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Abstract 
Connected and automated vehicle technologies hold the potential to produce a number of safety, mobility, and 
environmental benefits. The benefits of connected vehicle technologies are expected to be wide ranging and 
include reduced crashes, improved mobility, and reduced emissions.  However, transitioning highway 
infrastructure to be ready for connected and automated vehicles will ultimately require a significant investment in 
infrastructure upgrades, new technologies, power, and connectivity.  Agencies are already grappling with how and 
where to invest scarce resources to meet existing needs and addressing current and future CAV needs add an 
additional burden.  This is particularly true for local transportation agencies who already face worker shortages 
and resource shortfalls.  As a result, there is a need for local transportation agencies to 1) understand what the 
potential benefits of connected vehicle technologies are, and 2) how they should be preparing for the transition to 
such technologies for the infrastructure and fleets that they manage.   
 
This paper summarizes results of a research project which evaluated infrastructure elements needed for CAV 
deployment which may be under the purview of local transportation agencies and summarizes what is known about 
the direction of CAV needs, such as pavement markings.   
 
Since local agencies are resource constrained, this research provided information so that local agencies can 
leverage ongoing activities and resources to prepare for CAVs. For instance, when restriping, an agency could 
invest additional resources to ensure pavement markings are compatible with upcoming standards for autonomous 
vehicles.  
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1. Introduction 

Connected and automated vehicle (CAV) technologies, along with advanced driver assistance systems (ADAS), hereafter 
simply referred to as CAV, hold the potential to result in a number of safety, mobility, and environmental benefits for the users 
and operators of the surface transportation systems.  The benefits of CAV technologies are expected to be wide ranging and 
include reduced crash rates and severity, improved mobility, and reduced emissions (1, 2, 3, 4, 5).  CAVs have different 
functional requirements compared to non-CAVs.  Connected vehicles obtain information primarily through information sent 
via signals from other vehicles (V2V) or from the infrastructure (V2I) which requires infrastructure elements such as roadside 
units (RSU).  Automated vehicles and Advanced Driver Assistance Systems (ADAS) use cameras and other sensors (e.g., 
radar, lidar, and sonar) to read and interpret the roadway and roadside environment.  Data from the various sources (sensors 
on the vehicle and connected-vehicle communications) are then processed by computers on the vehicle and used to provide 
feedback to the driver or to initiate vehicle-controlled maneuvers (dependent on the capabilities of the individual vehicles). 
Consistency in signage, markings and design (along with consistency in retroreflectivity and other factors) are less likely to 
result in conditions that these systems will struggle to interpret and successfully navigate. For instance, it has been shown that 
sign design consistency is an area where lack of consistency leads to difficulties for artificial intelligence (AI) in accurately 
and consistently identifying and interpreting both sign class and meaning (6). 
 
Local transportation agencies, such as counties and cities, which manage a significant portion of the roadway network in the 
United States (US), are expected to be impacted by the transition to CAV technologies. These agencies can also expect to 
benefit from CAV technologies through aspects such as a reduced need to construct roadway infrastructure (fostered by 
mobility improvements), increased fleet safety (e.g., maintenance vehicles in plowing operations), and other benefits. 
However, transitioning highway infrastructure to be ready for CAVs could ultimately require a significant investment in 
infrastructure upgrades, new technologies, and power and connectivity. It will also change how agencies should prioritize 
resources for optimizing allocation and maximizing benefits.  Compounding this transition is that both human and autonomous 
vehicles may share the roadway space for some time. 

Agency staff are already grappling with how and where to invest scarce resources to meet existing needs. As a result, there is 
a need for local agencies to not only understand what the potential benefits of CAV technologies are, but also how they can be 
preparing for and potentially leveraging the transition to such technologies for the infrastructure and fleets that they manage.  

This report summarizes current information and research on the infrastructure and technologies that local agencies should be 
aware of to prepare for CAVs and to support research, development, and implementation efforts on their systems in the short 
term. 
 
2. Technological Performance of CAV 

An understanding of how CAV uses transportation infrastructure assets to gain information is necessary for agencies to 
understand how to best prioritize implementation and maintenance of those assets to meet the needs of both human drivers and 
CAV.  Current CAV systems use an array of sensors, computing resources, and artificial intelligence (AI) to self-navigate.  
Sensors include cameras, radar, LiDAR, GPS, ultrasonic sensors, etc., each of which has its own strengths and limitations.  
Cameras collect visual data (images, video) which are interpreted by image processing software and machine learning. Tesla, 
for instance, has 8 external facing cameras. Other vehicles rely on a variety of sensors, with differing number of each sensor 
type depending on the vehicle used. For instance, Waymo and ArgoAI use a combination of cameras (Waymo uses 19 cameras 
on the Chrysler Pacifica and 29 cameras on the Jaguar I-PACEs), radar, and LiDAR to measure the surrounding environment 
and GPS for location.  
 
Cameras 
Cameras provide high resolution and detail but are less ideal for calculating depth perception and struggle in adverse weather 
and in certain lighting conditions (e.g., low-light and camera blinding from bright lights and the sun).  Cameras can also have 
issues due to lack of contrast in some conditions (7). 
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Camera systems rely on light bouncing off surroundings and then being captured by a charged couple device (CCD) or 
complementary Metal Oxide Semiconductor (CMOS) which can be designed to be highly sensitive to the amount of light 
available enabling systems to operate in low light situations (dawn, dusk, inclement weather).  Sensors may be complemented 
by thermal imaging or forward-looking infrared cameras which can detect heat radiated from an object to assist in detection 
and positioning the object detected. These cameras have varying ranges for being able to identify objects. For instance, Tesla 
Autopilot uses cameras that have a max range of 250 meters (8). 
 
LiDAR 
LiDAR  uses light pulses which are reflected off surfaces to create a 3-D map of the surrounding area and provides accurate 
depth perception but has limitations in adverse weather conditions (9).  LiDAR is also useful for object detection and tracking, 
although a recent article noted that, due to the physical limitations of LiDAR, only vehicles can effectively be detected and 
that the best systems tested had an average precision of 52.4% in detecting pedestrians (10). LiDAR technologies are being 
developed to overcome conditions that limit the usefulness of traditional automotive LiDAR (such as fog, smoke, rain, and 
snow), but these technologies are not ready for field implementation (11). One of the key limitations to LiDAR technologies 
is range. One of the longest ranges in the automotive LiDAR sensors currently in production has a maximum range of 400 
meters (12). 
 
Radar 
Radar is used in many CAV applications (e.g., automatic emergency braking, adaptive cruise control, etc.). The Hyundai Ionic 
sensor array for its ADAS features includes a front LiDAR with a 130-degree array, front, mid- and long-range radar, side 
radars with 110-degree array, rear radars with 150-degree array, and a 3-camera system (13).  Most adaptive cruise control 
systems also use radar.  Radar uses radio wave-based sensors to detect and track presence, direction, and speed of surroundings 
objects but is not able to detect and track direction and speed of objects.  Radar does not have many of the weather-based 
limitations that cameras and LiDAR have but can struggle in areas with significant amounts of metal or when there is a 
significant amount of radar units in the area (i.e., radar congestion) which can lead to false alarms and processor confusion 
(14, 15). Some of the long-range radars in production can identify objects as far as 300 meters away (16). 
 
GPS and Other Sensors 
A global positioning system (GPS) is often used for position and direction. GPS is a well-established technology and has well-
known limitations. The accuracy of the GPS coordinates is dependent on multiple factors including the type of system (e.g., 
Global Navigation Satellite Systems, or GNSS, which is often used in automotive GPS), number and locations of satellites 
(including clustering and location relative to the horizon), atmospheric refraction and other atmospheric-related errors, 
multipath errors, satellite drift, lost signals, etc. Thus, GPS is typically only used for general positioning and directions while 
the local navigation is based on the cameras, radar, and LiDAR sensors. 
 
Other sensors may include microphones which can pick up audio signals such as emergency sirens (17).  It can also include 
ultrasonic sensors which are effective for short-range sensing at low speeds. These sensors are used for specific tasks and are 
typically not the main sources of data used in CAV systems. 
 
Sensor Data Processing and Decision Making 
Computer systems process and organize the data from the sensors into actionable information for the driver or the automated 
vehicle control systems.  Image recognition software identifies objects in images and is used in machine-based tasks such as 
labeling image content with meta-tags, searching image content, and image recognition which uses deep learning (9).  Neural 
networks identify patterns in the data, and which is fed to machine learning algorithms.  Machine learning algorithms allow 
an automated vehicle to work in common situations and learn and adapt from uncommon situations.  Deep learning algorithms 
allow the vehicle to incorporate more information, enabling it to make more nuanced driving choices (9). Due to the limitations 
of each of the sensor types, these processes typically rely on multiple sensors providing consistent results to prevent incorrect 
conclusions and actions (i.e., redundancies). 
 
Two primary issues that impact the ability of these systems to accurately assess the operating environment in real-time are 
unpredictability and complexity.  Unpredictability may cause the system to misinterpret actions and react inappropriately.  For 
instance, varying levels of wear for assets such as pavement markings, lack of consistency, or poor contrast in pavement 
markings make them difficult to interpret.  Complexity includes environments which cause visible occlusion or optical illusions 
due to phenomena such as weather, reflections from surfaces, etc.  This also includes signs or other infrastructure placed at 
angles or positions where they are more difficult to interpret.  FHWA conducted a request for information to better understand 
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infrastructure needs for CAV.  One of the top themes was greater uniformity, quality, and consistency in road marking and 
traffic control devices (18). 
 
3. Pavement Markings 

Longitudinal pavement markings provide two functions for CAVs. First, they indicate the forward road alignment. Second, 
they are used to locate the vehicle within the cross section of the road.  As a result, pavement markings are particularly 
important for CAVs (19, 20). The Federal Highway Administration (FHWA) (US) has stated that automakers have indicated 
that pavement markings are the most significant infrastructure characteristic needed for CAVs (21). 

Pavement markings are identified through image processing.  A camera sends digital images to the image signal processor 
(ISP) and the information is decoded using pixel detection.  Although each OEM have their own proprietary algorithms, the 
basic premise of pixel detection remains the same.  Each image is made up of pixels which are assigned a value based on 
intensity (light versus dark).  Machine vision algorithms look for differences between pavement marking pixels and road pixels.  
The simple algorithms calculate and look for large differences between adjacent pixels; more complicated algorithms calculate 
the rate of change and creates a linear slope with a steep slope which is used to find edges, another algorithm uses similar 
calculations as the edge detection method but considers changes in two directions, and a final method uses deep learning to 
train the system to detect and classify objects. Each of the methods use “thresholding” which looks for values which meet a 
minimum threshold.  As a result, sufficient contrast is the key criteria for identification of pavement markings (22). 

Davies (23) evaluated retro reflectivity, contrast ratio, and width of pavement markings to assess how these have an impact on 
machine-vison performance. Retroreflectivity was found to be the most important factor for nighttime performance, but during 
the daytime, retroreflectivity had little impact on performance. The luminance contrast ratio was the most important factor for 
daytime machine-vision performance.   Burghardt et al (23) evaluated eight types of pavement markings in a wind tunnel to 
assess recognition by typical machine vision (MV) equipment.  Visibility by both cameras and LiDAR was important.  They 
noted that in the case of cameras, a contrast ratio (CR) above 2.0 is deemed sufficient for pavement marking recognition but 
found no simple threshold for LiDAR since recognition depends on the algorithms utilized, number of detected points, and 
other information.  They also indicated poor recognition of pavement markings in rainy conditions is challenging for both 
human and MV due to light scattering and reflection by water particles which increases noise.  One suggested remedy was use 
of glass beads with higher RI.   They noted key parameters for pavement marking recognition by both human drivers and MV 
is visibility and retroreflectivity.  Carlson (24) summarized available recommendations and noted a threshold ratio of 
luminance (CIE Y) provided adequate machine vision detection (US 
studies) while the European Union Road Federation has recommended 
minimum maintained contrast levels of 3:1 with a preferred level of 4:1. 
 
Since contrast and visibility are key, many agencies are using contrast 
markings.  3M conducted a pilot program in conjunction with the 
Michigan DOT (MDOT) to design new pavement markings, signing, and 
other connected vehicle infrastructure to facilitate AVs (26). They 
reported that contrast is key to positioning and have developed a product 
that is white in the middle with black edging, along with wet reflectivity, 
to assist with visibility during rain events (26, 27).   
 
Many agencies use curbs to delineate the right-hand edge of a travel lane.  
However, the lack of contrast may make it difficult for machine visioning 
systems to interpret this feature.  As a result, Carlson (24) also noted lane 
lines may be advantageous when curbs are present.   
 
Discontinuities in pavement markings also make it difficult for the sensors to predict where the vehicle is in the lane, causing 
the vehicle to rely on other features such as the edge of roadway, which is more difficult due to lower contrast and consistency 
(28).  Discontinuities result from pavement marking wear or location where traffic diverges (i.e., exit ramps).  Another 
particular concern is overlapping markings that occur when markings are re-painted, but some evidence of the former markings 
remain as shown in Figure 1.  Pavement sealing may also create contrast with existing pavement which may be misinterpreted 
as a pavement marking. Additionally, the presence of objects on the pavement that show contrast have been shown to lead to 
incorrect lane choice decisions in some level-2 AV systems, even leading to driving in the opposing lanes of traffic (29). 
 

Figure 1:  Overlapping Pavement Markings 
(Image source:  Shutterstock) 
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Although uniform standards for pavement markings have not yet been established, research findings suggest 6-inch pavement 
markings provide more robust machine vision detection especially in situations where visibility is reduced, such as worn 
markings, wet conditions, and skip lines at high speeds (25).  The US state, Michigan, included 6-inch edge lines on freeways 
(2020) and are implementing these on state trunklines.  Wide dotted extension lines are also placed on exit and entrance ramps 
to improve lane guidance as part of MDOT’s annual restriping program.  MDOT started with non-freeways in 2021 for both 
white and yellow markings and estimates it will take 3 to 4 years to complete (30).  The US state of Georgia has deployed lane 
striping technology (3M’s Connected Roads All Weather Elements) along a stretch of I-85.  The marking has tiny reflective 
beads embedded in the striping making the markings more vision to both human drivers and vehicles equipped with ADAS.  
The 13-mile project was a public-private partnership between the Georgia DOT and 3M (31).  The US state of California began 
addressing pavement markings on a wide scale for CAVs by using six-inch pavement markings moving forward. They plan to 
transition the state’s roughly 50,000 highways and interstates within the next two to three years, with most of the work being 
done during regular maintenance and construction work.  Additionally, California has begun using more durable pavement 
markings (32).  US state Colorado developed a statewide plan to upgrade markings to 6-inches and Kentucky and Iowa have 
adopted 6-inch standard for primary highways.  New Hampshire is using 6-inch markings and added dotted edge line 
extensions across ramps.  The US state Washington adopted a 6-inch standard for the eastern section of the state and 4-inch-
high build waterborne markings for the western section of the state (25). 
 
Other recommendations for standardization of pavement markings (33): 

• Develop uniform markings for gore areas (in the US, there is no consensus for patterns in gore areas)  
• Develop uniform contrast marking patterns (in the US, there are many different contrast patterns, for instance Skip 

Dashes where both white and black markings are used (34) 
• Develop consensus on delineation of special lanes (i.e., HOV, bike lanes) 

 
4. Signing 

The first generation of CAVs use optical cameras for traffic sign recognition (TSR). As a result, the vehicle has to first notice 
and then interpret the lettering, symbol, or other sign characteristics (35). Although a number of approaches exist for TSR, 
the process primarily consists of three stages.  The first is region segmentation where color is recognized, next shape analysis 
classifies the sign into primary shapes (i.e., circle, rectangle), and the third stage identifies class and meaning (36).  Machine-
vision systems are used to classify the sign using feature extraction and then match the information to a library of images to 
identify the sign message (37). Neural networks evaluate differences such as differences in angles, sign condition, light 
levels, and weather conditions.  The more traffic control devices a vehicle “sees”, the more it is able to store and interpret 
differences.  However, the more standard a sign is, the more likely a vehicle is to correctly identify the sign.   
 
Roper et al (38) evaluated TSR under real world conditions in Australia.  One key finding was that electronic signs could not 
be consistently read by TSR which may be due to differences in illumination, refresh rate, sign size, height, and approach 
angle.  They also noted TSR systems could not handle significant variations in sign maintenance.  For instance, different 
levels of retro reflectivity or color.  They also noted that when signs placed for minor roads were visible from the main 
roadways, they were incorrectly interpreted as belonging to the main roadway.  Clusters of signs resulted in inconsistent 
readings by the systems.  The systems also had some issues interpreting advisory signs as regulatory signs.  They also found 
signs activated by flashing lights were not recognized.   
 
Others have noted similar issues.  The most cited concern with signing is consistent application (39).  This entails placing 
signing at consistent locations, heights, and angle.   For instance, curve warning signs or chevrons are not always placed the 
same from location to location. As a result, a curve with a certain radius may be signed in one location and not another.  It 
has also been suggested signs be installed on both sides of the road and in standard locations.   Speed limit signs should be 
placed to ensure they are clearly associated with the corresponding lane or roadway (25).  Consistent refresh/flicker rates are 
also needed so they can be more easily detected and identified by CAV (33).  The refresh rate of light-emitting diodes 
(LEDs) should be greater than 200 Hz to be easier for the vehicle’s camera to detect. If the refresh rate is standardized for all 
electronic signs, then AV systems will be able to detect them much easier (25).  
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Although the US follows the Manual on Uniform Traffic Control Devices (MUTCD), a number of variations still exist in 
signs that have similar meanings.  Additionally, many agencies in the US have developed signs that are not in the MUTCD 
which results in lack of standardization or have signs that may have been installed prior to the current MUTCD regulations.  
Having high levels of retroreflection is often cited as a need by the AV industry but not quantified. On the other hand, some 
AV industry stakeholders have reported situations where too much 
retroreflectivity blinded sensors. However, no suggested standard is 
available.  
 
Consistency also entails ensuring signs are in similar conditions (33).  Sign 
maintenance is important since faded or damaged signs are hard for both 
human and CAVs to read.  Vegetation management is also important since 
vegetation occludes the sign from detection by sensor technologies as shown 
in Figure 2.   Carlson (25) noted having high levels of retroreflection is often 
cited as a need by the AV industry (although not quantified).  
 
As CAV systems become more sophisticated, it is expected the systems will 
need enhanced signs that offer redundancies in case one component, such as 
GPS, fails (40). Additionally, the infrastructure will need to support both 
human and machine vision for some time, requiring signing that is visible to 
humans and machines in any road conditions (41).  
 
5. Traffic Signals 

Recognition of traffic signal presence and state is more complicated than for pavement markings and signing but less 
information is available.  The US National Committee on Uniform Traffic Control Devices (NCUTCD) conducted a survey of 
the automotive industry to support AV deployment and made the following recommendations for traffic signals (42, 43): 

• Signals should be uniformly placed, horizontal traffic signals are particularly problematic as shown in Figure 3. 
• Signals should be standardized including: position, location, color, shape, and refresh rate  
• Backplates may be beneficial for east/west placement particularly in low sun conditions 
• Signals should have a clear, unambiguous association with a specific lane 
• High and low brightness should be standardized  
• A 12-inch diameter signal head is preferred over an 8- inch  
• Signals that target different classes of vehicles (i.e., cyclist or bus signals) should be placed and located at sufficient 

distance from each other so their individual applications can be differentiated  
• Use green light rather than flashing beacons where possible (i.e., pedestrian crossing control is better as standard 

green-yellow-red light rather than flashing red). “Stop” and “go” directives should be explicit 

Figure 2:  Sign Occluded by 
Vegetation (Image source:  FWHA) 

Figure 3:  Example of Inconsistent Signal Placement (Image source:  Shutterstock) 
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6. Discussion 

Although, the timeline for advanced CAVs becoming a significant portion of the fleet of vehicles on the roadway is still 
somewhat uncertain, local transportation agencies need to plan to accommodate them. Additionally, ADAS systems based on 
the technologies described in this paper are currently available and are increasingly becoming standard on all new vehicles 
(IIHS, 2020) leading to an immediate need for considering the potential impacts and benefits of accounting for these systems 
when planning and allocating resources. Local agencies can conduct future proofing by understanding the main infrastructure 
needs that CAV have and then integrating those needs into maintenance practices.  General conclusions for how agencies can 
conduct early future proofing include: 

• Pavement Markings: The main conclusion for how agencies can best address pavement markings in the short term is 
to place lane lines immediately after resurfacing, maintain quality lane lines, and move towards 6-inch lane lines.  
Some agencies are also using contrast pavement markings.  Other suggestions include extension of lines through 
discontinuities.  

• Signing: The main recommendation for signing is to maintain signs in good condition/retroreflectivity and ensure 
signs are not blocked.  Constituency and standardization are also key recommendations, which includes sign message, 
placement, application, and maintenance. 

• Traffic signals:  The main recommendations also include consistency in position, location, color, shape, and 
brightness.  Preference is for vertical signal placement and larger signal heads. 

 
Future research is needed to understand the interactions and impacts between the CAV technologies and the real-world impacts 
of safety and traffic operations. Having specific estimates and models for this will allow agencies to make informed decisions, 
communicate better with policy makers and the public, and determine the best course for future proofing their assets and 
maintenance practices. 
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