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Connectivity and automation technologies are 
expected to fundamentally alter transportation 
by significantly improving safety, increasing the 
efficiency of freight operations, and providing 
new mobility options for some population 
groups, such as the elderly and individuals with 
disabilities. Despite these expected benefits, it 
remains uncertain how the adoption of these 
technologies is going to affect other important 
aspects of transportation systems, including 
individual and network demand and the capacity 
of various transportation facilities. This uncertainty 
stems from a plethora of unknowns. First , the 
timing of adoption and market penetration rate 
of vehicles with different levels of automation and 
connectivity is highly unclear. This challenges 
studies that attempt to predict future impacts 
and advise public agencies on how to prepare for 
this new era. Second, the algorithms that define 
the movement of vehicles with automation and 
communication technologies are not available 
to the public and, in many cases, are still under 
development. For this reason, estimating how the 
adoption of connected and autonomous vehicles 

will impact traffic operations is complex and 
typically based on multiple assumptions. Third, 
although stated preference surveys have provided 
an initial understanding of user perception and 
preferences related to vehicles with self-driving 
or communication capabilities, because these 
vehicles are not generally available, the behavior 
of individuals with respect to vehicle adoption and 
use remains uncertain. 

	 This research estimates the impacts 
of connected and autonomous vehicles on 
transportation systems using analytical and 
simulation methods. We focus on impacts related 
to transportation capacity, demand, land use, 
freight, energy use, and vehicle emissions. Despite 
the multiple uncertainties, we attempt to provide 
reliable predictions, to the extent possible, by 
utilizing assumptions informed from extensive 
literature review and expert opinion. The 
research team is comprised of a group of seven 
engineering faculty members and six graduate 
research assistants who worked collaboratively 
during the project duration. 

1.1 Introduction



7

The research products are structured in four reports: 
	 This report constitutes the Main Report, and it includes the research 
summary, conclusions, and recommendations (Chapter 4). This report also 
summarizes information related to concepts of operation of connected and 
autonomous vehicles (Chapter 2) and an industry update for these emerging 
technologies (Chapter 3), both led by Professor Missy Cummings. 
	 Volume 1 contains three chapters that describe the research on 
connected and autonomous vehicles impacts on transportation demand and land 
use, led by Professor Eleni Bardaka. This research includes case studies for the 
Triangle Region, NC. 
	 Volume 2 is comprised of two chapters that discuss simulations 
conducted to predict the potential capacity changes for freeways and signalized 
intersections due to connected and autonomous vehicle adoption. The research 
focused on freeways (Chapter 1) was led by Professors Nagui Rouphail and Billy 
Williams. The research focused on signalized intersections (Chapter 2) was led by 
Professor Ali Hajbabaie. 
	 Volume 3 includes two chapters on the impacts of vehicle automation 
on freight, led by Professor George List, as well as a chapter on fuel use and 
emission rates reduction potential due to eco-driving, led by Professor Chris Frey. 
	 The North Carolina Department of Transportation (NCDOT) and 
specifically, NCDOT’s Transportation Planning Branch can use the results of this 
research to inform decision making related to autonomous and connected vehicle 
regulation, pilot design, and long-range transportation plans. The results of this 
research will enable transportation planners at NCDOT as well as at the regional 
and local level to consider the effects of these emerging vehicle technologies 
when evaluating policy and planning decisions and prevent, to the extent that is 
possible, any negative externalities. 

1.2 Report Organization
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Chapter 2
Concept of Operations for Autonomous and 
Connected Vehicles

Missy Cummings, Professor

Duke University
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A concept of operations, otherwise known as CONOPS, generally describes 
how operations could and should occur in order to meet some common goal.  
This document will describe a set of CONOPs that address how self-driving 
capabilities could occur in highway settings. 
	 Self-driving cars assume a human driver can take over operations while 
the term driverless car assumes no steering wheel and pedals exist for human 
control, and thus the car is fully autonomous. One application of self-driving cars 
that has been discussed is the ability of these cars to engage in fully automated 
driving on a highway with controlled access, aka, an interstate, freeway, motorway, 
or expressway. This is often suggested because, in theory, these settings reduce 
uncertainty by only allowing vehicles to move in more predictable manners, while 
restricting access to pedestrians, bicyclists, and other motorized or non-motorized 
vehicles not allowed in such environments. 
	 In order to understand the various possible CONOPS that could emerge 
given this application of autonomous vehicles, it is important to first understand 
the Society of Automotive Engineers (SAE) levels of automation. The SAE has 
detailed a framework to describe the different levels of automation that could 
occur for various instantiations of self-driving cars. These levels have been 
widely adapted across industry and government, most notably NHTSA, and their 
adaptation can be seen in Table 2.1 (adapted from SAEJ3016).
	 As illustrated in Table 2.1, elements of self-driving do not formally 
occur until Level 3 where in addition to executing driving tasks, the underlying 
autonomy is also responsible for monitoring the dynamic driving environment. 
This shift in monitoring responsibility is important because it means that drivers 
are not expected to always have their eyes on the road. The next section 
discusses Level 3 CONOPs in more detail, followed by a discussion of Levels 4 
and 5 CONOPS.

-

-

-

-

2.1 Introduction
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A Level 3 version of automated highway driving 
means that a driver would be expected to drive 
the car to a restricted access highway and then 
engage the automated mode, for example when 
merging with traffic on an established on-ramp. 
At this point, the driver could expect that the 
car would be responsible for maintaining proper 
lane position, accelerating, braking, maintaining 
appropriate stopping distances from cars in front 
of it, passing other vehicles, and then exiting the 
selected off ramp. At that point in time, the driver 
would take over. 
	 The Level 3 assignment of autonomy 
assumes that while the car is responsible for 
motion control and navigation, the human driver is 
alert behind the wheel and ready to take over for 
any situation the autonomy deems itself unable to 
handle. Such scenarios could include:

	• Camera vision systems lose the ability to 
localize due to problems such as missing 
or faded white lane lines, moisture and/or 
precipitation in the air, low sun angles and 
resulting shadows, etc.
	• Human drivers would need to potentially 

respond on time scales of seconds.
	• Failure of navigation systems like an 

inoperable or degraded GPS.
	• Human drivers would need to potentially 

respond on time scales of seconds to 
minutes.

	• Missed obstacle detection. All autonomous 
vehicle sensors have regions of limited 
capability. For example, radars cannot detect 
parked vehicles on highways. Another 
example is known as the ‘sudden reveal’, which 
occurs when one car is following another, and 
the lead car suddenly shifts lanes revealing 
an obstacle in the path ahead. This problem 
has been illustrated by several Tesla incidents, 
resulting in both fatal and non-fatal accidents.
	• Human drivers would need to potentially 

respond on time scales of seconds, or 
even in less than a second.

	• Erroneous obstacle detection. Sensors in 
autonomous vehicles are not perfect and 
can often experience false alarms for both 
individual sensors as well as fused data. For 
example, a LIDAR could detect an artificial 
obstacle, which could just be a plastic bag 

2.2 Level 3 Vehicles
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floating in the air, causing the car to abruptly 
engage the brakes at high speeds.
	• Human drivers would need to potentially 

need to override such an event on time 
scales of seconds. In addition, other 
following cars, which could be driven 
by humans, would need to respond to 
erroneous emergency braking by the lead 
vehicle, which could cause an accordion 
effect in high density traffic.

The most critical issue with Level 3 operation 
is the reliance on the human to resolve those 
situations listed above in the required times. 
Moreover, there is ambiguity concerning who 
is responsible for safe operation of the vehicle. 
While in Level 3, human drivers are assigned 
responsibility for overall safe operation of the 
vehicle but in some limited applications, they 
are also not required to maintain attention. 
Recently Honda announced it was employing 
a Level 3 traffic jam pilot , where automation 
drives in slow traffic jams up to 50km/hr (31 
mph), and human drivers are not expected 
to have their eyes on the road during the 
traffic jam. Audi attempted a similar mode but 
eventually halted production due to liability 
concerns. This mode requiring human drivers 
be responsible for overall safety but allowing 
them to multitask presents a conundrum for 
human drivers, which is likely not going to be 
clear to them.
	 There have been a number of studies 
that have shown that having a driver monitor 
an automated system and then having the 
car “handover,” aka, hand back control, 
to a human who may not be paying perfect 
attention will likely lead to accidents [1, 2]. 
Several Tesla fatalities in the United States 

and in the pedestrian death in Tempe, Arizona 
have all demonstrated how fragile human 
driver attention is during critical automation 
handovers or failures. Thus, to be a viable 
CONOP, any level 3 system should effectively 
address the human role in dealing with those 
problems listed above, including establishing 
effective interventions for the timescales listed. 

Additional Areas of Concern
Given the current state of technology, there 
are areas of operation that are especially 
problematic in highway settings for autonomous 
technologies, regardless of the level. The first 
of these are construction zones. Because of the 
relative unstructured and highly variable nature 
of construction zones in highway environments, 
cars equipped with both Level 2 and Level 3 
technologies as outlined in Table 2.1 cannot 
currently safely operate in these areas. These 
problems are driven by the weaknesses in the 
perception system’s inability to correctly detect 
and classify the surroundings. 


