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ABSTRACT

Automated vehicle (AV) deployment can bring about transformational changes to transportation and
society as a whole. The infrastructure owner-operators (I00s) who own, maintain, and operate the
infrastructure have the opportunity to work jointly with the AV industry to provide safe and efficient
operations. A key question for the 100s is, "What transportation infrastructure improvements do AV
manufacturers believe will facilitate and improve AV performance?" This study was designed to address
this question through a comprehensive survey approach, including an online survey and follow-up
interviews. A list of ten questions was discussed, covering the physical and digital infrastructure,
infrastructure maintenance, standards and specifications, policy support, and data sharing et al. We
reached out to more than sixty entities who hold the AV testing permit in California. In total, 20
companies responded. They were from different sectors and well represented the AV industry. From the
results of this study, we conclude that the most important roadway characteristics that have the potential
to benefit the automated driving system (ADS) are (1) digital mapping and signage; (2) lane markings; (3)
work zone and incident information; (4) Vehicle-to-Everything (V2X) communications; (5) actual traffic
signals; (6) general signage; and (7) lighting. The digital features considered most critical to help
accelerate ADS deployment includes work zone and road closure information, traffic signal phase and
timing, and traffic congestion. This study provides diverse voices and in-depth insights regarding topics
that the AV industry and 100s should engage in order to advance the AVs' deployment.

Keywords: Automated Vehicle, Industry Survey, Physical Infrastructure, Digital Infrastructure
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INTRODUCTION

Automated vehicle (AV) deployment can bring about transformational changes to the
transportation sector and society as a whole. In recent years, a limited number of publications about the
potential impact of AVs on highway infrastructure have been released (1-4). There seems a consensus
that the AV deployment will require significant transformations in infrastructure planning and operations.
However, there is no comprehensive reference regarding what the AV industry believes transportation
infrastructure improvements or modifications will facilitate and improve their AVs’ performance. There
is neither a reference, which provides diverse voices and the nuances from different AV industry players.
The current study was designed to fill these gaps, in which we conducted a survey with the AV industry
and covered various aspects of infrastructure, including physical and digital infrastructure, infrastructure
maintenance requirements, roadway specifications and standards, infrastructure policy support, timeline
for AV deployment, data sharing for repair and maintenance, and venues for engagement with 100s. In
addition, the study was supported by the California transportation agencies and anchored in California,
where it hosts AV testing for more than sixty entities. With this particular background, the current study
served as the first step to engage the broadest members of the AV industry and state DOTSs for their
mutual interests in the AV deployment. In this paper, we use the terms automated vehicle (AV) and
automated driving system (ADS) interchangeably.

METHODS
Development of the Questionnaire

We developed the survey questionnaire based on literature review and, in particular, the Federal
Highway Administration (FHWA) Request for Information (RFI) issued in January 2018 (5). We
expanded the contents with inputs from stakeholders within the California transportation agencies. The
scope of the guestionnaire was intended to seek comments on planning, development, maintenance, and
operations of the roadway infrastructure necessary for supporting ADS. The guestionnaire started with an
opening statement, which communicated the purpose of the study, the research team, the survey protocol
to protect company privacy, and steps following the survey. Following the opening, it was a list of ten
guestions covering various aspects of roadway infrastructure.

Implementation of the Online Survey

We drafted the study protocol and submitted it for review by the university’s Committee for
Protection of Human Subjects (CPHS). The Google Form platform was used for conducting the survey, in
which all questions were set as optional. The research team received the list of AV testing companies and
their contacts from the California Department of Motor Vehicles (DMVSs) and started sending survey
invitations to each of the 66 companies on the list. To encourage participation, we sent out four rounds of
email invitations to the companies from May to June of 2020. Based on the study protocol, responses
from all companies were de-identified before sharing or reporting.

Survey Response Rate

In total, 20 companies responded to the survey. The 20 respondents were from different sectors
within the AV industry. The composition is shown in Figure 1. Among them, 6 (30%) respondents were
from the automated vehicle start-up companies, including companies focusing on both passenger vehicles
and low-speed shuttle buses; 3 (15%) respondents were the automated truck start-up companies; another 4
(20%) were automated vehicle technology provider start-up companies, including companies working on
both AV hardware and software. Another 4 (20%) respondents were traditional automotive car
manufacturers. The remaining 3 (15%) respondents were traditional automotive suppliers. The
composition indicates that the survey respondents well represented the important players in the AV
industry.
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Automotive parts
manufacturer, 3, 15%

Automated vehicle
startup, 6, 30%

Traditional car
manufacturer, 4, 20%

Automated truck

Automated vehicle startup, 3, 15%

technology provider,
4,20%

Figure 1. Composition of the Survey Respondents

Implementation of the Interviews

The purpose of the follow-up interview was to ask respondents to elaborate further on their
answers. After completing the survey, we analyzed each survey response and used it to draft the interview
guide, which was formulated to solicit further responses regarding previous feedback from specific
respondents. We used Zoom meetings for the follow-up interviews. The duration of each interview was
about one hour. The interview was voice-recorded for transcription and further analysis. The
interviews were conducted in August and September of 2020.

Interview Responses Rate

In total, 8 out of the 20 survey respondents participated in the follow-up interviews. The
composition of the interview respondents is shown in Figure 2, which is very similar to the composition
of the survey respondents.
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Automotive parts
manufacturer, 1, 13%

Traditional car |
manufacturer, 2, 25% |
Automated vehicle

technology provider,
1,12%

Automated vehicle
startup, 2, 25%

Automated truck
startup, 2, 25%

Figure 2. Composition of Interview Respondents

RESULTS AND FINDINGS
In this section, we summarize the results and findings of each question based on analysis of
respondents' feedback in both the online survey and the interviews.

Question 1

What roadway characteristics or features do you believe will benefit your ADS systems? You
can choose to prioritize them into high, medium, and low factors. Examples of roadway features include
lane markings, signage, lighting, traffic signals, digital mapping and signage, work zone and incident
information, V2X data, etc.

Survey Results

For this question, 18 (90%) companies responded, with 15 of them prioritized their selected items
as high, medium, and low factors. Table 1 summarizes the top-chosen roadway characteristics, including
digital mapping and signage, lane markings, V2X, work zone and incidents information, general signage,
traffic signals, and lighting. All of the above items were chosen by at least 7 respondents. Other roadway
characteristics, such as good pavement quality and electronic signs with high refresh rates were chosen by
only 1 or 2 respondents.

Table 1. Top-chosen Roadway Characteristics

Number of

Items Elaborations
responses
. . Digital mapping with road properties (e.g., speed limit, road
1 D|g|t:_;1| mapping | 14 type), with real-time notification of infrastructure changes, and
and signage - o
well-maintained digital signage
2 | Lane markings | 14 Clear lane markings, and lane boundaries
3 | vox 14 V2X mformatlon for traffic lights; traffic signs; work zone and
incidents information.
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Work zone and
4 | incidents 13
information

Work zone uniformity; upcoming work zone in 1/2 mile, and end
of work zone; hazards/incidents information.

5 | General signage | 11

Clear/unobstructed, well-lit, consistent/standardized traffic signs;
and communication of new kinds of traffic signage with
reasonable lead-time

Actual traffic

Actual traffic signals refer to the physical device of the traffic
signal, as well as colors and shapes (e.g., circles, or arrows)

6 signals ! displayed on the traffic signal heads. Locations of the traffic
signals relative to the intersections should be standardized.
7 | Lighting 7 Sufficient ambient illumination.

The specified needs for signage and lighting is likely correlated with the sensing technologies that
each company uses for their ADS. Therefore, we did further analysis regarding this potential correlation.
We categorized the each company’s AV system as either vison based system or sensor-fusion based
system (e.g., Lidar, radar, cameras, and ultrasonic), based on the published information on each
company’s website. Out of the 20 respondents, 15 (75%) companies use sensor-fusion based AV system,
3 (15%) use vision based AV system, and the other 2 (10%) are software and navigation service provider
therefore not applicable. The result shows that signage was selected by 11 companies in total, among
which 9 are sensor-fusion based companies and the other 2 are vision based companies. Lighting was
selected by 7 companies, with 6 sensor-fusion based companies and 1 vision based company. This result
indicates that for signage and lighting, both the sensor-fusion based companies and the vision-based
companies chose them as important features that will benefit their ADSs.

Among the 18 respondents, 15 of them prioritized their selected roadway characteristics, as
shown in Table 2. Note that the respondents place different priorities on selected items. Therefore, the
same item may appear multiple times at different levels. At the top of the table, the high-priority items are
listed in the order of their selection frequency, which include digital mapping and signage, lane markings,
work zone and incidents information, V2X, traffic signals, general signage, and lighting. The medium-
priority items include general signage, lighting, digital mapping and signage, lane markings, work zone
and incidents information. The low-priority items include VV2X et al. The high-priority items in Table 2
are the same items as shown in Table 1.

Table 2. Prioritized Roadway Characteristics

Priority

ltems

Frequency

High

Digital mapping and signage

Lane markings

Work zone and incidents information

V2X

Actual traffic signals

General signage

Lighting

Others (e.g., electronic signs with high refresh rate; curb location markings)

Medium

General signage

Lighting

Digital mapping and signage

Lane markings

Work zone and incidents information

Others (e.g., good pavement quality, live traffic)

NININDIN WD (FPINW(O|00|O ||
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V2X 2

Low Others (e.g., digital mapping and signage, lighting, traffic signals) 1

Interview Results

During the interview, we asked the interviewees for further explanations of certain roadway
characteristics, including lane markings, traffic signs, work zone information, electronic signs, and shared
exit.

(1) Cracks in parallel of lane markings: Respondents expect to have limited or no use of bitumen to fix
cracks parallel to lane markings over long distances.

(2) Traffic signs: It is expected that the I00s will share information on new traffic signage with
reasonable lead-time and provide a nationwide database with traffic signs and their positions.

(3) Work zone information: Provision of work zone information, including how 100s display the cones
and how they mark the signage, is very helpful for the ADS performance and safety.

(4) Flashing rate for electronic signs: The LED lights on electronic signs flash at a high frequency that
human eyes cannot see. The problem is that the camera system of ADS can see the flashing.
Therefore, in order to be identified by the camera system, twice the camera's frame rate is expected,
which should be greater than 200 HZ.

(5) Shared exit: A shared exit is the lane can be used to either go straight or exit. For an ADS, it causes
confusion. The system has indecision about whether it is supposed to stay straight or take the exit.
Sometimes the ADS goes straight through the middle.

Question 2
Are there any specifications or standards associated with the roadway characteristics that you
believe would support a minimum performance level?

Survey Results

In the survey, 13 (65%) companies responded to this question. However, most of the respondents
commented on expectations for certain roadway characteristics rather than providing quantifiable
specifications. These responses are summarized in Table 3. The most mentioned item is lane markings,
by 7 respondents. The expectations for lane markings are high contrast, non-deteriorated, using a brighter
color for markings and a darker color for pavement, well painted with good visibility at nighttime.
Inconsistent or worn-out lane markings with old lane markings or with cracks in parallel are pressing
issues considering the status of lane markings. In this study, we did not specifically ask respondents about
the width of the lane markings. Therefore, no preference was given regarding the width of the lane
marking (e.g., 4-inch vs. 6-inch).

Table 3. Expectations of Roadway Characteristics

Roadway

Characteristics Expectations

o Well-defined and well-maintained lane markings improve vehicle sensor
detection of the boundaries of operation. Lane markings should be clear and
consistent with respect to width, color, length, and reflectivity when
possible.

Lane markings e New road/lane markings should be protected from erroneous marks (i.e., old
markings are completely erased).

o ltis preferable to have fewer parallel road surface markings that are not
road/lane-relevant (e.g., concrete expansion joints, tar lines etc.). The
presence of such markings can make it more challenging to distinguish
between real-road lane markings and other markings.

7
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Lane markings relative to the location of the roadway should be
standardized.

Work zones and
lane closures

Real-time or advanced digital notification of new construction zones,
progress on construction zones, completion of construction zones, or
road/lane closures due to special events. This information should be pushed
via daily emails.

Scheduled work zone information (e.g., road services, blockage, and detour)
should be available 24-hours ahead of time.

Traffic signals and
other traffic control
devices

Traffic signals should have high contrast and be well maintained.

Traffic signals using optical programming and mechanical louvers to limit
field-of-view should be limited to make these devices easier to detect by
ADS technologies. If strictly necessary, mechanical louvers are preferred to
optical programming ones.

All steps should be taken to standardize high and low brightness for traffic
signal heads, as well as ensure sufficiently large traffic signal head sizing
(12-inch diameter is preferred over 8-inch diameter).

Implement standardized and sufficient distance separation of traffic lights
that target different classes of vehicles. For example, avoid locating cyclists,
bus, and automotive traffic lights so close that confusion between them can
be made at a distance.

Traffic light time card (phase and timing for each traffic signal), should be
available digitally, formatted not as a PDF but in a public database.

Ensure that traffic signals are standardized to be located at the end of an
intersection. Some intersections only have signals at the beginning of the
intersection and no signal at the far end.

Avoid flashing beacons where a green light can be used. For example, a
pedestrian crossing controlled by a High-Intensity Activated

Crosswalk (HAWK) beacon could be much better as a pedestrian-controlled
standard green-yellow-red light. Generally, any light for which “off” means
“g0” can create ambiguities for an ADS due to visual impediments. Both
“stop” and “go” directives should be explicit (from the presence of a signal)
rather than implicit (from the absence of a signal).

e Signage should have high contrast.
o All traffic and speed limit signs should be well maintained.
Signage e Signs should be clear of any visual obstruction.
e AV operators should receive notice in advance regarding any changes in the
placement or displayed content on traffic signs.
o Reflective marking on barriers will make them easier to be detected.
Barriers o Guardrails and concrete walls provide the ideal barrier, but certain other
methods such as large grassy medians and wire rope barriers may also be
sufficient.
No trees next to the freeway for less shadow.
o Well-lit intersections and roadways will improve camera performance at
Lighting night. This includes both the use of visible light as well as near-infrared

light (e.g., 800 — 940 nm) for use with cameras that have filters tuned for
this spectral region. Near infrared light has the advantage that it will not
contribute to light pollution.

Standardized
intersections

Standardized intersection criteria and rules for physical road separation,
avoidance of pedestrians on roads.
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Interview Results

Regarding the format of V2X message, only one respondent mentioned that the V2X data
frequency should be higher than 10 Hz.

For HD map, one respondent mentioned that the accuracy of HD map should be smaller than 10
centimeters. In the interview, we further asked this respondent. It turns out that this suggested accuracy
was based on their testing and practice (e.g., error within 10 centimeters). Regarding the format of the HD
map, one respondent mentioned ADASIS (Advanced Driver Assistance Systems Interface Specification)
standard for HD maps (https://adasis.org/). ADASIS has defined an interface to facilitate the distribution
of information between the in-vehicle map database ADAS, and automated driving applications. This
enables vehicle environment data based on HD maps, improving automated driving performance. In 2020,
ADASIS released the new specification v3.1.0. In the new release, detailed lane modeling and line
geometry and additional data (e.g., landmarks) have a resolution of 0.01 meter. In addition, ADASIS
members were finalizing version v3.2 in early 2021, which include, among other extended lists of traffic
signs, localization objects like obstacles and traffic sign face, and a fully defined Application API.
However, some other respondents also mentioned that many AV companies are developing their own
map. A truly open and widely accepted map format is currently missing.

It is worth mentioning that during the interview, three respondents emphasized the importance of
"uniformity" of those roadway characteristics. One example is consistency across cities on color and
application regulations that apply to a section of the curb (e.g., in Oakland, white curbs are for 3-minute
passenger loading, while in San Francisco are for 5-minute passenger loading). An ADS is very good at
picking up things that are consistent with what it has been trained. Therefore, there should be uniformity
and not a patchwork of different standards across different states, counties, or even cities.

Question 3

Deterioration is common in infrastructure, and maintenance is performed periodically. Do you
see the need for different infrastructure maintenance requirements when considering the use of ADS
rather than human-driven vehicles?

Survey Results

In the survey, 18 (90%) of the respondents answered this question. Among them, 12 (66.7%)
mentioned that a different infrastructure maintenance requirement would be needed for ADS compared
with human-driven vehicles. In general, they believe that the need for different infrastructure maintenance
requirements when considering the use of ADS rather than human-driven vehicles is obvious. These
respondents shared the view that well-maintained infrastructure is important to provide consistently high
automation availability and high performance. It should take into account that ADS has a limited
perception capacity when compared to a human driver. Besides, certain roadway features, such as
potholes, affect all ADSs irrespective of the automation level. On the contrary, the other 4 (22.2%)
respondents mentioned that they do not foresee any specific infrastructure maintenance requirements for
AVs. As commented by one of the respondents “in order to achieve the right level of safety for the AVs,
any infrastructure that is used in the safety process for human-driven vehicles should be safe for AVs as
well”. This includes both monitoring and maintaining the infrastructure in working conditions. Another 2
(11.1%) respondents gave uncertain answers that more frequent maintenance is nice to have but not
essential.

Interview Results

Most interviewees agreed that the infrastructure would need to be monitored and maintained
more stringently if IOOs want to promote ADS on their roadways. They are interested in obtaining
information regarding when road segments are non-compliant with the standards. Some other
interviewees either have high confidence with their own ADSs or have high expectations with the
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ongoing AV research, which they believe will be sufficient to handle the degradation of roadway features.
However, they also acknowledged that with well-maintained infrastructure the performance of their ADSs
would be enhanced.

In the interview, two respondents also suggested how roadway maintenance could leverage AV
testing and deployment. Through the widespread deployment of AVs that are constantly monitoring
infrastructure conditions, there will exist an opportunity to optimize the repair and maintenance of the
roadway. In this way, the observed needs for AV deployment can be addressed faster rather than relying
on a traditional maintenance schedule.

Since many survey respondents mentioned potholes, we further asked about the impacts of
potholes in the interview. As explained, when any wheel of the vehicle hits a pothole, the force will be
transmitted to the steering wheel, resulting in rotating steering. In this case, driving at low speed seems
fine. However, at high speed, it could result in a lane departure. If it is a deep pothole, it will have a
bigger impact on controlling of the vehicle. In the case of a pothole followed by a flat tire it can generate
a very dangerous scenario.

Question 4
What particular issues exist for ADS to interpret certain physical infrastructure elements, such as
lane markings, traffic signals, HOV/bike lanes, and signs?

Survey Results

In the survey, 15 (75%) companies responded to this question. All the physical infrastructure
elements mentioned in each response were extracted and then summarized. As shown in Table 4, the
most mentioned issues are associated with lane markings as mentioned by 8 respondents, signage by 6
respondents, traffic signals by 5 respondents, and others.

Table 4. Most Mentioned Issues for Physical Infrastructure

Physical Infrastructure

Elements Details

e Worn-out lane markings make the ADS confuse about where the road
center is.

e Lane markings in parallel with crack or fixed cracks in the road can be
hard to detect, especially in sunny weather conditions (1-405 and I-5

Lane markings (8) north Los Angeles area).

e Old lane markings need to be cleaned. Old lane markings that coexist
with new up-to-date lane marking will confuse the ADS.

¢ Yellow lane markings on concrete road surface and un-unified lane
coloring are problematic.

e Branches of trees on the road block many of the traffic signs.

e Traffic signs sometimes cannot be detected in time. They could be

Signage (6) blocked by leaves, or too dark to be recognized.

o Traffic signs can be hard to interpret, especially when it comes to the
association between detected signage and the ego-lane.

10
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e ADS failed to recognize traffic lights placed at poor positions or angles.
e Traffic signals can be hard to interpret, especially when it comes to the
association between detected traffic signals and the ego-lane.

e In particular lighting conditions (e.g., sun position, viewing angle,
Actual traffic signals (5) trees/leaves obstructing the view, location of lighting, LED vs. analog),
the ability of the ADS to perceive and recognize traffic lights can be

difficult.
e Inmany cases in the US, it is hard to correctly refer a traffic light
hanging above or behind an intersection to its relevant lane.

e Ina predefined environment for a Level-4 ADS, issues come when the
Others (work zone; grglsllztr):sr)nent changes (construction work zones, temporary road
flashing lights; reflector) e Itis hard for current camera systems to properly detect school zone
(5) X . L . Lo N

sighage in combination with flashing lights or flashing signs.
o The reflector is a common challenge for LIiDAR sensors.

Issues for each physical element are in Table 4. For lane markings, the issues include worn-out,
cracks in parallel with lane markings, co-exist with old markings, low contrast, and un-unified coloring.
For signage, three issues were mentioned. One issue is that the signage is visually obstructed by other
objects, such as overgrown tree branches. Another issue is the low contrast. The 3™ issue is difficult to tell
the relevance between certain signage and AV's ego-lane, which could be caused by the angle of the
signage or the roadway structure.

Similarly, for traffic signals, two issues were mentioned. One is perception of traffic signals
under certain lighting conditions (e.g., sun position, viewing angle). The other issue is the relevance
between the detected traffic signals and the ego-lane. There are other physical infrastructure issues that
were mentioned by a few respondents, such as work zone and temporary road closures, and reflectors.
Respondents' feedback to this question is well aligned with findings from other research (2, 4).

In both Question 1 and Question 4, several respondents mentioned flashing lights and flashing
signage, which causes perception challenges for cameras. Because ADS systems interpret individual
camera images and may miss the whole message if the light or signage is time varying. In order for the
flashing lights and signage to be identified by the camera system, twice the camera's frame rate was
recommended.

Interview Results

During the interview, one respondent further elaborated on issues of lane boundaries. One is rain
marks, as shown in Figure 3(a), caused by vehicles driving ahead of the ego-vehicle on the wet road
surface or by water-filled ruts. Often these rain lines run along the direction of travel. Rain marks in the
image can show a similar contrast as real lane-markings in the rain and wet surface conditions, which
causes problems. As shown in Figure 3(b), stationary vehicles could also be identified as lane boundaries.
Another challenge for the camera system is to identify the poles when they are tall and thin, as shown in
Figure 3(c).

Figure 3. Rain Marks, Stationary Vehicles, and Thin Poles

11
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Question 5
What types of digital features of infrastructure and transportation operations do you believe
would help accelerate safe and efficient deployment of the ADS?

Survey Results
In the survey, 18 (90%) companies responded to this question. Frequency and further

explanations for each digital feature are shown in Table 5:

e Work zone and road closure information were mentioned by 12 respondents.

o Traffic signal phase and timing information is very helpful when the signals are hard to detect, as
mentioned by 7 respondents.

o Traffic congestion information was mentioned by 6 respondents, which would help ADS to interpret
the environment and react better.

e General V2X, including V2V and V2I, was mentioned by 5 respondents.

e HD map is a critical part of making ADS safe, which was mentioned by 5 respondents. HD maps are
expected to have information about the center of the road, lane marking, and intersection information.

e Features such as the location for curb pick-up and drop-off and high-occupancy vehicle (HOV) lane
usage were mentioned but less frequently than the other previously mentioned digital features.

Table 5. Most Mentioned Digital Features

Digital Features Explanations
Work zone and road closure Work zone and road closure information are considered in the
information (12) mission planning of the ADS to operate safely.

Traffic signal phase and timing will be helpful when traffic
signals are obstructed. Ideally, traffic signal phase and timing
would be provided through a public database rather than via a
PDF document.

Traffic signals phase and timing (7)

Prior information on traffic congestion would help ADS to

Traffic congestion (6) interpret and react better.

V2X information will surely accelerate the safe and efficient

General V2X (5) deployment of the ADS, especially in cities.

HD map is expected to have information of road properties
such as road type, speed limit, center of road, lane marking,
intersection, and so on. HD map should be continuously
updated with road closure or work zone information.

HD map (3)

Proactive sharing of the location (where they are located) and
activity (what is the pathway) of certain fleet vehicles that
modify other vehicles’ behaviors, such as emergency medical
services (EMS) and school buses.

Dedicated location for curb pick-up or drop-off.

Others (authority vehicles; obstacles
on the road; location for curb pick-
up and drop-off; HOV lane usage
and status) (6)

Interview Results

Interviewees provided further feedback about the importance of digital features of infrastructure.
ADS generally relies on accurate detection of lane markings, signage, and traffic signals to make
decisions of its next action. Maintaining up-to-date digital assets that provide information on roadway
structure and design is an important aspect of providing information on the existence of specific
infrastructure features that ADS can verify with its sensing capabilities. If roadway infrastructure

12
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information is stored as the baseline, and dynamic digital information is transmitted either on a periodic
or ad-hoc basis, it will certainly enhance the ADS reliability.

The digital infrastructure needs to be reliable enough to serve as a supplement to avoid having all
the sensors and computation power onboard the vehicles. Another aspect of digital information is that a
little bit information for all situations is more important than much information for only a few situations.
As commented by one respondent, as long as there is one traffic signal that does not follow any new
initiatives, ADSs will have to cater to traffic signals without digital features.

The HD map was expected to be continuously updated with road closure and work zone
information. The HD map is not necessarily shared through V2X. Dynamic elements such as road closure,
work zone, or accident information was expected to be timely updated and shared through V2X.
Regarding the format of the HD map, respondents commented that a truly open and widely accepted map
format is missing.

Question 6

How would you anticipate receiving such information? For example, through cellular connection
onboard or dedicated communication units, such as Dedicated Short-Range Communications (DSRC) or
dual cellular units (as proposed in Cellular-V2X concepts)?

Survey Results

As shown in Table 6, 17 (85%) of the respondents answered this question. Most respondents (6,
35.3%) mentioned that all communication channels work, as long as they are available. Four (23.5%)
respondents anticipated that cellular technology would be the delivery medium for the foreseeable future.
One reason is that cellular connection is already onboard of many vehicles. Another reason is the lead-
time needed for rule-making, technology development, and deployment for the dedicated communication
channels. Another four (23.5%) respondents anticipated receiving such information through the dedicated
communication channel, either DSRC or C-V2X. Rest (3, 17.6%) of the respondents anticipated that C-
V2X would win the race with DSRC. The communication channel will transition to C-V2X in the
timeframe of the mid-2020s.

Table 6. Channel(s) for Receiving Digital Features

Channels | Frequency Reasons
All channels | 6 (35.3%) | “Receiving such traffic information in time through V2X is essential for
work ADS. No matter 5G or DSRC, ADS needs high speed and no latency data
transmission.”
Cellular 4 (23.5%) | “The cellular connection is already on board in the vehicles.
Cellular technology is the anticipated delivery medium for the foreseeable
future.”

Dedicated 4 (23.5%) | “We anticipate receiving such information through dedicated
channel communications units, either DSRC or C-V2X. Both of these two are good
as long as they are reliable and low-latency.”

C-v2X 3(17.6%) | “Initially cellular but by mid-2020s C-V2X.”
“Both DSRC and C-V2X are a contender at the moment, and the industry
is still trying to figure out the benefits of one technology over the other.
However, in general, it looks like C-V2X could win the race.”

Interview Results

During the interview, respondents emphasized that low latency is the critical criterion for V2X
applications. When it comes to safety-critical input, it is essential to have more than one communication
channel. A dedicated channel plus cellular connection would be a good solution for safety critical inputs.
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Another consideration brought up by the respondents is the cost of either channel. The best solution is one
that has multiple providers. So that the providers will compete to drive the price down and the quality up.
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Question 7
How do you envision AV deployment in 3, 5, and 10 years? At what levels of automation, per
Society of Automotive Engineers (SAE) Level-3 to Level-5?

Survey Results
In the survey, all 20 (100%) respondents answered this question. The SAE J3016 standard (6)
defines six levels of driving automation, from Level-0 (No Driving Automation) to Level-5 (Full Driving
Automation). The results in Table 7 include the timeframe for different levels of automation, frequency
of the response, and deployment details.

Table 7. AV Deployment in 3, 5, and 10 Years

SAE Levels of
. Automation . .
Time (number of Anticipated Deployment Details
responses)
Available on “We expect Level-3 with humans in the loop AV
highways to become popular in the coming 2 to 3 years.
Level-3 (5) for mass-market; for | We are already seeing Level-2 features in
consumers to production today, and in 3 years, Level-3 will be
purchase available in consumer vehicles.”
In3 . “Level-4 vehicles for mobility services are
Highway, geo-fenced . .
years . A running real-world trials now. In 3 years, the
in certain cities, . . .
. . launch and scaling of Level-4 vehicles will
constrained operation . LS - .
Level-4 (7) desian domains: begin, primarily with mobility-as-a-service
9 ! (MaaS) fleets of Level-4 AVs for ride-hailing,
Begin urban Robo- . . . .
: . ride-pooling, and first/last mile or bus/shuttle
taxi fleet scaling. »
routes.
Large scale Level-3 “Level-3 in a large number of models (on
passenger vehicles; controlled-access highways).”
Level-3 (2) - - -
Level-3 transportation trucks drive across the
Level-3 trucks ’
country and freeways.
Large scale in cities “Level-4 for a larger-scale deployment in cities.”
Evolving towards “Level-4 vehicles for consumers to purchase
Level-4 on special become broadly available, especially in the
routes as ownership premium vehicle segment.”
In5 Public transportation
ears i . . .
y gm:gﬁze.gtuggan “Urban Pilot as public transportation (shuttles, on
Level-4 (8) X dedicated lanes, such as taxi and bus lanes).”
service
Small scale. “With small scale (geo-fenced areas), within 3-5
deployment, ears for early deployment.”
In geo-fenced area y y €eploy '
Level-4 operation of | “Have commercial Level-4 trucks operations in
trucks jurisdictions that allow within 3-5 years.”
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Extended to none

“Level-3 extended to none controlled-access

In 10
years | Level-4 (7)

consumer purchase

Level-3 (2) controlled-access . .
- highways.
highways
Level-4 fleet and also | “Level-4 MaaS fleets, as well as consumer
available for vehicles, will be more broadly available and

deployed.”

Level-4 in urban
environment with
good infrastructure or
with geo-fenced area

“Level-4 in urban-environment with city speeds,
within geo-fenced areas.”

Level-4 within
specific ODD
available for
consumer purchase

“Level-4 systems within very specific
operational domains could become available in
high-end vehicles within 10 years and lead to a
competition to cover more and more operational
domains every year.”

Level-4 in shuttles
and for goods
delivery

“Level-4 or higher will be used for shuttles in
restricted or private areas for limited people.”

Level-5 (1)

Robo-taxi and public
transportation

“Level-5 on both highway and urban: Robo-taxi
and public transportation.”

A 3-year timeframe is relatively near from the perspective of vehicle fleet deployment or
production. Most respondents have clear pictures of the AV deployment, especially for Level-3 and
Level-4 automation. As commented on by 5 (25%) respondents, Level-3 (Conditional Driving
Automation) will be available for consumers to purchase but mainly works in the highway driving
environment. According to 7(35%) respondents, Level-4 (High Driving Automation), primarily as
mobility service fleets, will begin to scale. However, Level-4 will be limited to constrained operation

design domains (ODDs).

Respondents' predictions about AV deployment in 5 years are less consistent than their
predictions for the 3-year timeframe. Two respondents commented on Level-3 in 5 years. For passenger
vehicles, Level-3 running on controlled-access highways will be available on a large number of vehicle
models for the mass market. Level-3 trucks will be available across the country on controlled-access
highways. Eight (40%) respondents commented on Level-4. However, their predicated deployment
modes and scale are quite different. The boldest prediction is that Level-4 will have large-scale
deployment in the urban driving environment, and it will become broadly available for consumers to
purchase, mainly in the premium vehicle segment. The rest of the predictions are less optimistic. For
passenger vehicles, the Level-4 automation is likely available either as public transportation or mobility
service or in early deployment within ego-fenced areas. For trucks, Level-4 automation will be
commercially available in certain jurisdictions.

Respondents' predictions for AV deployment in 10 years are similar to their predictions of AV
deployment in 5 years. In total, 10 (50%) respondents provided their feedback. Only one respondent
commented on Level-5 in 10 years. That is, the Level-5 automation will be available on both highway and
urban as Robo-taxi and public transportation.

Interview Results

During the interview, respondents shared more thoughts regarding what is considered deployment

and the operational domains, which helps us to better interpret various predications. What is considered
deployment? It could be higher-level automation only released in constrained ODDs in certain markets.
On the other hand, it could be broadly available everywhere in every market. These two scenarios of
deployment mean different levels of technology readiness.
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Other than the technology, there is another challenging aspect confronted in different markets:
legal liability. The legal liability of car manufacturers in the US is much more challenging than in Europe
and other countries. For Level-3 and above automation, when the vehicle is driving itself until the human
driver takes over, the AV manufacturer is responsible for whatever happens while the vehicle is in
automation mode. This will shift the responsibility for accident, and hence liability, from drivers to car
manufacturers. This burden on the car manufacturers may be prohibitive of further development. The
third challenge is the cost of the ADS. Many car manufacturers are working on bringing down the cost
and making the system as cost-effective as possible. These two aspects are going to influence the
deployment of ADS other than the technology itself.

Another important notion is the operational domain. The freeway-driving environment, although
high speed, is an uncomplicated traffic pattern. However, it is rather more complicated with different road
users in the urban driving situation than the freeway-driving environment. Nevertheless, some Level-4
automated shuttle is already deployed, for example, in Florida's retirement community at a lower speed
(e.g., less than 25 mph). Thus, the operational domain also matters when talking about AV deployment.

Question 8
What types of infrastructure policies do you believe the state (California) and local agencies
should consider related to the deployment cases identified in the previous question?

Survey Results

Eighteen (90%) respondents answered this question. The most frequently mentioned is the V2X
policy. Seven (38.9%) respondents shared the expectation that the state should consider VV2X policies,
such as equipping the traffic signals and providing V2X information. With V2X, many onboard
perception and localization tasks can be facilitated, improving the safety and reliability of the technology.
Three respondents (16.7%) expected up-to-date digital maps from local agencies. They expect a standard
map that defines the automation level availability for considered zones within a city. Here automation
level availability means whether the roadway characteristics allow minimum performance for considered
level of automation. For instance, some portions of the city could be level 3 ready, while some others
could be level 2 ready, or not ready for any automated driving due to no map coverage or lack of
detectable lane features.

Physical infrastructure maintenance was the second most frequently mentioned policy by 4
(22.2%) respondents. Firstly, they expect policy support for better maintenance of the physical
infrastructure. Secondly, they expect policy support for the maintenance of specific operational routes.
Three respondents (16.7%) expected both state and federal policies for dedicated AV lanes on interstate
highways, which could foster platooning and increase functional operational domains.

For testing and licensing, two (11.1%) respondents expected the state to support Level-4 testing
of commercial fleet trucks over 10,000 pounds. Three (16.7%) respondents mentioned other policies such
as dedicated pick-up and drop-off locations.

Interview Results

During the interview, respondents provided in-depth feedback on the infrastructure policies. V2X
can provide data to inform vehicles better about roadway conditions and traffic conditions. Therefore,
they strongly suggested that I0Os across the country focusing on V2X policies. Two respondents
expressed concerns over the lack of a clear set of rules over AV testing. It is important for the state to
develop a consistent approach for effectively engaging entities for AV testing. It would also be important
for 100s to implement uniform policies and procedures that support AV operating across multiple
jurisdictions. As a reference, in Europe, there is a consistent set of rules that everybody knows. If there
are exceptions to that, it can be dealt with on a case-by-case basis. Overall, respondents share the
understanding that they expect the infrastructure policies for AV deployment to be rolled out in phases
with improvement over time. Meanwhile, technology will work with what is available.
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Question 9
What are the venues for governmental agencies to interact with the industry? Are there commonly
accepted industry standards and/or best-practice guidelines related to infrastructure?

Survey Results

In the survey, 17 (85%) of the respondents answered this question. Regarding venues for
governmental agencies to interact with the AV industry, the most mentioned venues are Automated
Vehicle Symposium (AVS), Transportation Research Board (TRB) meetings, National Highway Traffic
Safety Administration (NHTSA) and FHWA meetings on AVs, SAE AV committees meetings,
consortiums with industry representatives, as well as individual dialogs with authorities.

Regarding commonly accepted industry standards and best-practice guidelines, the Manual on
Uniform Traffic Control Devices (MUTCD) was one of the standards for infrastructure. Federal
Communications Commission (FCC) and NHTSA were recommended for industrial standards. Standards
organizations like the SAE remain the best places to obtain feedback from a broad spectrum of industry
players. Another mentioned source of best practice is guidelines issued after pilots in partnership with
governmental agencies.

Interview Results

During the interview, respondents agreed that having a venue for engagement between the
governmental agencies and the AV industry and having standards or best-practice guidelines related to
infrastructure are very important for AV research and development. The use of consortiums to improve
industry engagement is encouraged. Respondents explicitly mentioned that there should be more
government and industry collaborations happening where safety is concerned.

Question 10
What data might your company be willing to share that would be beneficial for public agencies?

Survey Results

As shown in Table 8, 14 (70%) respondents answered this question. Ten (71.4%) respondents
were willing to share data with public agencies. Some of these companies are completely open to data
sharing. The other 4 (28.6%) respondents were not willing to share data due to concerns of revealing their
proprietary information and limited resources (e.g., labor, budget), especially for start-up AV companies.

Table 8. Willing to Share Data

Willing to Frequency | Reasons
share data
Yes 10 (71.4%) | “We are willing to share any data that might help infrastructure, including

poor road conditions, traffic rule violations, traffic conditions, and broken
road facilities.”

“We have collected lots of actual driving data on real roads and would
appreciate collaborations with public agencies, such as sharing them
and/or analyzing them together.”

No 4 (28.6%) | “Atthis moment, we don't want to share any specific data with any
public agencies.”

Total 14 (100%)
responses

Interview Results
Some respondents shared their further thoughts about the complication of data sharing. The
testing data is focused on the performance of ADS but not on the roadway features or measurements.
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Firstly, there would need some agreement on what constitutes a poor roadway. Secondly, AV testing
generates a huge amount of data, for example, one terabyte of information per hour of driving. In contrast,
a very small fraction of that data would be related to the assessment of road conditions. It arises two
challenges for data sharing: how to transfer the information and how to aggregate it. Thirdly, the data AV
companies collect are not stored in a representation that can be reduced to specific ADS roadway
measurable. Therefore, there is a need for standardization of what format and what level of information is
required. Finally, yet importantly, what human validation or verification would be needed? If humans are
needed, which is likely the case, before or after sharing the information, it will definitely require
dedicated resources. Some respondents who were willing to share data with public agencies further
suggested approaches for engagement between the 100s and AV companies. The I00s can interact with
the industry by sponsoring workshops or through third-party research organizations.

DISCUSSION
Based on the survey and interview responses to each question, we summarize all results of this
study into one diagram, as shown in Figure 4. This diagram includes eight titles, which corresponds to
most of the survey questions. Based on the responses, the results of question 1 and question 2 are
combined into one title of most important roadway features. Results of question 8 and question 9 are
combined into one title of needed policy supports. This brief summary provides a concise picture of the
AV industry’s expectations regarding roadway features that will benefit the AV deployment.

Most Important Roadway Features Channels to Receive Digital Information

Digital mapping and signage

Lane markings

V2X

Work zone and incidents information

General signage 35.3% 23.5% 23.5%
Traffic signals

Lighting

17.6%

Deployment in 3, 5, and 10 years
Need for Better Infrastructure Maintenance

o 3-year: Level-3 is available for highway driving.
= NA N y o 5-year: Level-4 passenger vehicle is likely available;
ves No Maybe Level-4 truck is commercially available.
e 10-year: similar as 5-year predication.

66.7% 22.2% 11.1%

Issues of Physical Infrastructure Needed Policy Supports

Lane markings
General signage
Traffic signals

Work zone

V2X
Proactive infrastructure maintenance
Infrastructure standards, best-practice guidelines
Up-to-date digital map from local agencies

- Dedicated pick-up and drop-off locations
Expected Digital Features of Infrastructure IRESILE RIS SI0e

Work zone and road closure Willing to Share Data
Traffic signals phase and timing

[ ]

[ ]

o Traffic congestion YA

. V2X Yes No
e HD map 71.4% 28.6%

Figure 4. Summary of Findings
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In addition to the above summary, we combine the answers across all survey questions, discuss
the findings, and provide recommendations for the following topics, including digital mapping and
signage, lane markings, work zone and incidents information, VV2X, infrastructure maintenance, as well as
policy support.

Digital Mapping and Signage

Digital mapping and signage were the most frequently mentioned roadway features that the
companies believed would benefit the AV deployment. Digital mapping and signage were expected to
provide road properties (speed limits, road types) and a well-maintained nationwide database with traffic
signs and their positions. Some respondents also expected to have up-to-date digital maps from local
agencies. So that the map will be able to define the automation level availability within a city. Besides,
the map was also expected to be continuously updated with infrastructure changes, such as road closure
and work zone information, which could be timely updated and shared through V2X.

Regarding the map format, most respondents commented that a truly open and widely accepted
map format is currently missing. Only one respondent mentioned the ADASIS, an open forum with
members from the global vehicle industry manufacturers and suppliers. ADASIS has been working on the
HD map standard to improve the performance of automated driving. However, most other respondents
were not aware of this forum or their map specifications. On the other hand, several respondents
mentioned that many leading companies in the industry have been dedicated to developing their HD
maps, which are treated as their core competencies to create an advantage over competitors.

It seems clear that it is not the IOOs’ responsibility to develop digital maps for deploying AVs.
Instead, the development of digital maps is a commercial process that will be led by the industry leaders,
and the maps will gradually become mature and widely available to other industrial players as the process
unfold. However, it will be very helpful if the 100s will provide certain categories of digital information,
including traffic signal phase and timing, and the dynamic information of infrastructure changes (e.g.,
road closure and work zone information). This cooperation between the AV industry and the 100s is
essential for developing a truly useful digital map. This cooperation will require communication between
the two parties regarding what information is needed, what formats (e.g., accuracy, frequency of update)
are expected, and how to transfer the data from the 10QOs or provide data access to the AV companies.

We recommend that, as the first step, the 100s and local agencies could provide digital
information, including the SPaT, work zone, and road closure information, and then gradually expand to
provide other digital information such as signage. Further, it is recommended that I0Os start with defined
zones, where it is manageable to have the digital information provided. As commented by one respondent,
a little bit of information for all situations is more important than much information for only a few
situations. If the state tries to do everything and everywhere, it will not have nearly enough resources, and
it is hardly to be done nearly with any consistency.

Lane Markings

Lane marking is the most important physical infrastructure that would benefit the safe
deployment of AVs. It is expected to be clear with high contrast, non-deteriorated, using a brighter color
for markings and a darker color for pavement, well painted with good visibility at nighttime. Besides, lane
markings should be standardized relative to the location of the roadway. On the other hand, inconsistent
or worn-out lane markings with old lane markings are the most pressing issues in comparison with other
physical infrastructure.

It seems that there is no clear guideline or standard about what constitutes good lane markings.
The factors of color, width, and contrast all impact the luminance and retroreflectivity of lane markings.
Other environmental factors, such as rain, sunlight, and nighttime, would also affect the detectability of
lane markings by the machine vision systems. Some states have tried to implement contrast markings
(e.g., white 4-inch wide marking paralleled by 2-inch wide black striping on each side) for better
detection. However, according to (7), the benefit of contrast marking compared to the standardized lane
marking is not obvious. Further research is needed in order to explore the impact of other unknown
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factors (e.g., sunlight) on the detectability and then standardize the design of lane markings. Then,
different jurisdictions can follow the standard for either upgrade or maintenance of the lane markings on
their roadways. Otherwise, there will not be any uniformity of lane markings across the state or the
country.

Regarding maintenance of lane markings, it could leverage AV testing and deployment. Through
the testing and deployment of AVs that are constantly monitoring roadway conditions, there is an
opportunity to optimize the repair and maintenance of the lane markings and other roadway conditions. In
this way, the observed needs for AV deployment can be addressed faster rather than relying on a
traditional maintenance schedule. The leveraging of AV testing and deployment for roadway maintenance
will be mutually beneficial to both AV companies and the I00s. However, it will require good
communication between the two parties regarding what constitutes worn-out lane markings, how to report
them to the 100s, and what actions are expected after the reporting. Beforehand, research is needed in
order to explore the best practices of how to extract the roadway condition information from the AV
testing report or AV testing data.

Work Zone and Incidents Information

The work zone and road closure are major inconvenience factors for AVs and the surrounding
traffic. In a predefined environment, the work zone, temporary road closures, and incidents will create
issues for a Level-4 ADS. AV companies expect the provision of work zone information, including how
100s display the cones and how they mark the signage in the work zone or incident scenes. To provide
timely work zone and incidents information to the AVs, firstly, an agreement is needed on what signage
will be used for work zones or accident zones. So that AVs have a distinctive symbol to respond to.
Secondly, real-time or advanced digital notification of new construction zones, progress on construction
zones, completion of construction zones, or road/lane closures are part of the work zone and incidents
information, which are expected to be pushed either in real-time or daily emails. Additionally,
standardizing the access to the work zone and incidents data would greatly benefit the ADS providers.

V2X

The AV industry believes that V2X could be used as a data source by ADS. V2X will accelerate
ADS deployment in cities. Many AV companies think it will be great when it is well defined and
implemented. As predicted, the V2X communications may be ready for application in the 2030s (4). But
for now, it's too uncertain for the companies to count on it. The most expected digital information from
V2X are work zone and road closure information, traffic signal phase and timing (SPaT), and traffic
congestion information. For optimal performance of the ADS, a redundant path of SPaT from the traffic
lights through V2X communications would be helpful. Regarding preferred channels for receiving V2X
information, as long as the information is available, the AV companies can use it in various ways.
Therefore, it was recommended that the industry and governmental agencies reach an agreement on what
V2X technology to use and then start the mass deployment.

Infrastructure Maintenance

The combined feedback from all respondents indicates that the majority of companies expect
higher requirements of infrastructure maintenance for ADS than the current human-driven vehicles. It is
different from the findings of an existing publication that the AV industry is optimistic about using
sensors and algorithms to solve the challenges of existing physical infrastructure (2). The rationale is that
humans are good at filling in the gaps when infrastructure deteriorates. Some automation systems have a
limited perception capability compared to a human driver. The degradation of roadway features will have
adverse impacts on ADS availability and performance. In addition, a more proactive approach to
maintenance should be taken. In other words, it is necessary to shift from a repair-as-needed approach to a
preventative-maintenance approach.
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As mentioned earlier, through the testing and deployment of AVs that are constantly monitoring
roadway conditions, there is an opportunity to optimize the repair and maintenance of the roadway
conditions. In addition, the majority of respondents from this study were willing to share any data that
would be useful to increase AV safety. It is valuable for the AV industry to report road damage or other
obstructions to public agencies for timely rectification. For doing so, an agreement will be required to
prioritize each observation's severity to make the data more meaningful. There are also various concerns
regarding proprietary information embedded in the data, potential liability issues, or the amount of labor
work needed for annotating the data before and after sharing. It would be more helpful if there could be
some funding behind these efforts to justify a joint effort. Regardless, it is highly recommended to initiate
direct and in-depth conversations between the state agencies and critical industrial stakeholders. It is also
recommended to begin the research effort for tools and algorithms that would facilitate data sharing and
data processing for this purpose.

Policy Support

Regarding the timeframe for AV deployment, it is forecasted that within three years, Level-3
automation will be commercially available and mainly work in the highway traffic environment. In the
same timeframe, Level-4 automation will start as the MaaS. Although the forecast of deployment in five
years and ten years is less consistent, we could see that the uncertainties mainly lie in the deployment of
Level-4 automation, which ranges between small-scale deployment in geofenced locations and large-scale
deployment in cities. As to the Level-5 automation, most respondents preferred not to comment on it,
which implies that the widespread use of full automation, with no driver attention needed, will reside
many years in the future. These uncertainties associated with technological advancement and AV
implementation will present a great challenge for policymakers to plan for AV infrastructure needs and
support their deployment. However, based on the findings of this study, we recommend the following
policy areas for the IOOs and agencies to consider for supporting the AV testing and deployment.

There are not yet specifications or standards for roadway characteristics that allow for a
minimum performance level. Definitely, this area would need governmental lead and support. In the
meantime, several ongoing projects (e.g., National Cooperative Highway Research Program, NCHRP 20-
102 project) and initiatives (e.g., FHWA's Work Zone Data Exchange project) are working toward filling
in the gaps. These specifications and standards will be defined in accordance with the considered level
of automation. For instance, some portions of an HD-map could be Level-3 ready; other portions
could be Level-2 ready or not ready at all for automated driving due to no map coverage or lack of
detectable lane features on the road. Such standard information is expected to be available and be
shared with the AV companies. To achieve this, clarifications must be made on the roadway features
that will enable the minimum performance at each automation level.

Regarding policy for dedicated AV lanes, there are different voices. Instead of dedicated lanes,
some other respondents suggested defined zones with certain areas, where Robo-taxi service is likely to
be deployed first. Within the defined zones, it is manageable to make sure the lanes are properly marked,
and roads are well maintained. Therefore, the authors agree that dedicated lanes are not necessarily the
choice, but defined zones, or automated zones as mentioned in the literature (2, 8), would be a better
approach for the 100s and agencies to try out and make changes before large scale deployment.

Another important area is V2X support. V2X information will surely accelerate the safe and
efficient deployment of the ADS, especially in cities. It is also clear that it is within the purview of the
100s to deploy V2X and provide the needed digital features of infrastructure through V2X.

CONCLUSIONS

In this study, we reached out to the broadest members of the AV industry. Based on their
feedback in the online survey and the follow-up interviews, we found that the most important roadway
characteristics that will benefit the ADS are (1) digital mapping and signage; (2) lane markings; (3) work
zone and incident information; (4) V2X; (5) actual traffic signals; (6) general signage; and (7) lighting.
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Most companies agreed that the infrastructure would need to be monitored and maintained more
stringently if state DOTs want to promote AV deployment on the roadways. The most frequently
mentioned physical infrastructure issues are lane markings, signage, and traffic signals. The highly
expected digital features to accelerate ADS deployment includes work zone and road closure, traffic
signal phase and timing, and traffic congestion information. Regarding preferred channels for V2X
communications, as long as the information is available, the industry can use it in various ways. Most
companies expected that the 100s should consider equipping the traffic signals and providing V2X
information. They also expected policy support for better maintenance of the infrastructure's physical
elements and maintenance of specific operational routes. AV development is an incremental process.
Regarding ownership of Level-4 or even higher automation, it will be driven by the acceptance of the
Level-4 or Level-5 mobility service. Having a venue for engagement between the governmental agencies
and the AV industry and having standards or best-practice guidelines related to infrastructure are very
important for AV research and development. Regarding data sharing, most companies are willing to share
data to improve roadway infrastructure and increase AV safety. The findings of this study provide
valuable information for state DOT’s planning, development, maintenance, and operations of the roadway
infrastructure necessary for supporting ADS.
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