
����������
�������

Citation: Ahmed, H.U.; Huang, Y.;

Lu, P.; Bridgelall, R. Technology

Developments and Impacts of

Connected and Autonomous

Vehicles: An Overview. Smart Cities

2022, 5, 382–404. https://doi.org/

10.3390/smartcities5010022

Academic Editor: Zhixiang Fang

Received: 1 March 2022

Accepted: 15 March 2022

Published: 17 March 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

smart cities

Review

Technology Developments and Impacts of Connected and
Autonomous Vehicles: An Overview
Hafiz Usman Ahmed 1, Ying Huang 1,*, Pan Lu 2 and Raj Bridgelall 2

1 Department of Civil, Construction, and Environmental Engineering, North Dakota State University,
Fargo, ND 58108, USA; hafiz.ahmed@ndus.edu

2 Department of Transportation, Logistics, and Finance, North Dakota State University, Fargo, ND 58108, USA;
pan.lu@ndsu.edu (P.L.); raj.bridgelall@ndsu.edu (R.B.)

* Correspondence: ying.huang@ndsu.edu; Tel.: +1-701-231-7651

Abstract: The scientific advancements in the vehicle and infrastructure automation industry are
progressively improving nowadays to provide benefits for the end-users in terms of traffic congestion
reduction, safety enhancements, stress-free travels, fuel cost savings, and smart parking, etc. The
advances in connected, autonomous, and connected autonomous vehicles (CV, AV, and CAV) depend
on the continuous technology developments in the advanced driving assistance systems (ADAS).
A clear view of the technology developments related to the AVs will give the users insights on the
evolution of the technology and predict future research needs. In this paper, firstly, a review is
performed on the available ADAS technologies, their functions, and the expected benefits in the
context of CVs, AVs, and CAVs such as the sensors deployed on the partial or fully automated vehicles
(Radar, LiDAR, etc.), the communication systems for vehicle-to-vehicle and vehicle-to-infrastructure
networking, and the adaptive and cooperative adaptive cruise control technology (ACC/CACC).
Secondly, for any technologies to be applied in practical AVs related applications, this study also
includes a detailed review in the state/federal guidance, legislation, and regulations toward AVs
related applications. Last but not least, the impacts of CVs, AVs, and CAVs on traffic are also reviewed
to evaluate the potential benefits as the AV related technologies penetrating in the market. Based on
the extensive reviews in this paper, the future related research gaps in technology development and
impact analysis are also discussed.

Keywords: advanced driving assistance technologies (ADAS); automated driving systems (ADS); intelli-
gent transportation systems (ITS); autonomous and connected vehicles; microscopic traffic simulation

1. Introduction

Automation advancements in the vehicle industry is a continuous process that delivers
several benefits such as reducing driver’s fatigue, improving road safety, fuel efficiency, and
smart parking options. Autonomous vehicles (AVs) are also known as self-driving cars that
require little of driver’s assistance [1]. It is important to understand the difference between
the terms AV, “connected vehicle (CV)”, and “connected autonomous vehicle (CAV)”.
Atkins provided brief definitions for AV as “a car that is capable of fulfilling the operational
functions of a traditional car (e.g., driving, lane-change, parking, etc.) without the aid of
a human operator” and CV as “a car that is equipped with a technology enabling it to
connect and communicate with other devices within the car, and also to other surrounding
cars and external networks (e.g., internet, navigation, environment data, etc.)” [2]. Thus,
a CAV is supposed to be a car that is capable of fulfilling the operational functions of a
traditional car by itself and can communicate with nearby cars and infrastructures for a
safer driving.

To automatically operate a vehicle on its own, the AV relies on the sensors installed
in the vehicle that helps in inspecting the surrounding environment. Sensors such as the
global positioning system (GPS) and high-definition cameras record the position of the

Smart Cities 2022, 5, 382–404. https://doi.org/10.3390/smartcities5010022 https://www.mdpi.com/journal/smartcities

https://doi.org/10.3390/smartcities5010022
https://doi.org/10.3390/smartcities5010022
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/smartcities
https://www.mdpi.com
https://orcid.org/0000-0002-1640-3598
https://doi.org/10.3390/smartcities5010022
https://www.mdpi.com/journal/smartcities
https://www.mdpi.com/article/10.3390/smartcities5010022?type=check_update&version=1


Smart Cities 2022, 5 383

car and review other elements of traffic around the AV [3]. With the built-in software
functionality and smart algorithms, AVs can then identify the obstacles on the road such as
road markings, preceding and following vehicles, vehicle on adjacent lanes, traffic signals,
presence of pedestrians, cyclists, and other infrastructure installations. The proper data
acquisition, processing, and communication, on an AV is very important to ensure the
driving safety.

As a relatively new type of automation, the complete penetration of AVs to the local
traffic market requires decades. Currently, researchers, car manufacturers, computer
scientists, and state departments are evaluating the AVs’ feasibility, reliability and future
impacts on various transportation aspects such as highway capacity, public transport,
parking, fuel consumption, pollution, traffic accidents, vehicle’s security, travel demand
forecasts, and policies for infrastructure developments and maintenance. A study by
Litman indicated that the initial benefits of AVs such as independent mobility for affluent
non-drivers may occur during the 2030s to 2040s. The potential gains of traffic reduction
and parking congestions, improved safety, affordability for low-income customers, energy
conservation, and emission reduction would be available in the late 2050s or 2060s [1].

During the long transition period, traditional vehicles and self-driving cars would exist,
and detailed analysis of mixed traffic stream is needed to study the interaction of a human-
driven-vehicles and AVs. Researchers are investigating several aspects of the traffic that
can be affected by the introduction of AVs into the traffic stream. The implementation of AV
into the urban traffic may lead to changes in traffic patterns and city design [4]. Individual
travel behavior such as trip generation, mode choice, car ownership and travel time will
also be affected by the gradual penetration of AVs [5,6]. In case of traffic environment,
while the behavior of CAVs will be more deterministic, the behavior of human drivers
tends to be very stochastic involving high level of uncertainty and randomness [7]. Such
behaviors include reaction time, headways and safety distance, desired speed, as well as
their diverse responses to traffic disruptions such as executing lane changes or applying
sudden break. So, the CAVs need to be equipped with strong protocols of communication
to be prepared for any uncertainty in the mixed traffic environment.

CAVs require communication with multiple objects such as infrastructure, surround-
ing vehicles, pedestrians, sensors, smart devices, etc. Since the CAVs are highly dependent
on the communications between each other and with the elements of infrastructure, the
innovations in the intelligent transportation system (ITS) for the vehicle automation have
shown great supports for hi-tech advancement in highways and in-vehicle technologies,
especially, for the CAVs. According to ITS Canada, ITS “is the application of advanced
and emerging technologies (computers, sensors, control, communications, and electronic
devices) in transportation to save lives, time, money, energy and the environment” [8].
Currently, a substantial amount of ITS applications are in use for highway automation such
as active traffic management, traffic signals synchronization, on-board vehicle navigation
system (e.g., Google maps), smartphone application, and other connected vehicle technolo-
gies [9]. The primary reason for the ITS application is to improve network efficiencies such
as the reduction in traffic congestion, alleviate driver’s safety and security.

Specifically, the United States Department of Transportation (USDOT) defines three
types of connected vehicle communications for CAVs, including vehicle-to-vehicle (V2V),
vehicle-to-infrastructure (V2I), vehicle-to-device (V2X) [10] where the ‘X’ can be passenger,
another vehicle, onboard device, or cloud technology [9], wireless sensor, and other naviga-
tion guidance tools. Figure 1 illustrates three communication channels of CAVs such as
V2V, V2I, and I2I communications, where a roadside unit (RSU) can be a traffic signal and
other active traffic management sensors. I2I is referred to as infrastructure-to-infrastructure
communication e.g., communication between two consecutive signalized junctions for
forming a green wave of the traffic signal [11].
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Figure 1. Connected vehicle communications through V2I and V2V.

For any of the communications for CAVs, wireless technologies such as dedicated
short-range communications (DSRC), light detection and ranging (LiDAR) for 360-degree
imaging, RADAR, Bluetooth, and cellular navigation system are very important [12].
These sensors can be used to measure the relative distance to nearby objects to improve
the perception of the vehicle to its surroundings to improve the ability of the driver to
make driving decisions. However, the onboard vehicle sensors such as cameras, RADAR,
and/or LiDAR are highly dependent on the type and quality of sensors, object occlusion,
field of view and detection range which often results in limited accuracy that prevents
making decision for action that require reliable position information with low probability
of error [13]. Thus, DSRC is preferred over other communication channels because of fixed
licensed bandwidth, fast network acquisition, low communication latency, high reliability,
interoperability, and security [14]. A basic safety message (BSM) is communicated through
DSRC. A classic example of V2I communication is when a central control station for
an intersection records the position of CAVs through the data transferred by the DSCR
message set dictionary [15] (combing GPS and BSM signals) with a frequency transmission
of 10 times per second [9].

The information received from nearby vehicles or/and the infrastructure enhances the
capacity, safety, and mobility of the traffic flow. Since the concept of autonomous driving is
still in the development stage, it is challenging to study the impact of CAVs on traffic flow to
obtain real data without significant penetration into the traffic. Therefore, microsimulation
modeling is considered to be a great tool to investigate the traffic impact of AVs [16]. In
microsimulation modeling, the AV can be modeled as follows;

• Modification of the parameters of the existing car-following models: For any car-
following model, the micro-simulation tool uses various statistical distributions and
functions for defining the maximum, minimum, and desired acceleration/deceleration
values, desired speed values and other vehicular characteristics that can be adjusted
to reflect the behavior of CAVs [17–20].

• Modification of the parameters of the existing lane-change models: The lane-change
system uses lane-change models to define the driver’s decision as to when it is possible
to change a lane or not to change a lane in a multi-lane road network system [21].
Mostly lane-changing models are based on a set of rules that enables the driver to
make a decision about when it is necessary to change a lane to reach the desired
destination [22–25]. These lane-change rules can be modified to test the behavior of
CAVs in the microsimulation platforms.
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• Writing external algorithms for car-following techniques: The writing of external
algorithms to modify the default car-following model parameters such as headway,
safety distance, acceleration functions, speed distributions, cruise control, or platoon-
ing is one approach to model the anticipated behavior of AVs and CAVs [26–28]. For
example, the Microsoft COM (component object model) provides communication,
connection, and access to different applications such as the data and functions in
the PTV VISSIM microsimulation platform can be accessed externally through the
COM-interface using different programming languages such as VBA, Python, C++, C#,
MATLAB, and JAVA [29]. It can access each vehicle’s attribute (e.g., current position,
acceleration, orientation on the lane, vehicle’s receiving traffic light status, etc.) during
a simulation run and can also edit some of the parameters (e.g., arrival pattern of
vehicles in the network, create or remove vehicles, etc.

To better understand how the CAVs can advance themselves and change future traffic
and road infrastructures, this paper reviews the technologies developed for the advance
of CVs, AVs, and CAVs, and its potential impacts on some key traffic flow parameters.
Therefore, the remaining of the paper is organized as follows: Section 2 introduces the
advanced driver assistance system, Section 3 reviews the automated driving systems,
Section 4 discusses the potential impacts of CAVs on some key traffic flow parameters, and
Section 5 concludes this review and derives some future research interests.

2. Advanced Driver Assistance Systems (ADAS)

The ADAS supports a driver while performing a certain driving task with safety,
convenience, efficiency, and improving the overall driver’s experience. Furthermore,
the ADAS can allow elderly and disabled people to enjoy driving. The driving assist
technologies have progressively matured in recent years. Currently, the scope of ADAS
technologies is expanding around the automotive market quite rapidly [30]. Many of the
advanced driving assistance functions are already made available in today’s motor cars
such as lane-assistance, lane-departure warnings, adaptive cruise control (ACC), blind-spot
detection, etc. Table 1 shows a list developed by the National Highway Traffic Safety
Administration (NHTSA) [31] for five eras of safety through the evolution of automated
safety technologies.

The vehicle advance assists technologies often termed as ‘automated highway system
(AHS)’ or ‘cooperative vehicle-highway automation (CVHA)’ usually employs technologies
such as LiDAR, RADAR, V2V, and V2I systems [32,33]. Certain driving assistance tools
have been developed by various ADAS companies and car manufacturers as shown in
Table 2 to perform CVHA operations which are further discussed in the following sections
for more details [26].

Table 1. Evolution of automated safety technologies- NHTSA [31].

Evolution Era Automated Technologies

1950–2000

Safety convenience features

Cruise control

Seat belts

Antilock brakes

2000+–2010

Advanced safety features

Electronic Stability Control

Blind Spot Detection

Forward Collision Warning

Lane Departure Warning
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Table 1. Cont.

Evolution Era Automated Technologies

2010+–2016

Advanced driver assistance features

Rearview Video Systems

Automatic Emergency Braking

Pedestrian Automatic Emergency Braking

Rear Automatic Emergency Braking

Rear Cross-Traffic Alert

Lane Centering Assist

2016+–2025

Partially automated safety features

Lane-keeping assist

Adaptive cruise control

Traffic jam assist

Self-park

2025+
Fully automated safety features

Highway autopilot

Table 2. Available assistive driving.
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Audi Y Y Y Y(radar) n.a. Y n.a. Y Y Y Y(A) n.a. Exp. 2016
(w/o hand)

BMW Y n.a. Y Y(radar) n.a. Y n.a. Y Y Y Y(A) Y Y (w/hand)

Ford/Lincoln Y Y Y Y(radar) n.a. Y Y Y Y n.a. Y(S) n.a. Exp. 2017

Volvo Y Y Y Y n.a. n.a. Y Y n.a. Y n.a. Y Exp. 2014

Mercedes-Benz Y Y Y Y(radar) Y Y Y Y Y Y Y(S) Y Y (w/hand)

Cadillac Y n.a. Y Y n.a. Y Y Y Y n.a. Y(S) n.a. n.a.

Infiniti/Nissan Y Y Y Y(radar) n.a. Y Y Y n.a. n.a. n.a. n.a. n.a.

Acura/Honda Y Y n.a. Y n.a. Y n.a. n.a. Y n.a. n.a. n.a. n.a.

Lexus/Toyota Y Y Y Y(radar) n.a. n.a. Y Y n.a. Y Y Y n.a.

Kia Y n.a. Y Y(radar) n.a. Y Y Y n.a. Y Y n.a. n.a.

Hyundai Y Y Y Y(radar) n.a. n.a. Y Y n.a. n.a. n.a. n.a. n.a.

Note: Information is obtained from the sources up to 2015, where ‘exp’ means expected, n.a. means not applicable,
A means “auto”, and “S” means “semi”.
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2.1. Assistance Technologies for Lateral Movement

Various ADAS technologies have been defined for vehicle maneuvering on a multi-
lane highway such as LiDAR, Lane-keeping, lane-changing, and left-turn assist.

• Light detection and ranging (LiDAR): Autonomous vehicles are equipped with various
technologies such as GPS, radars, and laser sensors to inspect the surrounding elements
while driving. LiDAR is an optical remote sensing technology that measures the
distance to a target object or other features of a target (e.g., shape, size, design, etc.)
by illuminating it with light, often by using pulses from a laser [34]. The LiDAR
technology provides data as a cloud of dense 3D points for the shape of vehicles,
pedestrians, curbs, traffic signs, and other neighboring elements within the range of
laser sensors [35]. LiDAR is normally installed on the roof of autonomous cars which
provides 360-degree imaging. However, this system is in the development stage, yet
complex and expensive. For example, the cost of the LiDAR system installed in the
Googles’ car is $70,000 [12]. AVs and CAVs rely on the data quality of the LiDAR to
provide smooth and safe operations.

• Lane-keeping: Vehicles are assisted through built-in cameras and positioning systems
to monitor lane-markings. Generally, the cameras are fixed above the central rearview
mirror. If the vehicle is going off-track, a ‘lane-departure warning (LDW)’ system is
automatically activated to warn the driver of a possible exit from the current lane.
Another system called ‘Lane-keeping assistant’ prepares the driver for maintaining a
lane-discipline through automated steering and/or braking [32] as shown in Figure 2.
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• Lane-changing: As the driver decides to change the lane from the current lane, the
system alerts the driver for the presence of traffic in the target lane. It is helpful
especially when the adjacent vehicle is in the blind spot which could be missed while
making a lane-change. The system uses short-range radar sensors that observe the
surrounding traffic zones to the adjacent sides and back of the car. If the driver ignores
the warning and initiates the lane maneuvering, another strong message is transmitted
to avoid the side crash [32].

• Left-turn assist: When the drivers decide to take a left turn at an intersection, this
feature alerts the driver using a camera and GPS positioning data if the conditions are
not feasible. The laser scanners are installed in front of the vehicle which senses the



Smart Cities 2022, 5 388

on-coming traffic and sends a signal to the driver for the application of breaks and/or
otherwise, the vehicle decelerates to stop automatically [36].

2.2. Advanced Technologies for Forwarding Movement

Forward movement technologies assist in car-following and lane-changing tasks for
the vehicle. It consists of three systems broadly including adaptive cruise control (ACC),
cooperative adaptive cruise control (CACC), and front cross-traffic monitoring [26].

• Adaptive cruise control (ACC): This system is an advanced feature of conventional
cruise controls in vehicles. ACC examines the leading traffic in the same lane through
cameras, laser, or radar sensors [27,32,36]. This system is designed to provide relief to
the driver and convenience by releasing the stress of the need to continuously match
the speed with the leading vehicle [27]. It works on two principles. First, the speed and
headway of the leading vehicle are recorded by the following vehicle equipped with
the ACC feature. Secondly, the following ACC vehicle adjusts its speed and maintain
a safe gap from the leading vehicle. If the desired safe gap is diminishing and/or the
leading vehicle is slowing down, the ACC vehicle will adjust its speed accordingly
as shown in Figure 3. Similarly, if the gap ahead is clear (e.g., front car accelerates or
changed a lane), the ACC vehicle will accelerate to achieve the desired cruising speed.
Section 4.1 elaborates on the benefits of ACC systems for autonomous cars.
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• Cooperative adaptive cruise control (CACC): It is an advanced form of the ACC system
which conducts effective V2V communication between the leading and the following
vehicles. In such a scenario, the following vehicles will better anticipate the driving
behavior of a vehicle ahead. Under CACC, the leading vehicle sends a message about
its recommended speed and (sometimes lane assignment) to the following vehicle.
Once the signal is received, the following vehicle will adjust its speed and desired
distance without the involvement of the driver [36]. CACC enables the vehicle to
follow each other at tight distances. Hence, it provides traffic flow stability and
improved throughput by increasing highway capacity up to a lane drop [37]. No
definite consensus or definition of CACC has been fixed at this stage as the concept of
CACC is still under development. This system will provide smooth, safe, and efficient
driving behavior. The CACC vehicles maintains shorter safety gaps however the
reduced gap between the two vehicles is only possible if both vehicles are equipped
with CACC technology [37]. Further, at least 40% of market penetration is required to
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acquire some benefits of CACC technology [37]. Van Arem developed a car-following
model for CACC called the cooperative following (CF) using automated longitudinal
control combined with intervehicle communications [37,38]. The CF model forms
platoons by connecting vehicles with each other and keeping a tight distance. The
CACC platoon can be considered as a train, with the first vehicle of the platoon being
the locomotive (leader) and the rest of the railcars follow the instructions of the leader.
Figure 4 presents the principle for CACC communication between the ‘n’ number
of vehicles where ‘n−1’ is the preceding vehicle. The first vehicle is the leader of a
platoon while the rest of the following vehicles are taking directions from the leader.
Each vehicle in the string has a leading vehicle and the following vehicle [38] e.g., the
third vehicle follows the second vehicle but leads the fourth vehicle.
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• Front cross-traffic monitoring/alert (FCTA): This feature uses a camera, radars, and
a color display screen to detect the vehicles or bicyclists at T-intersections [32]. The
vehicle is vulnerable at intersections because of a lack of sight distance. Once the object
is under the system’s trajectory, FCTA identifies the object and shows it to the user
through an interactive display. If there exists a risk, a user is warned and the system
boosts the braking power until it is sufficient to prevent the vehicle from a collision or
otherwise reducing the amount of possible damage.

2.3. Reverse Movement

Two types of driver’s assistance technologies are available for reverse movement
including the rearview camera and the rear cross-traffic monitoring. The Rearview camera
is a common feature in most vehicles as shown in Table 2 [32]. This function is activated
when the driver applies the reverse gear. An interactive display shows the position of the
car while pushing the vehicle in a reverse direction. As soon as the driver is close to the
obstructions, the sensors (e.g., reverse-traffic monitoring) alert the driver for a possible
accident. Similarly, if the vehicle is equipped with the rear cross-traffic monitor when
reversing the vehicle the same interactive display also alerts the driver about the detected
vehicles crossing behind from either side of the vehicle [39]. These technologies can help
to prevent back over crashes since it is estimated by National Highway Traffic Safety
Administration (NHTSA) that back over crashes account for approximately 15,000 injuries
and about 210 fatalities involving light vehicles annually [40]. Though the rearview cameras
can help drivers to see areas directly behind the vehicles but it has a limitation that it do not
show the sides or rear corners of the vehicle and the driver has to rely on the side mirrors
to perceive nearby objects [41].

2.4. Crash Avoidance/Severity Reduction

The in-vehicle cameras and onboard sensors alert the driver before the occurrence of
a potential crash and/or otherwise help in the reduction of crash damage. This function
depends on the collaboration of three systems, including the forward collision warning
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(FCW), brake assistant, and active protection system. These systems work in conjunction,
at first, when the system detects the potential crash, it alerts the driver. Secondly, the brake
assistant takes the same command and applies the appropriate brakes to reduce the severity
of a collision. In the last stage, if an emergency stop is performed or if a crash is imminent,
the active protection system prepares the vehicle by closing its windows, tightening seat-
belts, and releasing airbags. These technologies have been commercially available in the
vehicular market for many years. Mercedes-Benz introduced FCW system in United States
as an option in 2000 and Acura followed with FCW with braking assistant in 2006 [42]
as highlighted in Table 2. A study by Cicchino (2017) on the performance of FCW-alone
systems, low-speed braking assistant systems, and FCW with high-speed braking assis-
tant systems revealed that rear-end vehicular crashes can be reduced by 27% using FCW
alone systems, 43% using low speed braking assistant systems and 50% using FCW with
high-speed braking assistant systems [42]. Isakson-Hellman and Lindman (2015) observed
a 38% reduction in rear-end collision in Volvos equipped FCW and ACC systems [43].

2.5. Parking

The parking assisting system is generally activated when the vehicle is in reverse gear
status and speed is below 10 miles per hour. Drivers use parking assistance technologies to
find adequate parking spaces, and in some cases the vehicles can automatically park them-
selves after finding the required parking space. Through various sensors, the automated
parking system assists drivers in learning the environment surrounding the car during
the parking process, and vehicular collisions caused by a lack of human experience may
be prevented by steering wheel actions controlled by automatic parking systems. Several
automobile manufacturers have introduced this feature into the vehicles as highlighted
in Table 2.

2.6. Attention Monitoring

Attention monitoring systems record the driver’s fatigue level through facial recog-
nition analysis. The system is trained to detect certain prolonged facial features such as
closed eyes or not looking ahead, as well as some steering behaviors that suggest the onset
of drowsiness. If the system encounters the driver’s fatigue, it generates a warning so that
the driver may stop or rest. Since more than half of the crashes that involve inattention
were caused by distracted driving [44], this system can help in reducing distracted driving
incidents and several car manufacturer have already introduced this feature in the vehicles
as provided in Table 2.

2.7. Congestion Assistant or Traffic Jam Assist

Driving on congested highways and long-queuing conditions is a hectic and stressful
activity. The recent technologies e.g., congestion assistant or traffic jam assist (TJA) takes
full control of driving and provide relief to the driver from the tedious task of driving
during traffic jams. Under this system, the primary lateral (e.g., lane-keeping) and longi-
tudinal control (e.g., accelerative or deceleration, breaks) are ceded by the driver. Some
manufacturers like the Mercedes S-class provide a TJA system though the driver is expected
to keep the hand on the steering wheel [32,36].

3. Automated Driving Systems (ADS)

With the motivation of reducing crashes and enhancing mobility on the U.S highways
through innovative solutions, USDOT along with NHTSA has developed guidelines for
the automatic driving system (ADS) technology knows as ‘A Vision for Safety’, which
points out that “The Federal Government wants to ensure it does not impede progress
with unnecessary or unintended barriers to innovation. Safety remains the number one
priority for U.S. DOT and is the specific focus of NHTSA” [45]. This section reviews the
technologies and considerations required for full ADSs.
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3.1. Level of Autonomous Vehicles

NHTSA and USDOT initially defines five levels of vehicle automation in 2013 [46]
starting from Level 0 (no automation) to Level 4 (full self-driving automation). Later, the
Society of Automotive Engineers (SAE) International (a global association) redefines six
levels of vehicle automation such as Level 0 (no automation) to Level 5 (full automation) as
shown in Table 3, which was adopted by the NHTSA and USDOT in 2016 [45]. Level 1–3
requires a driver’s license to operate the vehicle with a license whereas Level 4–5 allows
driverless operations. The maximum benefits of autonomous vehicles are predicted in
Level 4 or Level 5 vehicles [1]. Most current vehicles have acquired Level 1 or Level 2
since these vehicles are equipped with ADAS technologies such as cruise control, hazard
warning, and automated parallel parking. The automotive industry requires several
years of development, testing, and approval to completely reach Level 5 of self-driving
vehicles [47]. Currently, there exists extensive competition in the automotive industry
to acquire fully autonomous features for their vehicle design. Companies have been
implementing Level 4 pilot projects to test AVs under certain circumstances such as specific
road types, areas, and weather. For example, Waymo and Uber evaluate driverless taxis
in Phoenix, Arizona region back in 2017 [48,49]. Regardless of the progress made towards
the technological advancement and improvements in the automation of driving, yet the
proposed system requires more training under all normal conditions [50] to avoid potential
vehicle malfunction crashes.

3.2. Safety Considerations for ADSs

The design and validation process of the ADSs should be based on a system-engineering
approach in order to develop the proposed system designs with no or minimal safety
risks [45]. It can be achieved by following the industry standards such as the International
Standard Organization (ISO) and SAE international along with other industry standards
and/or internal company procedures. The process should also define the hazard analysis in
case of ADSs malfunctioning and focus on the overall design of the vehicle into which the
ADS system is being implemented. The application of the software is a critical component
that requires efficient planning, control, and detailed documentation to define, detect, and
tackle the issues from unwanted results and necessary routine updates. Each software
update may follow rigorous safety trials to improve artificial intelligence, safety procedures,
and other safety algorithms to support the effectiveness of the ADSs system. Another aspect
of the safety system is the decisions of design. The decisions should be associated with the
potential risks of design considerations such as design architecture, software malfunction,
environmental impacts, sensors, collision, traffic laws violation, roadway departure, and
other unexpected driving behaviors. It is advised to thoroughly test, validate, and verify
the safety procedures and document the entire process [45].

The entities are encouraged to define each ADS functionality in the car after assessing
and validating it. The users must be aware of the limitations for available ADS in the vehicle
which is provided in the operational design domain (ODD) document. The document may
educate the car user about certain ADS domains such as type of roadway (e.g., interstate,
local, etc.), or geographic area (city, mountain, etc.), speed range, environmental conditions
(daytime/nighttime, weather, etc.) and other domain restrictions.
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Table 3. SAE vehicle automation levels [51,52].

SAE Level Name and Definition Steering, Accelera-
tion/Deceleration

Monitoring Driving
Environment

Fallback Performance of
a Dynamic Driving Task

System Capability
(Driving Modes)
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remaining aspects of the dynamic driving task.
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aspects of the dynamic driving task with the
expectation that the human driver will respond
appropriately to a request to intervene.
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High Automation—The driving mode-specific
performance by an automated driving system of all
aspects of the dynamic driving task, even if a human
driver does not respond appropriately to a request
to intervene.
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Full Automation—The full-time performance by an
automated driving system of all aspects of the
dynamic driving task under all roadway and
environmental conditions that can be managed by a
human driver.

System System System All driving codes
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Various circumstances occur during a driving task which requires either input from
the driver or ADS directions. The object and event detection and response (OEDR) function
is to inspect other vehicles, pedestrians, animals, and road inventory that may have impacts
on the safe maneuvering of the vehicle. It is also responsible for a wide range of foreseeable
events including emergency vehicles, breakdown scenarios, temporary work zone areas,
and other special conditions such as traffic police directing vehicles, detours, etc. The OEDR
functionality can divided into two types of driving based on the behavioral competencies.
The operations of ADS during ‘Normal Driving’ routinely encounter tasks such as lane-
keeping, following another vehicle, obeying traffic laws, road ethics, and responding to
other vehicles or risks. It depends on the individual capability of each ADS, its ODD, and
designated fallback (minimal risk condition) methods. Another type is ‘Crash Avoidance
Capability—Hazards’ in which the ODD and ADS should have been trained in a way that
it can address the pre-crash scenarios such as vehicle control loss, crossing-path crashed,
lane-change/merge failures, head-on, wrong-way travels, roadway departures, low-speeds,
and parking maneuvers. The entities are encouraged to assess, validate, evaluate, and
document the OEDR functionality in the car.

In the events where ADS malfunctions during driving or it is operating out of the
limits of ODD, the designed ADS procedures should perform necessary actions to either
operate safely or with minimal risk condition or otherwise alerts the human driver to
regain complete control of the car [33]. The ADS fallback actions should also dictate the
circumstances where errors occurred during human driving and/or during poor decision-
making. The decision of a minimal risk condition requiring the vehicle to stop safely
depends upon the given extent of the failure. The entities are encouraged to assess, validate,
evaluate, and document the fallback functionality in the events of ADS failures.

Since the scope, technology, and competencies for ADS varies in terms of safety
automation, a validation method should be developed to mitigate safety risks. Several
simulations and calibration on test tracks and roadways can be performed to infer the
expected performance during normal operations. The entities should follow the NHTSA,
ISO, SAE International, and other industry standards while developing and performing
validation criteria.

The communication between the vehicle’s ADS system and the driver is critically
important in the case of autonomous vehicles. The human-machine interface (HMI) enables
the user to know the current status of each ADS module [45]. HMI’s role of interaction
varies depending upon the current automation level of autonomous cars. For example, a
Level 3 vehicle would require certain attention from the driver against each request made
by the system to take back driving responsibilities. Similarly, for higher automation level
i.e., Level 4 or 5 vehicles operating with or without an operator would require continuous
ADS status updates to the remote correspondent authority. At a minimum, ADS should
inform the occupant or the operator about the status, current ADS mode, malfunction, the
transition from ADS to manual driving. The entities are advised to follow and apply the
relevant industry standards and guidelines.

Although vehicles equipped with advanced ADS component enjoys the benefits
of convenient driving yet cybersecurity attacks increase the severity of vehicle safety
and driver’s privacy. The entities must follow a systematic engineering approach to
minimize the issues of vehicle safety and security for each ADS. NHTSA advises developing
robust documentation that must list the actions, changes in design, relevant testing against
potential security threats, and also how the cybersecurity consideration is considered to
protect ADS from potential failures. Further, a collaborative industry approach can aid in
understanding the routine cybersecurity incidents, consumer reporting, external security
breach, and learning from other industries experiencing cyber vulnerabilities.

It is expected to have a mixed fleet of vehicles on the public roadways for an extended
period of time. Some of the vehicles would have ADS technology whereas the rest would
function through manual driving and relies on human inputs. In the event of a crash
between ADS-equipped and non-operating ADS vehicles, occupant safety must be assured
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through the vehicle protection system. The ADS must sense the possible event of a crash in
advance and activates a protection system to protect the occupants.

In the event of an incident occurrence, ADS should be able to return to a safe state im-
mediately by performing necessary measures such as disconnecting power, shutting down
vehicle fuel systems, moving a vehicle to a safe refuge, as well as generating an on-spot
crash report and delivering it to the collision notification center by relevant communication
means. The crash documentation would enable the entities to improve the ADS system
efficiency and ensure overall vehicle safety after repairing the damaged ADS technologies.

The continuous improvement of ADS technology is possible when well-documented
vehicle crash data is recorded by the relevant agencies. The entities should collect roadway
data for fatal/nonfatal injury crashes, total breakdown of the vehicle that requires towing,
the damage that disturbs in-vehicle power transmission, minor accident allowing the
vehicle to carry on driving task with safety and other damage for infrastructure elements.
Additionally, learning from malfunctions, degradations, or failures of the ADS component
during testing, validating, and technology development should also be recorded which
can later be utilized to inspect the cause of future crashes. Finally, the vehicles involved
in a crash due to ADS errors must record minimum available information so that the
circumstances of the crash can be reconstructed.

The user of ADSs needs to be supervised, trained, and educated for its desired func-
tions, as the overall benefit can only be achieved by having a firm understanding of it. The
entities are encouraged to conduct a consumer teaching program that may cover topics
such as ADSs’ functional intent, operational parameters, ODD, HMI, fallback, and limi-
tations. Further, on-road, or on-track, or virtual reality sessions can be conducted before
the consumer release [45]. As the concept of ADS by NHTSA is still in the development
stage and very few safety facts are published by the car manufacturers or other authorities
on the current status of safety items, further studies on related technologies are still in
urgent demand.

3.3. AVs Legislation, Regulations and Deployment by State and Federal Authorities

The entities should design ADSs to maintain the applicability of the traffic regulations
inside the region of operations e.g., federal, state, and local laws [33]. Certain special
scenarios could occur on public roadways such as a broken-down vehicle on the road
where a human driver may temporarily break the laws by crossing double lines. Therefore,
it is expected that the ADS-equipped vehicle is trained in a way that can handle such special
events during driving. Finally, any revisions or updates in the current traffic laws by state,
federal, and local agencies should be depicted in the ADSs to address the required series
of actions.

According to the National Conference of State Legislatures (NCSL), 29 states have
enacted the legislation for autonomous vehicles, whereas state governors from 11 states
have issued executive orders regarding the self-driving act. The first state to authorize the
operations of the autonomous vehicle was Nevada back in 2011. Similarly, in 2012, Florida
passed the initial legislation to encourage the safe development, evaluation, and operation
of autonomous car technology on public roads where the state does not directly regulate the
operations and testing of autonomous technology. Later in 2016, the law further expands to
allow the research work for driverless cars. From 2015 to 2018, state governors of Arizona,
Delaware, Hawaii, Idaho, Illinois, Maine, Massachusetts, Minnesota, Ohio, Washington,
and Wisconsin passed the ‘executive orders’ directing the state authorities to take necessary
steps for testing, deploying, and setting up special committees for autonomous vehicles
(AVs) and connected autonomous vehicle (CAVs) technologies on the public roads of the
state [53]. A complete database of autonomous vehicle legislations including the recent
updates in the laws by certain states is made available online at the web page of NCSL.

The USDOT role in the research of vehicle automation is focused on areas such as
removing barriers for the vehicle and infrastructure innovations, evaluating the impacts of
the proposed technology in the context of safety, and addressing the concerns regarding
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market failures as well as public expectations. The latest developments of cooperative
automation and connectivity deploy over 70 active projects of V2X communications (the
surrounding environment) communications using a 5.9 GHz band. As per the USDOT
estimates, nearly 18,000 vehicles will be deployed with aftermarket V2X communications
and around 1000 V2X infrastructure units would have been installed on the roadside.
Additionally, the private sectors are working on cellular-V2X technology using the DSRC
channel [54]. Figure 5 shows the deployment of infrastructure units and in-vehicle units.
Most of the operational and planned projects are deployed in the western regions such as
Michigan state has the maximum number of 11 operational projects. The V2X technology
has been implemented massively across the nation as a result of a huge investment of $700
million by USDOT in the research and development of V2X through the partnership of
state and local governments [54].
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On the other hand, FHWA’s current research efforts are to assess the technical complica-
tions of cooperative automation (both infrastructure and vehicle-vehicle communications),
traffic modeling/simulations, safety evaluation of proposed prototypes, smooth flow of
traffic, and fuel efficiency [54–59]. The cooperative automation includes the SAE Level
1 and Level 2 technologies such as vehicle platooning, reducing delays through speed
harmonization, minimizing traffic disruptions through cooperative lane-change, merge,
and coordination between signalized intersection through the data available by Signal
Phase and Timing (SPaT) enabling automated cars to enter and depart from the intersection
with safety and minimal stopped delay [54].

4. Impacts of AVs and CAVs on Traffic Flow

The previous sections introduce prominent ADAS and ADS technologies and consid-
erations for vehicle and infrastructure automation. This section reviews the impacts of AVs
and CAVs on some significant traffic engineering parameters such as road capacity, delays,
travel times, cost factors, and safety. The advent of AVs and CAVs will bring potential
benefits to the traffic engineering perspectives along with the number of unique challenges
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for the users and relevant authorities. The expected AVs market penetration falls between
50% for the 2050s and not more than 75% by the 2060s according to a study by the Victoria
Transport Policy Institute [1]. It indicates that the share of autonomous vehicles in the
current market will fluctuate for a longer period of time resulting in mixed-heterogenous
traffic of automatic and conventional cars.

4.1. Implications of AVs and CAVs on Traffic Speed, Capacity, and Travel Times

The AVs would initially maintain larger headways compared to traditional human-
cars due to conservative behavior. As a consequence, the road capacity would reduce,
and the average speed of overall traffic would slow down at the first stage. However, the
increasing penetration of AVs and cooperative driving (e.g., platooning) will eventually
upgrade the process by improving the mobility, safety, and environmental gains [60–63].
The human-driving has a stochastic behavior and is modeled more hesitant to accept risk.
The AV/CAV on the opposite has deterministic driving behavior and the driving dynamics
are predictable. Hence, the calibration parameters and other constants used in the existing
car-following models (e.g., Wiedemann psycho-physical car-following model 1974 or 1999)
need to be revised for autonomous cars [60].

The AVs will have the potential to improve the capacities of urban intersection net-
work, freeways, merge/diverge, and weaving segments by keeping constant parameters,
and faster speeds with tightly spaced vehicles. The maximum throughput is the utmost
network capacity at an optimal density (i.e., minimum vehicle headways) after that a
bottleneck is formed. If there is further increment in traffic after the optimal density is
achieved, headways tend to reduce and become more constant (i.e., smaller standard de-
viation). In due course, it will approach jam density and hence both the flow and speed
will become zero [64]. It is obvious that the impacts of AVs and CAVs on the freeway
capacity and operations are dependent on the fleet mix, market penetration, lateral and
longitudinal communication, and other car specific parameters such as desired accelera-
tion/deceleration, speed, and headways. The maximum throughput (i.e., 2000 v/h/ln for
a freeway) will increase when autonomous cars maintain shorter gaps and decrease with
larger headways [64].

Another study evaluated the effectiveness of collaborative merging behaviors of con-
nected vehicles in freeway ramp operations. Using PTV VISSIM, MATLAB, and Car2X
module, an optimization-based ramp control approach and gradual speed limit control
approach was developed. Subsequently, the proposed operational strategies were imple-
mented in a simulation platform to assess average speed, delay, and throughout against
no control strategy (default behavior). The results indicated that the control strategy effec-
tively coordinated all merging vehicles at freeway on-ramps and significantly improves the
network safety [65].

Atkins conducted a detailed research study on the impacts of CAVs on traffic flow
for the UK road network. CAVs are modeled for different longitudinal (i.e., Wiedemann
99 model parameters), lateral (i.e., lane-changing parameters), and other driving behavior
parameters (i.e., the observed vehicle, look ahead distance, and look back distances). The
benefits of CAVs towards average delay and the average journey time is calculated for
different market penetration as shown in Table 4. The strategic road network consists of
motorways, free-flow, and controlled intersections, as well as merges and diverges sections.
The base scenario has a 0% CAVs fleet whereas others have a combination of Level II (driver
assistance) to Level IV (full automation) CAVs fleet. The average delay and journey time is
significantly improved by 40% and 11.2% respectively for 100% market penetration of Level
IV CAVs. Further, the result strongly suggests a higher percentage of market penetration is
required to gain the benefit of vehicle automation. For instance, at 25% CAVs penetration,
the improvements are negligible [66].
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Table 4. VISSIM simulation results for CAVs performance at the strategic road network [2].

Scenario
Average Delay Average Journey Time

(s) (%) (s) (%)

Base 35.84 - 539.79 -

25% CAV 36.17 +0.9% 538.49 −0.2%

50% CAV 33.39 −6.8% 533.62 −1.1%

75% CAV 29.77 −16.9% 527.72 −2.2%

100% CAV 23.72 −33.8% 517.77 −4.1%

Upper bound * 21.38 −40.3% 479.29 −11.2%
Note: * upper bound is a fleet consisting of fully automated vehicles.

A study by peter et al. investigated the impacts of increasing AV’s penetration rates for
three different desired speeds. The VISSIM network consists of single-lane link with linearly
distributed desired speeds between minimum and maximum values such as 50 km/h
(48–52), 100 km/h (99–101), and 130 km/h (125–135). The market penetration increases
from 0–100% with 10% increasing intervals. The trends showed that higher capacities can
be achieved at higher speeds. Additionally, the increase in capacity is nearly linear for up
to 0–60% AVs penetration whereas the gap slightly increases for higher penetration rates
(>60%) [61]. Therefore, it is observed that the AVs and CAVs have the potential to improve
the traffic capacity and reduce congestions when these vehicles maintain shorter safety
gaps and higher speeds. However, higher penetration rates of CAVs of above 40% will be
needed to achieve a significant reduction in traffic delays and journey time.

4.2. Estimating Traffic Flow Benefits for ACC and CACC Models

Several studies have investigated the potential benefits of autonomous and connected
cars for varying market penetrations and time gaps (i.e., headway) utilizing techniques
such as ACC and CACC through microscopic traffic simulation. The network speed can
be increased due to ACC in congested conditions even at a lower market penetration of
20% yet some bottlenecks can be formed at locations where drivers turned off their ACC
systems [66]. In 2007, Kesting et al. analyzed the ACC results for travel-time delay and
found that using ACC at 10 percent market penetration, the individual driver’s maximum
travel-time delay was reduced to 30 percent, and the cumulative delay-time was reduced
to 50 percent. Additionally, the simulation results observed a significant reduction in
queue lengths [67].

However, not all the researchers found positive impacts of ACC on the traffic flow.
For example, Shladover et al. used the AIMSUN simulation software and modeled the
traffic dynamics using ACC with varying market penetrations. The study showed that
conventional ACC does not have any positive impacts on the highway capacity as the
drivers behave in a similar pattern to manual driving where a typical system gap is
maintained [26]. A study by Davis in 2004 showed that at 10 percent or less market
penetration and high speeds, congestions would occur. Further, positive impacts are only
gained after reaching at least a 20 percent penetration rate, while a measurably reduced
travel time is only found at a 50 percent rate [68]. In a simulation experiment by Calvert
et al., it was found that improvements in traffic flow are observed for market penetration
above 70% [69]. Therefore, according to the available literature review on the impacts of
ACC over traffic capacity, congestion, delays, and speeds advocate that potential benefits
are only available at higher market penetration rates.

Conversely, CACC has both positive and negative impacts on varying market pen-
etration as found by different researchers. A study used MIXIC traffic-flow simulation
to analyze the impacts on traffic after the introduction of CACC. The study reveals that
the variance of the vehicle’s speed in one lane and speed differences between each lane
were decreased. The same researcher also found that road capacity decreased with the
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decreasing rates of CACC market penetrations which is unlikely to the expectation of
roadway capacity as shorter and uniform headways on actual increases the capacity [70].
It is however uncertain that this result is because of the CACC implementation or the
limitation of the mandatory lane-change model of the MIXIC [32].

In contrast, Shladover et al. founded a substantial increment in the roadway ca-
pacity. The experiment consists of all vehicles equipped with the CACC system and
maintains a 0.5 s time gap, the outcomes showed the potential increase of capacity up to
4400 v/h/ln [71,72]. Another study by Van Arem et al. uses the MIXIC simulation model
to analyze the traffic stability and throughput for the shockwave effect by limiting the
highway capacity (i.e., dropping a four-lane highway to a three-lane highway). The experi-
ment examined the impacts of CACC by incorporating good vehicle dynamics and driving
behavior [27]. The study proved that the shockwave effect could be mitigated as well as the
average speed could be increased for higher market penetrations of CACC such as greater
than 60 percent.

In a similar pattern, Zhao et al. considered a simulation of manual, ACC, and CACC
vehicles in VISSIM to analyze the reaction towards shockwaves and benefits of a platoon
(i.e., 6 CACC vehicles with a closed time-gap). The formation of the platoon is simulated by
an API (application programming interface) where several maneuvers are modeled such
as forming, splitting, dismissing, and joining a platoon. The results indicated that lane
capacity improves significantly with the increasing penetration of CACC vehicles [28].

In 2012, Shladover et al. conducted another AIMSUN simulation study that consists of
manually driven, ACC, CACC, and HIA (Here I am, a manually driven vehicle equipped
with DSRC). The HIA vehicle is capable of sharing location and speed information with
other vehicles, therefore it acts as a CACC once followed by another CACC. The message
transmitted by the HIA vehicle follows the same proposed strategy by USDOT where
all vehicles would be at least equipped with a vehicle awareness device (VAD) that can
broadcast GPS (actual location), speed, and heading information. By doing this, HIA
vehicles can be treated as a leader to the CACC platoon [26]. The CACC vehicles assumed
that the drivers hold the capability of higher dynamic response i.e., actual gap that the driver
selects in a field testing [73–75], which provides them the confidence to follow the vehicles
safely with shorter gap settings. The simulation results showed that the per lane capacity
would increase from 2000 to 4000 vehicles. Another point to note, even at low CACC
penetration, benefits can be achieved ensuring that the rest of the manually driven vehicles
are equipped with VAD. The maximum per lane capacity is logged about 3389 vehicles
at 90 percent CACC and 10 percent ACC in the absence of manual vehicles [26]. Further,
research indicated that the platooning of vehicles could increase the highway lane capacity
by up to 500 percent [76].

Finally, some studies investigated the capacity benefits from CACC towards specific
events such as merging, on-ramps, and HOV (high-occupancy vehicle) lanes. For example,
a concept of cooperative merging was introduced by Davis, where he found that if the
on-ramp traffic demand is moderate, the cooperative merging improves the throughput by
20 percent as well as increases up to 2.2 miles in distance traveled per 600 s for a 50 percent
penetration rate [77]. Another study found significant improvement in the highway capacity
when CACC vehicles were given priority access to HOV lanes with a penetration rate of
as low as 20 percent [78]. The optimum headway setting for an effective CACC system
was analyzed by Calvert et al. The study modeled the initial default headway of 1.2 s and
later discovered that the optimum headway for a CACC system is 0.9 s. The system shows
significant improvement for market penetration between 50 percent to 75 percent [79]. The
review of the literature on CACC technology shows that the roadway and lane capacity can
be improved with the increasing penetration rates of CACC vehicles and shorter time gap.
The traffic flow benefits of CACC in the bottleneck locations such as merging, diverging
and weaving segments are achieveable through cooperative merging and shockwave effects
can be alleviated at higher penetration rates of CACC vehicles.
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4.3. Estimating Intersection Capacity Benefits through V2V and V2I Communications

The recent developments in the area of ITS and wireless communications have
equipped the road users with more awareness about the current and future traffic con-
ditions such as live traffic congestion maps, navigations maps, detailed routes including
turn by turn information to reach the destination, detours, the current speed of the driver,
position of the car, estimated travel times of a complete journey, and any other blockage or
incident along the routes. In a similar pattern, many opportunities can be availed by the
drivers through real-time V2V and V2I communications. Some of the V2V applications are
already discussed in the previous discussion such as ACC and CACC. Another example
of V2V communication, for instance, the drivers have the updates of an upstream traffic
incident or hazard. The drivers can calculate expected travel time from their position
and the incident [32], or in other cases, a driver can decelerate in advance to maintain the
desired safety distance and to avoid any head-on collision. Using the same concept of
V2V communications, Yeo et al. proposed a hazard alert system where a system provides
lane-specific information to the vehicles. The proposed system found a potential decrease
in traffic congestion at higher penetration rates [80].

Similarly, the examples of V2I applications can include the communications between
the vehicle and the traffic signal lights, traffic regulatory signs, VMS, dictations from road
embedded sensors, and other roadside units’ inventory. Several researchers evaluated the
operational benefits of V2I communication for improving the intersection capacity, safety,
fuel consumption, and CO2 emissions [81–84]. A study evaluated the effectiveness of V2I
communications towards the intersection capacity and safety. The vehicles were modeled
using the VISSIM COM (component object model) application where a vehicle records the
status of a traffic light and adjusts its speed decision before reaching the traffic signal ahead
to improve the intersection delay, reduce the number of stops, and increase the overall
throughput at the junction [9].

Another sensitivity study established a novel coordination method for intersection
management in a connected vehicle environment. It divides the road network into three
different regions such as buffer area, core area (e.g., junction box), and free driving. Addi-
tionally, a buffer-assignment mechanism is developed to communicate with the AVs for
the adjustment of its entry time and corresponding speed in the intersection core area. The
VISSIM simulation results show a significant reduction in the number of stops and travel
delays of up to 77% and a substantial reduction in fuel consumption [85]. Therefore, it
explains that both V2V and V2I have potential benefits towards the improvement of the
system’s capacity and sustainability. A typical journey through an urban road network or
a freeway network involves several complicated scenarios that require human inputs at
every stage. Therefore, a system that combines V2V and V2I communication can ensure
significant improvement in vehicle throughput and safety benefits.

4.4. Safety Benefits of AVs and CAVs

The previous sections outlined several initiatives undertook or under consideration by
researchers, and federal/state authorities for the safe movements of connected autonomous
vehicles through the roadways. This section discusses the future safety benefits of self-
driving vehicles. As almost 90% of the car crashes involved human errors [86], self-
driving cars can reduce crash rates and insurance costs by 90% [87], however, this does
not include associated additional risk for the innovating technologies [36,88]. The Texas
Department of Transportation (TxDOT) evaluates the potential gains of vehicle automation
and communications on the safety and operations of the roadway network. The study
developed a document that can be used as the best practice for TxDOT and other agencies
for the adoption of CAV technologies for the long term [36]. This review paper is focusing
only on the simulation-based surrogate safety benefits of AVs and CAVs. Researchers have
used a safety sensitivity analysis tool named ‘Safety Surrogate Assessment Model (SSAM)’
developed by FHWA [89] to evaluate the crash severity and number of crashes.
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A study by Mark et al. evaluated the safety benefits of AVs for a signalized inter-
section and roundabout for varying market penetration. The results show significant
safety improvement even at shorter headways. For signalized intersection, the number
of conflicts reduces by 20% to 65% for the market penetration ranging from 50% to 100%.
Similarly, for the roundabout, the conflicts are reduced by 29% up to 64% with full market
penetration [90]. Another study evaluates the effectiveness of communication in mixed
traffic i.e., CAVs and conventional vehicles when passing an intersection. The CAVs share
their information with surrounding connected vehicles near an intersection and pass the
intersection with improved efficiency and safety [91].

Another researcher developed a decision-making CAV control algorithm using VIS-
SIM API to control longitudinal and lateral decisions on motorways operations. The results
showed potential improvement in safety and traffic flow even at lower market penetra-
tion e.g., 12–47% conflicts reduction for 25% CAVs penetration whereas 90–94% conflicts
reduction for 100% CAVs penetration [92]. In 2016, Martin evaluated the safety benefits for
connected vehicles using two applications, (1) cumulative travel time (CTT) intersection
control algorithm for V2I communication and (2) Platooning for V2V communications.
VISSIM and SSAM tools evaluated the changes in the level of safety for connected vehicle
applications [9]. The results showed significant improvement in safety for CACC and
CTT applications. Therefore, it is revealed that the increasing penetration rate of AVs
and CAVs have the potential to reduce vehicular crashes and conflicts around various
road infrastructure systems such as traffic intersections, and roundabouts given that they
maintain effective communication with the nearby vehicles and infrastructure.

5. Conclusions and Future Research Opportunities

This paper reviews the ADAS technologies and ADS safety and regulation considera-
tions for autonomous cars, connected cars, and infrastructure automation. For example,
vehicle-to-vehicle communication, vehicle-to-infrastructure communication, adaptive, and
cooperative adaptive cruise control, RADAR and LiDAR technology, and others. Accord-
ingly, the impacts of AVs and CAVs on the traffic flow are reviewed in terms of traffic
safety, road capacity, delays, speed, and, travel times for varying market penetration
rates using micro-simulation tools. The reviewed studies show promising benefits of
automation advancements for AVs and CAVs as compare to the existing conventional
manual-driven vehicles.

Based on this review, it can be seen that the communication of CAVs are of critical
importance. Currently, the technologies on CAVs have considerable developments in V2V
but have very limited considerations on V2I. In the future, more researches are needed to
integrate the V2I into the CAV technologies and simulations to further explore the benefits
of AVs and CAVs.

The content of this review paper is mainly limited to the technology advancement
made in the area of connected autonomous vehicles for the period of up to 2019 and the
development period from 2020 and onwards has not been covered during the review.
The evolving changes in several ITS technologies such as LiDAR, RADAR, DSRC, and
driver assistance can be further explained in the future work. Furthermore, since this is a
theoretical study so no field work, practical experiment & simulation experiments were
performed in this research. Lastly, this review paper covers the relevant legislations and
regulations from the United States only.
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