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The evolution of scientific advances has often been characterized by the amalgamation

of two or more technologies. With respect to vehicle connectivity and automation, recent

literature suggests that these two emerging transportation technologies can and will

jointly and profoundly shape the future of transportation. However, it is not certain how

the individual and synergistic benefits to be earned from these technologies is related

to their prevailing levels of development. As such, it may be considered useful to revisit

the primary concepts of automation and connectivity, and to identify any current and

expected future synergies between them. Doing this can help generate knowledge that

could be used to justify investments related to transportation systems connectivity and

automation. In this discussion paper, we attempt to address some of these issues.

The paper first reviews the technological concepts of systems automation and systems

connectivity, and how they prospectively, from an individual and collective perspective,

impact road transportation efficiency and safety. The paper also discusses the separate

and common benefits of connectivity and automation, and their possible holistic effects in

terms of these benefits where they overlap. The paper suggests that at the current time,

the sibling relationship seems to be lopsided: vehicle connectivity has immense potential

to enhance vehicle automation. Automation, on the other hand, may not significantly

promote vehicle connectivity directly, at least not in the short term but possibly in the

long term. The paper argues that future trends regarding market adoption of these two

technologies and their relative pace of advancement or regulation, will shape the future

synergies between them.

Keywords: autonomous driving, transportation, connectivity, automation, connected and autonomous vehicle

(CAV)

INTRODUCTION

Throughout the ages, scientific advancements have emerged largely through the amalgamation of
two or more technologies from different disciplines including material science, control systems,
mechanical systems, computer technology, information technology, and so on. Specific examples
of sibling pairs include computer hardware and software, the automobile and road pavement, and
the automobile and electric battery technology. These sibling relationships, similar to interspecies
interaction or symbiosis in the field of biological science (Trager et al., 1988) can be placed in
one of at least two categories: (i) mutualism (where each concept directly promotes the other at a
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given time) and (ii) commensalism (where concept A promotes
concept B at a given time but concept B does not significantly
or necessarily promote concept A at that time). In the field
of computing, the relationship between computer hardware
and software can be described as mutualistic. A classic
example of commensalism is the automobile and its means
of propulsion. The first automobile developed in the late
nineteenth century, was powered using a large steam engine;
however, with the development of the internal combustion
engine or ICE, auto manufacturers were provided an opportunity
to produce automobiles that were smaller and less unwieldy
(Eckermann, 2001). This can be considered an example of
a commensal relationship at that time because the ICE
fostered directly the development of automobiles, while the
effect of automobile development of ICE advancement, if any,
was only indirect and drawn out over time (due to, for
example, scale economies). Similar observations of mutualistic
or commensal relationships can be found in road transportation
(the automobile and pavement material science) and electric
vehicles (the automobile drivetrain and battery technology),
shared transportation [vehicle systems and information and
computer technologies (ICT)], and truck electronic platooning
(truck vehicles and ICT).

In this paper, we address the sibling relationship between the
concepts of automation and connectivity in the specific context
of road transportation vehicles. Connectivity is the capability
of a vehicle to communicate to and from (and therefore,
share information with) other systems (vehicles, infrastructure,
roadside units, data portals, cyclists and pedestrians, and so on)
that are located outside of the vehicle, via various relatively
short- and long-range connectivity technologies (FCC, 2019).
An automated vehicle is one that is capable of self-navigation
from an origin to a user-specified destination. Synonyms or
near-synonyms include self-driving, autonomous, driverless,
and highly automated vehicles. This type of vehicle relies on
sensors and communication protocols and software that allow
the vehicle to comprehensively characterize its physical and
operating environment, thereby making the vehicle capable of
quickly learning from previous experiences and adapting to its
environment and thence making driving decisions (USDOT,
2019). In subsequent sections of this paper, we provide a fuller
discussion of these two concepts.

The paper’s discussion of the synergies of the sibling
relationship between connectivity and automation is made in
the context of transportation vehicles. The paper not only
recognizes that the technological concepts of automation and
connectivity share the common goals of transportation system
efficiency and safety, but also argues that vehicle connectivity has
immense potential to enhance vehicle automation. On the other
hand, automation per se, may not significantly promote vehicle
connectivity in the short term but may do so in the long term,
as growing market shares of autonomous vehicles may likely
spur investments in connectivity research and development. In
the paper, we first present a synopsis of vehicle connectivity
and vehicle automation, and then discuss the ways in which
connectivity will be expected to enhance the operations of
autonomous vehicles. A few future trends and advancements in

connectivity and automation are discussed, and we speculate the
future shape of the connectivity-automation sibling relationship.

A SYNOPSIS OF THE CONCEPTS

Vehicle Connectivity
Vehicle connectivity can be viewed as a subset of the
communications paradigm known as the Internet of Things
(IoT), which equips everyday objects with the ability to transmit
and receive data for improved ease of use and efficiency
(Xia et al., 2012). A vital component of a smart city is a
transportation network that operate intelligently to improve
the mobility, efficiency, and safety of the users and the city
residents in general. Connected vehicles (CVs) can help realize
the goals of a smart city through the transmission of information
from various components of the smart city. Connectivity
may be uni-directional or bi-directional. The former includes
global positioning systems and radio, and the latter (and
respective application areas) includes DSRC for safety, cellular
for communications and diagnostics, Wi-Fi for information,
Near Field Communication for authentication, and Bluetooth
for entertainment. The origins and destinations include vehicle-
to-vehicle (V2V), vehicle-to-infrastructure (V2I), and vehicle-to-
cloud (V2C) communications. Connectivity can be facilitated by
the use of roadside units (RSUs), connected computation units
that perform heavy computational tasks (Sou and Tonguz, 2011).

A large number of studies have shown (or, at least, discussed
the prospect of) the connectivity capability of vehicles and its
role in providing significant improvements to the transportation
system in terms of safety, mobility, and efficiency (Goodall
et al., 2013; Lu et al., 2014; Uhlemann, 2015; Talebpour and
Mahmassani, 2016; Mohd Zulkefli et al., 2017; Zheng and Liu,
2017; Chen, 2019; USDOT, 2019; Dong et al., 2020a; Du et al.,
2020; Li et al., 2020a). While cetain specific benefits pertain
to individual connected vehicles, much of the systemic and
systemwide benefits to the transportation system are expected be
manifest when CV market adoption is high (Ma et al., 2012; Lu
et al., 2014, 2015; Khondaker and Kattan, 2015; Auld et al., 2017;
Zheng and Liu, 2017).

At the current time, communication protocol types include
Bluetooth, Wi-Fi, Satellite, DSRC, and Cellular-5G. The
advancement of vehicle connectivity technology is still evolving,
and the appropriate communication protocol has been subject
to various changes and modifications with ongoing debate about
the best approach for specific applications. In 1999, the US
Federal Communications Commission (FCC) reserved a 75
MHz band at the 5.850–5.925 GHz spectrum exclusively for
communication of intelligent transportation systems. While
the network topology has changed, this band for ITS use has
been termed the dedicated short-range communications (DSRC)
range. The purpose of providing the DSRC was to enable
ubiquitous V2V and V2I communications that can improve
operations and safety (Uhlemann, 2015). However, due to the
relatively slow evolution and implementation of the provided
band for vehicle connectivity, the FCC recently initiated a Notice
of Proposed Rulemaking (NPRM) to reallocate the 5.9 GHz band
for unlicensed operations such as wi-fi. The upper 30 MHz of
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the band is intended to be used to support ITS needs, with 20
MHz being used for Cellular Vehicle to Everything (C-V2X)
operations, which can build on the cellular protocols such as
4G or 5G (FCC, 2019). As C-V2X is still in a nascent stage of
development, the effect of the band reduction on the efficacy of
communication is still yet to be seen.

In recognizing the findings of past research regarding the
prospective benefits of vehicle connectivity to various users
and stakeholders of the traditional transportation system, this
section of the paper presents the direct and indirect effects of
connectivity and the details of possible systemic enhancements.
As a prelude to the discussion, this paper categorizes the
relevant classes of vehicles as follows: traditional, conventional,
or “isolated” vehicles (IVs) which do not possess any automation
or connectivity; connected human-driven vehicles (CHDVs),
which are human-driven vehicles with connectivity to other
entities (such as vehicles, pedestrians, and infrastructure); and
automated or autonomous vehicles (AVs), which are automated
driving systems which may or may not possess connectivity.
It is worth noting that the literature contains several other
classifications of new generation vehicles based on other criteria
including the propulsion mechanism (for example, fossil fuel and
electric) and vehicle ownership or deployment/usage status, for
example, individually owned, shared ownership, or shared use
(Chalk et al., 1996; Clewlow andMishra, 2017;Menon et al., 2019;
Payalan and Guvensan, 2019).

In the United States, the Department of Transportation
has been a key proponent of driving CV technology forward
to appreciate and measure the benefits of connectivity and
to accelerate their integration into transportation systems
operations (Association ofMetropolitan Planning Organizations,
2019). For human drivers, connectivity yields a plethora of
features and improvements to the human-driven vehicle (Chang
et al., 2015; Guériau et al., 2016). A highly anticipated benefit is
improved safety (Papadoulis et al., 2019; Rahman et al., 2019).
Typically, due to the unpredictability of the movements of
neighboring vehicles in a traffic stream, a human driver must
rely on their perception-reaction time to address unforeseen
situations. Vehicle connectivity potentially improves driving
performance in at least two ways: (1) reduction of certain
components of the driver’s perception-reaction time; and (2)
reduction in the sources and intensities of uncertainty in the
way other vehicles move in the traffic stream. For example,
a connected vehicle can process information and alert its
driver and other drivers of downstream hazards much quicker
compared to a non-connected vehicle. Currently, there exist
advanced vehicle systems to reduce human driver perception-
reaction time, such as collision warning; nevertheless, these
systems work with limited range capability and arguably, can
be only as effective as onboard sensors (Dagan et al., 2004).
Therefore, vehicle connectivity provides the human driver with
a capability to recognize potential hazards located beyond the
driver’s range of vision or the effective range of onboard sensors,
and helps them share this information with other vehicles beyond
these ranges. For example, imminent collisions that may be
caused by poor lines of sight (for example, at intersections,
inclement weather including fog, or occlusion due to driving

behind/near large vehicles) can be avoided due to the extra
vehicle awareness made possible through connectivity (USDOT,
2016). Isolated (non-connected human-driven) vehicles can also
earn the safety benefits of vehicle connectivity because reductions
in collision propensity due to connectivity, reduces the likelihood
of secondarymulti-vehicle collisions upstream (Yang et al., 2017).

Another anticipated system-wide benefit of connectivity is
the improvement to routing efficiency and departure time
optimization (Talebpour and Mahmassani, 2016; Liang et al.,
2017; Wang et al., 2017). Through their connectivity capabilities,
CVs can receive real-time information from other vehicles
already in the road network regarding road hazards, weather
effects, crashes, and other congestion-related events (Filipovska
et al., 2019). While traditional routing and navigational software
can provide similar information, they do so with some delay.
Such delay could be considered a significant shortcoming because
sharing of the newly-calculated route with all drivers potentially
creates new areas of congestion, and in some cases, such
translocation of congestion from one area to another results in
worsened overall congestion (Macfarlane, 2019). With vehicle
connectivity, it is possible to reroute collaboratively from a
central controller so that congestion translocation is avoided (De
Souza et al., 2016; Yang and Oguchi, 2018). Alternatively, for less
urgent trips, connectivity capabilities can make the driver aware
of the optimal (as well as alternative) times for starting a trip,
thereby enhancing driver convenience, and possibly, reduced fuel
consumption, and improved safety.

There also exist potential systemwide benefits to
transportation agency management functions (Hill and
Garrett, 2011; USDOT, 2016). It is speculated that with
increased percentages of connected vehicles on their networks,
transportation agencies will have increased opportunity to collect
real-time data on the characteristics and movements of vehicles
in the network. With vehicle connectivity, such data collection
can be supported significantly, as disaggregate information
on the attributes of individual connected vehicles throughout
the network can be obtained easily and quickly through V2I
systems (Myr, 2002; De Souza et al., 2016). This could yield a
rich database of the physical and operational characteristics of
individual vehicles including classification, speed, location, and
lane position, for all vehicles in a specified network.

Besides these two broad categories of connectivity benefits,
there exist various operational performance improvements that
connectivity capabilities offer at the microscopic level. An
example is speed harmonization (SH), which can be used by
the road transportation agency to mitigate congestion prior
to a bottleneck or road incident or obstacle. Several SH
approaches exist in the literature but they all share a common
tri-partite structure: traffic flow prediction, categorization of flow
breakdown, and implementation of remedial measures to reduce
or eliminate the predicted flow breakdown. Traditionally, SH is
achieved through loop detector data and statistical and machine
learning models for predicting downstream flow followed by
upstream strategic interventions (Ma et al., 2016; Mahmassani,
2016; Filipovska et al., 2019). However, recent studies have
investigated the extent to which SH, conducted with rich data fed
to vehicles through connectivity, can be significantly improved
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(Ramezani and Benekohal, 2015; Dowling et al., 2016; Ghiasi
et al., 2017; Tajalli and Hajbabaie, 2018; Malikopoulos et al., 2019;
Ha et al., 2020).

Further, connectivity capabilities can provide opportunities
for traffic signal control and optimization (Goodall et al., 2013;
Ilgin Guler et al., 2014; Feng et al., 2015; Zheng and Liu,
2017; Liang et al., 2020). Specifically, Goodall et al. (2013)
found through simulations that their algorithm (which uses
data obtained through connectivity) helped improve traffic
signal system performance and also eliminated the need for
retiming signals. Further, Ilgin Guler et al. (2014) found
through simulations that uses information obtained through
connectivity (at 60% penetration of CVs) can result in significant
reductions in average delay at a given intersection. For example,
through connectivity, drivers at or approaching an intersection
could receive information regarding the time-to-green or the
remaining green time at an intersection, thereby adjusting
their driving behavior to smoothen their movement along the
signalized arterial.

With regard to non-connected or isolated vehicles (IVs)
that is, non-connected vehicles, even though they lack
communication capabilities, they can still earn significant
benefits from an overall CV-rich traffic stream.With connectivity
capabilities, vehicles can react quickly and even cooperatively
during crash-imminent situations from any reckless IV
operational manuvers, to reduce collision risk or severity.
Therefore, as previously discussed in an earlier section of
the paper, connected vehicles can improve the safety of the
transportation system as a whole, thus allowing IVs to operate
in an environment with much reduced crash risk. Also, from
an operational efficiency perspective, IVs will likely be able to
access some of the real-time traffic data to improve their routing
decisions. For example, while current navigational systems
(which are accessible by IVs) provide route options based on
predicted and estimated traffic conditions, the rich, real-time
data from CVs may be integrated into these navigation systems.

Vehicle Automation
A fully autonomous vehicle (AV) is a vehicle that can characterize
its immediate environment and navigate the roadway without
human driver input. For sensing, it uses technologies including
radar, lidar, sonar, and GPS, and for driving, it uses an AI-
based control system. The environment includes the roadway,
other vehicles on the roadway, the roadside and pedestrians by
or crossing the road, and other natural or man-made features
and obstacles on the roadway and roadside. Upon receiving the
sensed information, a control system interprets this information
using AI techniques to identify the elements of its environment
(the guideway, other vehicles, traffic signs, lane markings, and
obstacles) and to design a suitable navigation path for its travel.
The sensed information may be complemented by information
received from other vehicles, infrastructure, pedestrians, and
other sources. When equipped with such capabilities, the
autonomous vehicle is termed a connected autonomous vehicle
(Chen et al., 2020). In order to build or maintain public trust
in AVs, it is essential that AVs is capable of safe operations in a
wide gamut of natural or man-made environmental conditions

including the traffic stream, and particularly, in the event of
system failure. In this regard, the Operational Design Domain
(ODD) defines the domain over which the automated vehicle can
operate safely (Czarnecki, 2017; Koopman and Fratrik, 2019).

AV synonyms include automated, self-driving, driverless
robocar, and robotic car. Some agencies and researchers take
pains to distinguish between these synonyms. For example, the
term “automated” means control or operation with the aid of
a machine, for example, systems for speed control, emergency
braking, adaptive cruise control, blind spot detection, electronic
stability, forward collision warning, lane keeping assist, and
rearview video monitoring. The term “autonomous” means
the capability to act alone or independently. The Society of
Automotive Engineers (SAE) argues that the word autonomy
has implications beyond the electromechanical, and that a fully
autonomous car is one that is self-aware and therefore is capable
of making its own choices or destination and route. SAE argues
that a fully autonomous vehicle may decide to take you to a
location of its choice, one that is different from where you intend
to go, whereas a fully automated car, however, would follow
orders and then drive itself. On the other hand, one could argue
that even with this definition, as long as a car can choose its route
to a given destination (which is possible with today’s technology),
it is autonomous. It is even possible, with current technology, for
a vehicle to choose a destination by itself; for example, by learning
from stored information regarding its owner’s destination every
Monday morning for the past 5 years, the vehicle can drive the
owner to that destination next Monday morning even without
being instructed to do so by the owner. The SAE defines 6 levels of
driving automation (Table 1) that range from 0 (fully manual) to
5 (fully autonomous). These levels have been adopted by the U.S.
Department of Transportation and the National Highway Traffic
Safety Administration.

PROMOTING AUTOMATION USING
CONNECTIVITY

As mentioned previously, vehicle connectivity can serve as a
natural catalyst for the advancement of autonomous vehicles
(Hobert et al., 2015). It may be argued that AVs are inherently
equipped with sensing capabilities and therefore may not require
connectivity. However, the spatial ranges of traditional sensors
are relatively limited, and communication with other vehicles
and infrastructure via connectivity, can help the AV gain a more
comprehensive awareness of its driving environment and thereby
allow it to make informed driving decisions at strategic (route
planning) or operational (lane changing) levels (Vinitsky et al.,
2018). While human drivers of CVs cannot make decisions based
on all of the rich data made available through connectivity,
connected AVs (CAVs) can quickly process such large amounts
of information and thereby exhibit superior driving performance.
This has been confirmed by several researchers who argued
that V2X connectivity capabilities can significantly enhance the
operational performance of AVs (Duell et al., 2016; Kreidieh
et al., 2018; Stern et al., 2018; Huegle et al., 2019; Dong
et al., 2020b; Li et al., 2020b). These researchers demonstrated
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TABLE 1 | SAE Levels of autonomy, driving task responsibility, and connectivity relationship.

Description State of practice Driving environment

monitoring

responsibilityc

Responsibility for

driving tasksd
Vehicle description if it

has connectivity

capabilities

L0 Zero automation

Is completely manually controlled

Most vehicles on the road

today are Level 0 and 1

Human driver Human driver Connected HDV

L1 Light automation

Driver assistance system (DAS): helps human

driver with either steering or

braking/accelerating, but not both

simultaneously; Adaptive cruise control (helps

vehicle keep safe distance behind the

leading vehicle)

Most vehicles on the road

today are Level 0 and 1

Human driver Human driver Connected HDV

L2 Partial automation

Advanced form of DAS. Vehicle can control

both steering and accelerating/decelerating

Tesla’s Autopilot; General

Motors Cadillac’s Super

Cruise; 2019 Audi A8L

Human driver Human driver/Control

system

Connected HDV

L3 Conditional automation

Capable of making maneuvering decisions but

human driver can override or take over

Human drivera/Control

systemb

Human drivera/Control

systemb

Connected HDVa/CAVb

L4 High automation

Performs all driving tasks and monitors driving

environment; human driver can override or

take over

Level 4 vehicles in

existence are currently

geared toward ridesharing

Control system Control system CAV

L5 Full automation

Do not require human attention; Do not have

steering wheels or pedals for

acceleration/braking. Human occupants are

passengers only and are never involved in

driving tasks

Control system Control system CAV

a If automation mode is switched off.
b If automation mode is switched on.
cSources: Michel et al. (2016) and NHTSA (2016).
dDriving tasks include steering, braking, accelerating, lane changing, and merging.

that the interactions between AVs and connected human-
driven vehicles (CHDVs) present several opportunities where
connectivity can enrich AV performance. From their results and
discussions, a common thread, it seems, is that the addition
of connectivity to automation has the potential to significantly
improve automation. This is because such the ability to share data
enhance the AV’s strategic, tactical, and operational decisions,
and consequently, improve AV performance from individual-
vehicle or system-wide perspectives.

Contextual examples of such decisions where connectivity
could aid in autonomous operations at the systemwide
perspective includes platooning and fleet management.
Platooning, allows a stream of trucks to communicate via
connectivity in order to operate with minimal headways,
leading to higher speeds, and increased efficiency and trucking
productivity (Al Alam et al., 2010; Tientrakool et al., 2011;
Bergenhem et al., 2012; Ma et al., 2012; Amoozadeh et al., 2015;
Maiti et al., 2017). Ma et al. (2012) found that a traffic stream of
vehicles with advanced cooperative adaptive cruise control can
improve fuel efficiency of vehicles and reduce stop-and-go traffic.
Tientrakool et al. (2011) used simulation to explore the potential
improvements to highway capacity due to platooning, and found
that the resulting capacity increase can reach up to almost 3-fold
of the traditional capacity. Al Alam et al. (2010) explored the
potential fuel savings benefits from platooning of heavy-duty
vehicles such as trucks. However, these studies found that the

benefits depend on the market penetration of the connected
trucks. In yet another example of system-wide decisions—the
context of centralized decision making of CAV fleets—Hyland
and Mahmassani (2018) assessed strategies for dispatching and
assigning CAVs as on-demand mobility services. In their study, a
centralized decision maker dispatched, assigned, and reassigned
CAVs to riders requesting the mobility service. They determined
that in such contexts, centralization (made possible through
connectivity capabilities) is critical for optimizing the system
performance of the AV fleet.

From an individual vehicle rather than systemwide
perspective, connectivity can help improve the performance of
AVs (Feng et al., 2015; Zhu and Ukkusuri, 2015; Lin et al., 2017;
Dong et al., 2020c). In reinforcement learning based autonomous
driving systems, for example, the level of cooperation between
vehicles in the traffic stream influences the level of benefits that
automated or autonomous vehicles could earn from connectivity.
Huegle et al. (2019) developed a deep reinforcement learning
(DRL) based autonomous driving system that communicates
with connected human-driven vehicles in order to execute
lane-change maneuvers. The researchers showed that a dynamic
input of the information obtained via connectivity is useful in
training an efficient autonomous driving model.

Arguing that connectivity means connected roads not just
connected vehicles, Anderson et al. (2016) stated that any
difficulty in constructing and maintaining highly accurate maps
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TABLE 2 | Examples of the benefits of connectivity-aided automation.

Findings Ownership Centralization Cooperation Study

Dynamic input of connectivity can result in efficient autonomous

driving

Fleet or private Single entity Non-cooperative Huegle et al., 2019

CAV lane changing decision making Fleet or private Decentralized Cooperative Nie et al., 2016

Dynamic ride sharing improves efficiency Fleet owned Centralized Cooperative Fagnant and

Kockelman, 2018

Strategies to satisfy on-demand AV as a mobility service Fleet owned Centralized Cooperative among fleet

owned AVs

Hyland and

Mahmassani, 2018

Lane change maneuver with tradeoff between safety and efficiency Fleet or private Decentralized Cooperative Hu et al., 2012

Dissipating stop and go traffic waves using DRL Fleet or private Centralized Non-cooperative Kreidieh et al., 2018

Verification for CAV platooning Fleet or private Centralized Cooperative Kamali et al., 2017

Reducing congestion via a small number of CAVs Private Centralized Non-cooperative Vinitsky et al., 2018

of connected roads, could limit the routes on which AVs can
drive, and therefore could jeopardize the benefits of vehicle
automation (Anderson et al., 2016). These researchers carried out
a survey of transportation professionals in 2015, and stated that
the interviewees agreed that communications and telematics are
essential features of AVs, though there was some disagreement
about (a) the specific means (e.g., DSRC, Long-Term Evolution)
by which this communication would occur, and (b) the extent
to which it is necessary for an AV to rely on data received
from other cars. There is an ongoing debate regarding the
sufficiency of sensing for AV operations, as some stakeholders
have repudiated the notion that connectivity will play a critical
and catalytic role for AV operations. The KPMG and Center for
Automotive Research (Silberg et al., 2012) stated that connected
vehicle technology will be central to achieving AV operations,
while certain stakeholders expressed the opinion that sensor-
based systems will be adequate for AV operations (Anderson
et al., 2016). Ruiz (2020) argued that “connectivity is the key to
early wins in automated mobility” and according to Anderson
et al. (2016), some CAV stakeholders have opined that “an
autonomous car is still going to be a connected car” and
that “as AV technology improves, it will spur further demand
for connectivity.”

The prospective benefits of connectivity to AVs can be viewed
from at least one of several perspectives: privately-owned vs. fleet-
owned CAVs, CAVs with centralized vs. decentralized controls,
and CAVs with cooperative vs. non-cooperative decisionmaking,
and so on. Table 2 presents a few examples.

PROMOTING CONNECTIVITY USING
AUTOMATION

From the discussions in the previous section, it seems clear
that connectivity capabilities are expected to greatly enhance
the automation function of vehicles and benefits thereof.
However, the reverse is not so obvious, at least not in
the current era. Automation may help provide a stronger
justification for connectivity but is not likely enhance the ease
or smoothness of information flow between connected entities.
On the other hand, automation can enhance the benefits of

connectivity. For example, compared to a human driven vehicle,
an automated vehicle can process much faster and more reliably,
the information obtained from connectivity, and therefore to
make safer and more efficient driving decisions based on this
information. This provides stronger justification for adding
connectivity capabilities to vehicles that are automated. In
addition, as the market share of AVs grows, and the safety
and mobility benefits of connectivity (not only to the AV but
also to connected HDVs) become more obvious, owners of
non-connected HDVs will be increasingly motivated to install
connectivity in their vehicles. In the long term, the increase in
connectivity demand and volume of production can be expected
to lead to reduced unit costs of connectivity due to economies
of scale. Further, the prospective growth in autonomous vehicle
market shares can help spur investments in connectivity research
and development, and ultimately yield less costly and more
effective connectivity capabilities.

SYNERGIES OF THE
CONNECTIVITY-AUTOMATION BENEFITS

It can be argued that the synergies between automation and
connectivity, and the level of benefits that could be earned
thereof, is a function of the level of advancement of each
of these two concepts, and the gap between them. It is not
enough to talk about the level of advancement only because
without implementation, the benefits of such advancement will
not be realized. Therefore, it is worth discussing implementation
challenges that face AVs and CVs. With regard to AVs, these
include trust in automation, concerns about vehicle safety
(which profoundly influence consumers’ perceptions of these
technologies); hardware and software failures (which tend to
be sudden and catastrophic); perceptual and reasoning errors
(autonomous driving cannot be 100% error-free even with AI
systems because it is impossible to test the system for all possible
scenarios it could encounter in real life); handling highly dynamic
and complex roadway environments including natural or man-
made (fast moving traffic streams, pedestrian environments, and
so on). With regard to CVs, implementation barriers currently
include cellular coverage limitations, the proportion of vehicles
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FIGURE 1 | The Automation-Connectivity Matrix.

FIGURE 2 | CV and AV: Individual, overlapping, and synergistic benefits.

equipped with DSRC, concerns about privacy and data security,
and the consistency of favorable policies and continued support
of national and state governments regarding communications-
related policy and regulation.

From the perspective of vehicle connectivity and automation,
vehicles could be placed in one of four class (Figure 1):
Connected Human-driven Vehicles (CHDV), Connected
Automated Vehicle (CAV), Human-driven Vehicle (HDV) and
Automated Vehicle (AV).

Figure 2, which presents another perspective of automation-
connectivity classification that is somewhat different from

Figure 1, shows the CV and AV benefits and synergies. A
number of researchers maintain that human driven vehicles
that have connectivity capabilities, are able to maintain efficient
headways and therefore improve traffic flow stability and
efficiency, particularly at high-speed sections (Van Arem et al.,
2006; Shladover et al., 2012; Fagnant and Kockelman, 2014;
Litman, 2014; Talebpour and Mahmassani, 2016). Electronic
platooning of trucks, for example, which is possible by
connectivity among trucks, also helps reduce energy use and
lowers emissions. Automated and autonomous vehicles can help
reduce significantly, the drivers responsibility for driving tasks.
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Also, AVs are expected to drop off their passengers directly
at their destinations, return empty to their residences or to a
parking garage located further away from downtown, and then
return (when summoned) to pick up the passengers at the drop
off location. Therefore, AVs are expected to cause reduction in
first-mile last-mile (FMLM) distances and lowered out-of-vehicle
travel time (OVTT), and reduced need for parking particularly
at downtown locations. The benefits that are common between
CV and AV include potentially reduced congestion [though
some debate remains on this topic due not only to a potential
rise in total travel demand but also to the specter of “ghost”
(or, zero occupancy) vehicle taking up valuable space in the
traffic stream], increased safety, and traffic flow stabilization
via speed harmonization (see shaded box). Of these common
benefits, there are those where the interaction of connectivity
and automation (see bold font) yields a combined benefit that
may be greater than the sum of their individual benefits. For
example, the impact of combined connectivity and automation
on vehicle energy use has been investigated in recent research
(Michel et al., 2016; Vahidi and Sciarretta, 2018). Yue et al.
(2018) assessed the safety benefits of combined advanced driver
assistance, connectivity and low-level automation systems in
vehicles. It can be argued that the strength of the synergy (and
hence, its benefits) could be a function of the prevailing level
of automation, the prevailing level of connectivity, or the gap
between their prevailing levels of advancement. In other words,
some benefits may be more achievable when the connectivity and
automation levels are low, others are realized when the levels are
high, and yet others, when there is little gap in their relative levels
of advancement.

CONCLUDING REMARKS

In spite of the advancements in vehicle communication and
automation technology and its well-studied impacts, there are
significant challenges that must be addressed for safe and
successful integration of connectivity and automation in road
transport vehicles. As we discussed in an earlier section of this
paper, one such significant concern is privacy. The USDOT states
that personally-identifying information (PII) is not a part of the
basic safety message data (BSM) (USDOT, 2019) meaning that
information packets will not contain identification information.
However, continuous transmission of personal vehicle trajectory
data can be applied for policing and law enforcement purposes.
This is a double-edged sword, because such capability could
be used for great good but also great misdeed. For example,
a connected vehicle that violates a traffic regulation can be
identified and intercepted by law enforcement. However, this
capability might be used by autocratic and non-democratic
governments to stifle dissent, carry out unlawful surveillance on
their citizens, and prey on their populations in other ways. This
may result in the reluctance of people to purchase connected
vehicles or to install connectivity in their traditional (non-
connected) vehicles.

Another significant challenge to CV market adoption
is a lack of standardized information delivery mechanism.

Human factors researchers have investigated various effective
and efficient mechanisms for information delivery to human
drivers of connected vehicles (Sengupta et al., 2007; Lu et al.,
2014; Uhlemann, 2015); nevertheless, there remains a need
to study various levels of information types and resolutions,
and the corresponding appropriate mechanism to deliver such
information to the human driver. The primary issue is the
sheer amount of data that becomes available to CVs. As we
discussed in an earlier section of this paper, for connected AVs,
such information inundation will pose less of a challenge (from
a data processing standpoint) to AVs compared to HDVs as
AVs will be able to process quickly the received information.
For connected HDVs, any disaggregate information provided
through connectivitymay provide little or no operational benefits
and may even distract the driver from the driving task. The
exact mechanism of information delivery can incorporate tactile,
auditory, and visual combinations at varying magnitudes and
intensities. Therefore, to realize fully the benefits of connectivity,
it is necessary to acquire a thorough understanding of how to
aggregate the information and deliver it efficiently to the driver
(of connected HDVs) or to the controller (of connected AVs) for
a given situation.

Further, CVs face a lack of reliable communication protocol.
The FCC recently announced its intention to reduce the
DSRC band and change the protocol from 802.11p to C-
V2X. While C-V2X (R15) is characterized by enhanced range
and reliability, higher throughput, higher stability, and reduced
latency (Qualcomm, 2017), the technology is still not mature.
Thus, frequent changes in the structure of communication may
delay or impair CV deployment. Additionally, there currently
exists no standardization across manufacturers, meaning that
the type and extent of data sharing may not be uniform.
As such, these challenges could jeopardize market penetration
of CVs. This needs to be addressed in future research. Also,
researchers have sounded caution about possible pitfalls of the
CV-AV synergy, in the area of occupant security. According
to Anderson et al. (2016), connectivity capabilities, particularly,
internet connected systems, may open the doorway for an AV to
be hacked, and that without connectivity, such vulnerability may
not exist or be minimal. This is currently the subject of research
at various laboratories dedicated to CAV security.

Future trends regarding market adoption of these two
technologies, and their relative pace of advancement or
regulation, will shape the shape of future synergies between them.
To realize the full benefits of the synergies between them, it
will be needed to promote connectivity installation in HDVs,
because increased market penetration of CV may foster AV
adoption. There is increasing research on CAV market adoption;
however, relatively few researchers have investigated the impact
of connectivity on CV adoption. At the current time, CVs
are closer to market entry compared to AVs, therefore, issues
regarding their market patterns and customer proclivities toward
vehicle connectivity, need to be studied. It is also needed to
investigate the relationships between ride sharing and public
transportation, and the roles to be played by vehicle connectivity.
Another important research direction is to address the rich,
disaggregate data collected by CVs. Human drivers are unable
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to quickly process the large amounts of data prior to making
microscopic driving decisions; therefore, the information must
be presented to the drivers in a form that they can easily
and quickly process. Some research is being conducted in this
domain, and there should be continued efforts to increase the
effectiveness of message delivery to drivers of connected HDVs.

This paper makes it clear that connectivity has a stronger
influence on the realization of AV benefits, while automation has
only a limited influence on the realization of the benefits from
connectivity. As such, research and investments in connectivity
are expected to be impactful not only for CVs but also to
AVs. Based on the evaluation of benefits and challenges of
vehicular connectivity, conducive policy and increased research
efforts are needed to speed up the deployment of CAVs and to
realize their full benefits from a strategic, tactical and operational
perspective. In other words, the benefits and synergies of AVs
and CVs can be fully realized only when future policy and
legislative frameworks consider key public concerns regarding
the adoption of these technologies. The most fundamental issue
that must be addressed is the need for a ubiquitous, standardized
platform for communication. It is desired that communication
protocols should be uniform across technology and vehicle
manufacturers, transportation agencies, and the physical or
cyber infrastructure. This can be facilitated through federal
regulation, guidelines and policy statements. In addition, possible
research areas include the prospective game-changing role of
5G, relative merits of alternative communication technologies
(for vehicle connectivity) and their respective synergies with
vehicle automation, protocols for (and impacts of) temporary
control requests of CVs and cooperative task performance
measurement, perception of trust in automation and connectivity
individually or combined, and technology adoption forecasting
trends regarding automation and connectivity and the effect of
any time lags between the two.

Further, the interactions between CVs and AVs needs to
be studied more extensively, particularly, the exact nature of
the holistic and synergistic relationship between these two
technologies. There exists a plethora of research opportunities
arising from the understanding of vehicle connectivity and
automation, their interdependence, interrelationship, and
synergies. With regard to synergies, it has been suggested that
the benefit of the sum of connectivity and automation could
exceed the sum of their individual benefits. The deployments
of AVs and CVs on test tracks or on in-service roads (or
at least, investigations using computer microsimulation and
driving simulator experiments), would provide a treasure trove

of data for future research on the individual and synergistic
effects of these sibling concepts. The private sector and agencies
continue to work with the USDOT to address knowledge
gaps in vehicle connectivity and automation. For example,
the Association of Metropolitan Planning Organizations
(AMPO), for example, through the AMPO Vehicle Connectivity
and Automation Working Group are collaborating with the
USDOT to incorporate vehicle connectivity and automation
in their planning processes and leverage their benefits and
are supporting pilot studies and deployment of AVs and CVs
(Association of Metropolitan Planning Organizations, 2019).

More broadly, connectivity and automation may create
or foster synergies beyond road transportation to surface
and air transportation, such as Urban Air Mobility (UAM)
systems. While air mobility technology is still in a nascent
stage of development, recent studies suggest that the UAM
concept is replete with opportunities, including the harnessing
connectivity and automation, that could profoundly impact
the transportation systems of tomorrow (Ahmed et al.,
2020a; Eker et al., 2020; Straubinger et al., 2020). Finally,
it must be mentioned that, while vehicle connectivity can
potentially enhance and help prepare traditional transportation
systems for the inevitable era of autonomous vehicles, such
benefits may be realized only when appropriate legislative
initiatives and policies are established to address public
concerns and perceptions regarding such emerging technologies
(Kim et al., 2019; Ahmed et al., 2020b).
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