is difficult and not sustainable. 

Questions and Answers 

• Does this scenario represent ‘lane departure avoidance’ or the ‘continuous lane-
centering’ function that is on premium cars?  

o Both functions are part of the scenario and features vary from vehicle to 
vehicle. As long as the function is within level 2 automation it can be 
considered as part of the scenario.   

• Does the term “Lane Barriers” mean guardrail or concrete barrier (sometimes 
known as Jersey barrier) throughout all the candidate roadway? 

o Yes 

• Does signage include LED dynamic signs? 

o No, not with the L2 scenario.   

• Does the anticipated market penetration reflect the percentage of new vehicles 
with the feature or the percent of the vehicle fleet with the feature? 

o It is the percentage of new vehicles with the feature 

• Since dynamic signs are not involved should we assume that work zones are not 
included? 



July 10, 2019 

  

3 

o For most of the existing L2 features, the ODD of the vehicles does not 
include work zones. Accordingly, identifying work zones locations is not 
mandatory for enabling these features.  

• Are there certain signs that are critical (speed limit, others)? 

o Regulatory signs are priority including Stop, Yield, Speed Limits, Lane Use 
Control, Movement Prohibition (example: No Left Turn), Do Not Enter, 
Wrong Way, One Way, Divided Highway, Parking etc. 

o Warning signs are the second priority including Horizontal Alignment, 
Advisory Speed, Advance Traffic Control (stop ahead, yield ahead, signal 
ahead), Reduced Speed Limit Ahead, School Zones, Merging, Passing, 
Lane Drop, Intersection Ahead, Bicycle & Pedestrian Ahead and Object 
Markers, etc. 

o Guide signs are the third priority including highway route shields with 
direction and arrows, street name signs, Destination, Distance, 
Diagrammatic, Arrow Per Lane, Wayfinding, Interchange Exit Direction, 
Advance Guide Signs, Exit Number Plaques, Supplemental Guide Signs, 
Interchange Sequence Signs, etc.       

Scenario 2: L2 Partially Automated Platooning 

General Comments 

• Dedicated lanes for truck platooning is not expected especially if the penetration 
rate is less than 30% by 2030.   

• Georgia has legislation that facilitates truck platooning and has a "truck only 
lane" under development.  But no unique markings are envisioned for this barrier-
separated facility.   

• There is a slight risk that there could be an impact to bridge design.  The MnDOT 
bridge office has identified a risk on some long span bridges, and this could 
impact future design standards and costs.  There might also be some impacts on 
bituminous pavements due to the increased dynamic loads induced with close 
truck spacing. 

• In MN, platoons are only able to operate on certain freeways and expressways.  
There need to be some mechanisms to tell industry what routes are allowed.  
This could be a website, additional signing, or some other method. 

• There are no plans at Nevada for a separate lane.  There have been several 
successful platoons across Nevada. There are some concerns about connectivity 
in rural parts of the state that has heavy truck traffic. 
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Questions and Answers 

• What does “barriers both sides” and “Distinctive markings” mean and imply?   

o Distinctive marking and barrier both sides are indication of managed lanes 

• Why the work zone infrastructure would not be included as it will likely define the 
boundaries of the ODD? 

o Yes, work zone infrastructure could define the end of the ODD but it’s not 
included in the ODD which means the feature cannot operate in a 
workzone 

• How do traffic control devices requirements differ or stay same between 

scenarios 1 and 2 

o They stay the same for both these scenarios as they still use older camera 
technology  

Scenario 3: L3 Conditional Traffic Jam Drive 

General Comments 

• Lane markings may be less important if lane centering is predominantly based on 

lead vehicle lane position 

• Cameras since 2015 cars onwards do quite well with lane detection when 

markings are in less-then-good conditions.   

o First-generation cameras refer to existing technology and cameras used 

• This scenario doesn’t require “clear” weather and can handle a wider range of 

weather than this 

 

Questions and Answers 

• Does this scenario require signs? 

o Yes, for example recognizing speed limit signs can aid in functionality  

•  What is the policy/regulatory barriers to this scenario for the U.S. 

o The common expected policy/regulatory barriers for L3 automation level 
still apply. For all features offered at the L3 automation level, drivers using 
the feature are no longer required to keep their hands on the steering 
wheel or continuously monitor the vehicle and the road. They just must be 
prepared and alert to take over the task of driving when the system 
prompts them to do so. This raise concerns regarding whether the driver 
would be able to react promptly to the situation and take full control of the 
vehicle. Expectations of 100-percent attentiveness of the driver in this 
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model are unlikely1. Audi mentioned before that the existing state 
regulations will make it impossible to sell their offered L3 products 
nationwide2.  

• Is this feature available for commercial deployment in the U.S.?  

o No, but its commercially available in Germany 

• Wouldn't RSU's be a likely part of the solution? 

o RSU are not mandatory for this feature to operate. However, RSUs can 

boost functionality and safe operation of the feature and expand the ODD 

slightly. 

• What are the technical differences between first- and second-generation 

cameras.  

o First generation is status of technology during first 5 years (estimate) since 
deployment. The second generation would be the status of the technology 
about five years after deployment. Exact definitions included in report. 

Scenario 4: L3 Conditional Automated Highway Drive 
 
General Comments 

• Very hard for IOO to provide weather and traffic data in rural areas 

o The needs identified (e.g. weather/traffic data) are not necessarily things 

to be provided only by the IOOs - it could be a third party.   

• Scenarios 3 and 4 seem very similar, may need to provide more distinction in the 

description.   

• Current machine vision has extreme difficulty detecting the low power LEDs that 

are typically used in changeable signs which implies different means of 

communicating the message of the sign to vehicle. 

• Suggestion to have included a scenario for highway speed driverless trucks, as 

this is coming to commercialization within a few years. 
 

Questions and Answers 
• Are you defining LKA as "hands off"?  Does it differ between L2 and L3? 

o Yes, it differs between L2 and L3. We mean that with LKA the vehicle 

would be able to assist with longitudinal and lateral movement. However, 

the degree of assistance would rely mainly on the technology used and 

level of automation.  

• Is there is an assumption that second generation cameras are capable of reading 

LED signs? 

o Yes 

                                                           
1 https://www.m14intelligence.com/car-makers-skipping-sae-level-3-automation/ 
2 https://www.wired.com/story/audi-self-driving-traffic-jam-pilot-a8-2019-availablility/ 

 

https://www.m14intelligence.com/car-makers-skipping-sae-level-3-automation/
https://www.wired.com/story/audi-self-driving-traffic-jam-pilot-a8-2019-availablility/
https://www.wired.com/story/audi-self-driving-traffic-jam-pilot-a8-2019-availablility/
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• Could ODD be partially defined by readiness of TCDs? (uniformity, maintenance, 

etc.) 

o The ODD has to be defined by the readiness of the TCD, data 

environment and concepts of operations.  
 

Scenarios 5 and 6: L4 Highly Automated Vehicle/TNC and L4 
Low-Speed Shuttle 
 
General Comments 

• Infrastructure components could also include the communication backbone 

(fiber). 

• Need to identify challenges rising with data management assets, data flow, and 

the backbone to handle data to/from vehicles 

o Arrow boards for example are almost completely unreadable 

• For all scenarios where technology could reduce or eliminate lateral vehicle 

wander, freight AV technology could have a major impact on the life of 

pavements.  Studies indicate that reduction in vehicle wander can reduce 

pavement life by up to 20%.   

 

Questions and Answers 
• Scenarios 5 and 6 do not address signal systems.  Is the assumption that there is 

no need for SPaT, either through DSRC, cellular, or central systems?   

o Integrating SPaT with CAV features may not be mandatory for safe 

operation through an intersection. However, it adds redundancy and can 

have positive benefits. These will be discussed in detail in the guidance 

document and final report.  

 

• Are pavement markings needed for low speed shuttles? 

o Yes, markings can help low speed shuttles navigate city streets and stay 

in the proper lane. However, we don’t think it is a requirement. 
 
Infrastructure Gaps Identified 
General Comments 

• It is expected that if public sector IOO’s don’t fill these infrastructure gaps, the 

private sector developers will (example: Waymo and others). 

• The 'infrastructure' in a work zone is almost completely owned by the private 

sector.  This is an issue in deployment and specifications enforcement. 

• Need to discuss concerns relevant to bridge infrastructure with experienced 

bridge or bridge maintenance engineers to vet the concerns raised on slide #18 
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• Very important for IOOs to know how to fund these needs in their program and 

when due to uncertainty of technology deployment timelines 

• The question of how critical the public sector role is, needs to be discussed, 

particularly in the early stages of deployment. 

• Concerned about the lack of progress towards deployment of CV technology due 

to the uncertainty of standards.  This is having both a near and long-term impact. 

• Don't forget the need to be able to perform data audits of the private sector 

participants. 

• Connectivity and V2X communications are also major issues 

• Availability of digital infrastructure related data (e.g., work zones) would be a 

challenge. The work zone issue is critical.   

• It is important for IOOs to have a good understanding of the cybersecurity needs 

for CAV deployments. 

• Recommend considering the impact of increased/decreased traffic due to Zero 

Occupancy/shared vehicles   

• Some jurisdictions have zero knowledge of CAV technologies at this point 

• Focus on questions such as: where do state and local transportation agencies 

start?  First thing they must do?  Priorities?  Funding? 

 

Questions and Answers 
• Have you considered that the readiness of TIMS routes will impact the readiness 

of the limited access system? 

o I have heard concerns from incident responders who may be dealing with 

many more vehicles 

Next Steps 
• The input obtained will be used for refining and developing the draft guidance 

document  

• The guidance document will be presented via another stakeholder engagement 

event (sometime in October) to obtain more feedback 
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This document is confidential and intended solely for the client to whom it is addressed.

Review NCHRP Project Objectives

Set the context for this webinar by reviewing the project objectives and approach

Present Insights from the Draft Guidance

Summarize and provide an overview of key highlights from the draft guidance 

document

Obtain Stakeholder Feedback

Refine the guidance document from detailed stakeholder feedback and comments 

through a series of discussion questions

1
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This document is confidential and intended solely for the client to whom it is addressed.

Develop guidance for state and local transportation agencies to evaluate and adapt their standards and 

practices for roadway and ITS designs, as well as update related maintenance and operations to 

accommodate the deployment of Connected and Automated Vehicle (CAV) technologies.

CONDUCT BASELINE LITERATURE REVIEW

To build on a strong foundation, the research team conducted an in-depth literature review of CAV 

technologies, state of physical infrastructure and existing standards (MUTCD) to gain a base line

ENGAGE STAKEHOLDERS TO REFINE APPROACH

Engaged key stakeholders in the industry and obtained feedback on project findings. The feedback 

feeds into research reports and helps shape further research needs on this topic

IDENTIFY DEPLOYMENT SCENARIOS AND INFRASTRUCTURE GAPS

Defined, prioritized and analyzed CAV deployment to identify gaps in existing infrastructure elements 

and components of standards or design that require updates

DEVELOP GUIDANCEDOCUMENT AND REENGAGE STAKEHOLDERS

The research team developed a draft guidance document and is re-engaging with key stakeholders for 

further input. The final guidance document will incorporate all stakeholder feedback

2



REQUESTS TO PARTICIPANTS

3Booz Allen Hamilton Internal

As we present content please share your thoughts  / feedback in the chat window so we 

can capture them  

Also jot down your questions in the chat window as you have them and we will get to 

them after presenting each section

While answering / providing feedback on the discussion questions we will pose after each 

section please make sure to use the appropriate question number you are responding to

Note: We are planning to dedicate 15 mins at the end for questions and answers

1

2
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Pavement Markings Signage Traffic Signals

Work Zones
Roadway and Bridge

Infrastructure ITS and V2I Communications



Gap Analysis Summary 
Pavement Markings
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This document is confidential and intended solely for the client to whom it is addressed.

• When detected by sensors, pavement 
markings play an essential role in 
supporting a vehicle’s lane awareness for 
many CAV use cases. 

• The importance of pavement markings to 
CAV deployment and the lack of available 
information points to the need for increased 
asset management focus for this 
infrastructure.

• The Federal Highway Administration (FHWA) has not published a final rule on minimum 
pavement marking retroreflectivity, so the level of retroreflectivity that owners maintain differs 
across the country.

• Pavement marking widths, ranging from 4 to 6 inches, and lengths vary across the country.

• Inconsistencies with yellow centerline and white edge lines. 

• Lengths and spacings of broken lane lines vary with IOOs.

• The use of lane line extensions for acceleration and deceleration varies with IOOs.

• The use of contract pavement markings under certain conditions lacks standards.

• Available pavement marking data to share with CAVs is lacking.

Elements of the Detailed Gap Analysis

Gap Description Performance Factors

• Availability of pavement condition data

• Edge detection for paved and/or unmarked 
roadways

5



Gap Analysis Summary 
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This document is confidential and intended solely for the client to whom it is addressed.

• The ability to read and interpret traffic signs 
is an important factor for use cases with 
higher levels of automation to understand 
the rules of the roadway in the environment 
in which it operates. 

• The increasing role of in-vehicle data and 
mapping could mitigate the need for 
machine-readable signage in the future. 

• Proper sign installation (e.g., location, lateral offset, height) and maintenance with IOOs is 
inconsistent.

• Existing sign legend standards (e.g., fonts/symbols) may not support machine readability. 

• Minimum retroreflectivity standards for traffic signs have been established in the Manual on 
Uniform Traffic Control Devices (MUTCD); however, compliance by IOOs is not consistent.

• Available traffic sign data to share with CAVs is lacking. 

Elements of the Detailed Gap Analysis

Gap Description Performance Factors

• Detection capability – fair weather, 
inclement weather (rain/snow), low light

• Interpretation of sign messages

• Condition of materials

• Consistency of application

• Obscuring of signage

6



Gap Analysis Summary 
Traffic Signals
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This document is confidential and intended solely for the client to whom it is addressed.

• Communicating Signal Phase and Timing 
(SPaT) data from a traffic signal to vehicles 
is a key opportunity for CAVs and a 
foundational element of many use cases. 

• This requires not only infrastructure 
readiness and investment but also a 
consensus on the communications 
mechanism. 

• Lack of consensus and regulatory action on V2I communication standards is delaying 
deployment.

• V2I readiness widely varies between agencies because of the following:

• Presence of backhaul communications

• Condition of the signal controller

• Need for improved asset management.

Elements of the Detailed Gap Analysis

Gap Description Performance Factors

• Backhaul communications availability

• Central system management

• V2I capability

• SPaT-compatible controller availability

7



Gap Analysis Summary 
Work Zones
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This document is confidential and intended solely for the client to whom it is addressed.

• As temporary TCDs, work zones traffic 
control takes on a different context from 
fixed infrastructure when evaluated for 
readiness. 

• The relationship between CAVs and work 
zone traffic control devices centers on two 
key topics: data on work zone 
characteristics, and machine recognition of 
work zone temporary TCDs

• While the MUTCD contains some standards involving the design and operation of work zones, 
applications vary widely based on field conditions and the flexibility provided to IOOs. 

• Standards related to the collection and format of work zone data so that it can be consumed by 
CAVs are lacking.

Elements of the Detailed Gap Analysis

Gap Description Performance Factors

• Work zone data availability

• Other factors related to TCD specifications.

8



Gap Analysis Summary 
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This document is confidential and intended solely for the client to whom it is addressed.

• ITS infrastructure role in supporting CAVs 
is primarily that of an enabler to deploy CV 
infrastructure.

• The associated site infrastructure play key 
roles in supporting CV infrastructure 
deployment; therefore, their presence and 
condition indicate readiness for such 
deployment.

• ITS deployment characteristics (e.g., locations, spacing of devices, types of devices) vary by 
agency and between urban and rural areas, which is likely to make national V2I deployment 
inconsistent. 

• Deployment of 5G cellular networks—critical to real-time map acquisition for CAVs—will rely 
heavily on partnerships between the telecom industry and public sector to collocate small-cell 
equipment in public rights-of-way.

• A lack of consensus and regulatory action on V2I communications standards is delaying 
deployment.

Elements of the Detailed Gap Analysis

Gap Description Performance Factors

• Consistency of deployment

• Central device management

• Data management systems

• Extent of coverage

9



Gap Analysis Summary 
Roadway Infrastructure
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This document is confidential and intended solely for the client to whom it is addressed.

• CAV interpretation of roadway operating 
limits and potential surface obstacles are 
likely to affect all scenarios.

• Detecting the roadway edge in the absence of striping is a challenge, which can be further 
exacerbated by poor snow clearance or drainage issues.

• High-resolution data (and standard data formats) on roadway surface condition to support 
pothole detection is lacking.

Elements of the Detailed Gap Analysis

Gap Description Performance Factors

• Availability of pavement condition data

• Availability of weather-related roadway 
surface condition data

• Edge detection

10



Gap Analysis Summary 
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This document is confidential and intended solely for the client to whom it is addressed.

• The main relationship between CAV 
readiness and bridges is the potential 
impact of Driver Assistive Truck Platooning 
(DATP) on bridge loadings. 

• The closer spacing of vehicles operating in 
a platoon may change. 

• The identified gaps have a high degree of 
near-term urgency. 

• Lack of a standard approach for evaluating the impact of changes in loading to bridges

• Lack of bridge design standards to address the changes in the loading profile due to truck 
platooning

Elements of the Detailed Gap Analysis

Gap Description Performance Factors

• Bridge design supports truck platooning: 
the extent to which bridges are sufficient to 
support the dynamic loading requirements 
for truck platooning

11



Standards Guidance
National Committee on Uniform Traffic Control Devices (NCUTCD)
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This document is confidential and intended solely for the client to whom it is addressed.

NCUTCD / FHWA

• Last MUTCD update in 2009

• NCUTCD CAV Joint Task Force 

Recommendations

• “Request to Experiment” Process
• Amendment to the MUTCD – formal Rulemaking 

Process 

• Currently awaiting FHWA Notice of Proposed 

Amendment (NPA) for the proposed next edition 

of the MUTCD (1.5 – 2 year process)

Standards Modification ProcessManual on Uniform Traffic Control Devices (MUTCD)

Suggested Action Method

Update (or create) standards to ensure consistent width and length of skip lines and 

width of edge lines, and consistent use of dotted extension lines, gore markings, and 

contrast markings. 

Update

Conduct additional research on machine readability of sign legends in order to 

evaluate whether updates to sign legend standards are necessary.

Update

Research approaches to standardize and improve the consistency of work zone TCD 

placement.

Update/New 

Standard

12



Standards Guidance
American Association of State Highway Transportation Officials (AASHTO)
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This document is confidential and intended solely for the client to whom it is addressed.

AASHTO 

• Current Green Book Edition – 2018

• Current Interstate System Guide - 2016

• AASHTO Committee on Design and Technical 

Committee on Geometric Design 

• Develop working draft 

• Final vote by state IOOs, where a 2/3 approval 

voting rate is required.  

Standards Modification ProcessA Policy on Geometric Design of Hways and Streets

Suggested Action Method

Monitor CAV advancements and continue research on long-term changes to roadway 

design standards that 1) are necessary to better support CAV introduction, or 2) take 

advantage of CAV technologies to ease requirements (such as reducing clear zone 

requirements).

Update/New 

Standard

Update design standards for bridges to reflect changes in loading characteristics 

inherent in truck platooning.

Update

13



Standards Guidance
U.S.DOT Intelligent Transportation System Joint Program Office (ITS-JPO)
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This document is confidential and intended solely for the client to whom it is addressed.

ITS JPO 

• Research and collaboration with other standards 

agencies

• USDOT Offices

• FHWA

• Federal Motor Carrier Safety 

Administration 

• Federal Transit Administration

• Federal Railroad Administration 

• National Highway Traffic Safety 

Administration

Standards Modification ProcessWZDx (Work Zone Data Exchange) Working Group

Source:  https://www.transportation.gov/av/data/wzdx

Suggested Action Method

Develop a new standard data format for communicating detailed pavement surface 

condition information.

New Standard

Develop a new standard data format for communicating detailed work zone 

information.

New Standard

14
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Focus Area Membership

Associations * Pavement 

Markings

Signing Traffic 

Signals

Work 

Zone 

Devices 

Roadway 

Infrastructure 

Planning / Design

ITS / 

Comms

State 

DOT

Local/ 

Regional 

DOT

Private 

Sector

Industry

AASHTO +

(XX Group)

X X X X X X X

AASHTO CAV 

Working 

Group

X X

NCUTCD X X X X X X X X X

APWA # X X X X X X X X X

ATSSA # X X X X X X X X X X

NACTO % X X X X

NACE @ X X X X X X X X X

ITE # X X X X X X X X X X

ITS America # X X X X X X X

ISO

SAE

IEEE

Note: (*) See abbreviations for association names 

(+) AASHTO is an association for state transportation officials only. 

Standards Guidance
National Associations with Input to CAV Related Standards Developments 
and IOO Involvement 

(#) Includes regional or local chapters 

(%) Includes member cities

(@) Includes county engineers

15



GUIDANCE TO
INFRASTRUCTURE OWNERS AND OPERATORS

16Booz Allen Hamilton Internal

Capital and Maintenance Investments

Research and Piloting

Policy and Procedures

Outreach and Communications
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GUIDANCE TO
INFRASTRUCTURE OWNERS AND OPERATORS
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Immediate 

(begin work within 1 year)

Near-Term 

(begin work within 1-3 years)

Mid-Term 

(begin work within 3-5 years)

Suggested timeframes for action are defined as follows:



GUIDANCE TO 
INFRASTRUCTURE OWNERS AND OPERATORS

18Booz Allen Hamilton Internal

Capital and Maintenance 
Investments

Guidance Timeline

Prioritize locations for investment. Immediate 

Increase in future-year budgets for pavement markings. Near-Term

Increase maintenance activities to improve machine 

readability of roadway features.

Near-Term

Build CV-readiness into traffic signals. Near-Term

Build future CV consideration into ITS installations Near-Term
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GUIDANCE TO 
INFRASTRUCTURE OWNERS AND OPERATORS
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Research and Piloting
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Guidance Timeline

Pilot CV technology to gain institutional experience. Near-Term

Study the impact of truck platooning on bridges. Mid-Term

Pilot smart work zone technologies. Mid-Term

Create forum for dialogue with AV testing companies. Near-Term

Identify CAV champion within your organization. Immediate



GUIDANCE TO 
INFRASTRUCTURE OWNERS AND OPERATORS
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Policy and Procedures
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Guidance Timeline

Develop asset management policy and procedures for 

pavement markings and signage.

Mid-Term

Develop policy and process for collocation of small-cell 

equipment in public rights-of-way

Near-Term



GUIDANCE TO 
INFRASTRUCTURE OWNERS AND OPERATORS
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Outreach and Communications
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Guidance Timeline

Monitor or participate in update of pavement marking 

standards.

Immediate

Monitor or participate in the Work Zone Data Exchange Immediate

Monitor or participate in the Cooperative Automated 

Transportation (CAT) Coalition.

Immediate

Create forum for dialogue with AV testing companies. Near-Term

Identify CAV champion within your organization. Immediate
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This document is confidential and intended solely for the client to whom it is addressed.

Q1. What high-priority actions will you likely take?

• Why – please share your thoughts in the chat window

Q2. Identify biggest challenges related to these actions?

• Please share your thoughts in the chat window

Q3. Which areas warrants further research?

• Why – please share your thoughts in the chat window

22



INNOVATIVE DESIGN CONCEPTS FOR CONSIDERATION

B
o

o
z
 |
 A

lle
n

 |
 H

a
m

ilt
o

n

This document is confidential and intended solely for the client to whom it is addressed.

• These concepts were identified in conjunction with challenges recognized in earlier 

tasks and to bridge the gap between technology and infrastructure

• Innovative concepts that are being tested by one or two state agencies were included 

for consideration 

• Abstract concepts not yet tested have not been included

Category Innovative Considerations Challenges Addressed

Roadway • Infrastructure readiness rating 

• Smart pavement 

• HD maps 

• Charging on motion

• Localization (e.g. Drop off Zones)

• Incident detection and response

• V2I connectivity 

• Electrification

TCD • Establish standards to improve pavement 

marking’s and sign’s contrast and 
retroreflectivity

• Lidar and RSU for identifying pedestrian 

crossings and work zones

• HD Maps

• Localization

• Machine vision

• Pedestrian Crossings

• Work zones

ITS • IOOs to establish guidelines and standards 

to make RSU / RSE implementation 

consistent. 

• HD Maps

• Lack of consistent standards across 

states for ITS deployment

• Lack of parking infrastructure

23



Innovative Design Concepts
Roadway: Infrastructure Readiness Rating
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This document is confidential and intended solely for the client to whom it is addressed.

Related Research

• NCHRP 20-224 (112): Connected Road 
Classification System (CRCS) 
Development. 

• EU-TP1488 INFRAMIX project  

Source: https://www.inframix.eu/wp-

content/uploads/ITSWC2018-ASF-AAE-Final-paper_v4.pdf

• Rating infrastructure elements based on its 
readiness to support CAV technology 
deployments can help develop a baseline 
for state and local agencies

• Such a rating would further help in 
identifying the portions of their network that 
need investment for enabling CAV features. 

• This will also help developers communicate 
boundaries for CAV functionality

• Rating can help inform funding decisions 
on better understanding gaps and needs in 
infrastructure needed to support CAV.

• This rating would give CAVs and their 
operators guidance on the readiness of the 
road network. Typically, this rating can be 
used for a simple description of what AVs 
can expect on specific parts of a road 
network.

Justification Real-world example

Description Levels of Infrastructure

24



Innovative Design Concepts
Roadway: Smart Pavements
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This document is confidential and intended solely for the client to whom it is addressed.

Related Research

• CDOT Smart Highway Project

• Lenexa City (Downtown of the City Center).

• Video Link

Source: https://www.ttnews.com/articles/colorado-set-be-first-

state-test-smart-pavement

• Consists of interlocking smart pavement 
slabs where each slab incorporates 
accessible and upgradable digital 
technology 

• Connects vehicles to the internet and 
provides real-time information to drivers 
about traffic, road conditions, and 
unplanned incidents. 

• Can be used to address specific problem 
areas such as Run off the Road  (ROTR) 
prone stretches or corridors

• This technology could potentially be 
integrated with CAVs in a wide variety of 
ways to improve safety, mobility, and the 
environment. 

Justification Real-world example

Feature Description Smart Pavement Render
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This document is confidential and intended solely for the client to whom it is addressed.

Related Research

• MnDOT Needs Statement 562 – Pavement 
Markings for Autonomous Driving: 
Literature Search 

• Road Markings for Machine Vision NCHRP 
Project 20-102(6)  (Texas A&M Transportation 

Institute, 2018)

Source: http://www.dot.state.mn.us/research/RFP/Lit/LS562.pdf

and RoadSafe Traffic Systems Inc

• State and local agencies install and 
maintain signs with minimum levels of 
retroreflectivity per the latest MUTCD. 

• Increasing Contrast and retroreflectivity of 
existing signs may improve response for 
CAVs as well as enhance human operator 
interactions with reliable inputs for safe 
navigation on roadways during low-light 
conditions.

• For machine vision algorithms, highly 
detectable conditions can be achieved 
using TCD with high retroreflectivity for 
nighttime performance, and high contrast 
ratio for daytime performance. 

• There are currently no requirements for the 
installation and maintenance of pavement 
markings that will assist AVs. 

Justification Real-world example

Feature Description

Innovative Design Concepts
TCD: Contrast and Retroreflectivity

26

Supplementary Barrier Reflectors 
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Innovative Design Concepts
TCD: Work Zone Identification

B
o

o
z
 |
 A

lle
n

 |
 H

a
m

ilt
o

n

This document is confidential and intended solely for the client to whom it is addressed.

Related Research

• Virginia Connected Corridors (VCC) Work 
Zone Tool (See Figure)

• Various State DOT Work Zone Data 
Initiatives

Source: 

http://onlinepubs.trb.org/onlinepubs/conferences/2016/NATMEC

/MollenhauerPPT.pdf

• Using third party tools to provide real-time 
updates from work zone sites to inform 
vehicles of lane shifts / changes in 
configuration due to construction / repair. 

• This approach could supplement sensor 
information for CAVs navigating through 
work zones or hazardous sites.

• Current work zone design, operations and 
signs cater to human drivers to help with 
the transition to new traffic patterns. The 
same design can be challenging for CAVs 
to interpret. 

• Digitizing work zone data can help improve 
functionality of CAV applications negotiate 
work zones

Justification Real-world example

Feature Description VCC Work Zone Tool
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Innovative Design Concepts
TCD: LIDAR for Pedestrian Crossing
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This document is confidential and intended solely for the client to whom it is addressed.

Related Research

• Tampa Hillsborough Expressway Authority 
(THEA) CV Pilot  (See Figure)

• THEA found LIDAR technology to be the 
best fit for the desired performance 
requirements compared to radar and video 
technologies.

Source: https://www.its.dot.gov/pilots/thea_lidar.htm

• LIDAR units installed at crosswalks can 
collect high-resolution 3D images of objects

• These scans are analyzed to identify 
pedestrians and their walking trajectories 
within the defined area of the crosswalk

• A personal safety message (PSM) based 
on the data analyzed can be used to alert 
CAV or pedestrians

• Identifying pedestrian crossings and 
estimating their tendencies is a challenge 
for CAVs

• Until HD maps are fully deployed more 
widely, there is a need for a method to 
overcome this challenge considering the 
existing physical/digital infrastructure and 
technologies

Justification Real-world example

Feature Description LIDAR Installed at a Crosswalk (circled)
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Innovative Design Concepts
ITS Innovative Considerations
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This document is confidential and intended solely for the client to whom it is addressed.

Related effort

• Verizon Parking Optimization 

• Purchasing/ loaning data packages 
based on ODD of parking 
infrastructure (streaming camera data 
or opening wifi/cellular hotspots to 
track vehicles parking)

Source: Alam et al., 2018

• The deployment and type of installed Road 
Side Unit (RSU) may depend on the 
challenge a roadway may be experiencing 
and/or to meet IOO needs. 

• IOOs can then make the data generated by 
the RSU’s available to researchers, 
technology developers and OEMs in order 
to spur innovation. 

• Opening data access to private industry 
may benefit IOOs, as the data packages 
could shape operational domains for its 
users. 

• Third-party entities might develop a host of 
applications to improve safety and mobility

• Internet Service Providers (ISPs) are 
approaching this by developing smart 
parking solutions

Justification Real-world example

Feature Description RSU’s Can Help Optimize Parking Infrastructure
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Innovative Design Concepts
IOO Awareness and Participation
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This document is confidential and intended solely for the client to whom it is addressed.

• Charging facilities can be a crucial asset to 

facilitate electric CAVs and HAVs. The key to build 

this infrastructure would be to locate the most 

practical locations (homes, parking lots, offices, 

service stations, etc.). 

• There are few other innovative design elements not in the direct purview of IOOs but play an important role in 

bridging infrastructure gaps to facilitate CAV deployment

• Though the private sector is largely driving advancement in these areas the process and resulting product can 

be enhanced with input and participation from IOOs 

• High-definition (HD) maps are a key enabler for all 

levels of automated driving, particularly L3, L4, and 

L5. Their usage in localization are the most 

influential factor for the safe navigation of CAVs. 

HD Maps Charging Infrastructure
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Discussion Questions: Set 2
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This document is confidential and intended solely for the client to whom it is addressed.

Q4. Which of these innovative elements are you interested in exploring 
further?

• Why - please share your thoughts in the chat window

Q5. Are there any other innovative infrastructure design elements to 
support CAV technologies?

• Please share your thoughts in the chat window

Q6. What are the biggest challenges for IOOs in participating in industry 
driven innovation?

• Please share your thoughts in the chat window
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Q & A
S

IF YOU HAVE ADDITIONAL FEEDBACK PLEASE SEND IT TO:
SUNDARARAJAN_ SUDHARSON@BAH.COM

SCOTT.SHOGAN@WSP.COM
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NEXT STEPS
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• The input received will be used for finalizing the guidance document

• A brief report summarizing the comments and feedback received today will be shared 

with the attendees by the end of this month similar to the one shared after the first 

webinar

B
o

o
z
 |
 A

lle
n

 |
 H

a
m

ilt
o

n



THANK YOU
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February 11, 2020 

  

1 

NCHRP 20-102(15): Impacts of Connected and Automated 

Vehicle Technologies on the Highway Infrastructure 

Webinar 2: Summary Report 

 

Background 

CAV technologies are advancing faster than ever, and there is a growing need to better 

understand how and when traditional physical infrastructure may be affected. Some 

agencies are starting to question the value of maintaining key physical infrastructure 

(because they might not be needed in the future). Agencies are also questioning roadway 

design, work zones, etc. will be affected as CAV technologies are deployed.  

As part of this NCHRP project, the research team is conducting a state-of-the-art 

assessment across technology, physical infrastructure, and standards to baseline existing 

physical infrastructure supporting CAV technologies. A set of CAV deployment scenarios, 

along with infrastructure needs and gaps will then be identified. These findings will be used 

to produce guidance for state and local transportation agencies in evaluating and—if 

necessary—adapting their standards and practices for roadway and intelligent 

transportation system designs (including traffic control devices) and related maintenance 

and operations to reflect the deployment of CAV technologies.    

Target Audience 

Includes both public (State DOTs, Research Institutions, Standards Development 

Organizations, etc.) and private (OEMs, technology companies, traffic control device 

manufacturers, etc.). The actual attendees' composition was 59% public and 41% private.    

Webinar Objectives 

The interactive webinar is focused on achieving two primary objectives: 

1. Provide a brief overview of this project and an update on tasks already completed. 
This will highlight the CAV features expected to hit the U.S. roads in the near future 
and summarize the guidance document.  

2. Obtain feedback on the project’s developed guidance document from a diverse set 
of stakeholders in order to finalize the guidance document (end-product of this 
effort). 

 

Section 1: Gaps Analysis Summary 
General Comments 

• Infrastructure gaps should include issues with gravel roads. 
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• One OEM has promised mass deployment of V2X in 2022. This opposes the 

conclusion provided.  Granted there are caveats to the commitment but the current 

FCC NPRM on that matter conceivably fosters that deployment would translate 

uncertainty into reality. The team focused on being as communications agnostic as 

possible. 

Questions and Answers 

• N/A 

 
Section 2: Standards Guidance 

General Comments 

• With temporary work zones, AVs need advance notification of the presence, 

transcending the perception-only aspect described in the presentation. 

• From the public engagement events (conducted in Madison, WI), it was found that 

majority of the public think CAV and roadway automation is really primarily for 

highways. With the current national trend of increased pedestrian and bicycle 

fatalities while vehicle safety improves, emphasis on urban mobility and vulnerable 

users in the transportation automation framework is important.  

• IOOs should consider assisting CAVs to safely navigate through busy and complex 

urban situations with a lot of ped/bike traffic, such as communicating the ped/bike 

presence info to CAVs at signalized intersections. 

Questions and Answers 

• In addition to the traditional things that we do (signing, marking etc.), should 

infrastructure owners and operators play a role in building and updating a 3-D map 

to facilitate CAV operation? 

o The development of HD / 3-D maps and few other innovative concepts are 
primarily driven by industry players. It’s a huge undertaking and IOOs do not 
have the resources to build their own 3-D maps. However, the project 
pointed out that IOOs can benefit by being aware of industry trends in HD / 
3-D maps and should play an active role interfacing with technology 
companies currently in pursuit of developing such technologies.  

• Will guidance speak to dense urban areas with a lot of different types of traffic? 

o One of the main scenarios considered while developing this guidance 
document was driverless cars operating in dense urban areas. All TCD gaps 
pertaining to this scenario are discussed in the guidance document. 

o Nothing here specifically looks at multimodal intersections and what types of 
infrastructure improvements may be needed. One school of thought would 
have more separation between modes and strict curb-management policies 
to protect vulnerable road users and control congestion. The trends are the 
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opposite. It is complicated and perhaps needs a look deeper at how that is 
acknowledged.  

• Do you have specific MUTCD recommendations? 

o MUTCD is already moving towards updating standards around pavement 
markings and variability between skip lines etc. Most of the work is being 
done through CAV taskforce working through each part of the manual. The 
guidance document generally affirms the direction of the NCUTCD in 
developing MUTCD updates.  Some of it is a little behind, and they should 
be taking steps to move forward with recommendations for MUTCD. 

Section 3: Guidance to Infrastructure Owners and Operators 

General Comments 

• On bridge design, there might be a nearer term “need” for remedial treatments to 
make existing bridges platoon ready. 

• 5G small cell access to right-of-way (ROW) could be coupled with short range road 

side unit (RSU). Mobile Network Operators and importantly, neutral host 

companies understand and are friendly to C-V2X. Some are considering co-

location of 5G small cells and C-V2X RSU as a quid pro quo: Site acquisition/ROW 

usage could be traded with a “donation” of a short-range direct communication 

RSU. 

Questions and Answers 

• Is there a nearer term need for looking at guidance on bridges? 

o This research did not look at this in particular but looked at how loading from 
truck platooning can be concerning to bridge structures. Doubling back on 
research to see if there are actions that can be taken to strengthen existing 
structures might be useful. 

• Are there any thoughts on the recent NCUTCD recommendations regarding 
tightening Part 3 uniformity for machine vision systems? What other low hanging 
opportunities exists regarding TCDs? 

o This research supports the proposed changes to Part 3 of the MUTCD to 
improve uniformity of pavement markings as the most critical infrastructure 
need to aid CAVs.  We find that for other categories of TCDs, such as 
signage and work zone TCDs, additional research is still needed to be able 
to advance further recommendations. 

• Is crash zone and emergency vehicle interfaces cited? 

o This research was focused on the infrastructure, and not sure that there is 
an infrastructure solution to this issue. 
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• Was there any consideration given to “Go Lanes” (dedicated lanes offered to 
ACV’s that travel at a constant speed vs. stop and go norm for chocked travel 
areas) in high density urban choke points? 

o That is not addressed in this document because it is dependent on high 
penetration of CAVs. That would be a longer timeline than the one analyzed 
for this project. That longer timeframe does not align to the targeted actions 
that are proposed today. 

o The innovative-concepts section did discuss a similar concept but related to 
trucks moving on highways and freeways. It is on motion charging where 
trucks move on dedicated lanes acting like electric roads that supply 
electricity to the Automated truck while it is moving.  

Section 4: Innovative Design Concepts for Consideration 
 
General Comments 

• The positive utility of such infrastructure improvements for human drivers and 

ADAS must be acknowledged. 

Questions and Answers 
• Are there cost estimates on some of these? Smaller DOT’s will find it hard to 

implement new technologies due to budget constraints. 

o Most of the innovative design concepts are being explored currently and do 

not have cost data readily available yet. A qualitative assessment is 

included and a little more from the cost and benefit perspective will be 

added.   

• Is there a way to quantify the confidence that the innovations might bring given the 

cost and timing of CAV deployment? 

o The benefit cost methodology was explored to assess these concepts but 

there are several limitations. Given that there is minimal penetration of CAV 

technologies, the benefits are very challenging to quantify. Such an analysis 

will be inaccurate and speculative at best.  The intent of this section is to 

present concepts which are not yet perhaps ready for commercial use but 

may yield long-term benefits.  Investment in these technologies today would 

come with inherent risks, and benefits would likely be more qualitative, such 

as gaining agency experience with technology. 
 

Discussion Questions 
 
Set 1 (On Standards and IOO Guidance) 

1. What high-priority actions will you likely take? 

o Outreach to OEMs and mobile network operator (MNO) communities, as 

they will profoundly influence the digital infrastructure to enable CAV. 
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o Review CAV policy and incorporate communication infrastructure in 

programmed projects, CV pilots, AV pilots, and public engagement. 

2. Identify biggest challenges related to these actions. 

o Regulatory uncertainty 

o Cost-benefit rationale for early implementation of AV supportive practices 

when AV deployment/penetration is uncertain/unknown. Should 

acknowledge the positive utility of such infrastructure improvements for 

human drivers and ADS. 

o Limited funding: Smaller cities have very limited funding to explore new 

technologies and mobility models.  

o Lack of state support: under the current state political climate there is limited 

state support. 

o Transportation equity: the access to transportation and economic growth is 

not equitable through different areas and across different population groups 

in the city. Ensuring equitable access to the CAV technology is going to be 

more challenging.  

o Public perception: Not all the different stakeholders have the same goals 

and objectives. It is healthy and great to have diverse perspectives from the 

community, but it is a naturally challenging to do something new and 

revolutionary. 

3. Which areas warrant further research? 

o Physical instantiation in concern with OEMs and MNOs is important. 

Set 2 (On Innovative Design Concepts) 

4. Which of these innovative elements are you interested in exploring further? Why? 

o HD maps and in particular the temporally variable upper layers also known 

as the Local Dynamic Map paradigm standardized by ETSI, ISO and under 

consideration for deployment in Japan. 

o Innovative pedestrian crossing, ITS, data management, CV and HD 

mapping 

5. Are there any other innovative infrastructure design elements to support CAV 

technologies? 

o The Go Lane concept 

6. What are the biggest challenges for IOO’s in participating in industry driven 
innovation? 

o Speed of innovation: Private sector participants have incentive to 

deploy/commercialize innovation at faster pace; they do not have the 

fiduciary responsibility and the need to be as inclusive as the public sector. 

This mismatch in motivation and speed should be recognized and somehow 

accommodated. 
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1. Acronyms 

ACRONYM DEFINITION 

3D Three-dimensional 

AASHTO American Association of State Highway Transportation 

Officials 

ADAS Automated Driver Assistance Systems 

ADS Automated Driving Systems 

ADT Average Daily Travel 

APWA American Public Works Association 

ATSSA American Traffic Safety Services Association 

AV Automated Vehicle 

BCA Benefit-cost Analysis 

C-V2X Cellular Vehicle-to-everything 

CAT Cooperative Automated Transportation 

CAV Connected and Automated Vehicle 

CDOT Colorado Department of Transportation 

CFR Code of Federal Regulations 

CV Connected Vehicle 

DAS Driving Automation System 

DATP Driver-assistive Truck Platooning 

DDT Dynamic Driving Task 

DSRC Dedicated Short-range Communications 

FHWA Federal Highway Administration 

GIS Geographic Information System 

GNSS Global Navigation Satellite System 

HAV Highly Automated Vehicle 

HD High Definition 

IOO Infrastructure Owners and Operators 

ISP Internet Service Provider 
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ACRONYM DEFINITION 

ITE Institute of Transportation Engineers 

ITS  Intelligent Transportation Systems 

JPO Joint Program Office 

Lidar Light Detection and Ranging 

MUTCD Manual on Uniform Traffic Control Devices 

NACE National Association of County Engineers 

NACTO National Association of City Transportation Officials 

NCHRP National Cooperative Highway Research Program 

NCUTCD National Committee on Uniform Traffic Control Devices 

NHS National Highway System 

NOCoE National Operations Center of Excellence 

OBU Onboard Unit 

ODD Operational Design Domain 

OEDR Object and Event Detection and Response 

OEM Original Equipment Manufacturer 

PNT Position, Navigation, and Timing 

PSM Personal Safety Message 

R&D Research and Development 

Radar Radio Detection and Ranging 

RFI Request for Information 

ROTR Run-off-the-road 

RSE Roadside Equipment 

RSU Roadside Unit 

SAE Society of Automotive Engineers 

SPaT Signal Phase and Timing 

TCD Traffic Control Device 

THEA Tampa Hillsborough Expressway Authority 

TMC Transportation Management Center 
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ACRONYM DEFINITION 

TNC Transportation Network Company 

TPMS Tire Pressure Monitoring System 

U.S. DOT United States Department of Transportation 

V2I Vehicle-to-infrastructure 

V2N Vehicle-to-network 

V2P Vehicle-to-pedestrian 

V2V Vehicle-to-vehicle 

V2X Vehicle-to-everything 

Vpd Vehicles per Day 

WZDx Work Zone Data Exchange 
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2. Executive Summary  

Today, both technology companies and automotive manufacturers are investing heavily to 
develop automated features for vehicles. Their goal has been to reduce human driving activity 
(and thus human error to improve safety) so the driver can focus on other activities during their 
commutes. The timely and safe deployment of automated vehicles (AVs) and associated 
technologies, such as connected vehicles (CVs), can be accelerated by advances in infrastructure 
design and practices. With AV technologies on the rise, state and local infrastructure owners and 
operators (IOOs) are seeking new approaches to designing, constructing, operating, and 
maintaining highway infrastructure.  

This report describes guidance for state and local transportation agencies in evaluating and, if 
necessary, adapting standards and practices for roadway and intelligent transportation system 
designs (including traffic control devices, or TCDs) and related maintenance and operations to 
reflect the deployment of AV technologies. Tasks 1 through 3 conducted preliminary research to 
understand the impact of physical infrastructure in its current form on AVs, as well as methods 
and recommendations IOOs may consider, in assessing these technological impacts.  

This document is sectioned as follows: Chapter 3 provides an introduction and describes the 
intended audience; Chapter 4 provides a technical background for AVs and a description of 
envisioned scenarios; Chapter 5 provides guidance on standards and action for IOO 
consideration based on current infrastructure gaps limiting the deployment of AVs and its 
supporting technologies; Chapter 6 describes a few innovative design concepts for IOO 
consideration; and Chapter 7 describes the limitations of the standard benefit-cost analysis 
(BCA) methodology in its application to evaluating AV relevant infrastructure and technology 
investments.  
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3. Introduction 

AV technologies are advancing every day and continue to transform the transportation 
landscape. A wide range of entities in both the public and private sectors are playing 
instrumental roles in advancing and implementing AV technologies, including transportation 
agencies, technology firms and service providers, major automakers, and research 
organizations. The convergence of AVs and connected infrastructure means there is a growing 
need for our roadways, which were traditionally designed with human drivers in mind, to begin 
to accommodate AVs.  
 
The Impacts of Connected and Automated Vehicle Technologies on the Highway Infrastructure 
project develops guidance for state and local agencies to help support deployment of AV and 
CV technologies. This includes design, operations, and maintenance and the supporting CV 
technologies include applications that use vehicle-to-vehicle (V2V), vehicle-to-infrastructure 
(V2I), vehicle-to-pedestrian (V2P), and vehicle-to-network (V2N) to communicate with other 
vehicles, infrastructure, pedestrians, and networks around them to enhance safety, mobility, and 
environmental aspects of driving. This document is based upon the current (2019) 
understanding of AV and CV technologies. Given the rapid advancement of technologies in the 
AV and CV space, the material presented herein is likely to evolve within the next three to five 
years. 

3.1 Project Summary 

This research produces guidance that considers trends and timelines in the development and 
deployment of various connected and automated driving technologies (primarily Society of 
Automotive Engineers [SAE] Levels 2 and 3, with some consideration of Level 4), including 
sensor systems and the increasing role of digital infrastructure and connectivity. The guidance 
describes how changes in standards and practices could advance agency goals while 
considering the effects on transportation agency resources. It also suggests approaches to 
foster collaboration between the public and private sectors to develop and advance needed 
standards and practices, including for data access and sharing. 

3.2 Intended Audience 

The intended audience for this report includes state and local transportation agencies; IOOs; 
policy, regulatory, standards organizations; and other industry stakeholders in the AV and CV 
ecosystem. 
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4. Background  

This chapter describes some of the technical terms used throughout this report. These high-
level definitions provide ample background to better grasp the guidance presented later in this 
report. In this report, a continuous mention of two distinct technologies is made:  

• AVs use various onboard (in-vehicle) sensors and data processing systems to assist the 
driver with some or all of the driving tasks depending on the level of automation. SAE 
defines the Driving Automation System (DAS) as the hardware and software that are 
collectively capable of performing part or all of the dynamic driving task (DDT) on a 
sustained basis (SAE, 2018). This term is used generically to describe any system 
capable of Levels 1–5 (L1, L2, etc.) driving automation. AV systems can keep a vehicle 

in its lane or at a safe following distance from a vehicle in front of it, initiate automatic 
braking and collision evasion maneuvers, or control every element piloting the vehicle 
without a human driver being engaged in the process.  

• CVs are equipped vehicles that have the capability to communicate information to other 
equipped vehicles and the infrastructure. This exchange happens via onboard systems 
from external data sources, such as other vehicles, infrastructure, pedestrians, or 
cellular networks. Connectivity provides the vehicles with plenty of useful information, 
such as pedestrian locations, speed limits or advisories, traffic signals location and 
timings, work zone location, traffic incidents and disruptions, and weather conditions. 
This information provides greater awareness of surroundings, which in turn could assist 
in enhancing safety, mobility, and environmental aspects of driving. For instance, data 
received from traffic signals and variable speed limits can be used by CVs to optimize 
travel time and fuel consumption. 

 
There is an inherent assumption that AVs will be capable of connecting with other equipped 
vehicles and the capable infrastructure when these become available. Connectivity will play an 
essential part in augmenting specific AV capabilities and providing cooperative automation 
(INFRAMIX, 2019). The term “CAV”—connected and automated vehicle—is used in some 

instances to refer to AVs that can take data from external sources (other vehicles and/or 
infrastructure) to carry out its functions.  

4.1 Technical Background  

This section provides technical background needed for subsequent discussions.  

• DDT: includes all of the real-time operational and tactical functions required to operate a 
vehicle in on-road traffic, excluding the strategic functions (e.g., trip scheduling, selection 
of destinations and waypoints) and including (SAE, 2018): 

A. Lateral vehicle motion control via steering 
B. Longitudinal vehicle motion control via acceleration and deceleration 
C. Monitoring the driving environment via object and event detection, 

recognition, classification, and response preparation 
D. Object and event response execution 
E. Maneuver planning 
F. Enhancing conspicuity via lighting, signaling, gesturing, etc.  

• Operational Design Domain (ODD): Operating conditions under which a given driving 
automation system or feature is specifically designed to function, including, but not 
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limited to, environmental, geographical, and time-of-day restrictions, and/or the requisite 
presence or absence of certain traffic or roadway characteristics (SAE, 2018). ODD is 
typically defined by the DAS technology developer and original equipment manufacturer 
(OEM). 

• Automated Driving System (ADS): The hardware and software that are collectively 
capable of performing the entire DDT on a sustained basis. This term is used specifically 
to describe a Level 3, 4, or 5 driving automation system (SAE, 2018). 

• Radio Detection and Ranging (Radar): Radar is a range-finding technology that 
supports perception. Radars operate by transmitting a radio signal towards a region of 
interest, then detecting the signals reflected back from objects within the field of view. 
Radar is a popular choice for AVs because they are relatively inexpensive and robust 
(Patole et al., 2017). 

• Light Detection and Ranging (Lidar): Lidar is a subset of radar and has been 
continually growing as a key enabling technology for AVs. Lidar allows for generations of 
high-definition (HD), three-dimensional (3D) maps by sending and receiving high-
frequency radar. Lidar works similarly to radar: it transmits a wave (in this case, light) 
and detects the reflected light pulse from an object within the detectable region. Lidar 
has a much higher resolution and frequency (900 – 1500 nm wavelengths) (Yole, 2015). 

• Position, Navigation, and Timing (PNT): PNT systems provide highly accurate and 
reliable vehicle positioning, along with precision timing. This becomes especially critical 
at higher speeds and for AV operations (applications) that require “where in the lane”-
level positioning accuracy or must abide by geofencing guidance or restrictions. The 
most commonly used system for PNT in the United States is the Global Navigation 
Satellite System (GNSS) deployed by the U.S. government, the global positioning 
system. 

• Vehicle-to-everything (V2X) Communication: It is a compendium of V2X 
communications occurring over the dedicated short-range communications 
(DSRC)/cellular spectrum to provide V2V, V2I, V2P, and V2N communications. An 
onboard unit (OBU) enables the vehicles to communicate with other vehicles, 
infrastructure, pedestrians, and cellular network around them to enhance safety, 
mobility, and environmental aspects of driving. In V2I communication, the OBU 
communicates with a roadside unit (RSU) to dispatch important information, such as 
hazardous road conditions (Joseph, 2018).  

• DSRC: DSRC is one of the two primarily envisioned spectrums for handling 
communication in a CV environment. The term “dedicated” refers to the fact that the U.S. 
Federal Communications Commission dedicated 75 MHz of licensed spectrum in the 5.9 
GHz band for DSRC communication (Commission and others, 2002). The term “short-
range” is due to the fact that communications in DSRC take place over hundreds of 
meters, a shorter distance than other common wireless communications. While the main 
purpose for deploying DSRC was a collision prevention application, DSRC’s unique 
characteristics (e.g., low latency, high reliability, security, and interoperability) make 
DSRC ideal for many other applications beyond collision avoidance (Kenney, 2011). 
Additionally, DSRC experiences very little interference even in extreme weather 
conditions due to its short-range, making it ideal for handling communications to and 
from cars moving at high speeds.  

• Cellular-V2X (C-V2X): C-V2X refers to handling the V2X communication over the 
cellular modem technology, often using a 5.9 GHz frequency band, leading to 
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fundamentally different non-interoperable access layer with DSRC. Aside from that, the 
two technologies (C-V2X and DSRC) are addressing identical use cases and having 
identical network, security and application layers. 

• Object and Event Detection and Response (OEDR): The subtasks of the DDT that 
include monitoring the driving environment (detecting, recognizing, and classifying 
objects and events and preparing to respond as needed) and executing an appropriate 
response to such objects and events (i.e., as needed to complete the DDT and/or DDT 
fallback) (SAE, 2018). 

• L2 Driving Automation: The sustained and ODD-specific execution by a driving 
automation system of both the lateral and longitudinal vehicle motion control subtasks of 
the DDT with the expectation that the driver completes the OEDR subtask and 
supervises the driving automation system (SAE, 2018). 

• L3 Driving Automation: The ADS (“System”) performs the entire DDT (while engaged). 
The sustained and ODD-specific performance by an ADS of the entire DDT with the 
expectation that the DDT fallback-ready user is receptive to ADS-issued requests to 
intervene, as well as to DDT performance-relevant system failures in other vehicle 
systems, and will respond appropriately (SAE, 2018). 

• L4 Driving Automation: ADS (“System”) performs the entire DDT (while engaged). The 
sustained and ODD-specific performance by an ADS of the entire DDT and DDT fallback 
without any expectation that a user will respond to a request to intervene (SAE, 2018). 

• HD Maps: These are type of maps that are particularly designed and made for self-
driving cars and AV features operating at L3 and L4. These maps have extremely high 
precision (to the centimeter level). This is because the cars need very precise 
instructions on how to maneuver themselves, within a particular lane, along the route. 

 

4.2 AV Scenario Feature Description 

To cover a broad range of ODDs (e.g., rural divided highway on dry weather conditions); vehicle 
types (e.g., transit, light duty, heavy duty); and sensing technologies (e.g., lidar, radar, cameras) 
the research team looked at several AV features in an earlier task in the project. The team then 
selected six AV features that address the near-term gaps based on findings from Tasks 1. 
These scenario features range from Level 2 to Level 4 automation as defined by SAE J3016 
(Kamalanathsharma, 2014). A brief description of each of these scenarios are recapped here to 
help the reader better grasp the guidance provided later in the document. Table 1 that follows 
provides a summary of the features and the defining ODD elements. The selected AV features 
include:  

• L2 Partially Automated Autopilot – This feature involves a human-operated, light-duty 
vehicle that can perform supporting navigation roles to aid the driver. V2V and V2I 
communications could be used but are not required. This feature may be seen in 
passenger cars or taxis that use certain automated driver assistance systems (ADAS) 
technologies, such as forward-facing cameras, which enable lane-keeping assistance 
and forward collision warning to enhance safe vehicle operations. L2 Partially Automated 
Autopilot is commercially offered as an add-on feature by several manufacturers. 
Autopilot was first commercially offered by Tesla in October 2014, and similar systems 
are now offered by Cadillac (Super Cruise) and Nissan (ProPilot Assist), among others. 
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• L2 Heavy-duty Highway Drive – This feature involves a system that handles the DDT 
on a highway route, allowing the driver to maintain close heading with other vehicles 
within a fleet. This capability has been pioneered by trucking industries that show its 
relative phase in near-term deployment. V2V communications, in conjunction with 
sensors, such as camera and radar, are essential; V2I communications for receiving 
roadway maps, localized platooning regulations, and other guidance could be beneficial. 

• L3 Conditional Automated Traffic Jam Drive – This feature involves autonomous 
travel for stop-and-go traffic. It allows the vehicle to act without input from the human 
operator at slower speeds if a preceding car can be followed. A human operator is 
receptive to ADS-issued requests to intervene and is the fallback for the DDT. The car 
steers, accelerates, and brakes automatically, and allows the driver to take their hands 
off the steering wheel in slow-moving traffic. In the event of an emergency takeover, 
such as in work zones, the vehicle will switch to human interactions. V2V 
communications, in conjunction with sensors, such as GNSS receivers and radar, are 
essential for accurate positioning; V2I communications for roadway maps, localized 
platooning regulations, and other guidance could be beneficial. 

• L3 Conditional Automated Highway Drive – This feature allows the vehicle to act 
without input from the human operator on highways. The feature enables the vehicle to 
travel at the desired speed and adjust the speed based on the surrounding traffic. The 
system is also able to overtake slower vehicles or merge at highway junctions. V2V 
communications, in conjunction with sensors, such as cameras, radar, lidar, and HD 
maps, are essential for accurate positioning and collision avoidance; V2I 
communications for roadway maps, localized regulations and other guidance could be 
beneficial.  

• L4 Highly Automated Vehicle (HAV)/Transportation Network Company (TNC) – This 
feature enables the vehicle to pick up passengers or goods and drive to a destination 
without the need for an onboard driver within it ODD which could be within a confined 
geographical area (e.g., residential community, military base, university campus). V2V 
communications, in conjunction with sensors, such as cameras, radar, lidar, and HD 
mapping are essential for accurate positioning and collision avoidance; V2I 
communications for roadway maps, localized regulations, and other guidance could be 
beneficial, especially in densely populated areas. This AV feature was first commercially 
offered by Waymo in October 2019, 

• L4 Highly Automated Low-speed Shuttle – This feature involves an automated shuttle 
that drives along a predetermined route. The system does not need an onboard driver 
control interface and is limited to speeds below 35 miles per hour, or mph. Sensors, 
such as cameras, radar, lidar, and HD-mapping are essential for accurate positioning 
and collision avoidance While V2V communications could be beneficial, it would not be 
essential, as onboard sensors could provide enough situational awareness, though V2I 
communications (e.g., dynamic route guidance) are being used today. 
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Table 1. Summary of AV Features and Defining ODD Elements. 

AV feature 

Selected ODD Elements 

Roadway Type 

Important 
Infrastructure 

Elements that may 
Enable Operation 

Operational and 
Atmospheric Conditions 

L2 Partially 
Automated 
Autopilot 

• Divided Highway 
• Signage 

• Lane and Pavement 
Markings  

• Speed Limit: Minimum 
Speed Limit 0 mph 

• Weather: Clear  
 

L2 Heavy-duty 
Highway Drive 

• Managed Lanes 

• Barrier 

• Signage 

• Lane and Pavement 
Markings  

• Speed Limit: Minimum 
Speed Limit 0 mph 

• Weather: Clear, Wind 
 

L3 Conditional 
Automated Traffic 
Jam Drive 

• Divided Highway 
• Signage 

• Lane and Pavement 
Markings 

• Speed Limit: Maximum 
Speed Limit < 37 mph 

• Weather: Clear, Wind 

L3 Conditional 
Automated 
Highway Drive 

• Managed Lanes  

• Divided Highway 

• Barrier-separated 
Lanes 

• Signage 

• Lane and Pavement 
Markings 

• Speed Limit: Maximum 
Speed Limit > 37 mph 

• Weather: Clear, Wind, 
Rain 

L4 HAV/TNC 

• Geofenced 
Central Business 
District  

• Geofenced to 
Operate 
Intrastate 

• Traffic Control 
Signals 

• Signage 

• Bridges 

• Lane and Pavement 
Markings 

• Parking 
Infrastructure with 
Electric Vehicle 
Charging Stations 

• Speed Limit: Minimum 
Speed Limit 0 mph 

• Weather: Clear, Wind, 
Rain 

L4 Highly 
Automated Low-
speed Shuttle 

• Geofenced to 
Operate on Fixed 
Routes within 
Facilities, such 
as Retirement 
Communities 
and School 
Campuses 

• Geofenced to 
Operate on Fixed 
Routes (e.g., Bus 
Stop Route) in a 
Central Business 
District 

• Traffic Control 
Signals 

• Signage 

• Lane and Pavement 
Markings 

• Parking 
Infrastructure with 
Electric Vehicle 
Charging Stations 

• Speed Limit: 
Maximum Speed 
Limit < 37 mph 

• Weather: Clear, 
Wind, Rain 
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5. Guidance Based on Infrastructure Impacts, Gaps, and 
Challenges  

5.1 Gap Analysis Summary 

Guidance on roadway readiness for AVs is assessed by its limiting factors, including TCDs 
(such as pavement markings, signage, traffic signals) and work zones as well as roadway 
elements and communications. The primary gap is around a lack of consistent application and 
maintenance of TCDs in line with AV deployment, readily available data, and the need to collect 
and share this data with the AV community in a safe and reliable way. 

This section recaps what was researched and presented in Task 2.2, Technical Memorandum 
Summary of Infrastructure Gaps, which reviewed the infrastructure dependencies of the AV 
scenarios from Task 2.1 in order to identify gaps in the needed infrastructure and classify those 
gaps as to why they are present. Additionally, Task 2.2 identified gaps where the current 
infrastructure may not have sufficient integrity to support advanced safety features or highly 
automated systems. The gaps also include deficient existing standards, inconsistent or missing 
standards, the inability to maintain infrastructure elements, and deficient technology outside of 
infrastructure that a third party would typically have to address. These categories of gaps were 
analyzed for pavement markings, signage, traffic signals, work zone devices, intelligent 
transportation systems (ITS), roadway infrastructure, and bridges.  

5.1.1 Pavement Markings  

When detected by sensors, pavement markings play an essential role in supporting a vehicle’s 
lane awareness for many AV use cases. While standards for pavement markings are well 
established, there is little documentation about the condition of pavement markings on a broad 
scale or the associated maintenance practices of agencies, including timeframes for 
replacement. The importance of pavement markings to AV deployment and the lack of available 
information points to the need for increased asset management focus for this infrastructure.  

Pavement markings were applicable to all of the 
scenarios evaluated with a significant number of gaps 
identified. Pavement marking application varied widely 
from standard applications, ranging from four- to six-inch 
line widths. Maintenance of the pavement markings also 
varied in the ability to meet retroreflectivity requirements.  

The performance factors evaluated in the gap analysis 
from Task 2 included the following: 

• Availability of pavement condition data: the 
availability of high-resolution pavement condition 
data suitable for AV navigation and condition 
warning. 

• Edge detection – paved and unmarked: the ability 
of the system to detect a roadway edge when the 
roadway is paved, but when pavement markings 

Table 2. Application to 
Pavement Markings 
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are not present, such as the case of a curb or a minor street with no edge delineation. 

The detailed gap analysis discussed in Task 2 focused on the following: 

• The Federal Highway Administration (FHWA) has not published a final rule on minimum 
pavement marking retroreflectivity, so the level of retroreflectivity that owners maintain 
differs across the country. 

• Pavement marking widths, ranging from four to six inches, and lengths vary across the 
country. 

• Inconsistencies with yellow centerline:  

o Paved urban arterials and collector roadways less than 20 feet wide with average 
daily travel (ADT) of less than 6,000 vehicles per day (vpd) are not required to 
have yellow centerlines. 

o Paved urban arterials and collector roadways 20 feet wide or more with an ADT 
of 4,000 vpd or greater 

o Paved rural arterials and collector roadways 18 feet wide or more with an ADT of 
3,000 vpd or greater. 

• Inconsistencies with white edge lines:  

o Paved rural arterial roadways less than 20 feet wide with an ADT of less than 
6,000 vpd are not required to have white edge lines. 

o Paved rural arterials and collector-distributor roadways 20 feet wide or more with 
an ADT of 3,000 vpd or greater. 

• Lengths and spacings of broken lane lines vary with IOOs. 

• The use of lane line extensions for acceleration and deceleration varies with IOOs. 

• The use of contract pavement markings under certain conditions lacks standards. 

• Available pavement marking data to share with AVs is lacking. 

5.1.2 Traffic Signs  

The ability to read and interpret traffic signs is an important factor for use cases with higher 
levels of automation to understand the rules of the roadway in the environment in which it 
operates. However, the increasing role of in-vehicle data and mapping could mitigate the need 
for machine-readable signage in the future. Today, map assets used by navigation applications 
increasingly include regulatory sign information (e.g., posted speed limit) for the relevant 
location. Embedding such information in the high-resolution mapping used by AVs would likely 
limit the need for vehicles to read and interpret physical signage. 
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The infrastructure gaps as they relate to signage apply to all 
scenarios. There is some question regarding sign 
requirements in the future given the expansion of digital 
map assets, which could negate the need for machine 
readability of physical signs.  

The performance factors evaluated in the gap analysis from 
Task 2 included the following: 

• Detection capability – fair weather: the ability of the 
system to detect the TCD under fair weather 
conditions (good visibility) 

• Detection capability – inclement weather (rain and 
snow): the ability of the system to detect the TCD 
under inclement weather conditions, including during 
precipitation or fog and low visibility conditions 

• Detection capability – low light: the ability of the 
system to detect the TCD under low-light conditions 

• Interpretation of sign messages: the ability of the system to read and properly interpret 
the sign message from roadside traffic signs 

• Condition of materials: the condition of the TCD material, including the level of wear and 
degradation of retroreflectivity 

• Consistency of application: the consistency with which IOOs apply TCDs, in terms of 
their use and location of application 

• Obscuring of signage: the extent to which readability of signage could be affected by 
external factors.  

 

The detailed gap analysis discussed in Task 2 focused on the following: 

• Proper sign installation (e.g., location, lateral offset, height) and maintenance with IOOs 
is inconsistent 

• Existing sign legend standards (e.g., fonts and symbols) may not support machine 
readability  

• Minimum retroreflectivity standards for traffic signs have been established in the Manual 
on Uniform Traffic Control Devices (MUTCD); however, compliance by IOOs is not 
consistent 

• Available traffic sign data to share with AVs is lacking.  

Table 3. Application to Traffic 
Signs 
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5.1.3 Traffic Signals 

Communicating Signal Phase and Timing (SPaT) data from 
a traffic signal to vehicles is a key opportunity for CAVs and 
a foundational element of many use cases. Doing so 
requires not only infrastructure readiness and investment but 
also a consensus on the communications mechanism. Traffic 
signals were applicable to half of the scenarios evaluated, as 
shown in Table 4.  

Gaps related to traffic signals apply to higher levels of 
automation on roadways where signals are used. V2I 
technology would greatly improve detection and allow for 
other features. IOOs with backhaul communications, modern 
signal controllers, and robust asset management tools would 
be the most prepared. 

The performance factors evaluated in the gap analysis from 
Task 2 included the following: 

• Backhaul communications availability: the extent to which traffic signals are connected to 
communications allowing them to be remotely accessible 

• Central system management: the extent to which traffic signals are connected to a 
central system for control and management 

• V2I capability: the degree to which traffic signal locations have V2I radio communication 
capabilities 

• SPaT-compatible controller availability: the extent to which existing traffic signal 
controllers can output a standard SPaT message that is suitable to broadcast to nearby 
vehicles. 

The detailed gap analysis discussed in Task 2 focused on the following: 

• Lack of consensus and regulatory action on V2I communication standards is delaying 
deployment 

• V2I readiness widely varies between agencies because of the following: 

o Presence of backhaul communications 

o Condition of the signal controller 

o Need for improved asset management. 

5.1.4 Work Zones 

As temporary TCDs, work zones traffic control takes on a different context from fixed 
infrastructure when evaluated for readiness. The relationship between AVs and work zone 
TCDs centers on two key topics: data on work zone characteristics, and machine recognition of 
work zone temporary TCDs. 

Table 4. Application to 
Traffic Signals. 

Table 4. Application to Traffic 
Signals. 
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Work zone gaps primarily apply to L3 and L4 scenarios. In 
general, a strong need exists for increased awareness of 
work zones, including location details, restrictions, durations, 
and geometric configurations. A lack of standards for collecting 
data and standardizing data formats, as well as inconsistencies 
within standards regarding how devices are deployed were 
identified as large gaps. 

The performance factors evaluated in the gap analysis from 
Task 2 included the following: 

• Work zone data availability: the extent to which data 
regarding work zone presence, location and 
characteristics is available to third parties, and the 
accuracy of that data 

• Other factors related to TCD specifications. 

The detailed gap analysis discussed in Task 2 focused on the following: 

• While the MUTCD contains some standards involving the design and operation of work 
zones, applications vary widely based on field conditions and the flexibility provided to 
IOOs 

• Standards related to the collection and format of work zone data so that it can be 
consumed by CAVs are lacking. 

5.1.5 Intelligent Transportation Systems 

ITS infrastructure’s role in supporting AVs is primarily that of an enabler to deploy CV 
infrastructure. The associated site infrastructure—including poles, cabinets, and power, along 
with the backhaul communications used to connect ITS devices to a central system or 
network—play key roles in supporting CV infrastructure deployment; therefore, their presence 
and condition indicate readiness for such deployment. 

ITS will be enhanced as the CV environment matures. The 
biggest evolution as ITS begins to incorporate more CV 
equipment and to integrate more CV data will be in how data is 
communicated between vehicles, infrastructure, and other 
devices. ITS and V2I communications will affect all six of the 
scenarios that were evaluated in the gap analysis.  

The performance factors evaluated in the gap analysis from 
Task 2 included the following: 

• Consistency of deployment: the extent to which the 
characteristics and capabilities of communications 
infrastructure are consistent from location to location 

• Central device management: the availability and extent 
of use of central device management systems for 
controlling and maintaining field technology 

Table 5. Application to 
Work Zones. 

Table 6. Application to ITS. 
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• Data management systems: the availability of data management systems to support 
collection, retention, and analytics of a variety of transportation datasets, including CV 
messages 

• Extent of coverage: the availability of ITS and communications infrastructure across 
nation’s roadway system. 

The detailed gap analysis discussed in Task 2 focused on the following: 

• ITS deployment characteristics (e.g., locations, spacing of devices, types of devices) 
vary by agency and between urban and rural areas, which is likely to make national V2I 
deployment inconsistent 

• Deployment of 5G cellular networks—critical to real-time map acquisition for CAVs—will 
rely heavily on partnerships between the telecom industry and public sector to collocate 
small-cell equipment in public rights-of-way 

• A lack of consensus and regulatory action on V2I communications standards is delaying 
deployment. 

 
Furthermore, infrastructure is needed that can communicate and share data with vehicles, 
which is expected to support applications from red-light warnings, advanced queue detection, 
and help with identifying critical road weather information. However, standards around V2I 
communications have been slow to develop, and centralized data management platforms that 
allow for two-way communications are not generally available, although the sharing of signal 
data from a centralized signal system is becoming more common. 

Yet another challenge identified for agencies as they approach this transition is a lack of 
detailed, digital asset management tools to integrate. The gap analysis revealed that there is no 
standard approach for identifying the location of ITS devices. Advances in asset management 
practices will be highlighted as one way to address the gaps between existing and future 
infrastructure needs. 

5.1.6 Roadway Infrastructure 

AV interpretation of roadway operating limits and potential 
surface obstacles are likely to affect all scenarios. 

The performance factors evaluated in the gap analysis from 
Task 2 included the following: 

• Availability of pavement condition data: the availability 
of high-resolution pavement condition data suitable for 
CAV navigation and condition warning 

• Availability of weather-related roadway surface 
condition data: the availability of data to support safety 
related applications tied to surface condition of the 
roadways due to precipitation and temperature 

• Edge detection – paved and unmarked: the ability of 
the system to detect a roadway edge when the 
roadway is paved but when pavement markings are not present, such as the case of a 
curb or a minor street with no edge delineation 

Table 7. Application to 
Roadway Infrastructure. 
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• Edge detection – the ability of the system to detect a roadway edge when the roadway is 
unpaved and, thus, unmarked. 

The detailed gap analysis discussed in Task 2 focused on the following: 

• Detecting the roadway edge in the absence of striping is a challenge, which can be 
further exacerbated by poor snow clearance or drainage issues 

• High-resolution data (and standard data formats) on roadway surface condition to 
support pothole detection is lacking. 

5.1.7 Bridge Infrastructure 

The main relationship between AV readiness and bridges is the potential impact of driver-
assistive truck platooning (DATP) on bridge loadings. The closer spacing of vehicles operating 
in a platoon—particularly heavy vehicles—are likely to 
change the loading characteristics and demands on a bridge 
structure such that some bridges may not be designed to 
sufficiently support these heavier loads. Given the life-safety 
function of bridges, the costs of building bridges, and the life 
span of bridges, the identified gaps have a high degree of 
near-term urgency.  

The performance factors evaluated in the gap analysis from 
Task 2 included bridge design supports truck platooning: the 
extent to which bridges are sufficient to support the dynamic 
loading requirements for truck platooning. 

The detailed gap analysis discussed in Task 2 focused on the 
following: 

• Lack of a standard approach for evaluating the impact 
of changes in loading to bridges 

• Lack of bridge design standards to address the changes in the loading profile due to 
truck platooning. 

5.2 Summary of Suggested Actions on Standards  

Transportation engineering and planning communities rely on roadway standards and common 
practices to ensure compatibility across the transportation network. Organizations are 
attempting to keep pace with technology, which is challenging considering the rapid pace of 
technology development and the deliberate process required of the standards community for 
decision making. Suggested actions regarding infrastructure standards were identified under the 
jurisdiction of the following organizations: 

• The National Committee on Uniform Traffic Control Devices (NCUTCD), which 
recommends updates to the Manual on Uniform Traffic Control Devices for Streets and 
Highways to FHWA for approval 

• The American Association of State Highway Transportation Officials (AASHTO), which 
authors A Policy on Geometric Design of Highways and Streets (commonly referred to 
as the “Green Book”) 

Table 8. Application to 
Bridge Infrastructure. 
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• The U.S. Department of Transportation (U.S. DOT) ITS Joint Program Office (JPO). 
 
Table 9 summarizes the suggested actions identified related to infrastructure standards. 
 

Table 9. Infrastructure Standards – Suggested Actions 

Organization Suggested Action Change 
Type 

FHWA/NCUTCD Update (or create) standards to ensure consistent width 
and length of skip lines and width of edge lines, and 
consistent use of dotted extension lines, gore markings, 
and contrast markings.  

Update 

Conduct additional research on machine readability of 
sign legends in order to evaluate whether updates to sign 
legend standards are necessary. 

Update 

Research approaches to standardize and improve the 
consistency of work zone TCD placement. 

Update/New 
Standard 

AASHTO Monitor AV advancements and continue research on 
long-term changes to roadway design standards that 1) 
are necessary to better support AV introduction, or 2) 
take advantage of CV technologies to ease requirements 
(such as reducing clear zone requirements). 

Update/New 
Standard 

Update design standards for bridges to reflect changes in 
loading characteristics inherent in truck platooning. 

Update 

ITS JPO Develop a new standard data format for communicating 
detailed pavement surface condition information. 

New 
Standard 

Develop a new standard data format for communicating 
detailed work zone information. 

New 
Standard 

 
The following summarizes the update process for roadway infrastructure standards as it relates 
to AV deployment timeframes. 

• MUTCD (FHWA): 

o Members of the NCUTCD have informed the project team that the next edition of 
the MUTCD is anticipated by November 2020. 

o NCUTCD AV task force could provide information to the technical committees 
and the FHWA regarding proposed changes in TCDs for inclusion in the 2020 
MUTCD. 

o FHWA’s Experimentation and Interim Rule processes allow new TCDs, as well 
as changes to the MUTCD, to occur prior to future editions being published and 
adopted. 

• The Green Book (AASHTO): 
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o The 7th edition of the Green Book published in 2018 included major changes in 
the following areas (AVs are not addressed directly): 

▪ An emphasis on performance-based design (basing decisions on 
quantifiable improvements to the system performance rather than 
meeting standard criteria) 

▪ Greater emphasis on all users of the roadway 

▪ New set of context classifications to guide geometric design (i.e., rural, 
rural town, suburban, urban, and urban core). 

o New editions of the Green Book are published every seven or eight years. 

o Design exceptions allow for FHWA approval to differ from the design 13 
controlling criteria for new projects on the National Highway System (NHS), 
which could better accommodate AV deployment.  

o On non-NHS routes, design standards vary because they are governed by state 
and local agencies, which could result in inconsistencies for AVs.  

• ITS/Technology Standards: 

o There are no ITS deployment standards dictate specific requirements for 
installing and maintaining ITS technology.  

o Several industry groups and organizations are working to provide the following 
guidance to IOOs as it relates to deploying CAV infrastructure: 

▪ AASHTO CV Field Infrastructure Footprint Analysis 

▪ Cooperative Automated Transportation (CAT) Coalition Deployment 
Guidance. 

5.2.1 National Committee on Uniform Traffic Control Devices 

Standards Changes Description  
 
SUGGESTED ACTION:  Update (or create) standards to ensure consistent width and 

length of skip lines and width of edge lines, and consistent use of 
dotted extension lines, gore markings, and contrast markings.  

 
When detected by sensors, pavement markings play an essential role in supporting a vehicle’s 
position and lane awareness for many AV use cases. As noted in the feedback provided in the 
recent request for information (RFI) from the FHWA on ADS, the need for uniformity, quality, 
and consistency of pavement markings was clearly stated. Because AVs need to safely 
navigate through their operating environment with limited or no human driver interaction, 
numerous developing technologies, such as lidar, cameras, and HD mapping will be utilized. 
The machine vision systems included in AVs will focus on pavement marking presence, 
placement on the roadway, visibility (daytime and low-light conditions), color, width, pattern 
(solid or with skips), and contrast, which may be recommended when installed on lightly colored 
pavement, such as new concrete.  
 
The Texas A&M Transportation Institute was the lead investigator for NCHRP Project 20-102(6), 
Road Markings for Machine Vision, which was completed in August 2018 (not yet published). 
Objectives for the project include the following (NCHRP, 2016): 
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• Develop information on the performance characteristics of pavement markings that 
affect the ability of machine vision systems to recognize them 

• Provide data and recommendations that the AASHTO/SAE Working Group can use to 
quickly develop guidelines and criteria. 

 
The MUTCD provides information on using pavement markings as either standards, guidance, 
options, or support. Standards are “shall” do requirements, guidance is “should” do, options are 
“may” do, and support is any supporting information for owners and practitioners. Items like 
color, function, width, and pattern of longitudinal pavement markings, as well as warrants for the 
use of yellow center line and white edge-line markings (e.g., minimum 20-foot-wide roadway 
and an ADT of 6,000 vpd or greater), are “shall” or standard statements. The guidance and 
option statements provide flexibility for the owner or practitioner to follow their local guidance 
documents that are in “general compliance” with the MUTCD or state-specific MUTCD. The 
MUTCD does provide flexibility on the width of a normal line (four to six inches wide) as well as 
the length, which varies across the country. However, this flexibility also creates inconsistency 
between jurisdictions in terms of pavement marking application, which complicates the 
introduction of AVs. 
 
The NCUTCD has been communicating over the last several years with the AV industry—
through the AV Task Force—on the importance of consistency and uniformity in the design and 
use of temporary TCDs. Recommendations from the AV Task Force will result in changes to 
relevant sections of the MUTCD to better align with CAV needs. This should ultimately improve 
safety and operations on the transportation system.  

The CAV Task Force includes two members from each of the seven NCUTCD technical 
committees and meets during the January and June NCUTCD meetings. The goals of the CAV 
Task Force follow: 

• Identify MUTCD needs as they related to supporting CV and AV technologies 

• Share with appropriate technical committees 

• Facilitate dialogue and MUTCD evolution. 

 
The CAV Task Force identifies MUTCD needs to support CAVs and helps the MUTCD stay up 
to date with new technologies. During its meeting on June 2018, the CAV Task Force reported 
to the AASHTO Subcommittee on Traffic Engineering that the task force had responded to 
FHWA’s ADS RFI, and inventoried and analyzed RFI responses, which included the desire for 
more uniformity in TCDs and clear and well-maintained pavement markings (AASHTO, 2018).  

The CAV Task Force has inventoried available data and information on CAVs through research 
reports and input from OEMs and Tier 1 manufacturers. Additionally, the task force has 
identified that the most important areas for standards are design, uniformity, and maintenance 
and have created a proposal for the Marking Technical Committee to review: 

• Design: Develop a plan to migrate lane and edge lines to a “should” condition with a 
minimum width of six inches, establish a uniform lane line pattern, and redesign 
crosswalk policies and contrast markings 

• Uniformity: Develop a plan to eliminate ceramic buttons (also known as Botts Dots), 
increase consistency for dotted lines and gore markings, designate special lane 
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assignment for high-occupancy vehicle lanes and bike lanes, and create consistency in 
the shape of pavement marking arrows 

• Maintenance: Develop a plan to address complicated marks on the road for 
autonomous technology to interpret (such as tar, crack seal, pavement joints, and 
eradicated markings), develop a better understanding of daytime pavement marking 
contrast needs, and consider near-term standards for ADAS-ready roadways (e.g., clear, 
readable markings, good contrast).  

 
The CAV Task Force has obtained direct feedback from the Alliance of Automobile 

Manufacturers on the use of TCDs for ADS. A high-level summary of the input regarding the 

CAV Task Force RFI from automotive OEMs includes the following: 

 

• General support for establishing a uniform width for longitudinal markings which would 
benefit machine vision  

• Mixed feedback for establishing uniform dimensions for skip-line length and gap spacing  

• General support for the use of a dotted edge-line extension at the entrance and exit to 
on- and off-ramps 

• Mixed feedback for the use of hatching (chevron markings) inside gore areas  

• General support for requiring contrast markings on concrete roadways to increase 
contracts for machine vision. 

 
The NCUTCD CAV Task Force is an important connection between manufacturers of CAV, 

technology companies, research, and the MUTCD’s technical committees. Continued sharing of 
information is needed to update information in the MUTCD to accommodate the use of TCDs 

(pavement markings, traffic signs, traffic signals, temporary traffic control, and other devices) for 

ADS.  

 
It is recommended that MUTCD update (or create) standards in support of recommendations 
from the NCUTCD CAV Task Force to ensure consistent width and length of skip lines and 
width of edge lines, and consistent use of dotted extension lines, gore markings, and contrast 
markings in support of machine vision.  
 
SUGGESTED ACTION: Conduct additional research on machine readability of sign 

legends in order to evaluate whether updates to sign legend 
standards are necessary. 

 
Traffic signs in the United States fall into three categories: regulatory, warning, and guide. Per 
the MUTCD, a regulatory sign “gives notice to road users of traffic laws or regulations” (e.g., 
speed limit, stop, yield, no parking). Warning signs “give notice to road users of a situation that 
might not be readily apparent” (e.g., curve ahead, school zone, pedestrian crossing ahead, stop 
ahead, land drop ahead). Guide signs “show route designations, destinations, directions, 
distances, services, points of interest, or other geographical, recreational, or cultural 
information” (e.g., route markers, destination signs, distance signs). Regulatory and warning 
signs are primarily relevant for AVs to read and interpret. 
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The 2020 MUTCD update is expected to address changes in signage standards to support 
machine readability, which could include greater use of symbology, consistency of fonts, 
retroreflectivity, and other factors. In addition, new technologies are emerging to make signs 
directly machine interpreted through use of an embedded code. However, limited guidance is 
available today on improving AV readiness of sign infrastructure. It is therefore suggested that 
research be continued to evaluate what changes may be necessary, if any, to support improved 
machine readability of signs. 
 
It should be acknowledged that the increasing role of in-vehicle data and mapping could 
mitigate the need for machine-readable signage. Today, map assets used by navigation 
applications increasingly include regulatory sign information (e.g., the speed limit) for the 
relevant location. Embedding such information in the high-resolution mapping used by AVs 
would likely limit the need for vehicles to read and interpret physical signage. 
 
SUGGESTED ACTION: Research approaches to standardize and improve consistency of 

work zone TCD placement.  
 
Work zones can be a constantly changing environment for drivers based on the type of work 
being performed and the location of the work area. AVs need to identify the location of 
temporary TCDs and receive the appropriate information about traveling through the work zone 
(e.g., Left Lane Closed Ahead, Detour Ahead, Reduced Work Zone Speed Limit, Road Closed 2 
miles). AVs would benefit from the application of temporary TCDs that are consistent with, or 
similar too based on field conditions, the typical applications in Part 6 of the MUTCD. Lane 
drops, shifts, and tapers need to be consistent with the MUTCD, or local compliant MUTCD 
document, based on standards, guidance, support, and options.  
 
Part 6 of the MUTCD, “Temporary Traffic Control,” includes 46 typical application sketches for 
practitioners to use as guidance for similar work zone applications. The typical application 
sketches include stationary and mobile work zones; two-lane and multi-lane roadways; flaggers; 
automated flagger devices; temporary signals; short- and long-term lane merges; lane closures; 
temporary barriers; warning signs; pavement markings; flashing beacons; urban, rural, low- and 
high-speed detours; shadow vehicles; channelizers (e.g., cones, tubes and barrels); as well as 
arrow boards and changeable message signs. These items are utilized in an endless number of 
combinations based on the work being performed and field conditions. Consistency and 
uniformity in work zones, which AVs rely on, is not a reality considering the number of variables 
and changing conditions in real-world work zones.  
 
Additional research is necessary to determine the approaches and feasibility of improving 
standardization of work zone TCD placement to create more consistency between jurisdictions 
and more predictability for AV operation. Additionally, communication of work zone configuration 
data is critical to support AV operation, and is further addressed as a suggested action of the 
ITS JPO in Section 4.2.4.  
 
Standards Modification Process  
 
Task 1.3 Technical Memorandum: Review of MUTCD and Other Standards outlines in depth the 
process with which the MUTCD is updated. This section presents a brief overview of that 
process and the principal stakeholders involved. 
 
The design, use, and application of TCDs included in the MUTCD are primarily based on 
national, regional, or local research performed by a research-based university or private firms 
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with expertise on that subject. Research topics on TCDs can be submitted through AASHTO’s 
Subcommittee on Traffic Engineering, the NCUTCD Research Committee or other means to the 
Transportation Research Board for consideration of being selected for an NCHRP study. Multi-
state pooled fund studies are also an economical way to fund research for the benefit of the 
states involved and others who are interested in the topic. Many state departments of 
transportation also have research programs with local universities involved in transportation 
research.  
 
The FHWA has full authority to change the MUTCD with or without a recommendation from the 
NCUTCD. The FHWA is not required to consult with the NCUTCD. The NCUTCD and National 
Association of City Transportation Officials have been effective in forwarding recommended 
changes to the FHWA. The NCUTCD reviews only some changes. Comments from the 
NCUTCD to the FHWA regarding proposed changes to language or figures in the MUTCD, 
including the addition of a new TCDs, have benefited from suggestions generated through an 
extensive review and approval process beginning with the technical committees. In addition, the 
FHWA has a process to make an official “Request to Experiment” regarding the design, use, or 
new application of an existing or new TCD.  

Figure 1 illustrates the formalized NCUTCD process of making changes to the MUTCD through 
the technical committees, sponsors, and the FHWA. 
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Figure 1. Process to Amend the MUTCD.  

Source: Amendment Process Flowchart, Manual on Uniform Traffic Control Devices (2009), 
Federal Highway Administration, https://mutcd.fhwa.dot.gov/amenflowcht.htm. 

 

https://mutcd.fhwa.dot.gov/amenflowcht.htm
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5.2.2 AASHTO  

Standards Changes Description 
  
SUGGESTED ACTION: Monitor AV advancements and research long-term changes to 

geometric design standards which are 1) necessary to better 
support AV introduction, or 2) take advantage of AV technologies 
to ease requirements (such as reducing clear zone requirements).  

 
There has been significant industry interest in the potential for AV and CV technologies to allow 
for or warrant significant changes in geometric design standards. NCHRP Report 839, A 
Performance-based Highway Geometric Design Process (2017) presents a vision for future 
editions of the Green Book (AASHTO) and considers the implications of such technologies on 
geometric design. While this discussion describes many positive effects of AVs, the report 
ultimately recommends the continuation of a design model with active human drivers while 
monitoring the market penetration of AVs and their effects on safety and operations, given the 
following factors: 
 

• Full implementation of AVs is, at best, decades away and fleet turnover will 
subsequently take 15 years or more 

• It is not clear what changes in the roadway environment are necessary for the 
technologies to work properly. 

 
NCHRP Report 839 similarly suggests that while changes to geometric design standards are 
not anticipated to be warranted in the near term, it is important to continue research into future 
potential for changes given the potential for positive long-term impacts on infrastructure, as well 
as the potential need for new standards to better accommodate changing vehicle typologies and 
use cases. Design standard changes can best be identified in the following two categories. 
 
Changes to Better Support AV Introduction and Use 
 
The introduction of AVs could warrant consideration of new or updated design standards to 
support AV uses cases or operational limitations. In addition, new vehicle typologies (such as 
low-speed AV shuttles currently in operation) could prompt long-term changes to roadway 
design to accommodate a range of vehicle types, speeds, and uses. Further research should 
consider the need for future design standards updates to address areas such as the following: 
 

• New street typologies to address emerging vehicle types and use cases 

• Physical separation of AVs from human-driven vehicles (i.e., dedicated lanes). 
 
Opportunities to Ease Design Requirements 
 
AV technologies could reduce the need for safety buffers meant to address limitations of human 
drivers. In the future—at very high levels of AV penetration in the vehicle fleet, or in the case of 
dedicated AV facilities—this would translate to a potential for changes to design standards that 
reduce the footprint and cost of infrastructure.  
 
The Green Book contains 13 criteria (commonly referred to as the “13 controlling criteria”), 
which the FHWA has identified as having substantial importance to the operational and safety 
performance of any highway such that special attention should be paid to them in design 
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decisions. Design elements where AV technology could allow long-term flexibility are denoted 
with an asterisk. 
 

1. Design speed 
2. Lane width* 
3. Shoulder width* 
4. Bridge width* 
5. Horizontal alignment 
6. Superelevation 
7. Vertical alignment 
8. Grade 
9. Stopping sight distance* 
10. Cross slope 
11. Vertical clearance 
12. Lateral offset to obstruction* 
13. Structural capacity 

 
While any changes to these safety-critical design standards could require very high or even 
100 percent penetration of appropriate AV technology—given the potential positive fiscal and 
environmental impacts that could result—further research is suggested to understand both 
potential for changes and the point at which such a change would be triggered. 
 
 
SUGGESTED ACTION: Update design standards for bridges to reflect changes in loading 

characteristics inherent in truck platooning.  
 
Truck platooning has potential to impacts bridges due to the changed loading characteristics of 
close-following heavy vehicles. The FHWA is evaluating the impact of truck platooning on 
bridges and developing both an analysis methodology for evaluating loading and recommended 
changes to the design process to address truck platooning. It is suggested that AASHTO 
consider this and other research efforts and incorporate updates to design standards.  
 
FHWA share details surrounding ongoing research on the impacts of truck platoons on bridges 
in a presentation to AASHTO Technical Committee on Loads in June 2019. More specifically 
their work is looking at the following needs and impacts of truck platoons on bridges: 

• Impacts of truck platooning on structural safety (strength limit states) 

• Impacts of truck platooning on service and fatigue limit states 

• Impacts of truck platooning on design standards 

• Needs of design code modifications to accommodate truck platooning 

• Impacts of truck platooning on long-term performance of bridges. 

 
The presentation continued to explain that the objective of the research is to produce a 
comprehensive report for the FHWA that covers the technical aspects of truck platooning 
impacts on bridges with a focus on structural safety. The focus will be on the strength limit state; 
fatigue and service limit states will also be covered. 

 

Standards Modification Process  
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AASHTO is the key source for accessing standards involving the design of roadways both on 
and off the NHS. A current map of the NHS is available online (FHWA, 2012).  
 
The FHWA has adopted geometric design standards (23 Code of Federal Regulations 
[CFR] 625, “Design standards for highway,” and 49 CFR 37.9, “Standards for accessible 
transportation facilities”), which apply to new and reconstruction projects on the NHS.  
 
The two AASHTO documents that contain the design requirements the FHWA has adopted on 
the NHS include the following: 
 

• A Policy on Design Standards—Interstate System (6th edition) reflects the minimum 
standards that apply to interstate highway segments constructed on new rights-of-way 
and segments undergoing reconstruction along existing rights-of-way 

• A Policy on Geometric Design of Highways and Streets (2018, 7th edition, commonly 
referred to as the Green Book) contains the current design research and practices for 
highway and street geometric design. This document is also used for the design of 
roadways not on the NHS.  

 
 
A design exception is a documented decision to design a highway element or a segment of 
highway to design criteria that does not meet minimum values or ranges established for that 
highway or project. 
 
Additional design elements may be added to this list by states or other agencies, but the 13 
controlling criteria reflect the FHWA’s decision making and form the basis for formally written 
design exceptions on the NHS. 
 
For projects that are not on the NHS, Title 23 United States Code 109, “Standards,” states that 
roadways shall be designed, constructed, operated, and maintained in accordance with state 
laws, regulations, directives, safety standards, design standards, and construction standards.  
 
Documents that contain guidance based on research and common practice (on or off the NHS) 
include the following: 
 

• AASHTO Roadside Design Guide (4th edition) focuses on roadside safety for use by 
owners in developing their own policies and standards 

• AASHTO Guidelines for Geometric Design of Very Low-volume Local Roads (ADT ≤ 
400) (1st edition) focuses on geometric design for very low-volume local roads (ADT less 
than or equal to 400 vpd). These guidelines may be used in lieu of the Green Book 

• AASHTO Guide for the Development of Bicycle Facilities (4th edition) provides 
information on how to accommodate bicycle travel and operations in most riding 
environments 

• AASHTO Guide for Geometric Design of Transit Facilities on Highways and Streets (1st 
edition) provides a comprehensive reference of current practice in the geometric design 
of transit facilities on streets and highways, including local buses, express buses, and 
bus rapid transit operating in mixed traffic, bus lanes, and high-occupancy vehicle lanes, 
as well as bus-only roads within street and freeway environments; it also covers 
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streetcars and light-rail transit running in mixed traffic and transit lanes, and within 
medians along arterial roadways 

• AASHTO Guide for the Planning, Design, and Operation of Pedestrian Facilities (1st 
edition) provides guidance on the planning, design, and operation of pedestrian facilities 
along streets and highways.  

 
The Green Book contents are initially created by the AASHTO Committee on Design and 
Technical Committee on Geometric Design and research is commissioned and incorporated 
when appropriate. Once a working draft is created, meetings are conducted to address technical 
issues until there is a consensus. Ultimately, the content is then put up for a final vote by state 
IOOs, where a two-thirds approval voting rate is required.  
 
Any proposed changes to the Green Book should be sent to the responsible AASHTO staff 
member (available on the AASHTO website). The proposal should address one topic and 
reference all relevant existing provisions. The proposal should also provide a clear and 
compelling basis for the proposed change, preferably based upon empirical evidence.  

5.2.3 U.S. DOT’s ITS Joint Program Office (JPO) 

Standards Changes Description  
 
SUGGESTED ACTION: Develop a new standard data format for communicating detailed 

pavement surface condition information. 
 
Pavement quality is another factor that has been identified to be a gap that would apply to all six 
scenarios. Potholes, for instance, could result in an unexpected change in the direction of an AV 
or cause damage to the vehicle. Repairing potholes is the responsibility of IOOs, but they 
cannot be responsible for the vehicle avoiding the potholes. AVs could also have other 
challenges, such as detecting the roadway edge in the absence of curb or pavement marking. 
Snow clearance or roadside drainage issues may further complicate this issue.  
 
The two-way sharing of high-resolution data could help to address the pavement quality gaps 
identified in the analysis. This data would help AVs to avoid hazards, like pot holes, or to adjust 
speed based on surface conditions. The advancement and acceptance of standards will help to 
enable this type of data sharing. Preliminary testing and evaluation with user groups will further 
support its development and acceptance with consumers. 
 
There is no current standard data format for pavement condition data. Collecting roadway 
surface data will most likely be implemented using vehicles as probes and combining data from 
all sensors to develop a pavement profile in real time. There is an opportunity to further evaluate 
this potential process and technology through pilot projects and further research. 
 
SUGGESTED ACTION: Develop a new standard data format for communicating detailed 

work zone information. 
 
Better defining and communicating the locations and characteristics of work zones is a critical 
gap identified for AV deployment. There are currently no standard procedures, data formats, or 
communication mechanisms for sharing work zone data with approaching vehicles. 
 
Five state departments of transportation and six companies from private industry, together 
known as the WZDx (Work Zone Data Exchange) Working Group, voluntarily developed v1.1 of 
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a specification for work zone data exchange in collaboration with U.S. DOT (U.S. DOT, 2019). 
This specification is expected to guide IOOs regarding data capturing and sharing to support 
both CVs and AVs and current mobile users of navigation and information services.  
 
Standards Modification Process 
The ITS JPO focuses on intelligent vehicles and infrastructure, and the creation of an intelligent 
transportation system through integration with and between these two components. The federal 
ITS program supports the overall advancement of ITS through investments in major research 
initiatives, exploratory studies, and a deployment of a support program that includes technology 
transfer and training. 
 
The ITS JPO has department-wide authority in coordinating the ITS program and initiatives 
among the following U.S. DOT offices: 

• FHWA 

• Federal Motor Carrier Safety Administration  

• Federal Transit Administration 

• Federal Railroad Administration  

• National Highway Traffic Safety Administration 

• Maritime Administration and Saint Lawrence Seaway Development Corporation. 
 
The ITS JPO focuses on research and collaboration with other standards agencies to create 
joint committees that would focus on these topics and develop a standard of practice for others 
to adopt. This would be similar to how they formed the National Transportation Communications 
for ITS Protocol when developing ITS-related communications protocol.  

5.2.4 Associations with Input to CAV-related Standards Development for IOO 
Involvement  

IOOs have opportunities to be involved with the development of AV–and related CV– standards 
as they relate to transportation infrastructure standards (see Table 10. National Associations 
with Input to CAV-related Standards Developments and IOO Involvement).  

• AASHTO comprises members of the state departments of transportation and includes a 
variety of committees involving CAV topics that include Active Transportation Council, 
Special Committee on Freight, Highway and Streets Council, Public Transportation 
Council, Rail Council, Bridges and Structures, Design, Materials and Pavements, 
Maintenance, Planning, Traffic Engineering, Transportation Systems Operations, Data 
Management and Analytics, Performance-based Management, Safety and 
Transportation System Security, and Resilience.  

• The NCUTCD comprises members of cities, counties, departments of transportation, 
research agencies, vendors, and consultants that are involved in transportation. There 
are technical committees on pavement markings, signing (regulatory/warning and 
guide), traffic signals and temporary TCDs (work zones) that recommend standards 
involving each to the FHWA for implementation in future editions of the MUTCD. The 
NCUTCD also has a CAV Task Force that includes members from each of the other 
technical committees to focus on future standards for CAV integration as they relate to 
TCDs.  

• The American Public Works Association (APWA) comprises individuals involved in 
public works for cities, counties, vendors, and consultants. The APWA has both 
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transportation and engineering and technology technical committees that discuss CAV-
related topics and provide input to AASHTO regarding CAV standards. 

• American Traffic Safety Services Association (ATSSA) is an industry group representing 
roadway safety infrastructure industry, including sign manufacturing, pavement marking, 
guardrail and barrier, and traffic signals. ATSSA has technical committees on pavement 
markings, signing, traffic signals, and work zone devices. ATSSA has a CAV Task Force 
that focuses on discussing and providing input to CAV-related topics involving 
transportation safety back to AASHTO and the FHWA.  

• National Association of City Transportation Officials (NACTO) comprises member cities 
across the U.S. as they relate to urban planning and design, including the interaction of 
the built environment with CAVs.  

• National Association of County Engineers (NACE) comprises county engineers across 
the U.S. as they relate to public works and transportation. NACE provides input and 
feedback to AASHTO and the FHWA regarding CAV standards.  

• Institute of Transportation Engineers (ITE) is an international organization focused on 
the needs of transportation engineers. ITE provides opportunities for local sections and 
chapters to discuss topics like CAV, which affect them and provide feedback to AASHTO 
and the FHWA on the development of CAV standards.  

• ITS America comprises transportation professionals interested in ITS at the local, state, 
national, and international levels. ITS America also has regional chapters that provide 
opportunities for education, outreach, and collaboration on CAV topics that affect them. 
ITS America provides feedback to AASHTO and the FHWA on the development of CAV 
standards. 

• International Bridge, Tunnel & Turnpike Association (IBTTA) is the worldwide association 
for the owners and operators of toll facilities and the businesses that serve them. 
Through advocacy, thought leadership and education, members are implementing state-
of-the-art, innovative user-based transportation financing solutions to address 
infrastructure challenges.   
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Table 10. National Associations with Input to CAV-related Standards Developments and IOO Involvement 

 Focus Area Membership 

Associations* 
Pavement 
Markings Signing 

Traffic 
Signals 

Work 
Zone 

Devices 

Roadway 
Infrastructure 

Planning / 
Design 

ITS / 
Communications State DOT 

Local/Regional 
DOT Private Sector Industry 

AASHTO+ 
(XX Group) 

X X X X X X X    

AASHTO CAV 
Working 
Group 

     X X    

NCUTCD X X X X X  X X X X 

APWA# X X X X X  X X X X 

ATSSA# X X X X X X X X X X 

NACTO%  X X   X   X   
NACE@ X X X X X X  X X X 

ITE# X X X X X X X X X X 

ITS America#    X X  X X X X X 

IBTTA X X  X X X X X X X 

ISO           

SAE           
IEEE           

 

Note: (*) See abbreviations for association names  

 (+) AASHTO is an association for state transportation officials only.  

   (#) Includes regional or local chapters  
 (%) Includes member cities 
  (@) Includes county engineers 
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5.3 Guidance to IOOs 

5.3.1 Summary of Guidance 

While the state of the industry may not yet allow for or warrant wide-scale changes in 
infrastructure, IOOs can take a number of actions to help support and prepare for AV and CAV 
introduction. Table 11 provides a summary of this guidance, organized across four categories: 
 

• Capital and Maintenance Investments 

• Research and Piloting 

• Policy and Procedures 

• Outreach and Communications. 
 
The sections that follow provide further detail on each of these four categories. Suggested 
timeframes for action are defined as follows: 
 

• Immediate (begin work within one year) 

• Near-Term (begin work within one to three years) 

• Mid-Term (begin work within three to five years). 
 

Table 11. Potential Actions by IOOs 

Guidance Description  Timeline 

CAPITAL AND MAINTENANCE INVESTMENTS 

Prioritize locations for 
investment. 

Identify top priority locations for investment 
based on suitability to support most likely early 
scenarios. 

Immediate  

Increase in future-year budgets 
for pavement markings.  

Anticipate and plan for increased expenditures to 
update pavement markings and maintain higher 
retroreflectivity standards. 

Near-Term 

Increase maintenance activities 
to improve machine readability 
of roadway features. 

Anticipate and plan for increased maintenance 
expenditures, particularly during inclement 
weather, to maintain visibility of TCDs and 
roadway edges. 

Near-Term 

Build CV-readiness into traffic 
signals. 

Design and build the foundation for future CV 
systems at new or upgraded traffic signals, 
stopping short of installing radios until more 
certainty about CV standards and deployment 
timelines. 

Near-Term 

Build future CV consideration 
into ITS installations. 

Design and build the foundation for future CV 
systems at new or upgraded ITS installations, 
stopping short of installing radios until more 
certainty about CV standards and deployment 
timelines. 

Near-Term 

RESEARCH AND PILOTING 

Pilot CV technology to gain 
institutional experience. 

Conduct limited piloting of CV technology in 
order to gain staff experience and begin building 
foundational systems and processes to support 
future deployment. 

Near-Term 
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Guidance Description  Timeline 

Study the impact of truck 
platooning on bridges.  

Begin prioritizing and identifying bridge 
conditions in critical freight corridors that may 
warrant attention when evaluation procedures 
are better defined. 

Mid-Term 

Pilot smart work zone 
technologies.  

Conduct limited piloting of smart work zone 
technologies to more readily communicate real-
time work zone data. 

Mid-Term 

POLICY AND PROCEDURES 

Develop asset management 
policy and procedures for 
pavement markings and 
signage. 

Begin or enhance an asset management 
approach to pavement markings and signage 
that allows for more informed maintenance and 
replacement actions 

Mid-Term 

Develop policy and process for 
collocation of small-cell 
equipment in public rights-of-
way 

Develop policies and processes to streamline the 
permitting of small-cell equipment on IOO-owned 
infrastructure in order to facilitate 5G deployment 
supportive of CAV. 

Near-Term 

OUTREACH AND COMMUNICATIONS 

Monitor or participate in update 
of pavement marking 
standards. 

Engage in dialogue through the NCUTCD to 
better understand and anticipate updates to 
pavement marking standards. 

Immediate 

Monitor or participate in the 
Work Zone Data Exchange  

Monitor or engage in Federal Highway 
Administration efforts to establish work zone data 
standards. 

Immediate 

Monitor or participate in the 
CAT Coalition. 

Engage in the CAT Coalition to increase 
exposure to industry perspectives, leverage 
resources, and understand the priorities of key 
industry organizations. 

Immediate 

Create forum for dialogue with 
AV testing companies. 

Seek opportunities for one-on-one engagement 
with technology developers to better understand 
their needs of IOOs and current state of 
technology. 

Near-Term 

Identify CAV champion within 
your organization.  

Identify a champion responsible for coordinating 
response to CAV across departments and 
building institutional awareness of industry 
activities. 

Immediate 

5.3.2 Capital Investments 

Prioritize locations for investment  
Most IOOs experience some level of fiscal constraint that makes wide-scale investment in 
infrastructure improvements to support AV and CAV difficult or impossible. This paper outlines 
and evaluates six of the most likely early AV scenarios anticipated for deployment. Using these 
scenarios as a base, IOOs could consider prioritizing investment corridors based on suitability to 
support scenarios, specific local conditions, and discussions with interested technology 
developers.  
 
Goals to support the safety and mobility of vulnerable road users, including pedestrians, 
bicycles, should be integrated into investment strategies.  This may at times be challenging 
since that AVs naturally want greater physical separation between users, but cities are 
increasingly designing shared streets and complete streets where there is more interface.  On-
going research must continue to be evaluated to better define the interactions between AVs and 
other road users. 
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This process would provide for a more phased investment strategy, while allowing IOOs to 
better understand the capital and maintenance needs to support AV and, where applicable, 
experiment with emerging infrastructure treatments or allowable variation in standards. 
 
Increase future-year budgets for pavement markings  
Pavement markings were identified as a key factor for aiding machine vision systems in all 
considered scenarios. Updated guidance to IOOs is expected as part of the 2020 update of the 
MUTCD. Updating pavement markings and maintaining them to meet new retroreflectivity 
standards is anticipated as a key step toward supporting AV operation.  
 
While specific guidance is not yet available, it is likely that guidance to be released in 2020 will 
include wider striping for some standard marking locations, along with more frequent 
maintenance intervals, thereby necessitating increased expenditures for pavement markings. 
Budgeting today should reflect anticipated increased cost for updating and maintaining 
pavement markings to these new standards. 
 
Increase maintenance activities to improve machine readability of roadway features 
In addition to deploying and maintaining infrastructure to updated standards, factors like 
precipitation, poor drainage, foliage overgrowth, and vandalism can affect the ability of sensors 
to properly detect critical roadway features. Increasing maintenance activities to address these 
issues could help support AV operation and extend ODDs, particularly during inclement weather 
periods. Such maintenance activities for additional focus could include the following: 
 

• Clearing snow and ice from edge lines and unmarked roadway edges to improve 
detection of operating lane 

• Addressing or clearing drainage issues that could result in ponding, which obscures 
outside lane edges 

• Trimming foliage to ensure proper sign visibility 

• Promptly replacing signs that have been vandalized or otherwise altered in a way that 
affects machine interpretation. 

• IOOs should keep in mind that near-term CAV use cases will have a limited ODD and 
would likely not include facilities such as those with unpaved roadways because it is too 
difficult of an ODD to operate in. 

 
Build CV-readiness into traffic signals 
Traffic signal readiness was identified as only a partial dependency for all scenarios operating 
on surface streets, because AV technology is generally being designed to operate without a 
need to communicate with traffic signals. However, connectivity with traffic signals enabled to 
broadcast SPaT data was identified as a key opportunity to improve AV operation and enable a 
number of applications to support mobility and safety along signalized corridors.  
 
The continued lack of regulatory action or industry consensus around a single CV 
communications technology, as well as lack of industry deployment progress, makes 
widespread deployment of CV technologies impractical at this time. However, investment in 
traffic signal readiness for future CV deployment could help to future-proof current expenditures 
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while providing for enhanced signal operations today. Such readiness actions could include the 
following: 

• Updating signal controller specifications to include SPaT-capable functionality 

• Incorporating backhaul communications at isolated signal locations 

• Upgrading controller cabinets to provide sufficient expansion space and 
compartmentalization of equipment as desired depending on current or anticipated 
maintenance models 

• Providing a clear conduit path and stub-outs for future radio mounting 

• Incorporating traffic signals into a central system software that could be used to support 
management of roadside units. 

 
Build future CV consideration into ITS installations 
ITS installations have been identified as likely deployment locations given the presence of 
supporting infrastructure, such as mounting locations, power, and backhaul communications. 
Again, the continued lack of regulatory action or industry consensus around a single CV 
communications technology, as well as lack of industry deployment progress, makes 
widespread deployment of CV technologies impractical at this time. However, considering CV 
deployment during ITS installation planning, as well as modest investments in CV readiness for 
new or upgraded ITS installation sites, could help to future-proof expenditures. Such readiness 
actions could include the following: 

• Considering potential V2I applications when siting ITS installations 

• Considering the robustness of backhaul communications for future CV applications 

• Upgrading controller cabinets to provide sufficient expansion space and 
compartmentalization of equipment as desired, depending on current or anticipated 
maintenance models 

• Providing a clear conduit path and stub-outs for future radio mounting. 

5.3.3 Research and Piloting 

Piloting of CV technology could improve overall organizational readiness, both in terms of staff 
capacity building and establishing foundational systems and policies that are likely to be needed 
regardless of the technology ultimately deployed or a lack of consensus that would allow for 
wide-scale deployment. Three examples of research or pilot opportunities that specifically 
address the gaps identified in this project are discussed in this section.  
 
Pilot CV technology to gain institutional experience 
In 2017, AASHTO issued a CV SPaT Deployment Challenge to state and local public-sector 
transportation IOOs to deploy DSRC infrastructure with SPaT broadcasts in at least one 
coordinated corridor or network (approximately 20 signalized intersections) in each of the 50 
states by January 2020. The SPaT Challenge is a good example of a limited pilot opportunity 
that has been adopted by IOOs around the United States. As of the time of this writing, 26 
states have committed to the challenge, with 216 operating SPaT traffic signals and with 2,121 
signals planned for 2019 and 2020 (National Operations Center of Excellence [NOCoE], 2017). 
NOCoE maintains a resource page to support IOOs considering accepting the SPaT Challenge 
(NOCoE, 2017). 
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Study the impact of truck platooning on bridges in critical freight corridors 
DATP has been identified as a likely early use case of AV technology given the state of 
development of applications, more controlled vehicle fleets, and commercial uses. The closer 
following of heavy vehicles associated with platooning may have a different loading profile on 
highway bridges than what current design standards consider, and as a result could exceed 
bridge loading tolerances or negatively affect bridge condition over time. However, research is 
limited as to the impact of truck platooning on bridges, and no standard analysis practice or 
updated design standards are yet available to account for this. The FHWA announced in 2018 
as part of its National Dialogue on Highway Automation that it will study truck platooning 
impacts on bridges, which is expected to provide additional research and guidance on 
evaluating such impacts at the local level. 
 
AASHTO is seeking to provide guidance for bridge design that supports dynamic loading 
requirements for DATP applications on interstate highways and other freight-focused freeway 
corridors. Until such guidance is released, IOOs could conduct an audit of bridges that are 
located on critical freight corridors where allowing DATP may be most desired. This audit—both 
as a means to determine whether DATP would be allowable and as part of long-range program 
planning to prioritize bridge repairs and replacements—would evaluate bridge condition issues 
that could be exacerbated by DATP. In addition to new design guidance for new construction, 
the industry should also develop retrofit guidance. 
 
Pilot smart work zone technologies 
The lack of data for work zones was identified as a key infrastructure gap related to AV 
deployment. At a minimum, data is needed for awareness of work zones, particularly short-term 
or moving work locations, in order to inform vehicle systems and define the limits of an ODD 
that could exclude work zones. More desirably, additional data describing the specific 
configuration of a work zone could aid in the ability of an AV to be able to operate within the 
work zone to some degree. To date, no standard practice or procedures exist for collecting, 
formatting, or disseminating such work zone data. 
 
While this market matures, IOOs may choose to pilot smart work zone technologies that are on 
the market today to understand the process required for deploying and maintaining equipment, 
and the capabilities of the available systems, and how to participate in the data ecosystems 
operated by these third parties. The ATSSA, a trade association for roadway safety devices, 
offers a resource page for smart work zone technologies, which can be found at 
https://atssa.com/Tech-Innovation/Smart-Work-Zones-SWZ. 
 
  

https://atssa.com/Tech-Innovation/Smart-Work-Zones-SWZ/PgrID/1680/PageID/1
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5.3.4 Policy and Procedures 

Develop asset management policy and procedures for pavement markings and signage 

While asset management practices for transportation infrastructure have significantly expanded, 
there is limited use of asset management for pavement marking and signage assets, which will 
carry increased importance in supporting AV operation. To address this gap, IOOs should 
consider developing pavement marking and signage management systems as part of state or 
local asset management systems. This will allow IOOs to establish and monitor minimum 
requirements for visual presence of the marking, including the percentage of line on the 
roadway, color, and contrast. The responsibility for 
this work should be led by the agency responsible 
for pavement markings; however, since it is 
primarily a data collection and evaluation effort, 
other organizations could step in to perform this 
task.  
 
As an example of advanced asset management, 
best practices that will support the needs of the AV 
scenarios evaluated are those IOOs at the state, 
county, and local levels who are maintaining a 
pavement marking management system. These 
agencies typically hire a specialized vendor who 
has vehicle-mounted equipment that measures the 
presence and retroreflectivity of line markings. Once 
collected, the data is warehoused in a geographic 
information system (GIS) database for future use. 
This data is collected on a predetermined schedule 
that could include picking up a representative 
sample of pavement markings to measure overall 
system performance. This is extremely useful for 
the agency for maintaining their pavement markings 
in preparation for the upcoming minimum 
retroreflectivity requirements in the next edition of 
the MUTCD. It is also very useful having an 
accurate measure of pavement markings as an 
“asset of the State” for reporting purposes and 
meeting specific performance measures involving 
pavement markings. 
 
Develop policy and process for collocation of 
small-cell equipment in public rights-of-way 
5G cellular networks could play a critical role in enabling the fast transmission of data—
particularly high-resolution maps—necessary to enable CAV operation. The design of 5G 
networks is not yet fully understood and could vary by carrier, but 5G networks are anticipated 
to rely extensively on small-cell technology, whereby a larger number of low-power cellular 
nodes serve a smaller, more concentrated area. These nodes would most frequently seek to be 
installed on existing infrastructure—public infrastructure, such as street lights, utility poles and 
traffic signals—as well as nearby buildings and other structures. 
 

The City of Portland, Oregon, 
maintains a pavement marking 
management system and shares its 
data via several data sets including 
Pavement Marking Symbols, 
Pavement Marking Lines, and 
Pavement Marking Area through a 
GIS portal. The Pavement Marking 
Lines data set can be accessed in 
the portal and users can download 
the data in the format that best fits 
their needs. Each sign has 16 
specific attributes that are included 
in the data set. The pavement 
marking management system is part 
of an overall Asset Management 
Plan being maintained by the City of 
Portland. 
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While IOOs do not have a direct role in deploying a 5G network, they should anticipate an 
increase in requests for access to this roadside infrastructure for locating small-cell installations. 
At the time of this writing, 21 state legislatures have enacted small-cell legislation that 
streamlines regulations to facilitate the deployment of 5G small cells. Regardless of the status in 
a state, developing an agency-specific policy today for collocation of small-cell equipment in the 
public rights-of-way should be considered in order to streamline this process. The National 
League of Cities has developed an action guide for small-cell wireless technology in cities to 
serve as a resource for such policy development (https://www.nlc.org/sites/default/files/2018-
08/CS_SmallCell_MAG_FINAL.pdf). 

5.3.5 Outreach and Communications 

Monitor or participate in update of pavement marking standards 
The NCUTCD has formed a CAV Task Force for evaluating changes needed to better support 
CAVs. Some of those changes are anticipated to be reflected in the next update of the MUTCD, 
which is expected for release in late 2020. 
 
Through the NCUTCD, there is an opportunity to directly dialogue on proposed changes to the 
MUTCD by engaging as a technical member. At a minimum, IOOs should consider monitoring 
the actions of the NCUTCD’s CAV Task Force and the recommendations for inclusion in the 
MUTCD update to be better prepared to implement changes to pavement markings. More 
information can be found at https://ncutcd.org/.  
 
Monitor or participate in the Work Zone Data Exchange  
Provision of work zone data is critical to furthering AV operation, but currently lacks standard 
mechanisms for data collection and format. Under the Data for Automated Vehicle Initiative, the 
U.S. DOT established the WZDx pilot beginning March 2018, which is working on standardizing 
data format between equipped TCDs and state IOOs as well as third-party traffic data 
companies (U.S. DOT, 2019). A WZDx Specification (v1.1) is now available for IOOs to make 
uniform work zone data available for third-party use. Specifically, the project aims to provide 
data on work zones into vehicles to help ADS and human drivers navigate more safely. Longer 
term, the goal is to enable collaborative maintenance and expansion of the specification to meet 
the emerging needs of ADS. 
 
There are opportunities for IOOs to participate in the WZDx via anticipated demonstration 
grants, and through engagement with the larger WZDx initiative through the FHWA. More 
information can be found at https://www.transportation.gov/av/data/wzdx.  
 
Monitor or participate in the CAT Coalition 
The CAT Coalition is an organization established through support from the AASHTO, the ITE, 
and ITS America in order to further collaboration between the public sector, industry, and 
academia toward CAV deployment. The coalition includes seven working groups focused on 
different technical, policy, and outreach areas. Participation is open to interested parties and 
presents an opportunity for IOOs to increase familiarity with common industry issues and 
understand the priorities and initiatives being undertaken by the supporting organizations. More 
information can be found at https://transportationops.org/CATCoalition.  
 
Create a forum for dialogue with CAV testing companies  
Given the continuously evolving nature of CAV technology and degree of competition between 
technology developers, limited opportunities exist for open forums of exchange between IOOs 

https://www.nlc.org/sites/default/files/2018-08/CS_SmallCell_MAG_FINAL.pdf
https://www.nlc.org/sites/default/files/2018-08/CS_SmallCell_MAG_FINAL.pdf
https://ncutcd.org/
https://www.transportation.gov/av/data/wzdx
https://transportationops.org/CATCoalition
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and industry. In jurisdictions where CAV testing is occurring, IOOs often have leverage—
through permitting processes or other points of coordination—to request one-on-one meetings 
with technology developers. Such meetings represent the best opportunities to gain insights into 
what developers truly need of IOOs and what they are struggling with the most in order to 
advance their product. 
 
Identify CAV champion within your organization  
CAV technology has far-reaching implications around all IOO organizations, ranging from 
technology deployment, to maintenance, to long-range planning, and even to revenue. Many 
organizations may benefit from the identification of a CAV champion who is responsible for 
coordinating response across departments, building knowledge and capacity within the 
organization, and monitoring industry trends. 
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6. Innovative Design Concepts for Consideration 

To enhance the implications of standards and practices explored in the previous chapter, a set 
of innovative design concepts are presented. These concepts were developed in conjunction 
with gaps and challenges identified in earlier tasks to bridge the gap between technology and 
infrastructure. These design concepts can help IOOs enable some AV functions to produce 
positive impacts in terms of safety, mobility, and the environment.  

In order to keep this section practical, innovative concepts that were being tested out by one or 
two state agencies were included for consideration. Abstract concepts not yet tested have not 
been included in this section. Other factors considered include: current technology trends, 
ongoing CV pilot programs, AV testbeds, and existing research efforts. To illustrate these 
considerations, the innovative concepts are categorized into three sections within this chapter: 
Roadway, TCD and ITS. Table 12 below summarizes the innovative design concepts, mapped 
to what challenges these designs are expected to mitigate. 

Table 12. Mapping of CV and AV Technology to Challenges. 

Category Innovative Considerations Challenges Addressed 

Roadway • Infrastructure readiness rating  

• Smart pavement  

• HD maps  

• Charging on motion 

• Localization (e.g., drop-off and 
pick-up Zones) 

• Incident detection and response 

• V2I connectivity  

• Electrification 

TCD • Establish standards to improve pavement 
marking’s and sign’s contrast and 
retroreflectivity 

• Lidar and RSU for identifying pedestrian 
crossings and work zones 

• HD Maps 

• Localization 

• Machine vision 

• Pedestrian Crossings 

• Work zones 
 

ITS • IOOs to establish guidelines and standards to 
make RSU and roadside equipment (RSE) 
implementation consistent.  

• HD Maps 

• Lack of consistent standards 
across states for ITS 
deployment 

• Lack of parking infrastructure 

6.1 Roadway Innovative Considerations  

6.1.1 Infrastructure Readiness Rating  

Limited funds, uncertainties with AV deployment timelines, and rapid innovations in AV 
technology make it challenging for state and local agencies to maintain consistent infrastructure 
investment across the network. As a result, infrastructure would have a varying and 
continuously changing level of readiness for AV applications. Agencies prefer incremental 
infrastructure upgrades to support upcoming technologies over drastic upgrades.  
 
State and local agencies could implement an infrastructure readiness rating. Related research 
was conducted on NCHRP 20-224 (112): Connected Road Classification System (CRCS) 
Development (NCHRP, 2019). Such a system would help assess with ease the readiness of 
their infrastructure for AV and CAV technology deployment. This rating would provide AV and 
CAVs and their operators with guidance on the “readiness” of the road network. Typically, this 
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rating can be used for a simple description of what AV and CAVs can expect on specific parts of 
a road network. The EU-TP1488 INFRAMIX project (INFRAMIX, 2019) can be used as a 
reference where a road segment is assessed for its AV and CAV readiness on a scale of A to E, 
as shown in Error! Reference source not found..  
 

 
Figure 2. Levels of the Infrastructure Support for Automated Driving (Source: INFRAMIX, 

2019). 

In the EU-TP1488 INFRAMIX project, the road infrastructure can support and guide AVs by 
using physical and digital elements. One example of this research in effect is the Denver Smart 
City initiative, supported through U.S. DOT’s Advanced Management Technology Deployment 
grant (U.S. DOT ITS JPO, 2019). Levels of infrastructure support for automated driving are 
defined in order to categorize the various means of infrastructure elements and capabilities that 
support AVs.  
 
Such a rating would serve as a baseline reference for state and local agencies in identifying the 
portions of their network that need investment for enabling AV and CAV features. Moreover, it 
could assist in informed funding allocation decisions and keeping track of the proportion of the 
network not yet ready for AV and CAV features due to poor or limited digital or physical 
infrastructure elements. 

6.1.2 Smart Pavements  

Smart pavement is a recent promising technology, currently in the proof of concept stage and 
being tested by Colorado Department of Transportation (CDOT) (Aguilar, 2018). It has the 
potential for providing unique CAV enabling opportunities. As shown in Error! Reference 
source not found., smart pavement consists of interlocking smart pavement slabs where each 
slab incorporates accessible and upgradable digital technology that connects vehicles to the 
internet and provides real-time information to drivers about traffic, road conditions, and 
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unplanned incidents (ccdmag, 2018). Their functionality is like that of a mobile touch screen, 
however, instead of detecting fingers, they are touch-sensitive to vehicle tires. 

 
Figure 3. Colorado “Smart Highway” Project  

(Source: ccdmag, 2018) 
 
CDOT is testing the technology with a primary focus on incident detection applications (Robert 
A. Cronkleton, 2019). When a vehicle veers from the roadway, the smart pavement sensors 
detect the abnormality and reports it as an incident to the Transportation Management Center 
(TMC). The TMC then dispatches first responders to the scene. CDOT with their partners will 
install one half-mile of Smart Pavement on US285, to collect data on run-off-the-road (ROTR) 
accidents and send automatic notices of ROTR accidents to CDOT over a five-year 
demonstration period. Although this project is focused on incident detection, this innovative 
technology provides a diversity of real-time—such as road conditions and traffic alerts—to 
drivers in CAVs as well as conventional vehicles. These smart slabs can be connected to the 
drivers’ smartphones to provide real-time alerts about traffic and road hazards. Recently, 
Lenexa City decided to bring smart technology to some of its roadways in the downtown of the 
City Center. The project aims to equip designated segments with this technology to collect data 
in real-time.  

State and local agencies could pilot this technology in specific problem areas, such as ROTR 
prone stretches or corridors with sustained impact from adverse weather conditions. This 
technology has the potential to be integrated with AVs in a wide variety of ways that could 
enable safety, mobility, and environmental benefits. For instance, smart pavement technology 
could assist in providing reliable localization of AVs. Though vehicle localization is commonly 
performed using visible features of the roadway, other applications should be considered. In 
fact, in a separate study, a group of researchers attempted to overcome navigation issues in 
adverse winter weather used a radar mounted downward to map exactly where they were 
without relying on visual clues (Jack Stewart, 2018). Similar approach could be integrated with 
smart pavements and could be assessed for being integrated within HD maps. Smart 
pavements have the potential of becoming self-funding with the business plan of commercial 
enterprises paying for access to the data generated by the smart pavement. Personal users 
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could pay for access to the data generated by the smart pavement, as well as access to high-
speed internet, like the concept of “managed lanes,” and real-time charging of electric vehicles.  

In 2018 NCHRP published a report that looked at Dedicating Lanes for Priority or Exclusive Use 
by Connected and Automated Vehicles [NCHRP 20-102(08)] that developed specific guidance 
for agencies on operational characteristics and impacts of dedicating lanes to priority or 
exclusive use by CAVs, as well as regulatory and policy guidance for states and local agencies 
regarding conditions amenable to dedicating lanes to CAVs(Hamilton and Technology, 2018). 
Integrating CAV and managed lanes policies could relieve the burden from the public of paying 
for road improvements and shift it to commercial enterprises.        

6.2 TCD Innovative Considerations 

6.2.1 Contrast and Retroreflectivity  

AVs need to identify signs and road marking precisely for successful localization. The situation 
is even more critical when an AV is operating without HD maps. To enhance AV functionality, 
state and local agencies would need to maintain road markings and signing in good condition, 
potentially increasing road maintenance costs. These improvements would also prove useful for 
traditional vehicles, cyclists, and pedestrians. Accordingly, road markings and signing in good 
condition encourage early adoption of AVs and accelerate their potential safety benefits. As 
technology advances, AVs may become less dependent on the condition of the physical 
infrastructure. 
 
However, to enhance roadway safety for AVs in the short term it is important to understand how 
AVs usually perceive and interpret their surroundings. Currently, AVs rely on machine vision for 
most driving functions. For machine vision to be safe and effective for these vehicles, the road 
markings and signs should be highly detectable. For machine vision algorithms, highly 
detectable conditions can be achieved using TCD with high retroreflectivity for nighttime 
performance, and high contract ratio for daytime performance. 
 
State and local agencies are required to install and maintain signing that meets minimum levels 
of retroreflectivity per the latest edition of the MUTCD. Minimum levels of retroreflectivity for 
pavement markings are expected in the next edition of the MUTCD anticipated to be published 
in 2020. This provides both human drivers and AVs with reliable inputs for safe navigation on 
roadways during low-light conditions. There are currently no requirements for the installation 
and maintenance of pavement markings with high contrast. Pavement markings specifically 
designed to deliver greater contrast on any road surface (from black asphalt to gray concrete) 
are easier to see for both people and machines and will help enhance road safety. For instance, 
a high contrast ratio should be maintained between jersey barriers and the edge of the road. In 
a similar manner, jersey barriers could include the installation of white or yellow reflectors 
matching the color of the pavement marking edge line (yellow on the left and white on the right) 
for safer machine vision during the night on freeways (Error! Reference source not found.). 
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Figure 4. Barrier Reflectors (Yellow) to Supplement the Yellow Edge Line. 

   (Source: RoadSafe Traffic Systems, 2019) 
 
While not observed explicitly, this correlation could be a focus topic regarding workzones as 
typical equipment in a work zone environment share high contrast attributes that influence AV 
perception.  

6.2.2 Work Zone Identification 

Negotiating work zones is by far the principal challenge for AVs. Work zones typically alter the 
road layout, Affecting traffic patterns and behaviors. Current work zone design, operations, and 
signs cater to human drivers to help with the transition to new traffic patterns. The same design 
can be challenging for AVs to interpret. Thus, with AVs expected to operate in the near future, 
state and local agencies should consider the future design, implementation, and operations of 
work zones.  

Departments of Transportation, such as Virginia (Virginia Tech Transportation Institute, 2019), 
Texas (Texas Department of Transportation, 2018), and Michigan (Daniel Lai, 2018) are 
deploying solutions that will mitigate the interpretation gap from human operators and AVs by 
using third-party tools to provide real-time updates from work zone sites to inform vehicles of 
alternative routes. At the federal level, these data sets are being managed in a national 
database with open collaboration from both the public and private sectors (U.S. DOT, 2019). 
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For example, Virginia Department of 
Transportation’s effort in managing Work 
Zone Data could be a feasible approach for 
other state and local agencies to adopt. 
Solutions like this incorporate live work zone 
data required for AVs to interpret, as well as 
an interface for IOOs and similar 
stakeholders to streamline the management 
of work zones. To aid other roadway users, 
this tool may have a portal for the public to 
view in order to inform non-connected 
roadway users. 

State and local agencies could invite 
interested OEMs to a joint research effort to 
identify and establish standard signs or 
processes that can be placed or followed 
ahead of the work zone to support AV 
functionality. Car manufacturers can 
potentially develop a work zone mode with a 
unique set of algorithms for perception and 
navigation through a work zone. Once the 
AV recognizes the standard sign, it 
automatically activates the work zone mode. 
This mode may not be efficient from a 
mobility perspective but can be efficient from 
a safety perspective.  

Car manufacturers seek to address such challenges with minimal input from outside 
infrastructure and rather use in-vehicle sensors and HD maps. Though this may be a 
sustainable approach for the long run, partnering with state and local agencies in the interim will 
encourage faster deployments with improved AV functionality. 

An ideal solution is being able to integrate precise information about lane configuration changes 
that occur during work zones with the HD map, in real time, rather than just broadcasting 
regulatory or warning signs. Until HD maps are fully deployed at large scale and are capable of 
supporting such features, there is a need for other methods considering the existing physical 
and digital infrastructure and technology.  

Inspired by innovations in Lidar industry and evaluations for identifying pedestrians within 
pedestrian crossings (discussed next section), State and local agencies could consider 
investigating pilots for extending such an approach to identify workers and TCDs within work 
zones. Particularly, stationary Lidar sensors mounted on posts near the work zone could 
generate high-resolution, 3D representations of objects in the work zone area. These scans can 
then be analyzed using sophisticated artificial intelligence tools to create a map of the work 
zone. This map is sent to the RSU that is installed near the work zone where it broadcasts it to 
the OBU of the oncoming CAVs. Realtime locations of the workers can be projected on the map 
by providing them with wireless beacons that report their coordinates to the RSU.  

Figure 5. Digitized Work Zone 
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In June 2019, Gewi demonstrated the viability of leveraging iCones—traffic barrels, that are 

capable of monitoring traffic speed and links to the web—to measure precise location, speed, 

lane closure advice, workers present, more real-time information is available for navigation 
devices, variable message signs, broadcasters, apps and other systems (ITS AMERICA, 2019). 
State and local agencies could consider assessing the viability and safety benefits of 
implementing smart work zone infrastructure which is capable of communicating with nearby 
CAVs. Pilots could test innovative approaches for harnessing such infrastructure elements for 
disseminating precise information about lane configuration changes that occur during work 
zones for nearby CAV.  

6.2.3 Lidar for Identifying Pedestrian Crossings 

The ODD of most features offered at lower automation levels (L1 and L2) is constrained by 
many factors including road types that have pedestrian crossings. AVs relying only on cameras–
not equipped with lidar–for identifying pedestrians are at risk of false-negative calls for 
pedestrian presence during poor weather and low light intensity. Coming up with an innovative 
approach for identifying pedestrians by AVs–not equipped with Lidar– would provide a 
maximum leverage of AVs in maintaining safer pedestrian crossings during different weather 
and light conditions. Fitting the infrastructure with Lidar units that can be connected to vehicles 
could offer a unique opportunity for augmenting the AV's sensing capability for pedestrians.  

Currently, an innovative approach for overcoming this challenge is being tested by the Tampa 
Hillsborough Expressway Authority (THEA) CV Pilot to improve pedestrian safety at pedestrian 
crossings (THEA, 2019). Particularly, in downtown Tampa, there is one primary mid-block 
crosswalk for pedestrian access to and from the main parking garage. Lack of attention by 
drivers has led to numerous vehicle-pedestrian collisions and near misses. THEA wanted to 
address the pedestrian safety hazards at this location by incorporating a pedestrian detection 
system that would warn approaching CAV vehicles of pedestrians’ presence in the crosswalk. 

THEA found that Lidar technology to be the best fit for the desired performance requirements 
compared to radar and video technologies. THEA’s final solution was to combine Lidar 
technology (to detect the pedestrians) with a CV-enabled RSU (to broadcast the information to 
CAVs in the vicinity). THEA’s solution uses stationary Lidar sensors mounted on posts on each 
end of the crosswalk as shown in Figure 6. 
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Figure 6. A Lidar Sensor (Circled) Mounted on a Post Near the Pedestrian Crosswalk 
(Source: THEA, 2019).  

State and local agencies could install Lidar units at crosswalks to collect high-resolution 3D 
representations of objects on crosswalks. These scans are then analyzed to identify pedestrians 
within the defined area of the crosswalk. The Lidar is programmed to scan the sidewalk to 
identify any crossing pedestrians. Once a crossing pedestrian is identified, a set of tracking and 
predictive algorithms are applied to the 3D cloud for tracking the motion of the pedestrian and 
predicting his trajectory. Using the predicted trajectories for the pedestrian and approaching 
CAVs, the Lidar creates a personal safety message (PSM) and sends it the RSU that is installed 
near the crosswalk. The RSU then broadcasts the PSM to the OBU of the approaching CAV if 
its trajectory indicates a possible collision with a pedestrian in the crosswalk. In this case, an 
audiovisual alert is triggered within the CAV and the CAV’s rearview mirror displays a symbol 
depicting a pedestrian in a crosswalk and a warning symbol in bright, primary colors. 

6.3 ITS Innovative Considerations 

In order to support the rollout of high-speed receivers and sensors, IOOs may consider modular 
RSUs that can interface with newer technology. Some examples include: Tunable applications 
(applicable in dense urban settings), over-the-air updateable software (applicable for tuning new 
applications), security system implementation (to support the security credential management 
system); and hardware stability for various ODD conditions (U.S. DOT, 2019a).  

The deployment and type of RSUs may depend on the challenge a roadway may be 
experiencing and/or to meet IOO needs. IOOs can then make the data generated by the RSU’s 
available to researchers, technology developers and OEMs in order to spur innovation. Third-
party entities might use the available data to develop a host of applications that may be valuable 
to the motoring public and can potentially solve safety and mobility issues. For example, 
consider an urban area where users find it very challenging to find parking spaces requiring 
them to spend time and fuel in finding an available spot. IOOs could consider installing camera’s 
at popular parking locations that captures parking spaces. Applications developers may then 
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use this data to detect open parking spots and provide that data on open spots to users via in-
vehicle app or mobile app.  

A recent study explored a scalable and distributed architecture that could be easily integrated 
with multiple sensing sources (Alam et al., 2018). This can help reduce acquisition cost and 
optimize parking facilities. 

 

Figure 7. Distributed ITS Architecture: Computer Vision vs Magnetic Sensor Based 
Smart Parking (Alam et al., 2018). 

Benefits of this approach include reduced costs (as they do not require infrastructure or cabling) 
for obtaining the technology as well as the ease of introducing a new element to the existing 
infrastructure. These sensors are suitable for mostly any type of vehicle parking and enable fast 
and simple deployments. (Alam et al., 2018). 

 

Figure 8. Various Graphics from Research Study: (a) Pole Displacements for Sensor 
Installation; (b) Schema of Parking Lot Monitoring with Sensor and Space IDs; (c) 
Example of Installation Configuration; (d) Parking View from an Installation. 
Source:(Alam et al., 2018) 
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Opening data access to private industry may benefit IOOs, as the data packages could shape 
operational domains for its users. Internet service providers (ISPs) are approaching this by 
developing smart parking solutions; a complete method to track and monitor parking spot 
occupancy using smart video cameras and computer vision analytics, which would enable 
optimization (Verizon, 2019). By partnering with ISPs, IOOs could sell or open data for industry, 
and specific solutions could be generated based on the ODD or roadways user’s needs.  

Asset management (infrastructure health monitoring) may be another innovative consideration 
for CAVs: The tracking of resources, identification of resource conditions, and management of 
resources may be enhanced through vehicular connectivity. These systems enable access to 
vehicle tracking information, identification of pavement conditions, and efficient operation of 
powered resources. With CV technologies, IOOs can collect probe data for state or locally 
owned fleet vehicles for tracking purposes to better manage operations. This application could 
reduce fleet management costs for state and local agencies managing an operation (i.e., snow 
services in rural areas). Pavement detection may also be another application that can support 
IOOs. Figure 9 illustrates Pirelli’s CyberTyre concept – an application where RSUs can connect 
with CVs to detect pavement conditions detected through the Tire Pressure Monitoring System 
(TPMS) onboard a vehicle. This concept can influence future roadway planning operations by 
enhancing the environmental awareness for IOOs.  

 

Figure 9 Pavement Detection using Smart Tires via TPMS 

Innovative solutions utilizing both ADAS and roadside units can diversify utilization of resources 
for IOOs where they could invest in pilot projects which explore integrating RSUs with CAV 
technologies for the purpose marking and TCDs on a real time basis. This would help IOOs in 
identifying roadway segments that require maintenance with their pavement, marking, or TCDs, 
on a real time basis. This is considered an area of research with a large potential for saving in 
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costs associated with monitoring the infrastructure inventory status. Additionally, IOOs could 
consider partnering with appropriate agencies to help integrate CAV technologies into their 
maintenance fleet to help track infrastructure elements in need of an upgrade. 

6.4 Innovative Designs for IOO Awareness and Participation 

There are several other innovative design elements not in the direct purview of IOOs but play an 
important role in bridging infrastructure gaps to facilitate AV deployment. A few of them are 
described in this section for IOO awareness. Though the private sector is largely driving 
advancement in these areas the process and resulting product can be enhanced with input and 
participation from IOOs. Some of these include:  

6.4.1 HD Maps 

HD maps are a key enabler for all levels of automated driving, particularly L3, L4, and L5. HD 
maps and their usage in localization are the most influential factors for the safe navigation of 
AVs. Even at lower automation levels, vehicles equipped with basic ADAS features, such as 
lane-keep assist, can leverage HD maps when lane markings have weathered making it 
challenging to detect. HD maps are key enablers for safe AV deployment since they assist the 
AV in gaining the needed contextual awareness of the surrounding environment, beyond the 
sensors’ range (Figure 10), even during severe weather conditions (Jung et al., 2018). 

 

Figure 10. HD Map Assisting and HAV to Gain Contextual Awareness Beyond the 
Sensors Range. (Source: Aaron Jacob, 2019) 

For AVs to safely navigate the road using HD mapping, the service must be dynamic, where any 
changes occurring on the road, such as new sign added or change in road marking, should be 
reflected in the HD map in real time. To this end, HD maps would typically function as an on-
cloud server that keeps updating the map at high frequency. Vehicles would need to access this 
server on real-time bases and at low latency. Once the AV has access to the HD maps, it 
applies sophisticated matching algorithms on data collected by its sensors to locate its position 
with high accuracy—to the nearest 10 to 20 cm—in a process known as localization (Jo, Kim 
and Sunwoo, 2018).  

AVs typically localize themselves using roadway features and landmarks, such as marking, 
gantry signs, control signs, edges, etc. In situations where no GNSS signal is available, the 
impact of HD Maps for positioning raises significantly. For instance, (Schreiber, Knoppel and 
Franke, 2013) proposed a localization approach which is fully independent of GNSS and merely 
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based on HD maps. Their experiment results indicated localization accuracy in the range of the 
map accuracy.  

HD maps provide unique opportunities for augmenting sensor limitations. Taking the high-profile 
tesla incident as a case study (Timothy B. Lee, 2018), the Tesla driver was killed when his AV 
collided with a concrete road barrier on a mountain view highway. With Autopilot engaged at the 
time, the system struggled to identify the correct trajectory and hit the barrier head on. Although 
the road markings were faded with limited machine visibility, this accident could have been 
prevented if a HD map was used (Dooley, 2018). Recently, several technology companies and 
OEMs have been investing in developing HD maps. TomTom, Nvidia, Vexcel, HERE 
Technologies, BMW, and Daimler, among others, are developing these maps.  

HD maps coupled with perception sensors 
become the primary source of reference once a 
human is no longer in control. Based on these 
findings, HD maps manifest themselves as an 
integral and primary component for the safe 
deployment of AV. They also support 
navigation in adverse weather conditions when 
heavy rain or snow make road marking difficult 
for the machines to detect (Dooley, 2018). 

Figure 11 summarizes the common layers to be 
included in a typical HD map (Lyft, 2018). It is 
worth mentioning that the real-time layer is the 
only layer that is updated in real time while the 
map is in use by the AV serving a ride. It 
contains real-time traffic information, such as 
observed speeds, congestion, newly 
discovered work zones, etc. 
  
Currently, all research efforts and investments 
in developing HD maps are made by automakers and technology companies. Partnerships 
among companies are continuously formed to develop HD maps. For example, in 2017, 
Volkswagen and Mobileye partnered to create HD maps using crowdsource data from drivers 
on real-time road conditions using a front-facing camera. As noted, HD maps can help realize 
the safety benefits envisioned from AV applications. To help make HD maps more dynamic and 
accurate IOOs can play an important role by sharing data. This data can constitute pavement 
markings and signage updates, work zone locations, incidents, road closures, weather impacts, 
etc. State agencies could also potentially share data (such as the location of potholes and black 
ice) that is collected by their equipped maintenance fleet vehicles to help update HD maps in 
real time. Thus, monitoring the HD mapping landscape and taking efforts to share data can 
make IOOs play an important role in the development of accurate and reliable HD maps. 

6.4.2 Charging Infrastructure 

For noticeable benefits from AVs (L4 and L5), it is imperative that they operate as electric 
vehicles for many reasons. First, vehicle miles traveled are expected to increase drastically for 
this level of automation if they are to be operated as shared vehicles. People are more likely to 
prefer vehicles that drive themselves which would give users time to pursue other activities en-

Figure 11. Typical HD Map Layers for 
AVs (Source: Lyft, 2018) 



NCHRP 20-102(15): Impacts of Connected and Automated Vehicle Technologies on the Highway Infrastructure 
Draft Guidance  

 

    52        December, 2019 

route. If these AVs are offered as gasoline engines, their operational costs will outweigh the 
benefits of shared mobility. Also, the environmental impacts that would come along will make 
these unpopular. Not to mention that, for AVs to operate safely, vehicle sensors and 
components must be maintained in good conditions and operate with high levels of reliability. 
This is very difficult to maintain in an internal fuel combustion environment, where there would 
be a need to maintain all tiny particles of engine functioning in a reliable manner. Overall, it is 
much easier and more reliable to maintain the HAVs sensors and components functioning well 
in a drive-by-wire environment compared to an internal combustion engine.  

OEMs are aware of these facts and to facilitate the commoditization of their offered products, 
they are already offering them as electric vehicles. Major cities are concerned with the 
potentially negative implications of increased shared gasoline vehicles and already started 
scheduling a future ban for fuel combustion engines (Daniel Boffey, 2019; EVARTS, 2019). This 
trend is expected to intensify with a successful commercial deployment of L4 and L5 AVs, 
assuming there is public acceptance to support this engagement.  

Based on this, charging facilities can be a crucial asset to facilitate electric AVs. The key to 
building this infrastructure out would be to determine where the most practical locations (homes, 
parking, offices, parks, service stations or supermarkets) would be. Would it be? It is 
understandable that this challenge is less relevant to state and local agencies that are operating 
infrastructure as electrification and charging stations are commonly built and operated by private 
sectors and city planners. For instance, Cruise is working on building "the largest electric vehicle 
fast charger station in the country" in San Francisco's Dogpatch neighborhood to service its fleet 
of 180 electric HAVs. However, a good understanding of these needs would assist the state and 
local agencies in offering innovative solutions, such as charging on motion, that would 
accelerate the deployment of certain AV features and at reduced costs. For instance, as 
depicted by Figure 14, Germany has started real-world tests of an electric system on a 3.1-mile 
stretch of the Autobahn between Frankfurt and Darmstadt, with an electric-diesel truck merging 
into everyday traffic while it received power from overhead cables (Jon Fingas, 2019) 
 

 
Figure 12. Trucking Electrical Gridding. (Source: Jon Fingas, 2019). 

Trucks can also charge the grid system with electricity when they brake, making the system 
particularly useful if there's a jam or stop and go traffic conditions. State and local agencies 
need to work closely with OEMs and city planners to identify the expected need and supply of 
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charging infrastructure to assess the viability of testing such technology for certain AV features. 
In fact, this innovative technology could be a key enabler to AV truck platooning. A linehaul of 
freight operations running through different states and operating as AV platoons on rural roads 
is expected to benefit most from this technology. 

6.5 Additional Considerations 

It is important for state and local agencies to closely monitor AV technology innovation as it 
advances at a fast pace. Keeping pace with these advances can help influence infrastructure 
investment decisions and future roadmaps. For example, current AV features rely on pavement 
markings and signage to help navigate roadways. However, many OEMs, technology 
companies and mobile network operators do not see this as a sustainable approach—to rely 

solely on markings since it is not rational to assume all roads will have lane markings in perfect 
condition all the time. In order to expand the ODD of AVs beyond being limited by the pavement 
marking status, OEMs, technology companies and mobile network operators are already 
investigating other options, such as positioning with respect to other vehicles, guard rails, and 
barriers, with input from several sensors and HD maps. The direction of these efforts and their 
results will directly impact (over 10 to 15 years) current standards and existing guidelines for 
state and local agencies.  

Another example includes the debate on the communication technology to invest in for V2I 
systems. V2I systems comprise of in-vehicle sensors and infrastructure sensors that 
communicate with each other to share data. The debate is particularly between DSRC and C-
V2X communications. Although evaluating specific V2I technologies is beyond the scope of this 
project, infrastructure investment plans will depend on the communications medium the industry 
decides to use.  

Finally, the first and foremost thing to consider for any proposed infrastructure investment is the 
estimated cost of implementing such a concept and the pertinent benefits anticipated from such 
investment. State and local agencies can benefit from short pilot deployment of some of the 
described innovative concepts mentioned in the previous sections. These pilot deployments can 
cover a short length of the roadway for a limited time to gather necessary data for evaluation, 
including costs and benefits, prior to full deployment. They will need to partner with OEMs, 
technology companies, and academic researchers to conceptualize and test other innovative 
ideas as new technologies become available. The next chapter highlights some of the principal 
costs and benefits to consider when evaluating some of the suggested innovative concepts.  
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7. Guidance on BCA 

In order to evaluate investing in infrastructure readiness for AVs and related CVs infrastructure, 
there must be a sound value proposition. For traditional infrastructure investment, this is often 
measured by verifying that the benefits derived from implementing the project are greater than 
the costs. This can be done by comparing the costs involved in executing the project with the 
anticipated benefits after project implementation; that is, developing a BCA. Decision makers 
use this type of analysis to assess the viability of specific investments and/or to evaluate 
multiple scenarios to help choose the one with maximum return. While a true BCA is valued with 
actual metrics, the focus of this chapter is to describe the limitations of the BCA on evaluating 
AV and relevant CV projects (section 7.1) before providing guidance for estimating the benefits 
and costs of innovative designs described in Chapter 6 (section 7.2). Finally, supporting 
resources for estimating costs and benefits within the BCA is provided (section 7.3). 

7.1 Limitations of the Standard BCA to AV Projects 

Given the existing state of AV and CV technologies, the current negligible penetration rates, and 
the significant unknowns stemmed from deployment timelines, it is important to note that the 
BCA has limitations in evaluating AV relevant infrastructure investments. Specifically, the most 
challenging is estimating and quantifying benefits associated with an infrastructure investment 
that enables a particular AV application. The extent of benefits and the timelines associated at 
this point can be very speculative and may not yield accurate results. As a result, IOOs should 
not depend solely on a BCA to make or justify investment decisions. However, there are 
intangible benefits that can be accounted for, while considering investments that support AV. 
These can include improving organization readiness, learning and research (but a lot harder to 
monetize) that will help state and local agencies better adapt to advances in technology. Three 
high-level categories can be used to describe this BCA limitation to AV and related CV 
infrastructure investments. 

7.1.1 Deployment and Penetration Rates 

Benefits and disbenefits of AV and related CV enabling infrastructure investments can be 
estimated with better accuracy when there are greater proportion of AVs and CVs operating in 
the ecosystem. These can be looked at from three different perspectives namely the traditional 
user, AV or CV user and IOOs. In other words, when both deployment rates of supporting 
infrastructure and penetration rates of AVs are high the impacts may be more visible and 
quantifiable. Depending on the type of investment in the infrastructure, the envisioned benefits 
are expected to vary significantly based on the expected penetration rate of AV and CV 
technology. Many consider it premature to even realistically plan for given the demands for 
street space in most areas, however several ongoing research projects are attempting to 
address this issue (Hamilton and Technology, 2018; Zhang and Cassandras, 2018). 

Both the above rates in combination can influence the scale and value of benefits anticipated by 
IOOs, AV users and traditional vehicle users as well. These rates are difficult to predict and so 
are the associated impacts. This makes the process of measuring and quantifying benefits 
during the project lifecycle very challenging and abstract. There are several interrelated factors, 
such as public trust and acceptance, maturity of the technology, readiness of the infrastructure, 
and others that impact deployment and penetration rates.  
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7.1.2 Lack of Consensus on AV Impacts 

While there seems to be an agreement on the positive impacts of AV on safety (National 
Highway Traffic Safety Administration, 2019), the case is not the same with travel time savings. 
For example, there are conflicting assumptions on whether congestion and travel time would 
improve or get worse with AV implementation. There is also ambiguity on how these impacts 
would materialize in a mixed environment that still largely consist of legacy vehicles. For 
instance, would legacy vehicles with human drivers impede the mobility of AVs since AVs will be 
programmed to have safety as its highest priority? This can negatively impact AV and can make 
them unpopular if supporting policy and regulation do not offer protection. These factors make 
assumptions speculative thus affecting the accuracy of the benefits quantification. However, 
though quantifying benefits for certain AV enabling infrastructure upgrades can be challenging 
there are direct benefits to traditional road users. For example, improved pavement markings 
and signage can help human drivers better maneuver roads in low visibility conditions. 

7.1.3 Need for AV Pilots  

Though challenges make BCA unreliable for AV and CAV investment analysis, IOOs should 
consider non-quantifiable benefits while evaluating infrastructure upgrades. Most of the AV 
technology and its related infrastructure needs are at the research and development (R&D) 
stage. There are institutional learning, research and readiness benefits that cannot be 
monetized. As a result, there is a compelling need for state and locals to deploy pilots for 
relevant AV infrastructure investment for a variety of reasons:  

• Pilots would help researchers and decision makers better understand and quantify the 
impacts of the technology  

• Introducing the public, incrementally, to envisioned gains from AV technologies, would 
raise their acceptance and trust in the technology 

• Pilots would help IOOs prepare, at an institutional level, for AV relevant projects since 
pilots would help IOOs reach organizational readiness for AV relevant projects; typically, 
AV relevant pilots would— 

o Encourage Collaboration: Cities, state DOTs and neighboring municipalities 
would collaborate with each as benefits can be realized across agencies 

o Engage the private sector: Engaging a variety of stakeholders can be cost 
effective for cities apart from spurring innovation and technology advancement 

o Train a workforce: Lessons learned from pilot can help train workforce to better 
accommodate advanced technologies and realize the intended benefits of 
various applications. 

 
As discussed, due to the current state of the technology and deployment, there are huge 
benefits in organizational readiness, learning, and research that cannot be quantified and 
monetized in traditional BCA. IOOs should consider these benefits when planning for R&D, pilot 
programs or infrastructure upgrades that enable AV technologies.  

7.2 Sample Costs and Benefits of Proposed Innovative Designs 

Most of the innovative design elements described in Chapter 6 are in the R&D stage or pilot 
phase. A few others may be selectively deployed at various geographies. As highlighted in 
section 7.1 it is extremely challenging to estimate and quantify expected benefits and returns 
from these innovative concepts. However, there may still be value implementing some of these 
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projects though a BCA might not highlight quantifiable benefits. Accordingly, IOOs must 
consider the limitations of traditional BCA as they take investment decisions for pilots pertaining 
to AV projects. 

The table below highlights sample cost elements and anticipated benefits for each of the 
innovative design elements mentioned in Chapter 5. Though there are no historical data sets to 
help quantify many of these elements this list is a useful start to build a BCA. Again, as 
mentioned in section 6.1 it is important to remember that at low penetration and deployment 
rates benefits are challenging to justify and quantify. 

Table 13. Sample Cost Elements and Potential Benefits 

Innovative Concept Sample Cost Elements Anticipated Benefits 

Infrastructure 
Readiness Rating 

• Implementation plus labor expenses 
to train personnel 

• Cost of licensing standards per 
regulated facility (i.e., certification 
office) 

• Labor expenses in evaluation of 
proper metrics to establish a ‘baseline’ 
per requested CAV site (i.e., cost of 
registration or obtaining certification) 

• Cost of monitoring the status of 
infrastructure and updating the 
implemented metrics  

 

• Process improvement for 
preparing future sites with 
proper CAV-enabling 
equipment 

• Assist in informed funding 
allocation decision (more 
certified sources, higher 
probability of obtaining 
permits to deploy CAV 
pilots) 

• Serve as a baseline 
reference for state and local 
agencies in identifying the 
portions of their network that 
need investment for 
enabling AV features.  

• Assist in informed funding 
allocation decisions through 
monitoring the variations in 
maturity level of the network 
(digital or physical 
infrastructure readiness) for 
hosting CAV features  

Smart Pavements • # of pavement slabs needed to cover 
the required area (cost per slab) 

• Length of fiber optic cable needed to 
connect the slabs (cost per ft) 

• Installation cost per mile 

• Site preparatory cost per mile 

• Communications equipment cost plus 
installation cost 

• TMC backhaul communications 
equipment cost plus installation 

• Staffing at TMC (rate per hour) 

• Operations costs (per day) 

• Maintenance cost per mile 

• Reduction in incident 
response times (reduces 
medical costs and injury 
complications) 

• # of incidents prevented 

• Travel time saving through 
appropriate information 
dissemination 
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Innovative Concept Sample Cost Elements Anticipated Benefits 

Contrast and 
Retroreflectivity 

• Installation cost per mile 

• Material cost (qty of paint or 
adhesives per unit area) 

• Site preparatory cost (per unit area) 

• # of incidents prevented 
through Improved AV and 
legacy vehicles performance 

• Reduction in traffic 
congestion typically caused 
by obstructed signage (i.e., 
adverse weather) 

Work Zone 
Identification 

• TMC communications equipment cost 
plus installation 

• Staffing at TMC (rate per hour) 

• Operations costs (per day) 

• Maintenance cost of digital storage 
plus physical hardware installation 

• # of incidents prevented 
between workers and 
roadway users 

• Travel time saving through 
appropriate information 
dissemination 

Lidar for Identifying 
Pedestrian 
Crossings 
 

• Site preparatory cost (per Pedestrian 
cross), such as Lidar, post, and RSU  

• TMC backhaul communications 
equipment cost plus installation 

• Operations and maintenance costs  
 

• Reduction in vehicle-
pedestrian collisions  

RSU and RSE for CV 
applications 

• TMC backhaul communications 
equipment cost plus installation 

• Site preparatory cost (per unit area) 

• Service cost from Technology Vendor 

• Maintenance plus cost of digital 
storage 

• Operations and maintenance costs 
 
 

 

• # of incidents prevented 

• Travel time saving through 
appropriate information 
dissemination 

• Reduction in incident 
response times (reduces 
medical costs and injury 
complications) 

• Reduction in overhead costs 
from updated asset 
management information 

• Improved maintenance 
operations times provided 
by updated roadway 
conditions  

• Travel time saving through 
appropriate information 
dissemination 

7.3 Supporting Resources for Costs and Benefits 

Accurate estimates of costs and benefits are crucial for the accuracy and representativeness of 
the BCA. There are available published databases that could provide valuable information about 
estimating the costs and benefits associated with ITS relevant projects. However, there is still a 
lack of datasets and information that can directly help agencies project accurate deployment 
rates for different AV features. As AV technology (L2, L3, and L4) matures more reliable 
estimates could be raised in the coming years. Depending on the scope of the BCA and nature 
of the proposed project some existing databases and studies could be used to raise estimates 
for anticipated costs, benefits, and relevant monetary values. This section outlines some of 
these databases and studies.  
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7.3.1 ITS Benefits and Costs Database (U.S. DOT, 2019b) 

The ITS Benefits and Costs Database is a comprehensive database of information on the 
impacts and benefits of deployed ITS projects and their pertinent deployment and operating 
costs. Specifically, the costs database contains two types of data—unit costs and system costs. 
Unit cost is the cost associated with an individual ITS element and is organized by subsystem 
similar to the National ITS Architecture. System cost is the cost of a project and usually includes 
the cost of major components 

7.3.2 Benefit-cost Analysis Guidance for Discretionary Grant Programs (U.S. DOT, 2018) 

This is a guidance document aimed at providing applicants to U.S. DOT’s discretionary grant 
programs with guidance on completing a BCA. This document provides guidance needed for 
identifying, quantifying, and comparing expected benefits and costs of a potential infrastructure 
project. In addition, this document identifies common data sources, values of key parameters, 
and additional reference materials for various BCA components, inputs, and assumptions; and 
provides explanatory examples to assist applicants in preparing most of the quantitative 
elements of a BCA. 

7.3.3 NCHRP 03-101 Costs and Benefits of Public Sector Deployment of Vehicle-to-
infrastructure Technologies  

This is a project that was intended to evaluate and document agency and societal benefits and 
costs of V2I technologies to aid with deployment decisions by state and local DOTs. The project 
report provided quantified estimates for the following anticipated benefits and costs of V2I 
technologies:  

• Crash response and cleanup cost reduction 

• Reduced need for traveler information infrastructure 

• Reduction of infrastructure required to monitor traffic 

• RSE Unit Cost 

• RSE Maintenance Cost 

• Recurring Backhaul Cost. 

7.3.4 Autonomous Vehicle Implementation Predictions (Litman, 2019) 

This study provides valuable information about AV benefits and costs, and implications for 
various planning issues. It examines several possible timelines for AVs that are likely to occur 
based on experience with previous vehicle technologies, their benefits, and costs. In the context 
of the BCA, this study could assist with estimating AV deployment rates for specific planning 
scenario.  
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8. Conclusions 

This technical memorandum builds on research conducted in the previous tasks and 

stakeholder feedback obtained in mid-2019. AV functionality is enabled by a variety of 

technologies, including CV, that need support from roadway infrastructure elements. Current 

infrastructure elements have some gaps in enabling technologies that support AV functionality 

making deployment a challenge. Guidance on roadway readiness for AVs is assessed by its 

limiting factors, including TCDs, work zones, roadway elements, and communication mediums. 

The primary gaps observed from this report are the lack of consistent application and 

maintenance of TCDs in line with AV deployment, readily available data, and the need to collect 

and share this data with the AV and CAV community in a safe and reliable manner.  

Gaps were identified where the current infrastructure may have difficulty interfacing with 

vehicles with advanced safety features or highly automated systems. The gaps include deficient 

existing standards, inconsistent or missing standards, the inability to maintain infrastructure 

elements, and deficient technology outside of infrastructure that a third party would typically 

have to address. These categories of gaps were analyzed for pavement markings, signage, 

roadway elements, work zone devices, traffic signals, and communication equipment. Based on 

which, this document recommended some set of actions. Majority of the suggested actions 

regarding infrastructure standards were identified under the jurisdiction of the following 

organizations: 

• NCUTCD 

o Update (or create) standards to ensure consistent width and length of skip lines 
and width of edge lines, and consistent use of dotted extension lines, gore 
markings, and contrast markings 

o Adopt proposed standards for pavement marking retroreflectivity 
o Conduct additional research on machine readability of sign legends in order to 

ultimately update sign legend standards 
o Research approaches to standardize and improve consistency of work zone TCD 

placement. 
 

• AASHTO 

o Research changes to roadway design standards that are 1) necessary to better 
support CAV introduction, or 2) take advantage of CAV technologies to ease 
requirements (such as reducing clear zone requirements). 

o Update design standards for bridges to reflect changes in loading characteristics 
inherent in truck platooning. 

 

• U.S. DOT ITS JPO 

o Develop a new standard data format for communicating detailed pavement 
surface condition information. 

o Develop a new standard data format for communicating detailed work zone 
information. 
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While the state of the industry may not yet allow for or warrant wide-scale changes in 
infrastructure, IOOs can take a number of actions today to help support and prepare for AV 
introduction. Guidance was organized across four categories: 
 

• Capital and Maintenance Investments 

• Research and Piloting 

• Policy and Procedures 

• Outreach and Communications. 
 
It is beneficial for state and local agencies to closely monitor AV technology innovation. Keeping 
pace with these advances can help influence infrastructure investment decisions and future 
roadmaps. This would assist with enabling AV and CAV functions to produce positive impacts in 
terms of safety, mobility, and the environment. To help IOOs bridge the gap between technology 
and infrastructure, this guidance provided a set of innovative design concepts. Factors 
considered in identifying the innovative design concepts included: current technology trends, 
ongoing CV pilot programs, AV testbeds, and existing research efforts.  

The standard BCA methodology can be applied to evaluate investment is such suggested 
innovative design elements and in relevant AV projects as well. However, there are several 
limitations to consider. Given the existing state of AV technologies and the current nonexistent 
penetration rates, it is important to note that the BCA has limitations to in evaluating AV and 
CAV infrastructure investments. Specifically, the most challenging is estimating and quantifying 
benefits associated with an infrastructure investment that enables AV applications. The extent of 
benefits and the timelines associated at this point can be very speculative and may not yield 
accurate results. As a result, IOOs should not depend solely on a BCA to make or justify 
investment decisions. Moreover, there are urging needs for conducting AV pilots. In fact, plenty 
of intangible benefits can be accounted for while considering investments that support AV pilots. 
These can include improving organization readiness, learning and research (but a lot harder to 
monetize) that will help state and local agencies better adapt to advances in technology. 

Overall, this document provides the information that can help IOOs better understand 
infrastructure needs to accommodate AV and CAVs. Specifically, it provides guidance that can 
help IOOs evaluate and adapt standards and practices for roadway, TCDs, intelligent 
transportation system designs, and related maintenance and operations to reflect the 
deployment of AV technologies.  
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Introduction  
Connected and Automated Vehicle (CAV) technologies include a broad array of applications with 

a variety of factors that make it a challenge to completely understand its impact on the 

transportation ecosystem. Thus, not all aspects can be explored in a single research project. 

However, the findings from NCHRP 20-102 (15) can help identify areas that require further 

research to better understand impacts of CAV on the ecosystem. When project findings are 

considered in the context of new applications, a well-rounded analysis on future research needs 

can be identified. This technical memorandum summarizes such research areas for future 

consideration based on project findings from NCHRP 20-102 (15). These include technical and 

policy challenges identified in Task 1, prioritized scenarios and identified infrastructure gaps from 

Task 2, stakeholder feedback from Tasks 3 and 4, as well as research needs identified by team 

members.  

There is an inherent assumption that Automated Vehicles (AVs) will be capable of connecting 

with other equipped vehicles and the capable infrastructure when these become available. 

Connectivity will play an essential part in augmenting specific AV capabilities and providing 

cooperative automation1. The term “CAV”—connected and automated vehicle—is used in some 

instances to refer to AVs that can take data from external sources (other vehicles and/or 

infrastructure) to carry out its functions. 

Overview of Research Topics 
The NCHRP 20-102 Program consists of over 20 unique task orders identifying impacts, trends, 

and research on CAV technologies in today’s ITS ecosystem. NCHRP developed a roadmap of 
anticipated research projects into 4 categories: Institutional and policy; Infrastructure design and 

operations; Planning; and Modal Applications. This particular task order focused on 

understanding the impacts of CAV technology on highway infrastructure design and operations. 

Insights are valuable to Infrastructure Owners and Operators (IOOs) and Standards Developing 

Organizations (SDOs) as certain trends may affect design and planning operations in the near to 

mid-term. Based on findings from the study and stakeholder feedback, topics for future research 

were identified. The following table summarizes some of these key topics: 

Topic Stakeholders Impact to IOO 
Research on Roadway Sign 
Design and Standards for 
Improved Machine 
Readability 

SDOs, IOOs, 
Auto Industry 

Provide an understanding on how to augment 
roadway signs for better machine readability 

Work Zone Standardization SDOs, IOOs Provide guidance so procedures can be made 
for IOOs to incorporate in work zone operations. 

Improved Roadway Design 
Standards 

SDOs Provide actionable next steps for SDOs so 
updated standards / procedures can be made 
for IOOs to incorporate in daily operation / 
interaction with CAVs 

Bridge Loading for Trucking SDOs, IOOs, 
Auto Industry 

Explore future concepts and potential 
challenges with the roll-out of heavy-vehicle 
platooning and bridging infrastructure 

                                                
1 INFRAMIX, 2019. Requirements catalogue from the status quo analysis. 
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Topic Stakeholders Impact to IOO 
Innovative Design 
Consideration  

IOOs, Tech 
companies, 
Auto industry 

Research innovative methods for bridging the 
gap between AV technology and infrastructure. 

 

Research on Roadway Sign Design and Standards for Improved Machine 

Readability 
In order to improve AV integration with infrastructure, IOOs may need to consider roadway sign 

standards. AVs depend on roadway sign for decision making and improving certain aspects of 

these signs can positively impact AV application performance. Based on expert feedback from 

stakeholder engagement in earlier tasks, there is a need to conduct additional research on 

machine readability of sign legends understand the impact of updating sign legend standards on 

AV performance. Vehicles may also use data to know the rules of the road and be less reliant on 

signs.  In future research, the complexities around providing this type of data in asset 

management systems or otherwise could be addressed. 

Identified Gap 
Signage is essential for all AV scenarios as it plays a crucial role in enhancing the performance 

of the dependent AV application. Though there is a possibility that advances in technology may 

make some AV applications independent of roadway signs, it is still an important infrastructure 

element for human drivers. The characteristics (such as retroreflectivity, and contrast) of roadway 

signs affect the reliability of machine-readable technology used by AVs. Current standards do not 

account for AV technologies and may need to be upgraded to accommodate operational 

requirements. Tasks 1 and 2 of this effort identified case studies that indicated how poorly 

maintained/monitored signs can be a safety concern for vehicle operators (i.e. CAVs clearly 

identifying roadway markings and adhering to road laws). The same was concerns were 

expressed by stakeholders during the external feedback process. Findings from a future research 

effort focused on roadway design and identification can help stakeholders (such as the 

AASHTO/SAE Working Group) of the NCHRP 20-102 portfolio as they develop guidelines and 

criteria.  

Current Efforts 
Traffic Sign Readability (TSR)2 is a concept explored in ADAS-enabled AVs, where perception 

sensors interpret traffic signs to effectively determine a vehicle’s reaction (i.e. a Stop sign initiating 
a braking maneuver).  A recently completed task order3 focused on technical and policy 

challenges for Road Markings and Machine Vision. Key findings from this effort included 

retroreflectivity behaviors with ADAS perception performance, and action plans to address 

standards with appropriate Standard Development Offices (SDOs). Existing SDOs include 

AASHTO, MUTCD, and SAE. 

Suggested Future Research 
Based on known ongoing efforts, one potential action would be to consolidate findings from 

reports on machine-readability tracked in a literature finding and identify actionable methods to 

expedite standards to better support IOOs.  This effort can take the shape of a research roadmap 

                                                
2 Mobileye, ADAS -- https://www.mobileye.com/our-technology/adas/ 
3 Road Markings for Machine Vision NCHRP Project 20-102(6) -- https://cote.transportation.org/wp-
content/uploads/sites/26/2017/07/Road-Markings-for-Machine-Vision-NCHRP-20-1026-Carloson.pdf  

https://www.mobileye.com/our-technology/adas/
https://cote.transportation.org/wp-content/uploads/sites/26/2017/07/Road-Markings-for-Machine-Vision-NCHRP-20-1026-Carloson.pdf
https://cote.transportation.org/wp-content/uploads/sites/26/2017/07/Road-Markings-for-Machine-Vision-NCHRP-20-1026-Carloson.pdf
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which will facilitate in identifying gaps for sign standards, recognize improvements, as well as 

gauge a timeline in which standards can be adopted. 

Work Zone Standardization 
AV vehicles find it challenging to negotiate workzones. Access to data can help increase 

awareness of work zones for AVs and other roadway users. Work zone Standardization is an 

area generally lacking in proper data collection and dissemination techniques. Because of this, 

work zones impose dynamic challenges to the IOOs, AV operators, and other roadway users. 

Future research approaches to standardize and improve consistency of work zone traffic control 

device placement can benefit all relevant stakeholders. 

Identified Gap 
The lack of standardized work zone traffic control device (TCD) placement may affect AV 

operation due to dynamic environments, or undocumented anomalies experienced by the vehicle. 

From a technical perspective, training sets developed by academia or industry4 support solutions 

but there is no mandated influence in developing a standard for IOOs to enforce. The 

inconsistency within the standard in terms of how TCDs are deployed complicate proper 

interpretation by AVs. This poses a serious challenge as safety is critical in these environments. 

The National Committee on Uniform Traffic Control Devices (NCUTCD) has initiated research 

approaches to standardize and improve consistency of work zone traffic control device placement, 

but specific gaps still remain. 

While sources such as the Traffic Management Data Dictionary (TMDD)5 and the Manual of 

Uniform Traffic Control Devices (MUTCD) contain some standards involving the design, 

operation, and data needs of work zones, applications vary widely based on field conditions, data 

requirements, and the flexibility provided to IOOs.  

Current Efforts 
Existing developments in this space range from the federal and local levels; the ITS JPO’s Data 

for Automated Vehicles Integration (DAVI) initiative6 is developing solutions to standardize work 

zone data and sharing them on real-time for AV stakeholders. While certain concerns such as 

privacy may be considered, ITS JPO is taking initiative in addressing this challenge at a 

programmatic level. Efforts on this challenge have also been developed by state or local 

governments.  VDOT for example, generated a supplemental tool to mitigate this issue; Work 

Zone Builder, an application where work zone data (built from existing standards) informs 

connected vehicles during nearby operation. 

Suggested Future Research 
Based on federal efforts such as the National Dialogue on Highway Automation7, planning and 

designing roadways that consider CAV design and behavior, while also factoring in Human-to-

Machine Interface (HMI) may help guide IOOs to develop universal standards or best practices. 

As per findings from this research study, the HMI interpretation gap between human operators 

                                                
4 Feasibility Study of Driverless Maintenance in Highway Construction Zones, Huang, Ziye, 2019 -- 
https://www.workzonesafety.org/publication/feasibility-study-of-driverless-maintenance-in-highway-
construction-zones/  
5 Traffic Management Data Dictionary (TMDD) and Message Sets for External Traffic Management 
Center Communications (MS/ETMCC) -- https://www.ite.org/technical-resources/standards/tmdd/ 
6 Data for Automated Vehicle Integration (DAVI) -- https://www.transportation.gov/av/data 
7 National Dialogue on Highway Automation: Infrastructure Design and Safety Workshop Summary 

https://www.workzonesafety.org/publication/feasibility-study-of-driverless-maintenance-in-highway-construction-zones/
https://www.workzonesafety.org/publication/feasibility-study-of-driverless-maintenance-in-highway-construction-zones/
https://www.ite.org/technical-resources/standards/tmdd/
https://www.transportation.gov/av/data


4 
 

and CAVs may be hindering the advancement of technology adopting. Interpretation gap refers 

to HMI from operator vs vehicle recognition of roadway markings, signs, and driving behaviors 

(i.e. obeying traffic laws). Implementing efforts at a federal level, such as by standardizing training 

sets to facilitate work zone planning, can impact automakers and industry by designing more 

robust vehicle systems that can interpret their operational environments more effectively, 

eventually surpassing human perception and ultimately promoting more reliable roadway users, 

and in turn, safer roads. 

Several examples of this effort at a state and local level include projects from DOTs such as 

Virginia,8 Texas,9 and Michigan10 where feasible solutions are being deployed at small-scales. 

Virginia DOT’s solution uses third party tools to provide real-time updates from work zone sites 

to inform vehicles of alternative routes. In early trials, this showed proof that updating 

Connected vehicles with real-time workzone traffic information can influence roadway behaviors 

of other drivers.  At the federal level, these data sets are being managed in a national database 

with open collaboration from both the public and private sector1112.  

Improvement in Roadway Design Standards  
Feedback taken from the Task 3 stakeholder engagement suggested researching standards for 

roadway designs to accommodate emerging transportation technologies. This includes identifying 

standards that may be necessary to support CAV functionality and deployment in a mixed 

environment. 

Identified Gap 
The evolution of standards around roadway design to accommodate CAVs has been slow to 

develop.  Advances in specific solutions such as asset management practices have been 

highlighted as one way to address the gaps between existing and future infrastructure needs. 

Beyond traditional standards for roadway signs and markings seen in the MUTCD, limited 

documentation regarding interaction with said infrastructure and vehicles through communication 

protocols have not been addressed. A lack of consensus and regulatory action on V2I 

communications standards may be a factor in delaying deployment efforts, as well as ITS 

deployment characteristics (e.g., locations, spacing of devices, types of devices). Depending on 

location, these two gaps vary by regulatory agency as well as operational environment (i.e. urban 

vs rural areas), which is likely to make national V2I deployment inconsistent.  

Current Efforts 
Based on findings expressed in FHWA’s National Dialogue on Highway Automation, certain 
challenges to safety benefits may need to be evaluated. “What’s good enough” was a common 
theme for the incorporation of CAVs into the transportation system. Roadway standards need to 

                                                
8 VCC Work Zone Initiatives -- https://www.vtti.vt.edu/vcc/applications.html 
9 Smart Work Zone Guidelines -- https://ftp.dot.state.tx.us/pub/txdot-info/trf/smart-work-zone-
guidelines.pdf  
10 Michigan looks to expand connected work zone pilot program in preparation for autonomous vehicles -- 
http://www.detroitdriven.us/features/michiganexpandconnectedworkzones.aspx  
11 WZDI Project Overview, USDOT, FHWA -- 
https://www.workzonesafety.org/files/documents/SWZ/TX_workshop_3-26-2018_Paul_Pisano.pdf 
12 Work Zone Data Exchange for Automated Vehicle Safety --
https://www.transportation.gov/sites/dot.gov/files/docs/policy-initiatives/automated-vehicles/325341/work-
zone-data-exchange-overview.pdf  

 

https://www.vtti.vt.edu/vcc/applications.html
https://ftp.dot.state.tx.us/pub/txdot-info/trf/smart-work-zone-guidelines.pdf
https://ftp.dot.state.tx.us/pub/txdot-info/trf/smart-work-zone-guidelines.pdf
http://www.detroitdriven.us/features/michiganexpandconnectedworkzones.aspx
https://www.workzonesafety.org/files/documents/SWZ/TX_workshop_3-26-2018_Paul_Pisano.pdf
https://www.transportation.gov/sites/dot.gov/files/docs/policy-initiatives/automated-vehicles/325341/work-zone-data-exchange-overview.pdf
https://www.transportation.gov/sites/dot.gov/files/docs/policy-initiatives/automated-vehicles/325341/work-zone-data-exchange-overview.pdf
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adapt for CAVs in order for IOOs to fully comply and support integration.  Existing studies in 

addressing standardization has been explored at the federal level, with initial pilot projects 

providing initial findings.13 

Suggested Future Research 
Understanding that specific technical standardization may vary geographically, it is critical for any 

future research in this space to be observed from a state or local level, as state DOTs may have 

more influence at mandating standards based on community feedback to support CAV integration 

with IOOs. One approach in doing so is to promote research studies focused on standardization 

at the state and local level, where data obtained from participating stakeholders (i.e. Pilot Program 

participants) can provide valuable data in assessing the impact of modifying technical 

standardization. 

Bridge Loading Research for Truck Platooning 
Based on the project findings Both driverless and driver assisted truck platooning (DATP) will 

have an impact on bridge loading. The closer spacing of vehicles operating in a platoon—
particularly heavy vehicles—are likely to change the loading characteristics and demands on a 

bridge structure such that some bridges may not be designed to sufficiently support these heavier 

loads. This can potentially necessitate design standards to be updated as well. There is a lack of 

standards in terms of evaluating bridges to support platooning loads, as well as the design of 

bridges to support this changed loading in the future. Both gaps require further research.  

Identified Gap 
The closer following of heavy vehicles associated with platooning may have a different loading 

profile on highway bridges than what current design standards consider, and as a result could 

exceed bridge loading tolerances or negatively affect bridge condition over time. However, 

research is limited as to the impact of truck platooning on bridges, and no standard analysis 

practice or updated design standards are yet available to account for this 

Current Efforts 
Although truck platooning is expected to be one of the first applications of CAVs, little attention is 

being paid to the influence of truck platooning on bridge performance. This concern was 

acknowledged by USDOT through FHWA workshops and ITS JPO research14. Specific technical 

studies have explored topics on load modeling for bridge evaluation to address this challenge. 

One effort focuses on conducting simulated vehicles tests to examine the issue of how closely 

spaced trucks within a single lane influences the Strength, Fatigue, and Serviceability limit states 

of bridges15. The proposed project would examine these issues primarily through simulation 

modeling and develop recommendations to minimize any adverse impact of truck platooning on 

bridge performance.  

FHWA share details surrounding ongoing research on the impacts of truck platoons on bridges 

in a presentation to AASHTO Technical Committee on Loads in June 2019. More specifically 

their work is looking at the following needs and impacts of truck platoons on bridges: 

                                                
13 Safety Data Initiative -- https://www.transportation.gov/content/safety-data-initiative 
14 U.S. DOT Research in Truck Platooning, FHWA, 2019 -- 

https://www.its.dot.gov/presentations/trb_2019/Session_1468_dopart_public.pdf 
15 Masceri, D. (2017). Influence of Platooning Trucks on Bridge Strength, Serviceability and Durability. 
New Jersey, US: NJDOT. 

https://www.transportation.gov/content/safety-data-initiative
https://www.its.dot.gov/presentations/trb_2019/Session_1468_dopart_public.pdf
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• Impacts of truck platooning on structural safety (strength limit states) 

• Impacts of truck platooning on service and fatigue limit states 

• Impacts of truck platooning on design standards 

• Needs of design code modifications to accommodate truck platooning 

• Impacts of truck platooning on long-term performance of bridges. 

 
The presentation continued to explain that the objective of the research is to produce a 

comprehensive report for the FHWA that covers the technical aspects of truck platooning 

impacts on bridges with a focus on structural safety. The focus will be on the strength limit state; 

fatigue and service limit states will also be covered. 

Suggested Future Research 
The FHWA is evaluating the impact of truck platooning on bridges and developing both an 

analysis methodology for evaluating loading and recommended changes to the design process 

to address truck platooning. It is suggested that AASHTO consider this and other research 

efforts and incorporate updates to design standards.  

 

The FHWA announced in 2018 as part of its National Dialogue on Highway Automation that it 

will study truck platooning impacts on bridges, which is expected to provide additional research 

and guidance on evaluating such impacts at the local level. 

 

AASHTO is seeking to provide guidance for bridge design that supports dynamic loading 

requirements for DATP applications on interstate highways and other freight-focused freeway 

corridors. Until such guidance is released, IOOs could conduct an audit of bridges that are 

located on critical freight corridors where allowing DATP may be most desired. This audit—both 

as a means to determine whether DATP would be allowable and as part of long-range program 

planning to prioritize bridge repairs and replacements—would evaluate bridge condition issues 

that could be exacerbated by DATP. 

 

Other Considerations 
Based on the research needs identified for future study, it may pose a challenge to write a specific 

implementation plan for each unique topic, given the stage of technological maturity. Keeping 

pace with these technological advances can help influence infrastructure investment decisions 

and future roadmaps to better understand impacts.  

There are several other innovative design elements not in the direct purview of IOOs but play an 

important role in bridging infrastructure gaps to facilitate CAV deployment. Though the private 

sector is largely driving advancement in these areas the process and resulting product can be 

enhanced with input and participation from IOOs. A few of these include HD mapping and electric 

vehicle charging infrastructure which may play a vital role in bridging infrastructure gaps to 

facilitate CAV deployment.  

One factor when considering these future research needs includes the buy-in from stakeholders. 

In this case, IOOs and OEMs respectively have to be considered when advancing a plan from a 

research need. Specifically, estimating the cost of implementing such concepts and the pertinent 

benefits anticipated from investments are yet to be determined. If research needs are advanced 

to deployment or small-scale efforts, project stakeholders will need to partner with OEMs, 
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technology companies, and academic researchers to conceptualize and test other innovative 

ideas as new technologies become available.  

Other factors such as stakeholder acceptance, and technology lifecycle may influence the pace 

of implementation.  OEMs intellectual property concerns may also constrain the information they 

share with the market making research predictions speculative. Nevertheless, the future research 

needs provided in this document have been initially sought after through various working groups 

at the federal level, including efforts from FHWA and ITS JPO (National Dialogue Workshop series 

and DAVI efforts). Future NCHRP programs may benefit from tracking the future research needs 

suggested in this memo. 
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1 Introduction and Purpose  
Connected and Automated Vehicle (CAV) technologies include a broad array of applications 
with a variety of factors that make it a challenge to completely understand its impact on the 
transportation ecosystem. Thus, not all aspects can be explored in a single research project. 
The NCHRP 20-102 Program consists of over 20 unique task orders identifying impacts, trends, 
and research on CAV technologies in today’s ITS ecosystem. NCHRP developed a roadmap of 
anticipated research projects into 4 categories: Institutional and policy; Infrastructure design and 
operations; Planning; and Modal Applications.  

NCHRP 20-102(15) focused on understanding the impacts of CAV technology on highway 
infrastructure design and operations. Insights are valuable to Infrastructure Owners and 
Operators (IOOs) as well as Standards Developing Organizations (SDOs) looking to better 
prepare the nation’s infrastructure to support CAV adoption, as certain trends may affect design 
and planning operations in the near to mid-term.   

The actions identified within the guidance document developed under this task can best be 
categorized as follows: 

• Update or development of new infrastructure standards, including those requiring 
additional research 

• IOO actions to prepare the infrastructure for CAVs 

The purpose of this document is to summarize these actions and identify the stakeholders and 
logical approaches for implementing this guidance. This implementation plan will support the 
guidance document by offering approaches to foster collaboration between the public and 
private sectors so as to develop and advance needed standards and practices, including for 
data access and sharing.  It should be noted that areas of additional research are addressed 
separately as part of the Future Research Needs memorandum. 

The implementation plan has been developed with input from discussions with stakeholders 
during the two workshops as well as based on our review of what challenges and gaps need to 
be addressed.  
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2 Research Products 

The research approach has consisted of five main tasks and their respective sub-tasks.  The 
guidance framework and document will be the focus of this implementation plan as they are the 
tools that can be used to move the project’s recommendations forward. Figure 1 shows a 
summary diagram of the project tasks and sub-tasks. 

 

Figure 1. Project Tasks and Sub-Tasks  
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3 Infrastructure Standards 
This section summarizes and consolidates the implementation guide into a high-level roadmap, 
including a graphic of the dependencies, schedule, and other critical details related to a 
successful implementation.  

Table 1 summarizes the suggested actions identified related to infrastructure standards. 
 

Table 1. Infrastructure Standards - Suggested Actions. 

Organization Suggested Action Change Type 

FHWA/ 
NCUTCD 

Update (or create) standards to ensure consistent 
width and length of skip lines and width of edge lines, 
and consistent use of dotted extension lines, gore 
markings, and contrast markings.  

Update 

Conduct additional research on machine readability 
of sign legends in order to evaluate whether updates 
to sign legend standards are necessary. 

Update 

Research approaches to standardize and improve the 
consistency of work zone traffic control device 
placement. 

Update/New 
Standard 

AASHTO Continue research on long-term changes to roadway 
design standards that are 1) necessary to better 
support CAV introduction, or 2) take advantage of 
CAV technologies to ease requirements (such as 
reducing clear zone requirements). 

Update/New 
Standard 

Update design standards for bridges to reflect 
changes in loading characteristics inherent in truck 
platooning. 

Update 

ITS JPO Develop a new standard data format for 
communicating detailed pavement surface condition 
information. 

New Standard 

Develop a new standard data format for 
communicating detailed work zone information. 

New Standard 

3.1 Traffic Control Devices 

The National Committee on Uniform Traffic Control Devices (NCUTCD) provides 
recommendations to the FHWA regarding any proposed changes to the Manual on Uniform 
Traffic Control Devices (MUTCD).  The MUTCD established Standards, Guidance and Support 
for the use of traffic control devices including roadway signing, pavement markings, temporary 
traffic control, traffic signals, etc.  The next edition of the MUTCD is anticipated by November 
2020.  Future updates are anticipated every five to ten years.  

The NCUTCD CAV task force may provide information to the technical committees and the 
FHWA regarding proposed changes in traffic control devices for inclusion in the 2020 MUTCD 
and future editions. FHWA’s Experimentation and Interim Rule processes allow new traffic 
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control devices, as well as changes to the MUTCD, to occur prior to future editions being 
published and adopted. 

Three actions were identified related to traffic control device standards: 
 
Suggested Action Update (or create) standards to ensure consistent width and length of 

skip lines and width of edge lines, and consistent use of dotted 
extension lines, gore markings, and contrast markings.  
 

Category Update Standard 

Lead Stakeholder NCUTCD 

 
Development of standards updates related to pavement markings is relatively advanced in the 
planning process, with significant interaction between the NCUTCD’s CAV Task Force and the 
automotive industry.  This guidance document reaffirms the proposed changes to Part 3 of the 
MUTCD to improve uniformity of pavement markings. The anticipated steps to adopt changes 
are as follows: 

• NCUTCD CAV Task Force should take the lead working with the Pavement Marking 
Technical Committee to propose changes to the standards through the review and 
approval process for changes to the MUTCD. 
   

• The FHWA is anticipating publishing a Notice of Proposed Amendment (NPA) in late 
2019 or early 2020 for review and comment regarding the next edition of the 
MUTCD.  The CAV Task Force and Pavement Markings Technical Committee will 
review the NPA and provide comments to the FHWA, within the comment period 
provided, for potential inclusion in the next edition of the MUTCD anticipated in 
November 2020. 
   

• These proposed changes should follow the NCUTCD review and approval process 
for changes to the MUTCD.  The CAV Task Force and Pavement Markings 
Technical Committee will review the NPA and provide comments to the FHWA, 
within the comment period provided, for potential inclusion in the next edition of the 
MUTCD.   

 
Suggested Action Conduct additional research on machine readability of sign legends in 

order to evaluate whether updates to sign legend standards are 
necessary. 
 

Category Research 

Lead Stakeholder NCUTCD 

 
The NCUTCD is planning to address changes in signage standards to support machine 
readability as part of the MUTCD’s 2020 update.  However, there is little comprehensive 
research to date on the needed enhancement for signage to support CAV, and further, the 
likelihood of long-term need of machine-readable signage given the likelihood that in-vehicle 
datasets will ultimately replace physical signage for CAVs.  The latter consideration is a critical 
factor in determining the need for pursuing signage updates going forward. 
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It is recommended that the CAV Task Force continue its dialogue with the Alliance of 
Automotive Manufacturers and other industry representation from the OEMs, as well as map 
asset companies, to better understand the specific needs for long-term machine readability of 
signage, and the development timeline of sign databases.  It is further recommended that this 
topic be monitored under the guidance of TRB’s AHB50 Traffic Control Devices Standing 
Committee. 

 

Suggested Action Research approaches to standardize and improve consistency of work 
zone traffic control device placement 
 

Category Research 

Lead Stakeholder TRB 

The ability of CAVs to navigate work zones is a recognized challenge, in large part due to the 
unpredictability of work zones and the wide variation in application of work zone traffic control 
devices. It is recommended that a collaborative research effort be undertaken to better 
understand: 

• the challenges of CAVs in navigating work zones;  

• the types of work zones (i.e. long-term closures vs. maintenance zones) where 
increased consistency or changes in traffic control device application are most likely to 
improve the ability of CAVs to navigate them, and; 

• the specific changes to work zone traffic control and layout standards that would 
increase consistency and improve navigability of work zones by CAVs 

It is recommended that this research need fall to TRB’s Standing Committee on Vehicle-
Highway Automation (ACP30) to consider further action and definition of a specific research 
project to consider this need.  The research activity should include at a minimum the following 
stakeholders: 

• NCUTCD 

• Auto industry representation 

• State and local agency DOT representatives in traffic, maintenance and construction 
areas 

• The American Traffic Safety Services Association (ATSSA, an industry group 
representing the traffic control device industry) 

3.2 Roadway and Bridge Design Standards 

Roadway and bridge design standards are largely governed by The American Association of 
State Highway Transportation Officials (AASHTO), which authors A Policy on Geometric Design 
of Highways and Streets, commonly referred to as the “Green Book”. The 7th edition of the 
Green Book published in 2018 did not include changes specifically addressing introduction of 
CAVs. New editions of the Green Book are published every seven or eight years. 

Design exceptions allow for FHWA approval to differ from the design 13 controlling criteria for 
new projects on the National Highway System (NHS), which may better accommodate CAV 
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deployment. On non-NHS routes, design standards vary because they are governed by state 
and local agencies, which may result in inconsistencies for CAVs.  

 
Suggested Action Research long-term changes to roadway design standards which are 1) 

necessary to better support CAV introduction, or 2) take advantage of 
CAV technologies to ease requirements (such as reducing clear zone 
requirements) 
 

Category Research 

Lead Stakeholder TRB 

Changes to roadway design standards are acknowledged as being long-term in nature, as 
roadways must accommodate both CAVs and human-driven vehicles and other non-motorized 
users for the foreseeable future.  Of specific interest is the interface of CAVs and non-motorized 
users, as current trends in urban areas are increasing interactions between these users, while 
CAVs are understood to have difficulty navigating such complex environments.  It is therefore 
recommended that TRB’s Standing Committee on Vehicle-Highway Automation (ACP30) 
continue to dialogue with industry and monitor the need to engage AASHTO in a meaningful 
discussion on design approach changes or best practices which could further safety during CAV 
introduction. 
 

Suggested Action Update design standards for bridges to reflect changes in loading 
characteristics inherent in truck platooning. 
 

Category Research and Update 

Lead Stakeholder AASHTO 

 
Truck platooning can cause potential impacts to bridges due to the changed loading 
characteristics of close-following heavy vehicles. Research is underway through the USDOT to 
evaluate the impact of truck platooning on bridges, and to develop both an analysis 
methodology for evaluating loading, as well as to develop recommended changes to the design 
process to address truck platooning. It is suggested that AASHTO consider this and other 
research efforts and incorporate updates to design standards. 

3.3 Data Standards 

Suggested Action Develop a new standard data format for communicating detailed 
pavement surface condition information 
 

Category Standard Development 

Lead Stakeholder USDOT ITS Joint Program Office 

 
The two-way sharing of high-resolution data could help to address the need for CAVs to identify 
and avoid pavement condition issues (such as potholes). While there is no obvious standards 
body that would own development of a data standard for pavement condition, it is 
recommended that the USDOT’s ITS Joint Program Office (JPO) initially engage with the 
automotive industry and IOOs to better understand the need and applicability for such a dataset, 
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and to either develop such a data standard or work with other standards organization (such as 
AASHTO) to determine the best approach.  

Suggested Action Develop a new standard data format for communicating detailed work 
zone information. 
 

Category Standard Development 

Lead Stakeholder USDOT ITS Joint Program Office 

 
Five state departments of transportation and six companies from private industry, together 
known as the WZDx (Work Zone Data Exchange) Working Group, voluntarily developed v1.1 of 
a specification for work zone data exchange in collaboration with USDOT.1 This specification is 
expected to guide IOOs regarding data capturing and sharing to support both CAVs and current 
mobile users of navigation/ information services.  It is recommended that USDOT continue the 
efforts of this working group and ultimately establish a uniform data format for work zones. 

                                                

1 Work Zone Data Exchange (WZDx), https://github.com/usdot-jpo-ode/jpo-
wzdx/blob/master/README.md 
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4 Infrastructure Owner-Operator Actions 

As explained in Task 4, Section 4.3.1, while the state of the industry may not yet allow for or 
warrant wide-scale changes in infrastructure, IOOs can take a number of actions to help support 
and prepare for CAV introduction. Table , below, provides a summary of this guidance, 
organized across four categories: 

• Capital and Maintenance Investments 

• Research and Piloting 

• Policy and Procedures 

• Outreach and Communications 
 
The sections that follow provide further detail on each of these four categories.  Suggested 
timeframes for action are defined as follows: 
 

• Immediate (begin work within 1 year) 

• Near-Term (begin work within 1-3 years) 

• Mid-Term (begin work within 3-5 years) 
 

Table 2. Potential Actions by IOOs 

Guidance Description  Timeline 
CAPITAL AND MAINTENANCE INVESTMENTS 
Prioritize locations for 
investment. 

Identify top priority locations for 
investment based on suitability to support 
most likely early scenarios. 

Immediate  

Increase in future-year 
budgets for pavement 
markings.  

Anticipate and plan for increased 
expenditures to update pavement 
markings and maintain higher 
retroreflectivity standards. 

Near-Term 

Increase maintenance 
activities to improve 
machine readability of 
roadway features. 

Anticipate and plan for increased 
maintenance expenditures, particularly 
during inclement weather, to maintain 
visibility of TCDs and roadway edges. 

Near-Term 

Build CV-readiness into 
traffic signals. 

Design and build the foundation for future 
CV systems at new or upgraded traffic 
signals, stopping short of installing radios 
until more certainty about CV standards 
and deployment timelines. 

Near-Term 

Build future CV 
consideration into ITS 
installations. 

Design and build the foundation for future 
CV systems at new or upgraded ITS 
installations, stopping short of installing 
radios until more certainty about CV 
standards and deployment timelines. 

Near-Term 

RESEARCH AND PILOTING 
Pilot CV technology to 
gain institutional 
experience. 

Conduct limited piloting of CV technology 
in order to gain staff experience and begin 
building foundational systems and 
processes to support future deployment. 

Near-Term 
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Guidance Description  Timeline 
Study the impact of truck 
platooning on bridges.  

Begin prioritizing and identifying bridge 
conditions in critical freight corridors that 
may warrant attention when evaluation 
procedures are better defined. 

Mid-Term 

Pilot smart work zone 
technologies.  

Conduct limited piloting of smart work 
zone technologies to more readily 
communicate real-time work zone data. 

Mid-Term 

POLICY AND PROCEDURES 
Develop asset 
management policy and 
procedures for pavement 
markings and signage. 

Begin or enhance an asset management 
approach to pavement markings and 
signage that allows for more informed 
maintenance and replacement actions 

Mid-Term 

Develop policy and 
process for collocation of 
small-cell equipment in 
public rights-of-way 

Develop policies and processes to 
streamline the permitting of small-cell 
equipment on IOO-owned infrastructure in 
order to facilitate 5G deployment 
supportive of CAV. 

Near-Term 

OUTREACH AND COMMUNICATIONS 
Monitor or participate in 
the update of pavement 
marking standards. 

Engage in dialogue through the National 
Committee on Uniform Traffic Control 
Devices to better understand and 
anticipate updates to pavement marking 
standards. 

Immediate 

Monitor or participate in 
the Work Zone Data 
Exchange  

Monitor or engage in Federal Highway 
Administration efforts to establish work 
zone data standards. 

Immediate 

Monitor or participate in 
the Cooperative 
Automated Transportation 
(CAT) Coalition. 

Engage in the CAT Coalition to increase 
exposure to industry perspectives, 
leverage resources, and understand the 
priorities of key industry organizations. 

Immediate 

Create forum for dialogue 
with AV testing 
companies. 

Seek opportunities for one-on-one 
engagement with technology developers 
to better understand their needs of IOOs 
and current state of technology. 

Near-Term 

Identify CAV champion 
within your organization.  

Identify a champion responsible for 
coordinating response to CAV across 
departments and building institutional 
awareness of industry activities. 

Immediate 

 

Direct implementation of these recommendations will fall to individual IOOs across the country 
and will be influenced by unique conditions with each specific agency, including location, size 
and resources.  However, implementation of this research will first require outreach and 
communication of these findings to the IOO community, including those who have had little 
engagement around CAV technologies. 

The following are recommended avenues for engagement and dissemination of these findings 
to the IOO community: 
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• NCHRP/TRB: This work may be promoted through various NCHRP/TRB mediums such 
as Transportation Research News Articles, social media, webinars, workshops, and 
perhaps most importantly, through identifying a TRB committee or other entity who will 
take on the charge to carry out the recommendations of this research project. Standing 
Committee ACS70 - Safety of Automated and Connected Transportation (NEW), or 
AHB50 -Traffic Control Devices are two committees that may be able to work with IOOs 
and the research community to implement the recommendations. 

• Cooperative Automated Transportation (CAT) Coalition: The CAT Coalition, a 
consortium of public and private sector stakeholders, is focused on fostering dialogue 
between IOOs and industry, with a particular emphasis on infrastructure.  This 
organization provides a direct interface with some of the nation’s most engaged IOOs to 
share research and encourage exchange with participant’s peer agencies. 

• Broad Notice of Research Completion: There are a significant number of professional 
organizations whose participants may benefit from this research.  Providing a research 
summary for potential publication or dissemination within these organizations may reach 
the broadest group of affected IOOs, particularly those not currently directly engaged in 
dialogue around CAV.  Such organizations should include:  

- American Association of State Highway and Transportation Officials (AASHTO). 

- American Society of Civil Engineers (ASCE). 

- Association of Metropolitan Planning Organizations (AMPO). 

- Institute of Transportation Engineers. 

- Intelligent Transportation Society of America (ITS America). 

- International City/County Managers Association (ICMA). 

- National Association of Regional Councils (NARC). 

- National Association of City Transportation Officials (NACTO). 

- National Association of Counties (NACo). 

- National Governors Association (NGA). 

- National League of Cities (NLC). 

- TRB/UVASI Automated Vehicle Symposium (AVS). 

 


