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CHAPTER 1: INTRODUCTION 

 
1.1 Study background 

Since the advent of the motor vehicle at the turn of the last century, advancements in automobile 

technology and road design, and the evolving safety and mobility needs of the traveling public 

have continually led to highway infrastructure modifications. For example, in the current era, the 

key elements of smart mobility – autonomy, connectivity, shared rides, and airborne vehicles – 

continue to attract the attention of transportation agencies that provide the supporting infrastructure. 

For these innovations, the continued advancement of these technologies, their deployment and 

their user adoption will not only influence but also be influenced by availability of supporting road 

infrastructure.  

 As such, autonomous vehicle (AV) technology is expected to profoundly influence the way 

engineers plan, design, and operate highway infrastructure (TRB, 2014; AASHTO, 2017, 2018; 

FHWA, 2018; Reid, 2021). Gopalakrishna et al. (2015) noted that even though highway agencies 

function at a pace that is much slower compared to technology companies and automobile 

manufacturers, both parties will need to co-evolve. A recent report by the USDOT Center for 

Connected and Automated Transportation (CCAT) estimated that the expenditures needed to 

support AVs can be substantial (Mwamba et al., 2023). Given that infrastructure agencies already 

face maintenance backlogs and strained budgets for their traditional infrastructure, it is not certain 

whether they can comfortably bear these additional responsibilities. Therefore, they will need to 

identify optimal or innovative CAV-related infrastructure timing and spending solutions.  In this 

report, we use the acronyms AV and CAV synonymously.  

From the consumer (traveler/road user) perspective, the advent of AVs is generally being 

viewed with cautious optimism. It is anticipated that AVs will ultimately gain wide acceptance 

among travelers (TRB, 2014), thereby, changing the nature of road transportation (Johnson, 2017) 

and leading to safety and mobility benefits (FHWA, 2018). However, these prognostications will 

not be realized without a sustained increase in travelers’ proclivity to patronize AVs and until the 

road infrastructure is ready to support AV operations (Johnson, 2017). As AV market penetration 

increases and travelers begin to observe (or at least, perceive) the benefits of AVs, infrastructure 

owners and operators (IOOs) will be pressured to provide the infrastructure to support expanded 

operations of AVs.  

The relationship between connected and automated vehicle technologies and highway 

infrastructure development continues to be of great interest among government agencies and 

organizations (Booz Allen Hamilton and WSP, 2020; Chan and Wang, 2021; Tengilimoglu et al., 

2023; Amelink et al., 2020). From a broad perspective, Duval et al. (2019) argued that full 

deployment of AVs will depend on whether private and public stakeholders invest in the 

infrastructure needed to support this technology. There are complexities associated with various 

operational conditions including driving in different operational design domains (ODDs) such as 

in snow or at night, correctly interpreting traffic signs and control devices of non-uniform design 

across states, and sensing faded pavement markings for lane keeping. These challenges can be 

overcome through carefully planned and adequate infrastructure readiness. Any inadequacy in 

road infrastructure quality which poses an impediment to AV operations, could be exacerbated by 

road repair funding inadequacies or uncertainties. It has been argued that existing infrastructure 

faces serious challenges in terms of its readiness to accommodate AVs (Johnson, 2017; Young, 
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2017). In their report titled “Preparing a nation for autonomous vehicles: opportunities, barriers 

and policy recommendations,” Fagnant and Kockelman (2015) identified infrastructure readiness 

as a key area that must be addressed prior to deployment of AVs on public roads. McFarland 

(2015), Sage (2016), Tracy (2017) and KPMG (2018) considered infrastructure as one of the major 

hurdles to AV deployment on existing roads. The current poor state of the infrastructure could be 

attributed mostly to aging – most of the infrastructure was built several decades ago; they have 

exceeded their design lives and are due for replacement. 

In the context of the current state of the infrastructure, the U.S. Department of 

Transportation (2016) reported that about 65 percent of U.S. roads are in poor condition. The U.S. 

transportation infrastructure was rated 12th in the World Economic Forum’s 2014–2015 global 

competitiveness report (Schwab and Sala-i-Martin, 2014). Inadequate preparedness of road 

infrastructure could be consequential. Not long ago, a driverless car failed a test drive in Los 

Angeles due to poor lane markings (Sage, 2016). A similar vehicle on autopilot operating on 

Interstate 405 in Los Angeles failed to recognize the lanes because there were two sets of lane 

markings angled at slightly different directions and the lanes were separated by a seam (McFarland, 

2015). The currently poor state of road markings, inconsistent signage, and the prevailing cross-

state inconsistencies in design are considered major hindrances to the AV deployment. 

The 2020 Autonomous Vehicles Readiness Index compiled by KPMG (2020) rated the 

United States fourth (of all the developed countries) in terms of its infrastructure readiness to host 

AVs. Automakers and technology developers have echoed these concerns as they have found the 

existing infrastructure to be unsuitable for AV navigation (Sage, 2016). The effect of poor 

infrastructure is cyclical. Poor conditions and low quality of road infrastructure could motivate 

AV manufacturers and software developers to introduce more sophisticated sensors and maps. 

These include the 2017 luxury E-Class Mercedes-Benz’s steering pilot feature which has 23 

sensors for detecting barriers, guardrails, and other vehicles, and for keeping the vehicle in its lane 

even where lane markings do not exist (Thompson, 2017). However, such increased technological 

sophistication could have major cost implications for vehicle purchasers and could therefore 

impede market penetration, and consequently, reduce impetus for AV infrastructure readiness.  

Notwithstanding the concerns about the state of good repair the infrastructure, the reality 

is that, even if they were in good condition, these infrastructure assets currently have designs that 

may become increasingly obsolete in the emerging AV era. Bamonte (2013) recognized that the 

existing highway infrastructure is designed and built to meet the driving capabilities and 

information needs of human drivers, and that highway agencies must start preparing for the 

emerging era of autonomous vehicles. However, a framework for doing this, and the impacts of 

prospective emergence of AVs on highway infrastructure needs, have not been studied adequately 

(TRB, 2014; Saeed et al., 2015; Johnson, 2017). As such, IOOs (transportation agencies at 

different levels – federal, state, city, and other local jurisdictions – and private-sector infrastructure 

developers) may not be sufficiently informed or prepared to make the needed investments in their 

physical infrastructure to accommodate AVs. As they seek to better prepare their infrastructure for 

AVs, IOOs grapple with questions including: 

• Market penetration. To what extent will AV market penetration drive AV infrastructure 

needs? What are the expected future trends in AV market penetration and levels of 

autonomy? What minimum level of market penetration should trigger each level of 

infrastructure provision? How does one define these levels of preparation? 
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• Infrastructure design and management. How should highway infrastructure design and 

management change to support AV operations? What should be the relationship between 

the investment timings and the changes in AV MP and LOA?  

• Uncertainty. What are the major sources of uncertainty associated with the four key 

stakeholders – AV consumer demand, road infrastructure, AV technology, and government 

policy – and how do these uncertainties influence AV-related road infrastructure planning? 

Silberg et al. (2013) expect AVs to transform the existing highway infrastructure 

development that could reduce the $7.5 billion that the US currently spends annually on roads, 

highways, bridges, and other related roads infrastructure. The authors argued that such savings 

will be due to reduction in infrastructure monitoring costs due to the road condition assessment 

and reporting capabilities of sensor-based AV technologies, and reduced need for additional lanes 

or right-of-way due to increased traffic throughput.  

Infrastructure preparedness for AVs can be considered not only a challenge but also an 

opportunity to address longstanding infrastructure issues in the US. A 2018 paper in the NAE 

journal “The Bridge” stated that the need to prepare current infrastructure to support AVs offers 

parallel and synergistic opportunity to improve roadway infrastructure that is already in need of 

such retrofits (Harrington et al., 2018). As AV technology advances and demand grows, the need 

to replace, repair, and retrofit the aging US infrastructure will become more visible, and there will 

be greater urgency to address these needs. According to the Harrington et al., (2018) article, this 

will “revitalize the conversation around infrastructure and its role in the transportation ecosystem”. 

As such, as IOOs continue their routine functions of repairing and replacing existing traditional 

infrastructure, their awareness and appreciation of an AV future will motivate them to ensure that 

such improvements address challenging operational design domains (ODDs). These include 

driving at night, in snow, in poor visibility environments, or difficulty in correctly interpreting the 

different road markings and signages that exist across the various states. As the emergence and 

widespread deployment of AVs draws closer, they can be used to justify requests for increased 

funding for the road infrastructure maintenance. 

Finally, it is worth iterating that investments in infrastructure to support AVs will depend 

on stakeholders’ realization of the wider impacts (both beneficial and adverse) of AVs. These 

impacts can be estimated through a careful ex ante investigation of the impacts of AVs. The current 

literature is replete with research related to the various impacts of AVs including travel behavior, 

operations, city planning, emissions, energy use, safety, and land use (Duarte and Ratti, 2018; 

Soteropoulos et al., 2019; Gandia et al., 2019; Gkartzonikas and Gkritza, 2019). Further research 

on the wider societal, economic, and environmental benefits of AVs must be carried out to build a 

stronger and informed case for AV-related infrastructure investments. 

 

1.2 Problem Statement 

As far back as the 2014 Automated Vehicles Symposium in San Francisco (TRB, 2014)., the need 

for adequate road infrastructure to support connected and autonomous vehicle (CAV) operations 

has continued to resonate widely. In a report titled “Readiness of the Road Network for Connected 

and Autonomous Vehicles,” Johnson (2017) noted the lack of research efforts on road 

infrastructure readiness for AVs and commented that “research on the infrastructure requirements 

of CAVs is in its infancy.” The authors identified critical issues related to road infrastructure 

readiness and discussed the implications of AV implementation scenarios on roadway 

infrastructure condition and maintenance requirements. The authors also discussed the reciprocal 

relationship between road infrastructure adequacy and the initiation of AV operations. They 
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indicated that infrastructure inadequacy can stymie full deployment of AVs, adding that the use of 

more sophisticated technology-based infrastructure may increase road maintenance costs 

significantly, and advocated for further research on AV-related highway infrastructure investment 

evaluation. Also in 2017, AASHTO (2017) published a document that identified the infrastructure 

challenges associated with mixed traffic streams (both AVs and HDVs sharing the roadway) and 

argued for research on infrastructure requirements for AVs and the requisite physical 

modifications to the existing infrastructure. In Europe, the European Road Transport released a 

connected automated driving roadmap that highlighted the need for infrastructure development ti 

support AVs (ERTRAC, 2019). Farah et al. (2018) discussed the state of the art and future research 

directions regarding infrastructure for automated and connected driving.  

IOOs at all levels of government (federal, state, and local) and in the private sector seek 

guidance on the scope, types, and scale of infrastructure associated with the different levels of AV 

automation and market penetration (TRB, 2014; AASHTO, 2017; Johnson, 2017; AVS, 2018; 

FHWA, 2018). Unfortunately, this issue is further exacerbated by uncertainty associated with the 

various stakeholders (uncertainty of the OEM’s AV technology development pace; uncertainty of 

travelers’ adoption of AVs; and uncertainty of the willingness and capability of governments to 

pass legislation and establish the requisite supporting policy). These multiple sources of 

uncertainty seem to make road agencies hesitate in investing in AV-related infrastructure (FHWA, 

2018). Their hesitation seems understandable, for the reasons stated above. Typically, road 

infrastructure investments are justified based on user demand. As such, increased AV market 

penetration can motivate agencies to renew, right size, upgrade, expand, or modernize their road 

infrastructure. The agencies can proactively provide infrastructure that will fuel AV market 

penetration, encourage supporting policy and legislation, and encourage development of AV 

technologies by assuring the OEMs of adequate ODDs for AVs.  

In sum, there exists a need to discuss AV issues and concepts in the context of roadway 

infrastructure and identify the infrastructure-related roles of the key stakeholders, to establish AV 

demand forecasts made in the literature, and to acquire insights into AV stakeholder perspectives 

on infrastructure readiness. Next, it is needed to identify AV considerations at the various phases 

of road infrastructure development – road planning, roadway design, and operations-maintenance-

monitoring. Further, it is needed to develop, for the benefit of highway agencies, methods and 

frameworks for (a) evaluating their prospective AV-related infrastructure investments particularly 

in an environment of uncertainty, and (b) planning AV-related infrastructure investments 

considering holistic and interdependent effects in a road network. Finally, there is a need to 

establish policy guidelines for road agencies to enhance their infrastructure preparations for the 

emerging era of autonomous vehicle operations. 

 

1.3 Study Objectives  

Based on the problem statement presented above, the objectives of this study are: 

• Discuss AV issues and concepts in the context of roadway infrastructure and identify the 

infrastructure-related roles of the key stakeholders. 

• Identify the factors that affect AV demand, as a potential input to: demand trend forecasts 

and the timing of AV-related infrastructure provision.  

• Acquire insights into AV stakeholder perspectives on infrastructure readiness (through a 

questionnaire survey).  

• Discuss AV considerations at the various phases of road infrastructure development – road 

planning, roadway design, and operations-maintenance-monitoring. 
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• Present and demonstrate a project-level framework for AV-related infrastructure 

investment evaluation considering uncertainty. 

• Present and demonstrate a network-level framework for AV-related infrastructure 

investment evaluation considering holistic network (traffic) effects. 

• Propose policy guidelines for road agencies to enhance infrastructure preparation for AVs. 

 

The various evaluation frameworks and policy guidelines presented in this report could 

serve as planning roadmaps that transportation agencies can use as points of reference in the 

initiation or continence of their AV-related infrastructure investments. 

 

1.4 Key Contributions of this Study 

There has been some background work in the literature. The Finnish Transport Infrastructure 

Agency (2021) studied infrastructure support and classification for automated driving on Finnish 

motorways. Gyergyay et al. (2019) developed an automation-ready framework for urban transport 

and road infrastructure planning, and Gouda et al. (2021) carried out an automated assessment of 

infrastructure preparedness for autonomous vehicles. Liu et al. (2019) caried out an insightful 

systematic review of literature on road infrastructure requirements for CAVs. Lu et al. (2019) 

developed and analyzed multiple scenarios regarding infrastructure requirements for automated 

driving. Milakis et al. (2017) analyzed the implications of automated vehicles on the infrastructure 

development and transportation in the Netherlands. Osichenko and Spielhofer (2018) identified 

the need for infrastructure to accommodate AVs as one of the future challenges for the road asset 

management. Rana and Hossain (2021) reviewed existing research on the relationship between 

road infrastructure and CAVs. Tengilimoglu et al. (2023) presented infrastructure requirements 

for the safe operation of automated vehicles: Opinions from experts and stakeholders. 

The study described in this report makes a few contributions. First, the study considers 

stakeholders’ perspectives on infrastructure preparations towards CAVs. From the perspective of 

technology companies, the level of AV technology is expected to influence the types and scope of 

AV-related infrastructure changes needed to accommodate AVs. AV users are expected to drive 

market penetration and, hence, will influence the need, type, and scope of infrastructure 

preparation by the highway agencies. This report uses survey questionnaires as a tool to capture 

these viewpoints for consideration by highway agencies in their investment decision-making 

processes. The second contribution is an identification of the types of road infrastructure 

modifications that will be needed. It is important to identify the needed changes to road 

infrastructure and roadway design features at different levels of AV market penetration and 

prevailing levels of autonomy. This study attempts to do this through a survey of IOOs, the 

expectations of OEMs regarding infrastructure readiness for AVs, an extensive literature review, 

and discussions with experts. The third contribution is the consideration of a life cycle perspective. 

The study discusses AV considerations at the various phases of road infrastructure development – 

road planning, roadway design, and operations-maintenance-monitoring. The fourth contribution 

is a project-level study that considers uncertainty: a framework is presented and demonstrated to 

show how agencies can evaluate their AV-related infrastructure investments in a robust manner. 

The fifth contribution is a network-level study that considers traffic interdependencies: a 

framework is presented and demonstrated to address AV-related infrastructure investment 

planning considering holistic network (traffic) effects. The sixth contribution is related to the 

provision of policy guidelines to support AV related infrastructure preparations. 
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1.5 Organization of this Report 

The study report is organized as follows. Chapter 1 presents the study background, problem 

statement, study objectives, the key elements of the study framework, and the way the report is 

organized. Chapter 2 discusses important background information including AV issues and 

concepts in the context of roadway infrastructure and identifies the infrastructure-related roles of 

the key stakeholders. Infrastructure preparations hinge on demand forecasts, and therefore, 

Chapter 3 presents AV demand forecasts provided in the literature. Chapter 4 discusses insights 

into AV stakeholder perspectives on infrastructure readiness acquired from a questionnaire survey. 

Chapters 5-7 discuss AV considerations at the various phases of road infrastructure development 

– road planning, roadway design, and operations-maintenance-monitoring. Chapters 8 and 9 

present and demonstrate a framework on how to address AV-related infrastructure investment 

evaluation considering uncertainty. Chapter 10 presents a framework on how agencies could carry 

out plan their AV-related infrastructure investment planning considering network traffic effects 

and demonstrates the framework using a case study involving electric vehicles. Chapter 11 

concludes the report with a summary of the major findings, key policy recommendations, main 

contributions, and recommendations for future work. Also in this chapter, the report sets forth 

several policy guidelines that could guide road agencies that seek to further enhance their 

infrastructure preparation for AVs. Chapter 12 presents a synopsis of the USDOT performance 

indicators accomplished in this study, and Chapter 13 lists the outputs, outcomes, and impacts of 

the study. 
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CHAPTER 2    AV ISSUES AND CONCEPTS THAT INFLUENCE 

ROADWAY INFRASTRUCTURE READINESS 

 

2.1 Introduction 

This chapter explains the key issues and concepts related to AV capabilities and operations. Such 

a discussion is particularly relevant to AV infrastructure preparation because the elements of AV 

technology, technological readiness, and adoption scenarios are expected to influence the types 

and design of road infrastructure in the AV era. For example, car sizes might be smaller if they are 

fully capable of self-driving. Some features like mirrors may no longer be necessary, and bumpers 

would be less bulky (consistent with expectations of fewer collisions overall but higher proportion 

of accidents with minor damage) (Duvall et al., 2019). The chapter first presents the various levels 

of vehicle autonomy/automation as defined by the International Society of Automotive Engineers 

(SAE) (2014; revised in 2016) and the NHTSA (2016). This is followed by a discussion of the 

anticipated timeline of AV emergence on public roads and the various stages of AV deployment. 

Then the key stakeholders and their roles are discussed. A Stakeholder Participation Model (SPM) 

is presented to illustrate how inputs to and outputs from various stakeholders will influence IOO’s 

planning of AV-related infrastructure investments. 

 

2.2 Readiness of AV Technology 

AV readiness has often been likened to that of consumer electronics, albeit with some differences. 

It is generally agreed that several years of testing and regulatory approval will be needed before 

AVs reach a point where they will attain a satisfactory level of Technology Readiness to operate 

safely and reliably in all conditions (McLeod, 2021). Unlike consumer electronics, motor vehicles 

have significantly longer service lives, are costly, and are highly regulated, and therefore, new 

vehicle technologies will likely require decades to gain sufficient market penetration (Litman, 

2022). The author further asserts that any AV crash due to system failure (even though this is 

expected to be rare) will not only be potentially deadly if it occurs but also translate into longer 

times of development to ensure their reliability. This is precisely what has been observed after the 

several instances of AV crashes that have occurred in various parts of the country in the past few 

years. These events will influence the availability of higher-level AVs and are expected to affect 

their long-term affordability following prospective technological advancements in automation and 

sensing.  

It seems clear that significant technological advance is necessary before AVs will be 

capable of operating not only at normal conditions but particularly at environments made 

complicated by the presence of other road users (particularly, the vulnerable kind), unexpected 

road surface conditions (including potholes and roadway debris), heavy fog, disabled vehicles, and 

work zones (Simonite 2016). As of 2021 AVs were considered to have reached a level of 6 on the 

10-point Technology Readiness Level (TRL) scale (McLeod 2021). Technology readiness is a 

pertinent issue in AV demand estimation, for two reasons: (a) the TRL will be influenced by the 

demand for AVs, and (b) TRL will influence the demand for AVs.  
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2.3 Levels of Vehicle Automation 

A complete statement of automated market penetration cannot be made without specifying the 

breakdown of such demand by the SAE level of automation (LOA). For example, a 90% market 

share of AV could consist of either: 80% of LOA levels 1-3 and 10% of levels 4-5; or, 10% of 

levels 1-3 and 80% of levels 4-5. The infrastructure preparations and policy will be different for 

these two situations even though they represent the same total level of automation. Therefore, this 

chapter begins with a review of the levels of automation, and a discussion of concepts that could 

influence customer demand for AVs at each level of automation. 

A few years ago, SAE International (the erstwhile-named Society of Automotive 

Engineers), developed a set of guidelines to classify automated driving features, from Level 0 (no 

driving automation) to Level 5 (full automation). Figure 2.1 presents these levels vis-à-vis those 

established by the NHTSA. At Level 0, the human driver conducts all driving tasks, and the vehicle 

does not take over any aspect of driving. The vehicle may include driver assistance features such 

as blind-spot and lane-departure warnings. At Level 1, the vehicle can control one aspect of the 

driving task: either the steering or the speed, for example, cruise control and lane centering. At 

Level 2, the vehicle has both lateral and longitudinal control (the ADS controls both the steering 

and speed) but always requires full driver attention. At Level 3 (conditional driving automation), 

the driver does not drive the vehicle while the automated system is engaged, under certain 

conditions; however, the driver must be ready at any time to take over if the system comes 

disengaged. At Level 4, there is no need for a driver, and no need for a steering wheel and pedals 

in the vehicle. Level 4 vehicles are ODD specific: they operate only within a specific geofenced 

area, and the vehicle disengages and comes to a stop on its own if it encounters a problem. Level 

5 is fully self-driving and does not require human involvement. Unlike Level 4, Level 5 is not 

ODD specific because it can operate autonomously at all locations and under all conditions. 

 

 
 

Figure 2.1 SAE vs. NHTSA classifications of automated driving systems 
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Subsequently, these guidelines were questioned for being vague and confusing, for 

example, the technology leap from Level 2 upward is not as linear as the guidelines suggest, and 

some vehicle manufacturers considered Level 2 to be too broad. As such, in 2021, SAE released 

updated descriptions of the levels of driving automation. The update added terms and substantial 

refinement and clarification of certain concepts (that had been misunderstood by users of the 

previous version) and restructured the definitions into more classes that are more logical. These 

include additional clarity on the differences between SAE Levels 3 and 4; new terms and 

definitions for remote driving and remote assistance; adopting the “Driver Support Systems” 

moniker for SAE Levels 1 and 2; classifications of sustained driving automation and definitions 

for vehicle types by groups; and clarifying and defining the concept of failure mitigation strategy 

(SAE 2021). 

 

 

 

 
 

 

Figure 2.2 Descriptions of SAE J3016 Levels of Driving Automation  

(Source: sae.org/blog/sae-j3016-update) 

 

https://www.sae.org/blog/sae-j3016-update
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Figure 2.3 Other descriptions of the levels of automation (Source: GHSA (2018)) 

 

 

2.4 Features of Automation and Connectivity 

AVs use sensor-based technology (camera, lidar, and radar) and AI-based image detection 

algorithms to develop and interpret in real-time, a 3-D characterization of the physical environment 

within which the vehicle operates (Figure 2.4). The cameras capture visual information, while lidar 

sensors use laser beams to measure distances and create detailed 3-D maps of the surroundings. 

Radar sensors detect objects and measure their speed and direction using radio waves. These 

sensors work together to provide a comprehensive view of the surrounding road and traffic 

environment in real time. Algorithms are then used to analyze the sensor data to identify objects, 

track their movements, and make informed decisions for safe navigation. As such, the combination 

of cameras, lidar, and radar enables the AVs to accurately detect obstacles, recognize traffic signs 

and signals, and respond to complex driving scenarios. This sensor-based technology is essential 

for the reliable and efficient operation of autonomous vehicles, ensuring an elevated level of 

perception and decision-making capabilities.  

In addition, successful operations of AVs depend partly on the nature and efficacy of 

vehicle-to-infrastructure (V2I) communication. The potential safety implications of V2I 

communication include red light violation warning, curve speed warning, stop sign gap assist, 

reduced speed zone warning, spot weather information warning, stop sign violation warning, 

railroad crossing violation warning, and oversize vehicle warning (Harding et al., 2014). Other 

applications include warnings for hazardous situations (such as congestion, accidents, or obstacles), 

merging assistance, intersection safety, speed management, rail crossing operations, priority 

assignment for emergency vehicles, traffic jam notification, prior recognition of potential traffic 

jams, dynamic traffic light control, dynamic traffic control, and connected navigation (ETSI, 2011; 

Kenney, 2011). The terminal level of this communication protocol is termed vehicle-to-everything 
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(V2X), which is based on the exchange of information with all elements in the vehicle’s 

surroundings. V2X communication includes vehicle-to-vehicle (V2V), V2I, vehicle-to-pedestrian 

(V2P), vehicle-to-device (V2D), and vehicle- to-grid (V2G). 

V2X is deemed essential and critical for fully autonomous operations. The European 

Telecommunications Standards Institute (ETSI) and SAE International have identified the early- 

stage potential applications of this technology (ETSI, 2011; Harding et al., 2014; Kenney, 2011; 

SAE, 2016). Some of the basic road safety applications of V2X communication include forward 

collision warning, lane change warning/blind spot warning, emergency electric brake light warning, 

intersection movement assist, emergency vehicle approaching, road works warning, and 

platooning. The effectiveness of this technology is not expected to reach its full potential until all 

vehicles on the roadway are equipped with this technology (Ma et al., 2009; Yoshida, 2013). 

 

 

 
 

Figure 2.4 Basic hardware of a typical autonomous vehicle (Image source: Canis, 2019) 

 

 

2.5 The AV Transition Period and its Phases 

From the infrastructure perspective, conversations about AV demand and the transition of manual 

driving to autonomous driving in the traffic stream are important, because the timings of 

infrastructure retrofitting decision-making points will be defined by the road user needs. It is 

certain that fully autonomous operations will occur not spontaneously but rather incrementally 

over some extended period that is often referred to as the Transition Period (Figure 2.5). Several 

predictions have been made regarding the start year of AV deployment at public roads, their initial 

autonomy levels vis-à-vis the need for some driver control, and the effects of experimental or 

initial AV deployment into the traffic stream (AHAS, 2017). The transition process is expected to 

be incremental in terms of technology maturation, infrastructure modifications, and road user 

adoption. During this transition period, it is expected that key roadways will host a mix of vehicles, 

including traditional (operated by human drivers, i.e., Level 0 autonomy), automated (Level 1 to 

Level 3 autonomy), and fully autonomous or FAV (Levels 4 and 5 autonomy), until a time when 

all vehicles on the road are fully autonomous.  
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The period of HDV-FAV transition could be described as consisting of four phases: 

• Phase I, low FAV-HDV ratio: up to 25% of vehicles in the traffic stream are FAV. 

• Phase II, low-to-medium FAV-HDV ratio: 25-50% of vehicles in the stream are FAV. 

• Phase III, mid-to-high FAV-HDV ratio, 50%-75% of vehicles in the traffic stream are FAV. 

• Phase IV, high HDV-FAV ratio, 50%-75% of vehicles in the traffic stream are FAV. 

• Fully autonomous phase (FAP) – 100% of vehicles in the traffic stream are FAVs. 

 

Within these phases, there could exist sub-phases depending on the share of each level of 

autonomy. At the early years of the transition phase, the market penetrations of Levels 4-5 AVs 

will be low (as they are being tested for commercial use) and Levels 1-2 will be dominant in the 

traffic stream. With time, the market penetration of AVs will increase gradually to a point where 

AVs will dominate the traffic stream. This will be similar to the period in the early twentieth 

century when motor cars became dominant and horse carriages became obsolete and thus no longer 

considered in road design.  

 

 
 

Figure 2.5 Timeline of HDV-only traffic, mixed traffic, and AV-only traffic (adapted from Labi, 

2019) 

 

There exist different untested hypotheses regarding the initiation and length of the 

transition period. An IHS Automotive (2014) study expects the entire global fleet to be fully 

autonomous by 2050. Litman (2014) suggests that human driving will be restricted after 2060 if 

AV benefits are realized. It has been reported that the CEO of an automotive industry giant, has 

suggested prohibiting the use of traditional human-driven vehicles after there is widespread use of 

AVs and their superiority (in terms of safety) is evidenced on public roadways (The Guardian, 

2015). It may very well be the case that as AV demand grows, governments might be compelled 

to make policies prohibiting HDVs from certain corridors or classes of highways. However, the 

switch from human-driven to autonomous vehicles cannot be expected to be completed in a short 

period. Kyriakidis et al. (2015), in a survey of 5,000 respondents from 109 countries, found that 

69% of respondents estimate a 50% market share for NHTSA-defined Level 4 vehicles between 

now and 2050. A 2018 study found that during the transition phase, 68% of respondents from 

small- and medium-sized metropolitan areas would prefer to continue using their traditional 

vehicles over AVs – self-owned, hired, or shared use (Saeed et al., 2018). 

Year

Human-driven vehicles
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penetration of AV 
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(The HDV-to-AV Transition Period)

100% market 
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Autonomous vehicles
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The uncertainty in the expected length of the transition phase is governed by several factors. 

Many of these factors are related to an underlying cause – lack of trust in automation. The first 

factor is road user/driver attitudes. It seems obvious that there will be marked variability across 

market segments (demographic groups, personal vs. commercial interests, etc.) in their willingness 

to give up their traditional vehicles at the onset. This is discussed further in Section 2.6. The second 

factor is AV policy: some jurisdictions will be slow to provide supporting policies for AV 

operations and some may even pass policy to inhibit AV operations, both likely to be due to lack 

of trust in automation. For example, a few years ago, Krok (2016) reported that Chicago’s City 

Council members considered an ordinance that would ban autonomous car development in 

Chicago’s city limits, citing safety risk particularly to pedestrians. The third factor that could 

elongate the transition period is inadequate preparation to accommodate AVs: in some cases, IOOs 

might be unable to provide the infrastructure funding needed to support AVs due to already 

strained budgets. It will be important for public-sector IOOs to continue to cultivate skills of 

communicating to legislatures to open the purse strings to support AV-related infrastructure 

development. The fourth factor represents the outcomes of experimental AV deployments at public 

roads (AHAS, 2017) and the press and media coverage in the event of any AV crashes. AV 

successes seem to receive far less press reporting compared to AV mishaps.  

As more AVs get deployed gradually, the number of crashes (not crash rates) are also 

expected to increase. Every adverse AV incident may receive extensive coverage, thereby: 

exacerbating the fears of an already skeptical public, increasing the reluctance of potential 

customers to patronize AVs, and leaving policymakers even more cautious to pass AV-supporting 

policy. In addition, any crash involving an HDV and AV will likely be blamed on the AV as it is 

the newcomer to the traffic stream, and the public mood might be governed by the maxim “it was 

not as bad until you came along.” These situations may further lengthen the AV transition phase. 

As the safety and mobility benefits of AV become obvious, skepticism towards AVs will likely 

reduce, and may lead to reduced length of the transition phase, with the introduction of AVs in the 

traffic stream, there might be a jumping the crash rate as both vehicle types “learn” how to adjust 

to each other. After such a period of learning and thus, more cognizant and accommodative during 

actions by both parties, the crash rate will likely decrease (Figure 2.6). 

 

 
Figure 2.6 Hypothetical AV Safety Bump (TIRG, 2023) 

 

Notwithstanding the effects of these factors, it is generally agreed that the transition to a  

era of full autonomy will be gradual and evolutionary and will be punctuated with hiccups from 

technological, policy or consumer attitudes perspectives. Then, from an IOO perspective, the 
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nature of AV market penetration trends will continue to be a key issue because it will drive the 

demand for AV-supporting infrastructure, and consequently, the expected impact of the required 

pace of AV-related road infrastructure investments. Current road infrastructure is designed to serve 

a traditional (human) driving environment. With increasing AV operations, there will be a need 

for infrastructure that serves a mixed stream of automated (Level 1 to Level 3 autonomy), 

autonomous (Level 4 and Level 5 autonomy), and human-operated vehicles and, eventually, 

infrastructure that serves a fully autonomous vehicle fleet. Given the rate of technological 

development and its associated uncertainties and the limited resources and funding limitations of 

public sector IOOs, the retrofitting of roadway infrastructure can be expected to be incremental 

and stepwise. Infrastructure retrofitting will be both proactive and responsive because it will be 

both a cause and an effect of AV demand. 

 

2.6 Discussion on the Influence of Road User Attitudes on the Transition Period Duration 

User attitudes represent a critical factor of the length of the AV transition period. As explained 

earlier in this chapter, favorable user attitudes will drive up AV demand, which will in turn spur 

IOOs to provide the supporting infrastructure and motivate governments (at all levels) to pass 

favorable policy. As prospective AV users increasingly comprehend the wide range of capabilities 

that this technology offers for making transportation safer, more efficient, more accessible, and 

more responsive to mobility needs (Abraham et al., 2017), they will become more receptive to this 

emerging technology. Public perceptions are expected to change over time as road users become 

more aware of the technology, its potential, emergence patterns, and expected implementation 

scenarios and, more importantly, as their personal experience of AV operations in experimental 

public use. User perceptions are likely to be negative when AV crashes during test deployment 

become highly publicized. Overall, user perceptions will become stable with wider cognizance of 

the impacts (both positive and negative) that AV technology might have based on travelers’ 

personal experiences. User trust is expected to increase over time as users witness increasing 

volumes of AV operations on roadways (The Economist, 2018) and as they continue to have 

positive personal experiences (Figure 2.7). 

 

 

 

 
 

Figure 2.7 As travelers continue to have positive personal experiences in autonomous vehicles, 

user trust in AVs is expected to increase (Source: Matt York, AP Photo) 
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2.7 Technology Development and Adoption Scenarios 

Currently, AV technology is undergoing testing at several laboratories, test tracks, and pilot 

corridors or cities worldwide, and this is being done under different operational design domains 

and roadway environments. Keeney (2018) noted that Waymo, Tesla, and Cruise are operating 

fleets of test AVs. AV technology acceptance and adoption will require continual evolution in 

several areas (Forni, 2017) including (a) accurate sensing for enabling vehicles to perceive their 

roadway and traffic environments; (b) high-definition internal vehicle maps to pinpoint exact 

vehicle location in the roadway;, (c) artificial intelligence and deep learning algorithms for 

accurately detecting, predicting, and reacting to the behavior of other road users (e.g., vehicles, 

animals, pedestrians, and cyclists) and other dynamic roadway events. Expectations of the scale 

and types of AV-supporting infrastructure requirements can be expected to vary as AV technology 

evolves. 

       Some AV advocates have predicted that by 2030, AVs will be sufficiently reliable and 

affordable to replace most human-operated vehicles, providing multiple benefits to both users and 

society at large, including provision of independent mobility to those who cannot drive otherwise, 

reduction in driver tedium and stress, and remedies for accidents, congestion, and pollution 

problems (Johnston and Walker, 2017; Keeney, 2018; Kok et al., 2017). However, there may be 

some skepticism about such claims due to the realities and limitations of the current technology. 

Some pundits have argued that most of the optimistic predictions of AV market penetration are 

made (a) by those that seem to have commercial interests in the AV industry, and (b) based on 

experience with earlier technological innovation including smartphones, cameras, and the Internet 

(NetworkNewsWire, 2018). In most cases, such analysis is overly sanguine and could have 

benefitted from realistic assumptions regarding costs and reliability. Several complex technical 

issues must be resolved before AVs can be operated in all conditions. For example, AVs must 

undergo significant testing before they are approved for public use, and AVs must be affordable 

and attractive to consumers. 

          At the current time, most existing vehicles have Level 1 and 2 technologies at a maximum 

– hazard warning, cruise control, and automated parallel parking. The “Autopilot” developed by 

Tesla has automated steering and acceleration features that can be deployed under restricted 

circumstances; however, its deployment was delayed after a Tesla car got engaged in a fatal crash 

in 2016 (Hawkins, 2017). Some companies are conducting Level 4 pilot projects; and in the 2022-

2023 period, Uber and other AV manufacturers announced partnerships to commence autonomous 

taxi service operations in a number of US cities (Korn, 2022; Capoot and Piazza, 2023). 

Notwithstanding this advancement, substantial technical developments are needed before AVs are 

capable of driving under all operational design domains (Simonite, 2016) including snow, heavy 

rain, unpaved roads, and heterogenous traffic. In some cases, the environment could have 

unpredicted obstacles including stray animals, potholes, errant vehicles and cyclists, and 

inattentive pedestrians. In such cases, AV operation on public roads could become even more 

challenging (Mervis, 2017) and the AV would need even more complex sending and detection 

technology to be recognize these threats. 

         The proponents of AV technology acknowledge the need for substantial technical 

advancement before Levels 4-5 vehicles are evaluated, approved, and declared dependable (Mervis, 

2017). It has been noted that the Michigan Mobility Transformation Center director anticipates 

that it will be decades before the technology is dependable enough to allow the vehicle to drive on 

its own safely on any road at any speed and in any weather (Truett, 2016). Similarly, researchers 
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at the Toyota Research Institute believe that neither the information technology nor the auto 

manufacturing industry is even close to attaining real Level 5 autonomy (Ackerman, 2017). 

Similarly, Uber’s self-driving vehicle lab director confirmed a few years ago that self-driving 

vehicle technology that is safe and dependable enough to operate in all operating domains is not 

expected to be available in the next few years (Marowits, 2017).  

        In addition, it has been reported that AI experts perceive a prevailing underestimation of the 

magnitude and intensity of the technological progress needed for enabling AVs to anticipate the 

types of dangerous and unusual situations that can happen in the roadway environment (Marowits, 

2017). Ebert (2016) went further, opining that AV technology development (as a replication of the 

human driver without replicating human error propensity) is far in the future. 

 

2.8 Key Stakeholders and their Roles 

It is expected that the successful development and deployment of AVs will be driven by decisions 

and actions of four key stakeholders (Figure 2.8):  

• Road users (prospective consumers or users of this technology and those who will drive 

their traditional vehicles but share the road with AVs),  

• Industry (technology developers, vehicle manufacturers, and service providers),  

• Government legislatures and the executive branch (at various levels of government) 

responsible for regulations and policy formulation,  

• Road agencies and private-sector IOOs are responsible for infrastructure development.  

The roles of all these (and other) stakeholders are complementary in nature; in other words, 

their individual efforts are expected to complement one another and therefore form a tapestry 

towards the realization of AV operations. The rest of this section discusses a specific stakeholder 

– road users – because of their critical role in infrastructure preparedness.  

Road user acceptance (and hence, demand) is critical to the successful deployment of AVs 

(Heide and Henning, 2006). Among several other challenges associated with automated driving, 

there is a need to address public perceptions (Howard and Dai, 2014). Dennehy (2018) 

recommends addressing consumers’ concerns and fostering public acceptance before 

accommodating AVs on existing roadways. The demand for AV technology emanates from road 

users, and, as such, it is important to understand their individual attitudes regarding this technology. 

The needs of road users must be met, and their concerns addressed; otherwise, the AV 

implementation may be delayed. To address these concerns, investigating user acceptance of this 

technology at every phase of its development and deployment is critical for at least three reasons:  

• to ascertain the extent to which users will embrace this technology, thereby reliably 

measuring the AV demand.  

• to inform agencies to make user-responsive decisions regarding AV investments and 

policies.  

• to advise technology developers on AV design. 

Road user perspectives (and ultimately, consumer demand) will drive the scale of AV 

market growth and vice versa. The anticipated societal benefits may not be attained unless a critical 

mass of consumers adopt this technology. Government legislatures will likely mandate (or prohibit) 

the use of AVs in certain areas, which could generally accelerate (or diminish) AV market 

penetration. However, the timing of AV deployment and the state of AV technology are still 

uncertain. Moreover, any measures from government agencies, such as promoting the use of AV-

related ride-hailing or ridesharing services or restricting the use of private AVs or even prohibiting 

them from certain areas, could be unpopular (The Economist, 2018). For this reason, it is important 
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to ensure road users involvement in AV infrastructure preparations.  

In a national dialogue on highway automation held by FHWA (2018), one of the key 

outcomes was the need to actively involve road users and include their insights into decisions 

regarding AV-related infrastructure preparedness at the federal level. However, it remains unclear 

how to proceed in this direction. More direct and closer communication and interaction among all 

the stakeholders will help overcome the challenges associated with AV operations. 

The existing literature is replete with public perceptions regarding AV adoption potential 

based on several factors: individuals’ behavioral characteristics, travel time, and cost. However, 

their preferences and intentions regarding AV adoption have not been fully investigated in relation 

to road infrastructure modifications. If the government does not mandate or proscribe the use of 

this technology, the rate of AV market penetration is expected to depend on market forces (NAE, 

2018). However, the situation is not as simple as it seems. The deployment of AVs involves a 

complex blend of vehicle technology, information technology, highway users, and infrastructure 

systems. The life cycles and investment horizons of these systems and related technologies often 

differ completely from each other. 

Because of the extreme uncertainty surrounding the pace and state of technological 

development of AVs, the rate of user adoption of AVs after their deployment, and road 

infrastructure requirements, transportation agencies are hesitant to make significant investments 

pertaining to AV-related infrastructure readiness. This is understandable, given the evolving nature 

of AV technology and the limited resources and funding uncertainties of highway agencies. 

However, the role of transportation agencies regarding infrastructure preparedness should be 

proactive. This is mainly because adequate infrastructure modifications will play a critical role in 

fueling market penetration. As such, rapidly evolving AV technology presents a strong motivation 

to revitalize infrastructure in the future transportation ecosystem. 

There exists significant endogeneity and simultaneity of the roles of key stakeholders (the 

IOOs, the government, the road users, and the OEMs) as shown in Figure 2.8. The rate of change 

of road infrastructure will depend on the rate of maturation of AV technology and rate of user 

acceptance of AV technology. Also, the rate of maturation of AV technology will depend on the 

rate of change of road infrastructure and rate of user acceptance of AV technology. Further, the 

rate of user acceptance of AV technology will depend on the rate of change of road infrastructure 

and rate of maturation of AV technology. The symbol t refers to a given time period; k is the time 

lag and may be different for each equation and/or each variable. A simultaneous equation could 

be specified as follows:  

RIt = f1(UAt–k, MAt–k, SPt–k) 

UAt = f2(RIt–k, MAt–k, SPt–k)  

MAt = f3(RIt–k, UAt–k, SPt–k) 

SPt = f4(RIt–k, UAt–k, MAt–k) 

 

Where: 

RI t = level of road infrastructure; MA = level of AV technology maturation 

UA = level of AV user acceptance or demand; SP = level of AV-supporting policy 

 

All efforts made in the context of readiness for AV operations are expected to be highly 

interrelated, endogenous, and cross-consequential, and will be evidential of the complementary 

role of the key stakeholders in AV deployment. 
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Figure 2.8 The stakeholder quad 

 

 

2.9 The Stakeholder Participation Model (SPM) 

The complementary roles of key stakeholders in AV deployment are described in the previous 

section. However, the nature of the required changes to road infrastructure to support AV 

operations, is still in question. The Stakeholder Participation Model (SPM) (Saeed, 2019) 

conceptualizes the entire process of transitioning to fully autonomous operations while clearly 

illustrating the role of each stakeholder. The model demonstrates how feedback from different 

stakeholders will inform AV-related infrastructure retrofitting at the agency level. The SPM 

involves acquiring input from key stakeholders (road users, infrastructure owners and operators, 

and technology developers) and sustained information sharing among them to help identify 

adequate infrastructure needs. The model depicts the complex endogenous and interdependent 

relationships and multi-directional simultaneous interactions among key stakeholders. Strong 

feedback effects may arise among functional elements (technology development, policy 

formulation, user adoption, market penetration, infrastructure modifications, and regulations) 

during the transition to AV operations. 

The OEMs lead the technology development efforts. However, AV demand is dictated by 

the preferences of the road users. From the IOO perspective, road user demand is what drives their 
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decisions regarding the expansion or development of new or existing infrastructure systems. 

Therefore, IOOs routinely conduct estimates of travel demand for various purposes including 

infrastructures in response to trends in the socio-economic and technological environment. 

Currently, the best available tool to gauge user demand for AVs is a survey questionnaire. For 

example, if a city agency seeks knowledge of the anticipated level of demand for AV technology, 

it should collect information on public opinion and potential AV adoption through surveying a 

representative sample of the city’s population, as recently carried out by the Puget Sound Regional 

Council (2017) and the California Energy Commission (2017). 

Moreover, during the transition phase, there will be two types of road users: those who use 

AVs in some form (self-owned, hired, or shared) and those who continue to drive their own or to 

use traditional vehicles in some form. The feedback from both non-AV users and potential early 

adopters of AVs is important at the current time. While questionnaire surveys may help establish 

initial demand estimates by identifying early adopters, the feedback from non-AV users also has 

obvious consequences for infrastructure modifications. During the AV transition period, IOOs will 

seek to develop and maintain roadways that are compatible with both types of road users. As such, 

non-AV users could be surveyed about their comfort level in sharing the road space with AVs. 

Their perspectives could be collated for subsequent consideration in IOO decisions regarding AV-

related road infrastructure decisions(for example, whether to separate AVs from other vehicles 

through AV-exclusive lanes and whether to protect the AV exclusive lane using barriers). 

Furthermore, information collected through survey tools could be leveraged to investigate 

the user acceptance and potential effectiveness of various alternative infrastructure retrofitting 

strategies under consideration by IOO. For example, surveys could be used to help investigate how 

road user comfort level might change across various retrofitting options (e.g., the provision of an 

exclusive lane for AVs versus the provision of an exclusive lane for automated heavy vehicles). A 

survey question could be: “During the initial deployment of autonomous vehicles at freeways, 

which of the following roadway design changes would elevate your trust and comfort level 

regarding an AV-inclusive highway operating environment”. Responses could include (a) a 

dedicated lane for AVs; (b) a dedicated lane for automated trucks, with other lanes shared by 

traditional and autonomous vehicles; and (c) no change is necessary. 

Carefully designed and calibrated surveys could serve as useful and effective tools for 

facilitating agency decision-making related to highway infrastructure modifications. Such tools 

could help capture the road user insights, thus facilitating their inclusion in the decision-making 

process. This is considered important and necessary (FHWA, 2018). However, until AVs appear 

on the road in significant numbers and prospective survey respondents have personal experience 

with the technology, public preferences cannot be captured with certainty. Consequently, any such 

surveys should be conducted periodically to feel the prevailing market pulse. Conversely, it is 

expected that infrastructure modifications will have implications for the adoption and acceptance 

of AVs. These infrastructure changes, if adequate, may likely fuel the market penetration of AVs 

by encouraging their increased use: if inappropriate, these changes could potentially lead to a waste 

of public funds and impede AV market penetration. Furthermore, this entire process of 

transitioning to a new era of infrastructure needs to be regulated through favorable regulations and 

policies issued by government institutions. 
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2.10 ODD and its Relationship with Infrastructure 

Operational Design Domain (ODD) can be defined as the operating conditions under which a given 

driving automation system (or its feature) is specifically designed to function (British Standards 

Institution, 2020). For example, the Level 3 conditional automated traffic jam drive feature works 

on freeways and at speeds less than 38 mph (Gopalkrishnan et al., 2015). ODD includes the road 

class, speed, and specific traffic and weather conditions. Coupled with the SAE level of automation, 

the ODD provides a basis upon which AV development and deployment can be planned. ODDs 

are particularly critical for SAE Levels above 3 because these vehicles have an autonomous-only 

driving mode. García et al. (2020) hinted that the number of AV-to-human takeover requests (TOR) 

could serve as a useful indicator of the adequacy of the road infrastructure in the future era of AV 

operations. 

It has been acknowledged that ODD is inherently dynamic because it is based on elements that 

change with time, for example, the weather, time of day, and traffic conditions. For example, some 

AV lane-keeping systems depend on pavement marking detection, but the detectability of 

pavement markings could be impaired by aging, tire-induced abrasion, ice cover. Also, the type of 

marking and the sun’s position could enhance/degrade the ADS’s marking detection capabilities.  

Gopalkrishnan et al. (2015) stated that for some ADAS and ADS features, the relative 

performance of roadway infrastructure may influence how an ADS developer defines an ODD. 

The researchers emphasized the strong link between automated driving features and roadway 

infrastructure, and offered the following suggestions for ADS developers: 

• Consider how the infrastructure elements of an ODD support the technologies that provide 

ADAS and ADS features. 

• Examine what is needed from an ODD’s infrastructure elements to make ADAS and ADS 

more dependable within the intended ODD. 

• Consider the infrastructure elements that could be addressed to improve the performance 

of ADAS and ADS features. 

• Help identify the roles that infrastructure could serve in preparing/expanding an ODD from 

transitioning from HDVs to AVs. 

The researchers noted that as the transition from human-driven to ADS takes shape, additional 

infrastructure areas may be affected. Therefore, there is a need to promote coordination of IOOs 

and ADS developers to better understand how ADS performance may impact the total 

transportation system, including infrastructure.  

Given the multi-faceted and time-varying nature of the ODD-infrastructure relationship, it 

seems clear that it can be rather difficult to define an ODD. Thorn et al. (2018) presented an ODD 

framework (Figure 2.9) which recommends and categorizes the elements worthy of consideration 

in establishing an ODD. 

There also exists the issue of standardization. Researchers have argued that in practice, 

there exist serious limitations in ODD applications due to inadequate standardization. There is no 

universal specification of all combinations of the possible factors, conditions, and thresholds for 

which an AV should be able to operate autonomously. In addition, irrespective of how well an 

ODD is defined, each individual vehicle presents a different ODD (Gopalkrishnan et al. 2015), 

and this is a key challenge from the viewpoint of road infrastructure preparations. The time-varying 

nature of ODD elements exacerbates the problems of inadequate standardization and the 

complexity of the ODD-infrastructure relationship and highlights the importance of roadway 

design and management to successful AV operations.  
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Figure 2.9 Conceptual ODD elements (adapted from Thorn et al. 2018) 

 

In addition, Gopalkrishnan et al. (2015) exhorted the OEMs to work with IOOs to resolve 

these issues. Garcia et al. (2022) noted that OEMs typically design their automated systems 

unilaterally without explicit awareness of the adequacy of the physical infrastructure and the 

requisite infrastructure improvements to enhance the ODD robustness, and cautioned that in this 

regard, IOOs cannot afford to be either “subservient” or “oblivious” to OEMs. The authors 

proposed a novel Operational Road Section (ORS) concept – a road section where all automated 

systems can operate safely, considering the existing physical and cyber infrastructure. The IOO 

could install road signs and cell phone alerts for the benefit of the AV as it enters or exits the ORS 

and encourage the AV driver to activate their automated systems or to disable/supervise them with 

greater attention, with due recognition of the temporary limitation posed to automation by certain 

conditions in the roadway environment.  

In other related research, Reddy et al. (2020 developed operational design domain 

requirements for improved performance of lane assistance systems: a field test study in The 

Netherlands. Taxonomy-related issues related to ODDs have received some attention. For example, 

Chen et al. (2023) proposed a modified taxonomy for autonomous vehicles considering ambient 

road infrastructure, and Mendiboure et al. (2023) discussed the taxonomy, definitions, and 

applications of ODD for automated driving systems.  In the United Kingdom, the Center for 

Connected and Autonomous Vehicles (2020) presented specifications for Operational Design 

Domain (ODD) taxonomy for an automated driving system (ADS) that shed much light on the 

relationships between ODD and autonomous driving. 
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2.11 Some Initiatives at Various State in the US 

Table 2.1 presents a few AV-related initiatives programs, policies, and other executive and 

legislative actions, and infrastructure-related reports at a sample of US states. These initiatives 

include legislation, executive actions, and reports from sponsored research studies. Also, CAVita 

(2017) presented the outcomes of a state DOT CEO Leadership Forum on Connected & 

Autonomous Vehicles and Transportation Infrastructure Readiness in conjunction with the 2017 

ITS world congress in Montreal, Canada. These outcomes are generally consistent with the 

concerns of state DOTs regarding the provision of infrastructure for the era of AVs. 

 

Table 2.1 AV-related initiatives at a sample of US states 

 
State Examples of DOT initiatives (programs, policies, and other executive and legislative 

actions, and sponsorship of AV infrastructure-related studies)  

Source(s) 

Arizona Is the state currently with the most testing and commercial deployment. 

2022. SB 1333 passes. This is regarding a new low speed “Neighborhood Occupantless 

Electric Vehicle (NOEV)”.  

2021. HB 2813 passes. This codifies most of Executive Order 2018-04 into state law.  

2019. HB 2132 passes. This allows “personal mobile cargo carrying device” operations 

2018. HB 2422 passes allowing for “personal delivery devices” to operate in Arizona. 

2018. Executive Order issued. Reflected advancements in technology and testing.  

2017. HB 2159 passes. Allowed truck platooning technology demos on AZ highways.  

2015. Executive Order issued. Outlined CAV technology development/testing process. 

Arizona DOT 

(2023) 

California 2018. Approved driverless testing regulations.  

2018. Published revised regulations on driverless testing and deployment of AVs.  

2017. Published proposed regulations to establish a path for the testing and deployment of 

fully autonomous vehicles. 

2016. Released revised draft deployment regulations and held a public workshop. 

2015. Released the draft deployment regulations for review. 

The State of 

California 

(2023) 

Connecticut 2021. Released document “Preparing for Connected & Automated Vehicles Strategic Plan” Connecticut 

DOT (2021) 

Delaware 2017. Report published: “Autonomous vehicles in Delaware: Analyzing the impact and 

readiness for the first state” 

Barnes (2017) 

Iowa 2017. “Automated Vehicle Technologies Project, Vision Document Final” Iowa DOT 

(2017) 

Maryland  2021. “2021-2025 MDOT SHA Connected and Automated Vehicle Implementation Plan” Maryland DOT 

(2021) 

North 

Carolina  

2016. “NC Readiness for Connected and Autonomous Vehicles (CAV) Final Report” Kimley Horn 

(2016) 

Texas 2017. “An Assessment of Autonomous Vehicles: Traffic Impacts and Infrastructure 

Needs—Final Report” 

Kockelman et 

al., 2017 
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CHAPTER 3 AV DEMAND FORECASTS 
 

3.1 Introduction 

Any research on AV infrastructure preparations must necessarily consider existing AV demand 

and its future projections. The previous chapter, addressing the key concepts, stakeholders, and 

phenomena related to AV operations, set the stage for the present chapter which discusses AV 

demand in the context of market penetration. The current chapter presents forecasts of AV market 

penetration not only for all levels of autonomy combined but also for each level of autonomy, and 

the factors that influence AV market penetration. The research mechanisms used include a 

questionnaire survey of the relevant stakeholders, desk interviews of experts, and a review of 

existing literature.  

 

3.2 Market Penetration (MP) 

As discussed in the previous chapter, demand (AV market penetration in this case) is the most 

critical decision factor that governs IOO decisions regarding AV-related infrastructure investment. 

These investment decisions are related to the renewal, retrofitting, rightsizing, expansion, or 

upgrading of infrastructural elements. The IOOs are responsible for the upkeep of highway 

infrastructure and traditionally develop time-based or performance-based schedules to facilitate 

their decisions (see Lamptey et al., 2008). The development of these schedules assume that an 

asset-related parameter of volatility will exhibit a peculiar pattern (increasing, decreasing, or 

otherwise) based on observed historical trends or in certain cases, expert opinion. 

          There exist no documented historical trends for AV market penetration, due to the novelty 

of the technology. Therefore, the uncertainty surrounding AV demand is expected to be 

particularly pronounced during the early phase transition period. The early safety and efficiency 

performance of AVs will play a crucial role in defining the direction, magnitude, and rate of market 

penetration of this technology. During the transition period, user acceptance of this technology 

(and hence, the demand) is expected to be highly susceptible to fluctuation partly due to any widely 

publicized crash events involving test AVs. To capture any such fluctuation in the demand, it is 

important to conduct periodic surveys to gauge user perceptions and hence, AV potential demand 

and market penetration. AV market penetration is expected to follow a more stable upward trend 

after a more certain state of the technology is achieved and individual user experiences are positive. 

         For IOOs to make more informed investment decisions related to AV-related infrastructure 

retrofitting, it is important that they develop estimates of AV market penetration in their respective 

jurisdictions. The spatial relevance of market penetration trends is also a worthy consideration. 

The market penetration rates will vary across states, regions, or countries.  

           Table 3.1 summarizes the forecasts for AV market penetration rates developed by past 

studies based on consumer surveys. Some glowing forecasts reported by earlier studies have been 

proven to be not very reliable. This may be because they were based on speculation and probably 

erroneous implicit postulates regarding AV technology, timing evolution, and maturation.  Litman 

(2018) cautioned that independent testing and regulatory approval will require additional time even 

after Level 5 vehicles are fully dependable and functional. In contrast to other technological 

innovations, AVs are expected to require higher regulation and testing standards due to their 

potential risk of imposing substantial external costs in terms of road crashes and delay to road 
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users. From an optimistic perspective, the actual testing and approval may only require a few years. 

However, if AVs are found to be inherently unsafe and unreliable (i.e., if they incessantly lead to 

high-profile crashes), several more years of technology development and testing will be needed 

(Bhuiyan, 2017). It is also important to note that different jurisdictions may implement different 

testing protocols, approvals, and regulations, (as is the case with other governance issues) and this 

will cause different rates of deployment across regions, cities, towns, states, and countries. 

          In addition to technology development, market deployment and penetration will depend on 

consumer willingness to pay for this technology. Generally, purchasing a vehicle is a significant 

investment for the average person, and not all travelers can afford to do this. As such, AV 

technology may take decades to penetrate travel markets (Litman, 2018). Some AV advocates 

believe that some consumers including shared-ride fleet companies may be willing to prematurely 

scrap their traditional vehicles given the magnitude and nature (prospectively) of AV benefits. It 

is hoped that such decisions will be based on realistic estimates and assumptions of the costs and 

benefits. 

          In the recent past, surveys have been used heavily to develop fairly reliable AV market 

penetration forecasts (Gkartzonikas and Gkritza, 2019; Iacobucci et al., 2023; Bala et al., 2023; 

Othman, 2021). These surveys had a smaller margin of error compared to the predictions not based 

on evidence and therefore provide a more reliable picture of the potential implementation timeline. 

The findings of these surveys offer more cautious predictions about the speed and scale of AV-

driven transformation and its implications across society. These forecasts must be updated 

constantly, due to the rapid evolution of AV technology. Furthermore, these forecasts may be area-

specific and time-specific and thus cannot be generalized for all geographical locations. The 

findings of these surveys have also revealed significant consumer concerns about AV safety and 

privacy (Schoettle and Sivak, 2014). Most of the responding consumers expressed anxiety about 

AVs not reaching the desired destination until they are proven reliable in all conditions and ODDs 

operational design domains (Grush, 2017). However, as Wharton (2017) noted, it is difficult to 

attain a high target of operability. 

          Most importantly, it is critical to duly acknowledge and account for the volatility of market 

penetration and then make flexible infrastructure investment decisions that are responsive to the 

evolving trends in market penetration. As shown in Table 3.1, there is a wide range of predictions 

regarding the AV market penetration rates and there is no universally agreed trend, and this is 

suggestive of the existence of significant volatility in AV market penetration.  
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Table 3.1 AV market penetration forecasts (made in 2014-2018) 

 

Source Market penetration forecasts 

IHS Markit 

(2018) 

After personally owned autonomous cars are made available for individual 

buyers, AV sales are expected to surpass 51,000 units in 2021 globally. Approx. 1 

million AVs are likely to be sold in 2025 as self-owned cars and shared fleets. AV 

sales are likely to surpass 33 million annually in 2040, corresponding to over 26% 

of new car sales. Total U.S. volumes of AVs are expected to reach 7.4 million 

units per year in 2040. 

 

Litman 

(2018) 

In the 2040s approximately 50% of vehicles sold and 40% of vehicle travel 

could be autonomous (at level 5); In the 2050s approximately 80-100% of 

vehicles sold and 50-80% of vehicle travel could be autonomous (at level 5); It 

will be at least 2040 before half of all new vehicles are autonomous, and at 

least 2050 before half of the vehicle fleet is autonomous. These forecasts 

assume that Level 4-5 vehicles become commercially available in the 2020s. 

Waymo 

(2018) 

Widespread adoption is unlikely before the latter half of the 2020s. 

Litman 

(2018) 

30% and 50% of the vehicle fleet in the U.S. to have Level 4 autonomy in the 

2040s and 2050s, respectively. 40% and 65% of U.S. vehicle travel will be in 

Level 4 AVs in 2040 and 2050, respectively. 

McKinsey 

(2016) 

Fully autonomous vehicles are unlikely to be commercially available before 2020. 

15% of all new passenger vehicles sold in 2030 could be fully autonomous; 50% 

market penetration around 2033; 90% market penetration by 2070 

Rowe (2015) 100% of U.S. vehicles will be at Level 4 by 2060 

Archambault 

et al. (2015);  

Goldman 

Sachs-Cars 

Forecasts 

100% of the North American, European, and Japanese vehicle fleet to have 

Level 4 autonomy by 2050.  

Level 3 and Level 4 vehicles to be officially launched first in 2025 

Harrop & Das 

(2015) 

The number of self-driving capable cars in the U.S. to reach 8.5 million by 2035 

Bierstedt et 

al. (2014) 

25% of U.S. vehicle fleet to be autonomous by 2035 

IHS 

Automotive 

(2014) 

Entire global fleet expected to be fully autonomous by 2050 

Hars (2014) By 2030, car ownership to decline by 20% and 90% of all person-trips in the U.S. 

will be in Level 4 AVs. 

Laslau et al. 

(2014) 

92% and 8% of the global vehicle fleet will comprise of Level 2 and 3 vehicles, 

respectively, in 2030. 

Morgan 

Stanley 

(2013) 

100% of U.S. light-duty vehicles will be Level 3 and 4 vehicles by 2030 and 2055, 

respectively 
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3.3 Statistical Modeling of AV Adoption Potential 

3.3.1 Prelude 

With the advent of AVs, it can be expected that new mobility services and modes will emerge. For 

example, private ownership of vehicles may become increasingly obsolete as society approaches 

the era of full autonomy. However, during the time when both HDVs and AVs share the road, AVs 

must be considered in the context of a wider transportation system with competing alternatives, 

and it is important to consider the impact of travel attributes including safety, comfort, reliability, 

convenience, privacy, and security (Barff et al., 1982) on mobility choice decisions. AVs will 

potentially free people from persistent urban transport ills of congestion, parking, the driving task, 

and vehicle ownership but this may come at the expense of flexibility associated with personal 

vehicles. AVs, particularly where they are shared, generate concerns about the ease of personal 

movement, privacy, and exposure to transmittable diseases (Gkritza and Chahine, 2023). As such, 

it is hard to envision future mobility trends with much accuracy due to many known and unknown 

uncertainties. It is important to explore public acceptance of the AV modes in relation to the 

conventional mode during the AV transition phase. In this study, the user concerns and travel 

preferences are studied through an experiment that involved a questionnaire survey of prospective 

AV users. 

The existing literature contains evidence of growing interest in understanding consumer 

preferences and opinions related to AV adoption in the context of general interest and attitudes 

(Iacobucci et al., 2023; Bala et al., 2023; Nair et al., 2018; Saeed, 2018; Soteropoulos et al., 2018; 

Gkartzonikas and Gkritza, 2019). Some researchers have investigated AV adoption based on 

vehicle ownership and diffusion models (Lavasani et al., 2016; Daziano et al., 2017; Talebian and 

Mishra, 2018). Others have used a direct and open-ended expression of willingness to pay for AVs 

or ride-hailing AV trips (Bansal and Kockelman, 2018 and Laidlaw et al., 2018). Some researchers, 

however, have expressed concerns about responses to open-ended questions, in the context of 

willingness to pay (Arrow et al., 1993) and it has been stated that choice experiments and consumer 

attitudes and preferences without explicit willingness to pay may be considered more suitable (Nair 

et al., 2018). For example, a fairly recent study by Weiss et al. (2019) offered seven alternatives 

to 1,897 respondents from the largest urban metropolis in Canada, the Greater Toronto Area: (a) 

your current observed mode; (b) ride in your AV alone; (c) ride in your own AV with another 

passenger (carpool/ride-hail); (d) ridehail in an AV and travel alone; (e) ridehail in an AV and 

travel with other passengers (carpool); (f) ridehail in a conventionally driven vehicle (with a driver) 

and travel alone; and (g) ridehail in a conventionally driven vehicle (with a driver) with other 

passengers (carpool).  

Past studies threw much light on the issue of AV demand from a diagnostic perspective. 

However, opportunities exist to address the issue from a few more additional perspectives, 

including: (a) expansion of the target population or geographical coverage to extend beyond 

localized areas or small regions, (b) inclusion of HDV as an option, (c) use of outcomes other than 

a Likert scale (e.g., Nair et al., 2018 and Nazari et al., 2018), (d) exploration of consumer 

preferences regarding an expanded list of the forms of the built environment (city center, urban, 

suburban, and rural), (e) going beyond basic descriptive statistics to conduct in-depth econometric 

analysis to earn more insights, (f) expanded and representative sample sizes.  

To address these gaps in the literature, this part of the study explored the mobility 

preferences of prospective future consumers of AVs, who were asked to choose from a set of four 

options: continue using a self-owned regular vehicle; using a self-owned AV; using a hired AV 

service (Zipcar or Car2Go); and using a shared AV service with other passengers (Uber or Lyft). 
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The preferences of a representative sample (in terms of age and gender) with consumers living in 

all settings of the built environment were studied. Moreover, the experiment explored consumers’ 

preferences using a multimodal analysis that considered the conventional and AV-related modes 

in relation to each other and not in isolation as often done in the previous studies (Nazari et al., 

2018). While duly recognizing the zero-market penetration and inexperience of the users with this 

technology, this set of travel-choice alternatives was deliberately kept small to avoid complexity 

of the questionnaire and prevent respondent fatigue. This study did not include modes related to 

public transport and AV-transit integration in the choices – this is suggested for future research. 

There exists a common perception that there would be increased use and adoption of AVs 

as a shared service where multiple travelers use the same AV concomitantly (Kornhauser et al., 

2013; Bansal et al. 2016; Bischoff and Maciejewski, 2016; Krueger et al., 2016; Barbour et al., 

2019; Menon et al., 2019). It is further believed that vehicle ownership will become less prevalent 

in the future. However, there is a lack of empirical evidence in the literature to support such  

hypothesis. As such this study assessed the hypothesis using empirical data from the questionnaire 

survey. The survey instrument is published in Saeed (2019). 

The results of the experiment pertain to SMMAs but could be extrapolated to the wider 

population of prospective AV users in the country. In this report, important insights are provided 

regarding the consumers’ potential adoption and usage of these modes, which could be indicative 

of future mobility trends during the transition period. The experiment culminated in the 

development of a random-parameters logit model that helped throw light on consumers’ mobility 

preferences in the context of their travel behavior characteristics, socio-demographic features, their 

awareness about AV technology and new travel choices, household characteristics, psychological 

factors, and the built-environment features. 

 

3.3.2 Data Collection and Description 

A web-based survey was used to collect data from a nationally representative sample, across age 

and gender. There were 1,922 respondents from SMMAs of the U.S. with a population of 450,000 

or less. Various attention filters, consistency checks and response time rates were used to evaluate 

the overall quality of the responses which included: (1) noting the time taken by each respondent 

in responding to the whole survey and (2) asking about the same item in two different sections to 

investigate the attention paid by each respondent while filling out the survey. Hence, the quality 

of the individual responses could be verified and validated. To maintain a strict check on the 

quality of the responses, the amount of time spent by each respondent in responding to each section 

in the survey was also recorded, which helped in quickly discerning potentially bad responses. 

This recording of time was an additional validation tool for the response-quality check. For 

example, if a respondent spent only one-minute responding to the complete survey, that 

observation was excluded from the analysis. The survey was expected to take about 10 minutes 

based on feedback from 125 test respondents in a pilot survey. Moreover, the observations that 

had conflicting/different answers to the same question asked in different sections were discarded. 

The responses reporting more children or workers than the household size was also excluded from 

the analysis. 

Prior to its dissemination, the survey was distributed twice to a group of over 100 test 

respondents from different age groups, educational attainment levels, and professions. However, 

50% of them were from a university campus. The university respondents were at two different 

academic levels: undergraduate and graduate. The pilot survey was conducted with the intent to 

assess the total time spent in taking the survey and to obtain feedback regarding the level of the 
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respondents’ fatigue in completing the survey and the complexity and interpretability of each 

question in terms of the technical terminology. Based on this feedback, the survey questions were 

revised to make them simpler, less technical, and self-explanatory for respondents from both 

academic levels. The number of questions was kept low (37) but enough to study the key 

phenomena. There was a concern that a lengthy survey would affect the quality of the responses. 

The questionnaire was checked for comprehensibility and revised accordingly. The survey briefly 

described the AV technology and their potential benefits to respondents as: “in an AV, all driving 

tasks are completely autonomous, and you only need to tell the vehicle where to go. Theoretically, 

AVs do not crash. You can do things like work, sleep, read, watch TV, and even exercise while 

the vehicle takes you to your destination. You might either ride a driverless vehicle alone or hire 

a shared driverless vehicle for carpooling (like Uber) that may pick up other passengers during the 

trip.” 

Respondents were required to be at least 18 years old and to own, lease or have access to a 

vehicle or use a vehicle, either as a driver or a passenger, to go to work or school. They were asked 

to provide the time and distance of their current trip to work or school. The information collected 

included travel behavior characteristics, socio-demographic features, technology, and new-travel-

options awareness factors, household characteristics, psychological factors, and built environment 

features. In this report, the built environment refers to the “activity space” within which the 

household members consume goods and services in addition to executing their daily activities 

(Banerjee and Baer, 1984; Horton and Reynolds, 1971). The four main forms of the built 

environment were defined based upon the dwelling density as: city center, urban, suburban, and 

rural. 

Table 3.2 presents a summary of the responses used to create a large set of explanatory 

variables investigated in the study. The data presented here were used to create many new derived 

variables, interaction terms, and indicators. The survey sample included responses from 43% male 

and 57% female respondents. Regarding educational attainment, 51% of the respondents had some 

college degree or higher compared to 31% nationwide. In terms of the household annual income, 

58% of the respondents belong to households with an annual income greater than or equal to 

$50,000, compared to 56.2% nationwide. Regarding awareness, it is interesting to note that 84% 

of the respondents had heard about AVs, but only 40% had heard about connected vehicles (CVs). 

Only 9% of the respondents were not familiar with AVs, but 38% of them were not familiar with 

CVs. This higher awareness about AVs could be attributed to the fact that the media discuss this 

technology more often compared to CVs. 
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Table 3.2 Summary of road user responses 

 

Questions Responses Percent 

Respondents Drivers 91 

Passengers 9 

Distance to work/school ≤ 1 mile 4 

≤ 5 miles 30 

≤ 10 miles 54 

≤ 15 miles 68 

≤ 20 miles 77 

≤ 25 miles 83 

≤ 50 miles 94 

≥ 50 miles  

Awareness about Ridesharing Service 95 

Carsharing Service 44 

Smartphone use 86 

Enjoy Driving Yes, a lot 41 

Yes, a little 33 

Neutral 15 

No, not really 9 

No, I really dislike driving 2 

Awareness about CVs Yes 40 

No 38 

Uncertain 22 

Awareness about AVs Yes 84 

No 9 

Uncertain 7 

Gender Male 43 

Female 57 

Employment status Employed full-time 51 

Employed part-time 21 

Not currently employed 8 

Retired 16 

Student 3 

Work location At home 11 

Not at home 66 

N/A (retired, not currently employed, or full-time student) 22 

Respondents' Age Between 18 and 24 years old 6 

Between 25 and 34 years old 11 

Between 35 and 44 years old 14 

Between 45 and 54 years old 18 

Between 55 and 64 years old 28 

         More than 65 years old 23 

Household size including respondent 1 person 24 

2 persons 42 
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3 persons 16 

4 persons 13 

> 4 persons 5 

Nr. of household members of age < 

16 yrs 

0 person 77 

1 person 12 

2 persons > 3 

3 persons 2 

Highest education level Less than high school 1 

High school (includes equivalency) 17 

Some college 32 

Bachelor's degree 30 

Professional school degree 3 

Master's degree 15 

Doctorate degree 3 

Annual income of respondent’s 

household 

Less than $24,999 12 

Between $25,000 and $49,999 25 

Between $50,000 and $74,999 22 

Between $75,000 and $99,999 16 

Between $100,000 and $199,999 17 

$200,000 or more 3 

Prefer not to answer 4 

 

 

3.3.3 Descriptive Statistics – Assessing AV Demand Potential using User Survey 

Table 3.3 presents the summary statistics for key explanatory variables. The first key question 

analyzed in this study was related to mobility preferences for making daily trips with four options: 

i. continue using a self-owned traditional vehicle,  

ii. using a self-owned AV,  

iii. using a hired AV service (like Zipcar or Car2Go), and  

iv. using a shared AV service with other passengers (like Uber and Lyft).  

Sixty-eight percent of the respondents preferred to continue using their self-owned 

traditional vehicle for making daily trips when they were asked to choose from these four options. 

As shown in Figure 3.1, there is little interest in using AV-based car-sharing (3%) and ride- sharing 

services (2%) in SMMAs. This result suggests that the use of a traditional vehicle is the most 

preferred whereas the use of SAV service is the least preferred option. This result also does not 

validate the widely held perception and the oft-propagated untested hypothesis that with the 

introduction of AVs, vehicle ownership will become an obsolete choice by consumers and that 

SAVs will emerge as a dominant mode. Instead, it confirms that private (self-owned) vehicles, 

whether conventional or autonomous, will remain the preferred travel choice, which is not 

surprising because people are more comfortable with things they already know. 

As noted earlier by Bamberg et al. (2003), habits and routines discourage consumers from 

opting for an alternative transport means. Such continued higher level of interest in the traditional 

vehicle mode could be attributed as well to anchoring effects (obligation to initial opinions) or 

confirmation bias (supporting their initial opinion by processing information in a selective manner 

to confirm their initial opinion) as discussed by Sheela and Mannering (2019) in the context of AV 

adoption. The widely reported (on media) AV-involved collisions (e.g., in Arizona, California, 
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and New York) during test deployment activities on existing roadways could have led to selective 

processing of information (confirmation bias regarding “the uncertain, unreliable, and unknown 

state of this technology”). The initial opinion developed by consumers based on input from the 

media could have been that the state of AV technology is uncertain and unreliable from the safety 

standpoint. Therefore, the consumers might choose only selective information (e.g., only collision 

events) to support their initial opinion from the upcoming new set of information on media. As 

such, they may prefer to stay with their conventional mode (more certain and dependable). 

 

 

Table 3.3 Descriptive statistics of key variables 

 

Variable Description Mean 
Standard 

Deviation 

Socio-demographic factors 
  

Older age indicator (1 if respondent is aged more than 55 years, 0 otherwise) 0.485 0.500 

Gender indicator (1 if respondent is a female, 0 otherwise) 0.579 0.494 

Highest education indicator (1 if respondent's highest educational qualification is 
Bachelor or higher, 0 otherwise) 

 
0.476 

 
0.499 

Younger age indicator (1 if respondent is aged between 18 and 24 years, 0 otherwise) 0.067 0.250 

Retired indicator (1 if respondent is living a retired life, 0 otherwise) 0.155 0.362 

 

Household Characteristics 

  

Number of members in households 2.381 1.236 

Household members aged less than 16 years indicator (1 if respondent's household has either 1 or 

more members aged less than 16 years, 0 otherwise) 

 

0.238 

 

0.426 

 

Travel behavior 

  

Commute mile indicator (1 if respondent's one-way commute distance > 2.5 miles, 0 otherwise) 0.892 0.310 

 

Awareness factors 

  

Autonomous vehicle awareness indicator (1 if respondent has heard about AV, 0 otherwise) 0.841 0.366 

Carsharing awareness indicator (1 if respondent is aware of carsharing service, 0 otherwise) 0.443 0.497 

 

Built Environment 

  

Suburban residence indicator (1 if respondent's place of living is a suburban location, 0 otherwise) 0.530 0.499 

City center residence indicator (1 if respondent's place of living is a city center, 0 otherwise) 0.089 0.285 

Urban residence indicator (1 if respondent's place of living is an urban location, 0 otherwise) 0.198 0.398 

 

Psychological factors 

  

Enjoy driving indicator (1 if respondent enjoys driving, 0 otherwise) 0.739 0.439 

Road-sharing comfort level indicator (1 if respondent does not feel comfortable 
 driving a regular car and sharing road with autonomous vehicles)  

0.294 0.456 
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Figure 3.1 Consumers’ prospective mobility preferences (from the 2018 survey) 

 

This result indeed appears realistic and reasonable for the early stage of the transition 

period that will be characterized by a mixed-traffic roadway environment of HDVs and AVs. Table 

3.4 presents the consumers’ mobility preferences across the built environment during the transition 

phase. There is even a decreased propensity for AV use in the rural areas of SMMAs. This current 

state of mobility preferences during the transition phase of AV operations with roadways hosting 

both HDVs and AVs seems quite intuitive considering the current infant and uncertain state of AV 

technology development, infrastructure readiness, regulations, and policy design. Technology is 

still evolving; road infrastructure is still not ready to host this technology, and few steps have been 

taken towards the development of regulations and policy formulation. This is due to the 

evolutionary nature of technological advancement and the uncertainty associated with consumer 

acceptance or demand (Federal Highway Administration, 2018).  

Car sharing using AVs has often been portrayed as a more accessible and affordable option 

that offers flexible mobility and a potential alternative to private car ownership by avoiding the 

obligations associated with a private vehicle (fees incurred by insurance, maintenance, fuel, 

registration, etc.). That said, there was very little interest in an AV car-sharing service among the 

survey respondents. Moreover, there was little interest in using an SAV service which could be 

attributed to the privacy, security, and on-time performance (or travel time reliability) concerns of 

respondents. However, the levels of these responses may change over time as potential users learn 

more about the technology, especially during actual AV deployment on roadways; therefore, 

transport planners and vehicle manufacturers should conduct periodic surveys to stay aware of 

consumer perspectives. 

 

Table 3.4 Prospective consumer mobility preferences across the built environment 

Alternatives City 

Center 

Urban Suburban Rural 

Continue using a privately-owned traditional vehicle 64% 67% 68% 72% 

Using a privately-owned AV 27% 27% 28% 26% 

Using a hired AV service 4% 5% 2% 1% 

Using a shared AV service with other passengers (e.g., Uber, Lyft) 5% 1% 2% 1% 

 

 

68%  

 

 

 

 
27% 

 

 

 

 

 

 

 

 
3% 

 

 

 

 

 

 

 

 

2% 

 

Continue using a 
privately-owned 
traditional vehicle 

Using a privately- 
owned AV 

Using a hired AV 
service 

Using a shared AV 
service with other 
passengers (like 

Uber or Lyft) 
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3.3.4 Model Specification 

Due to the non-ordinal discrete nature of the response variable (that is, travel mode choice), a 

random-parameter logit model was estimated to identify and quantify the characteristics that may 

potentially influence the given mobility preferences. While there is a possibility of variation of 

parameters across observations, a random-parameter or mixed logit model is a suitable framework 

to use (Washington et al., 2020). Using the framework discussed in McFadden and Train (2000) 

and Train (2003): 

𝑍𝑚𝑛= 𝛽𝑚𝑋𝑚𝑛+ 휀𝑚𝑛                                                                                                                  (3.1)  

Where: 

 𝑍𝑚𝑛 is a utility function that determines the probability of respondent n selecting response m 

(among the four options of the mobility preferences),  

βm is a vector of estimable coefficients for discrete outcome m,  

Xmn is a vector of exogenous variables (observable characteristics) that corresponds to discrete 

outcomes m for observation n.  

The outcome probabilities for a random-parameters logit model are then defined as 

(Washington et al., 2020): 
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                                                                           (3.2) 

 
𝑃𝑛(𝑚|𝜑) are mixed logit probabilities which are the weighted average of the standard multinomial 

probabilities wherein weights are found by the density function 𝑓(𝛽|𝜑). More specifically, these 

probabilities are a weighted average of different 𝛽 values across observations where some elements 

of the coefficient vector 𝛽 are random and some are fixed. A continuous form of the density 

function, 𝑓(𝛽|𝜑) is used herein. Several functional forms (log-normal, uniform, and exponential) 

were investigated, and the normal distribution was identified as the best functional form based on 

statistical fit and statistical significance, and engineering interpretability. 𝜑 is a vector of 

parameters, which describes the variance and mean of the density function. For estimating random 

parameters, a simulated maximum likelihood approach is implemented using 1,000 Halton draws 

for the simulation. 

Furthermore, the marginal effects were estimated for the explanatory variables to 

determine their individual effects on responses. The marginal effect of a predictor variable gives 

the effect that a one-unit increase in that variable has on the response. For the indicator variables, 

the marginal effects show the effect of a predictor moving from zero to one (Washington et al., 

2020). Each respondent had an individual marginal effect; the marginal effects averaged over all 

respondents is presented in this report. 

 

3.3.5 Model Estimation Results—Interpretation of the Variable Signs 

Table 3.5 presents the results of the random-parameter logit model that was estimated to explore 

the respondents’ mobility preferences. These include the parameter estimates and z-statistics. The 

random parameters model accounts for unobserved heterogeneity in the data and the possibility of 

variation of the parameter estimates across the observations (in this case, the survey respondents). 

All the random parameters identified in the final model were found to follow a normal distribution. 

Other distributions (lognormal, uniform, exponential and Weibull) were also evaluated for 

significance but were found to be statistically inferior compared to the normal distribution. The 

average marginal effects are presented in Table 3.6 and illustrated in Figure 3.2. 
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The variable representing the joy associated with driving a vehicle using manual control 

was found to be normally distributed with a significant random parameter: 67% of the respondents 

who enjoy driving were more likely to continue using a privately-owned HDV and 33% of the 

respondents were less likely to do so. To many, driving can be fun, accompanied by feelings of 

freedom, personal autonomy, privacy, control, independence, and security. Other studies also 

noted that in terms of driving control and pleasure, consumers find an advantage in the traditional 

vehicle compared to the AV (Nordhoff, 2014; Eimler and Geisler, 2015). Haboucha et al. (2014) 

found that individuals that enjoy driving are more likely to prefer their regular vehicle for travel; 

however, our study identified a heterogeneous effect of this variable across the observations. In 

this respect, it is noted that driving is not always enjoyable and convenient, particularly in the case 

of exceedingly long trips or recreation trips with family, wherein time could be spent on 

entertainment with family rather than on driving. The normally distributed random parameter for 

this variable indicates that the respondents who enjoy driving do not behave in a homogeneous 

way (as in the case of a fixed parameter), which is quite intuitive. 

The results for the variable representing age suggests that the respondents aged over 55 

years were highly likely to choose the continued use of a privately-owned HDV (as evidenced by 

a 0.0438 higher probability compared to others (see the average marginal effect in Table 3.6)). 

This result could be attributed to the fact that people in this age group are less savvy in technology 

or less flexible in adapting to modern technology, reluctance, or inability to learn new things, and 

thus, lower propensity to accept new technologies. On the other hand, older individuals (who are 

no longer able to drive) may welcome AV technology that could help them regain their personal 

mobility. 

The results for the variable representing gender indicate that females are more likely to 

continue using HDVs during the transition phase (with a 0.0369 higher probability as indicated by 

the marginal effect value in Table 3.6 and Figure 3.2). The female respondents indicated low 

preference towards using AV-related modes. This observation could be attributed to the uncertain 

state of AV technology, lack of individual consumer experience with this technology, and 

inadequate user trust in automation, against the background of the fact that females generally have 

higher risk aversion compared to males (Filippin, 2022; Sundheim, 2013; Charness and Gneezy, 

2012). The observation in our study is consistent with findings of past AV-related studies which 

reported that men are more likely to adopt AVs compared to women (Yvkoff, 2012; Casley et al., 

2013; Megens, 2014; Missel, 2014; Payre et al., 2014). Past studies found that women had more 

worries and concerns about full vehicle automation and were less willing to pay extra/more for 

automation (Kyriakidis et al., 2013) whereas men are more likely to accept to use or buy AVs 

compared to women (Payre et al., 2014; Weigl et al., 2022).  

The study results also suggest that more educated respondents indicated a proclivity 

towards automation. Respondents whose highest education level is a bachelor’s degree or higher 

were found to be less likely to continue using a privately-owned HDV. This finding could be 

because these respondents are more aware of the potential benefits of AV technology compared to 

other less educated respondents. As noted by Agrawal and Prasad (1999), individuals at higher 

levels of educational attainment are more receptive and broad-minded about technical innovations. 

Another study found a higher preference for private HDVs over automated modes among people 

without a high school degree (Pakusch et al., 2018). These results are in accord with those of 

Haboucha et al. (2017) who found that female, older, and less educated individuals were more 

likely to continue using their existing vehicles (HDVs) compared to automated modes. 
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The model results also show that the variable representing AV familiarity has a positive 

association with AV use. This positive sign of this variable coefficient implies that the respondents 

who have heard about AVs were more likely to choose using a self-owned AV over other options 

(a 0.1164 higher probability as indicated by the average marginal effect in Table 3.6 and Figure 

3.4). This result is intuitive: respondents that are more aware of the envisioned benefits of AVs are 

more likely to use a self-owned AV. Regarding the household size variable, the model results 

suggest that the positive sign for the number of members in a household suggests that the 

probability of using a self-owned AV increases as the number of members in a household increase. 

Rather than rely on other modes that are less flexible, families could find that a privately-owned 

AV might be a more efficient and less costly option. This could be particularly true for large 

households if the vehicle is used as a shared vehicle by the household members for commuting, 

shopping, religious, grocery or other trips of shared or overlapping interests. They would not have 

to deal with concerns regarding privacy, security, and travel time reliability that could otherwise 

exist when using a commercial ride-hailing service. The respondents whose daily commute 

distance was more than 2.5 miles away were more likely to use a self-owned AV during the 

transition phase of AV operations. This result could be due to respondents in SMMAs not wanting 

to continue driving their regular vehicles (HDVs) in a mixed-stream traffic environment for a 

longer distance every day or to use a shared AV service with strangers for longer periods. 

The variable representing car-sharing service familiarity had a positive sign, implying that 

people who are familiar with car-sharing services will prefer to use an AV car-sharing service to 

other alternatives. These respondents have a good understanding of how car-sharing works and are 

aware of its merits. The respondents whose households had one or more members less than 16 

years old were more likely to use a car-sharing AV service. Having many household members 

below the driving age could be a liability for those with a driving license, who are responsible for 

pick and drop rides to the younger members. A car-sharing AV service could be a great solution, 

which would offer flexibility and independence to all the household members traveling around 

freely without having to rely on each other. A past study found that individuals whose households 

had more than one child are more likely to use SAVs (Haboucha et al., 2017). There seems to exist 

consistency in the results regarding the preference of using a shared AV service with higher 

numbers of noticeably young household members. However, Haboucha et al (2017) study lacked 

AV car-sharing service as an option in their stated preferences question but just SAV in addition 

to a regular car and a PAV. 

The model results suggest that younger respondents (between 18 and 24 years of age) are 

more likely to use car-sharing and ride-sharing AV services. This finding is not only consistent 

with past studies (Krueger et al., 2016) but also is highly intuitive because that age group tends to 

be uninclined towards vehicle ownership and generally prefer shared modes (ride-hailing, 

ridesharing, public transit) that keep their hands free for smartphones and other personal 

communication devices (Cottam, 2017). The results also suggest that individuals living in urban 

areas are more likely to use AV car-sharing service. There is widespread and frequent coverage of 

car-sharing options in urban areas, thereby making it a popular mode choice. With the multiplicity 

of mobility options at urban areas, there is lower tendency towards personal vehicle (HDV) 

ownership and greater inclination toward AV car-sharing service. In addition, this observation 

could be due to travelers seeking to avoid the stress of urban driving. 

The results also suggest that respondents who currently live in suburban or urban areas 

(city centers) are more likely to use SAV services. People prefer SAVs because they seek not only 

to avoid congestion on city roads but also reliable travel times (Barbour et al., 2019). In addition, 
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respondents who are retired from full-time employment indicated greater propensity to use SAV 

service, which is an intuitive finding. Lastly, respondents that indicated discomfort driving a 

regular vehicle in a mixed-traffic stream of HDVs and AVs, are more likely to use an SAV service. 

Having other passengers on board in an SAV service could help mitigate the anxiety of being in a 

mixed-traffic stream. 

 

Table 3.5 Model estimation results for mode preferences 

 
Explanatory Variables*  Parameter 

Estimates  

z-stat  Std. 

Error  

p-

value  

95% Confidence 

Interval  

Constant [A]  -1.746  -4.59  0.380  0.000  -2.492  -1.001  

Constant [H]  -3.086  -8.26  0.374  0.000  -3.819  -2.354  

Constant [S]  -4.382  -8.63  0.508  0.000  -5.378  -3.387  

 

Socio-demographic factors  

Older age indicator (1 if respondent is aged > 55 years, 0 otherwise) [R]  0.823  4.69  0.175  0.000  0.479  1.167  

Gender indicator (1 if respondent is a female, 0 otherwise) [R]  0.524  2.95  0.178  0.003  0.177  0.872  

Highest education indicator (1 if respondent's highest educational qualification is 

Bachelor or higher, 0 otherwise) [R]  

-0.347  -2.09  0.166  0.037  -0.672  -0.022  

Gender indicator (1 if respondent is a female, 0 otherwise) [H]  -1.013  -3.15  0.321  0.002  -1.642  -0.383  

Younger age indicator (1 if respondent is aged 18-24 yrs, 0 otherwise) [H]  0.697  1.52  0.458  0.128  -0.200  1.594  

Retired indicator (1 if respondent is living a retired life, 0 otherwise) [S]  1.062  2.52  0.421  0.012  0.237  1.888  

Younger age indicator (1 if respondent is aged 18-24 yrs, 0 otherwise) [S]  1.410  3.07  0.460  0.002  0.509  2.311  

 

Household characteristics  

Household members aged less than 16 years indicator (1 if respondent's household 

has either 1 or more than 1 member aged less than 16 years, 0 otherwise) [H]  

1.157  3.68  0.314  0.000  0.541  1.773  

Number of household members [A]  0.134  2.20  0.061  0.028  0.014  0.254  

 

Travel behavior  

Commute mile indicator (1 if respondent's one-way commute distance is greater than 

2.5 miles, 0 otherwise) [A]  

0.461  1.91  0.241  0.056  -0.011  0.933  

 

Awareness factors  

Autonomous vehicle awareness indicator (1 if respondent has heard about 

autonomous vehicle, 0 otherwise) [A]  

1.065  4.77  0.223  0.000  0.627  1.502  

Carsharing awareness indicator (1 if respondent is aware of carsharing service, 0 

otherwise) [H]  

0.679  2.20  0.309  0.028  0.074  1.285  

 

Built environment  

Urban residence indicator (1 if respondent lives in urban location, 0 otherwise) [H]  0.858  2.7  0.318  0.007  0.236  1.481  

City center residence indicator (1 if respondent lives in city center, 0 otherwise) [S]  1.753  3.15  0.557  0.002  0.662  2.844  

Suburban residence indicator (1 if respondent lives in suburb, 0 otherwise) [S]  1.120  2.38  0.470  0.017  0.199  2.041  

 

Psychological factors 

      

Road-sharing comfort level indicator (1 if respondent doesn’t feel comfortable 

driving a regular car and sharing road with autonomous vehicles) [S] 

1.03  2.96  0.348  0.003  0.349  1.711  

Enjoy driving indicator (1 if respondent enjoys driving, 0 otherwise) [R] 1.587  

(3.566)  

3.06 

(3.33)  

0.512 

(1.07)  

0.002 

(0.0009)  

0.569 

(1.468)  

2.604 

(5.664)  

McFadden Pseudo R-squared Adjusted  

Log likelihood function (at convergence) 

Log-likelihood at zero  

AIC 

0.454  

-1448.801  

-1527.85  

2939.60 
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Table 3.6 Average marginal effects for mobility preferences 

 

 
*[R] continue using a privately-owned traditional vehicle; [A] use privately-owned AV; [H] use hired AV service; [S] use shared 

AV service. 

 

 

Explanatory Variables*  Using a 

traditional 

vehicle  

Using a 

self-owned 

AV  

Using a 

hired AV 

service  

Using a 

shared AV 

service  

Socio-demographic factors  

Older age indicator (1 if respondent is aged more than 55 years, 0 otherwise) [R]  0.0438  -0.038  -0.0026  -0.0032  

Gender indicator (1 if respondent is a female, 0 otherwise) [R]  0.0369  -0.0323  -0.0018  -0.0027  

Highest education indicator (1 if respondent's highest educational qualification is 

Bachelor or higher, 0 otherwise) [R]  

-0.0207  0.0179  0.0015  0.0013  

Gender indicator (1 if respondent is a female, 0 otherwise) [H]  0.0035  0.0043  -0.0081  0.0003  

Younger age indicator (1 if respondent is aged between 18 and 24 years, 0 

otherwise) [H]  

-0.0008  -0.001  0.0019  -0.0002  

Retired indicator (1 if respondent is living a retired life, 0 otherwise) [S]  -0.0023  -0.0025  -0.0002  0.0049  

Younger age indicator (1 if respondent is aged between 18 and 24 years, 0 

otherwise) [S]  

-0.002  -0.0024  -0.0003  0.0047  

 

Household characteristics  

Household members aged less than 16 years indicator (1 if the respondent's 

household has either 1 or more than 1 member aged less than 16 years, 0 

otherwise) [H]  

-0.0044  -0.0068  0.0116  -0.0004  

Number of household members [A]  -0.0332  0.0411  -0.0047  -0.0032  

 

Travel behavior  

Commute mile indicator (1 if respondent's one-way commute distance is greater 

than 2.5 miles, 0 otherwise) [A]  

-0.0425  0.0521  -0.0055  -0.0041  

 

Awareness factors  

Autonomous vehicle awareness indicator (1 if respondent has heard about 

autonomous vehicle, 0 otherwise) [A]  

-0.0955  0.1164  -0.012  -0.0089  

Carsharing awareness indicator (1 if respondent is aware of carsharing service, 0 

otherwise) [H]  

-0.0035  -0.0054  0.0092  -0.0003  

 

Built environment  

Urban residence indicator (1 if respondent's place of living is an urban location, 0 

otherwise) [H]  

-0.0028  -0.0041  0.007  -0.0001  

City center residence indicator (1 if respondent's place of living is a city center, 0 

otherwise) [S]  

-0.0033  -0.0034  -0.0004  0.0071  

Suburban residence indicator (1 if respondent's place of living is a suburban 

location, 0 otherwise) [S]  

-0.0058  -0.0072  -0.0005  0.0135  

 

Psychological factors  

Road-sharing comfort level indicator (1 if the respondent does not feel 

comfortable driving a regular car and sharing road with autonomous vehicles) [S]  

-0.0045  -0.0048  -0.0004  0.0097  

Enjoy driving indicator (1 if respondent enjoys driving, 0 otherwise) [R]  -0.0013  0.0014  -0.0007  0.0006  
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*[R] continue using a privately-owned HDV; [A] using a privately-owned AV; [H] using a hired AV service; [S] using a shared AV service 

 

Figure 3.2 Marginal effect of factors that influence mobility preferences. 

 

3.3.6 Further Discussion of the Results 

It is expected that ride-hailing will serve as the basis for a business model for AVs. However, 

based on the findings of this study, such hypothesis may not hold true for small- and medium-

sized metropolitan areas of the U.S. during the early phase of the AV transition period. In 

evaluating the consumers’ interest across three AV-related modes, the potential consumers in 

SMMAs were found to be more interested in private AV ownership rather than car-sharing or ride-

hailing AV services. This result could be attributed to the independence, convenience of access, 

availability always whenever needed, and the flexibility to carry out activities regarding a self-

owned vehicle. In addition, some consumers might consider SAV service to be costly. These 

preferences regarding AV modes might change over time when a substantial majority of vehicles 

on the road network are SAVs. Initially, consumers might try out SAV rides for experimental 

purposes. However, the findings of this report suggest that during the early phase of the AV 

transition period, consumers might continue to prefer their traditional vehicles (HDVs) over other 

AV-related modes, which could be due to the flexibility associated with owning a vehicle. 

It is widely speculated that AVs will enable mobility for elderly travelers and could attract 

patronage from aging seniors. In the survey of this study, however, it was observed that 

respondents over 55 years indicated preference to use their traditional vehicles (HDVs) compared 

to the AV mode options. Travelers of this age group tend to be resistant to change and any 

disruption of their lifestyle. It may very well be the case that the older respondents that were 

surveyed have not yet reached an age where they are no longer able (or allowed) to drive. The 

survey results also suggest that travelers with longer commutes (specified in this study as distances 

exceeding 2.5 miles) tend to prefer self-owned AVs; this could be indirectly indicative of the 

respondents’ realization of in-vehicle travel time benefits of AVs – their hands will be freed up so 
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they can spend their time more productively, through other activities including reading, working, 

eating, resting, and so on. This could cause unintended impacts on land use: housing locations 

distant from workplaces thereby exacerbating urban sprawl and causing an increase in vehicle-

miles of travel. To forestall these consequences, land-use policy makers and urban designers may 

need to undertake requisite initiatives. 

In this study, we identify the direction and quantified the relative influence of various 

characteristics related to travel behavior, socio-demographics, built environment, technology 

awareness, and household structure (attributes of interest found statistically significant) on the 

mobility preferences of potential consumers, particularly those residing at SMMAs. In addition, 

the study provided a better understanding of the inclinations of prospective AV users in various 

mode-choice scenarios (self-owned, car-sharing, or ridesharing). Policymakers, transport planners, 

highway agencies, and regulators who seek public opinions regarding AVs, will be better 

positioned to carry out AV related policy development, land use planning, infrastructure 

preparedness, and regulations that facilitate successful introduction and evolution of automated 

AV technology. The findings from this study offer useful preliminary insights into this process. 

One of the more important findings of this study was the lower propensity for AV use 

observed for responder in rural areas, which could be helpful information for AV technology 

developers to better target their technology awareness campaigns to account for the rural 

applications of this technology at the development stage, which could help fuel the market 

penetration in these areas. Lastly, roadways constitute an interconnected network; and AVs will 

be expected to operate at different highway classes (freeways, arterials, collectors/distributors, and 

local roads). Therefore, for successful integration of these vehicles into the road transport system, 

policymakers, transport planners, service providers, highway agencies, vehicle manufacturers, and 

all other stakeholders will need to design similar levels of preparedness and technology integration 

efforts across all these forms of the built environment with varying densities of dwellings including 

suburban and rural. Although the consumer preference scores in this study do not reflect exactly 

the actual modal split because AVs have yet to be introduced into the market, the consumer 

preferences expressed here could be an indicator for future travel mode choices and hence the 

potential travel behavior impacts of AVs. It is important to note that this study was conducted in 

the U.S. and hence the results are not necessarily transferable to other countries due to differences 

in the transport system and consumer habits and attitudes. 

Future research on this subject could utilize a more comprehensive inventory of modal 

alternatives including conventional and automated public transport modes (e.g., autonomous buses 

for the last mile) in the list of mobility choices and investigate how AV-related preferences might 

be different across consumers that patronize these modes. 

 

 

3.4 Predicted market penetration – for all levels and each level of automation  

Predictions of the anticipated market penetrations of the various SAE levels of CAVs have been 

made using interviews and market research surveys (Saeed et al., 2020). It may be estimated that 

by the year 2030, AV Level 0 (currently the dominant share) may likely gradually decrease to 50-

70%, while Levels 1 and 2 will increase to 20-35%, and Levels 3 and 4 will increase to 10-15% 

and 2-5%, respectively. Other researchers have addressed AV market growth from the perspectives 

of vehicle sales, on-road fleet share, and amount of travel, and have suggested that it may probably 

be Year 2045 before 50% of all new vehicles are autonomous and Year 2060 before 50% of the 
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vehicle fleet is autonomous, or possibly longer due to technological challenges or consumer 

preferences, as shown in Figure 3.3 (Litman, 2022). 

 

 
 

Figure 3.3 Predictions of AV Trends – Percentages of market penetration, sales, and travel 

(reproduced from Litman, 2022) 

 

         In addition, AV predictions could be made from the perspective of the levels of autonomy. 

The MPLA diagram (Figure 3.4) presents rough projections of the anticipated initiation and 

progression of market penetration rates and levels of automation over the next few decades. This 

chart was developed through a series of interviews with AV stakeholders nationwide (US). This is 

an updated version of a similar chart developed by Labi (2019). That 2019 study used a limited 

questionnaire survey. Also, that study predicted a 2020 peak for Level 2 and a rapid growth of 

Level 3 after 2021. These trends have not been realized as that study had predicted, possibly due 

to lack of road infrastructure preparations and supporting policy. 

 

 
 

Figure 3.4 Market penetration and level of autonomy (MPLA) diagram (Adapted from Labi, 

2019) 
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CHAPTER 4. STAKEHOLDER PERSPECTIVES 
 

4.1 Introduction 

This chapter discusses the perspectives of three of the four key stakeholders of AV deployment 

(IOOs, OEMs, and road users) gathered through a questionnaire survey. The road users include 

AV users and HDV users that will share the road space with AVs. The roles of these stakeholders 

towards AV operations have already been described briefly in Chapter 2 of this report, where the 

stakeholder participation model identified the major elements and tasks of the stakeholders 

regarding AV implementation. This chapter demonstrates how some of these perspectives could 

be considered in IOO decisions regarding AV-related infrastructure preparations. The chapter 

describes questionnaire surveys that were used to capture the stakeholder’s perspectives and 

preferences and discusses the results of models developed from the surveys. This chapter also 

discusses the spatial and temporal limitations of the survey findings. 

 

4.2 OEMs (AV Technology Developers) 

4.2.1 Prelude 

In this report, AV technology developers are defined as entities that develop autonomous vehicle 

technology. These include vehicle manufacturers, software developers, and experts and companies 

in other industries that contribute to innovation, enhancement and testing of various AV 

capabilities and technological components, for example, radar, camera, LiDAR, machine vision 

systems, data fusion algorithms, and artificial intelligence software. Therefore, in this study, it was 

considered relevant to ask OEM representatives to comment on the potential timing of AV 

deployment and their commercial availability. It was assumed that these experts are fully aware of 

the current state of the technology, its potential evolution, plans for improvement, and the ongoing 

state of AV technology testing (and current test outcomes in terms of performance and reliability). 

The current state and capabilities of AV technology and the timing of commercial deployment are 

expected to have implications on AV market penetration. As such, the OEMs were also asked 

about their expectations of market penetration trends. 

 

4.2.2 Survey Questionnaire, Findings and Discussion 

Table 4.1 presents the questions posed to the OEM representatives and their responses. Eighty- 

three (83) technology developers were surveyed through either an online survey tool or the 

distribution of a paper-based questionnaire at AV-related events. One such occasion was the 

Automated Vehicle Symposium held in San Francisco, California, where numerous well-known 

companies involved in the development of AV technology, including Waymo (a self-driving 

technology development company, formerly the Google self-driving car project), were represented. 

The questions asked and the responses recorded are discussed in the following sections. 

 

(a) First time of AV availability for public use 

The OEM respondents were asked to comment on the first time that AVs are expected to be 

available for public use (Question 1 in Table 4.1). They were also allowed to indicate  a response 

of their own in case they chose not to select any of the options offered. Twenty-nine percent (29%) 

of respondents had believed that AVs would be available for public use the following year (in 

2020), whereas 24% thought it may happen in 2023. Litman (2018) stated that Level 4 or 5 vehicles 
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might be commercially available in the 2020s. In the survey, thirty-five percent of respondents 

provided a short narrative to support their responses, for example, “10 to 15 years minimum,” “8 

years,” “level 5 is not expected more than 5 years from now,” “Waymo cars are available now,” 

“today,” and “technology will develop more quickly; however, the ‘certification’ process for AVs 

will take much longer, and also the readiness of highway/street infrastructure will delay its public 

use.” 

          The last response is particularly interesting because it reflects the notion that the OEMs are  

aware that the inception of AV operations will depend on road infrastructure readiness, as Johnson 

(2017) had noted. The initial part of the response, related to certification, refers to the development 

of regulations by governments, and the latter part of the response indicates the need for road 

infrastructure readiness. As discussed in Chapter 1 in this report, the AV technology industry has 

expressed serious concerns regarding the lack of readiness of road infrastructure, particularly the 

poor road surface conditions and markings which prevent AV technology from reliably 

characterizing lane positions. Furthermore, one of the responses noted earlier, “Waymo cars are 

available now,” came from a representative of Waymo. While that response was recorded in July 

2018, Waymo already had a plan to initiate their commercial service by the end of 2018. Waymo 

had started a trial program for a 24-hour commercial driverless taxi service (Waymo One), in the 

Phoenix metropolitan area. This service is similar to Uber and other ride-hailing apps; however, it 

is available only for those riders who participated in the initial stages of the trial program. 

Moreover, while these Waymo cars are completely self-driving, a human driver will be present 

initially, not to take control of the car but just for the riders’ convenience, trust, and comfort. 

Moreover, Business Insider Intelligence (2018) reported on the plans of Waymo, Uber, and 

General Motors to deploy AV fleets to provide on-demand ride services in various U.S. cities. 

 

(b) Timing of road infrastructure investments to accommodate AV operations 

Another important question for the technology developers was related to the timing of major AV-

related road infrastructure changes in relation to AV market penetration (Question 2 in Table 4.1). 

Forty-one percent (41%) of the respondents suggested making major infrastructure changes when 

AVs reach 25% of the traffic stream. Seventeen percent (17%) of the respondents provided a short 

narrative as their response: “the sooner the better; it will accelerate market penetration,” “unclear 

if that will be necessary/feasible,” and “25-50%.” The first response is indicative of the 

suppositions from the stakeholder participation model (Chapter 2 of this report) which posits that 

the adequacy of infrastructure readiness will likely influence AV market penetration. 

          Adequate infrastructure readiness is expected to address several of the concerns of 

prospective users who are apprehensive about riding in AVs. As such, with adequate infrastructure 

in place more travelers are likely to use the technology. One such example of infrastructure 

readiness could be the provision of protected, exclusive lanes for AVs. This could elevate AV 

users’ comfort levels and reduce their anxieties by minimizing the chances of conflicts or 

interactions with traditional vehicles in the traffic stream. The second write-in response, “unclear 

if that will be necessary/feasible,” is suggestive of some uncertainty as the respondent questioned 

whether road infrastructure accommodations for AVs would be necessary or even feasible in the 

first place. The opinions of some infrastructure experts align with this response. This is mainly 

because making substantial changes to the existing infrastructure may require a significant amount 

of funds, which could be a formidable challenge. Furthermore, this response could be attributed to 

the uncertainty of length of the AV transition period. During a meeting of the National Governors 

Association, the CEO of Waymo urged the state governors to continue their current infrastructure 
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investments, mainly because of the expected lengthiness of the transition period where both  

personally-owned HDVs and AVs will be using the roadways (Abuelsamid, 2018). 

 

(c) Freeway readiness for AV operations 

Another important question asked of the OEMs is related to the road infrastructure modifications 

needed to support AV operations on freeways (particularly Interstate highways) in the initial stages 

of AV deployment. Forty-one percent (41%) of the respondents suggested the provision of a 

dedicated lane for AV operations. However, 53% of respondents deemed it unnecessary to make 

any changes during the period of the initial deployment of AVs. This dichotomy in the OEM 

responses is suggestive of two possible scenarios of AV infrastructure investment that could be 

analyzed for their economic implications: (a) no changes made to the corridor in question; only 

the basic maintenance is carried out to ensure all-weather-visible pavement markings, and (b) a 

dedicated lane for AV operations is provided at the corridor in question. 

 

Table 4.1 Questions to OEMs and their responses 

# Question(s) Responses Percent 

1 In your opinion, about how many years from 

now will driverless cars be FIRST available for 

public use? 

 

Next 2 years 

Next 3 years 

Next 4 years 

Next 5 years 

Other (please specify) 

29% 

6% 

6% 

24% 

35% 

2 In your opinion, at which the minimum level of 

market penetration of driverless vehicles, 

should MAJOR changes be made to roadway 

design? For example, lane-width changes. 

When 25% of vehicles on roads are driverless  

When half of the vehicles on roads are 

driverless 

When 75% of vehicles on roads are driverless 

Other (specify) 

41% 

24% 

18% 

17% 

 

3 At the INITIAL deployment of 

driverless vehicles on a FREEWAY, which of the 

following design changes 

would you suggest? 

A dedicated/exclusive lane for driverless vehicles 

A dedicated lane for trucks and other lane(s) for 

driverless and traditional automobiles.  

No change is necessary 

41% 

6% 

 

53% 

4 In your opinion, which of the following locations 

should be the first for deploying driverless 

vehicles? 

High-speed roadways (freeways, expressways) 

Urban highways 

Central business districts 

Restricted residential neighborhoods 

Rural roadways 

Other (please specify) 

53% 

0% 

18% 

12% 

6% 

11% 

 

(d) Likely locations for initial AV deployment 

The fourth question to the OEMs was to identify the most conducive locations for initial 

deployment of AVs. For this, most respondents (53%) favored high-speed roadways (freeways), 

followed by central business districts (18%), restricted residential neighborhoods (12%), and rural 

roadways (6%). In addition to the options provided in the survey, respondents were allowed to 

write in their own responses as brief narratives, some of which included: “non-open road venues” 

and “private campus environments”. Overall, the responses to this question indicated OEM support 

of the notion that freeways will likely serve as the first point of mass AV deployment, and therefore 

could receive priority in retrofit investments. In a subsequent chapter of this report,  A case study, 

addresses this context as an evaluation case study. 
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4.2.3 Market Penetration Trends 

The OEMs were also asked about the evolution of AV market penetration rates over time (years). 

Specifically, they were asked to provide the times (years) when AVs will be expected to constitute 

the following fractions of the traffic stream: 25%, 50%, 75% and 100%. For each fraction, the 

possible responses were within: 5 years, within 10 years, within 15 years, within 20 years, within 

25 years, within 30 years, within 50 years, within 60 to 70 years, and within 80 to 100 years. The 

responses (Figure 4.1) present quite disparate opinions regarding the expected rates of market 

penetration of AVs in the near future. This is evidential of the uncertainty and volatility associated 

with AV market penetration. The actual market penetration rates will depend on customers’ 

adoption and use of AV technology. Nevertheless, these responses from the technology developers 

could serve as a fair reflection of the industry’s expectations regarding the timing of user adoption 

of AV technology. Additionally, these responses could be an implicit indication of how soon the 

industry expects to achieve certain levels of market penetration based on ongoing technological 

advancements and testing. Two trends of market penetration rates were established based on the 

survey responses, as shown in Figure 4.2. One trend suggests 25% market penetration by the year 

2028 (the optimistic trend), whereas the other trend indicates that this market penetration is 

expected to occur by the year 2038 (the pessimistic trend). The optimistic trend suggests 100% 

market penetration by 2088 while the pessimistic trend indicates  full market penetration by 2118. 

 

 
 

Figure 4.1 Years at which AVs are expected to constitute specific fractions of the traffic stream, 

(OEM perspectives) 
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Figure 4.2 AV market penetration trends (optimistic and pessimistic) (OEM perspectives) 

 

4.3 Public-sector IOOs 

4.3.1 Prelude 

As the stewards of road infrastructure, public sector IOOs (which mostly comprise highway 

agencies) are responsible for developing new road facilities and expanding, retrofitting, rightsizing, 

modernizing, maintenance, rehabilitating, and reconstructing existing facilities. Chapter 2 of this 

report discussed the critical role of IOOs in AV implementation through their provision of 

supporting infrastructure. The current section of the report describes the responses of IOOs (at 

state and local levels) to a survey questionnaire that was intended to capture their perspectives and 

opinions regarding the emergence of AVs and the implications on the current and the future road 

infrastructure and design features. Table 4.2 presents the questions. In all thirty- nine (39) 

responses were obtained from agencies across the United States. These were collected through an 

online survey distributed by the American Association of State Highway and Transportation 

Officials (AASHTO). AASHTO is a nonprofit association of highway and transportation 

departments in the fifty states, the District of Columbia, and Puerto Rico. The organization, among 

other things, develops and publishes guidelines used in highway geometric design and construction 

across the country. Details of the survey instrument are published in Saeed (2019). The remainder 

of this section discusses the questions and the responses provided. 

 

4.3.2 Survey Questionnaire, Findings and Discussion 

Fifteen (15) questions were posed to the IOOs. The respondents were offered the choice of 

selecting one of the responses offered by the survey instrument and the opportunity to note the 

reasons for their choice or other thoughts related to their selection of a specific response. We noted 

the enthusiasm with which the IOOs participated in the survey. The quality and comprehensiveness 

of the responses are suggestive of the respondents’ keen interest and thoughtfulness in answering 

the questions. Their responses, which provided valuable insights, are discussed below. 
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(a) Timing of road infrastructure readiness to accommodate AV operations 

In a response to the question on the level of AV market penetration at which AV-related 

infrastructure retrofits and related investments should be triggered, 20% of responding IOOs 

indicated 25% market penetration, 20% indicated 75% market penetration, and 8% indicated 50% 

market penetration. Fifty-two percent (52%) of the respondents provided short narratives instead 

of (or to support) their response: One response emphasized the need to proceed to plan the 

provision of AV-related road infrastructure without delay because “it is not possible to stop the 

future from coming; if agencies are not planning ahead now, they will fall behind quickly”. 

Another respondent indicated high expectations of AV technology, capability stating that “no 

infrastructure accommodation is needed for AVs; rather, AVs should be capable of navigating any 

road (including gravel roads) in any weather with limited pavement markings or signage.” The 

respondent is correct in asserted that AV technology can be developed to be sophisticated enough 

to navigate in any standard terrain, however, such sophistication may lead to higher costs to 

consumers and consequently, impede market penetration.  

          Other respondents indicated that infrastructure retrofitting and investments should be made 

at the half-way point when it is clear and certain that AV technology is sufficiently developed and 

“the automotive industry in the U.S. is heading towards AVs”. This response belies a preference 

to adopt a “wait and see” approach and start making concrete AV supporting infrastructure 

investment plans only when the technology progresses adequately to enable AV operations. Other 

responses noted that AV-related infrastructure planning should be initiated “when the first AV is 

deployed” and “the AV industry is designing vehicles to drive on existing facilities; there will 

always be a need to design road facilities for human drivers, and public transportation and 

infrastructure facilities must accommodate all users.”  

          One of the respondents noted that the road infrastructure should be upgraded as soon as any 

deployed AVs encounter problems using existing infrastructure, such as work zones.  Another 

response suggested that infrastructure improvements should be made when it is understood with 

some reasonable degree of certainty which specific infrastructure changes will be required to serve 

AVs without jeopardizing the operational efficiency of HDVs in the traffic stream. 

          One of the responses noted that even at 10% market penetration, certain aspects of 

automated driving – cooperative adaptive cruise control – will start showing benefits in terms of 

traffic throughput. It is therefore important for public-sector IOOs to start engaging the OEMs  so 

they can collaboratively identify the infrastructure improvements that are needed. It has been 

recommended that after the needs have been identified, the IOOs should start planning their 

construction right away, because of the notoriously lengthy period of project development. 

Another respondent noted that infrastructure improvements should be made when AVs become 

imminent, as it will take some time to prepare the infrastructure to meet the needs of driverless 

vehicles. Another agency respondent noted that improvements should be made now as an 

initiative-taking measure to avoid delays in AV deployment.  

          A respondent narrated that “determining infrastructure needs for AVs is an ongoing iterative 

process that has already started and will parallel the development and deployment of the 

technology. The State of California has recently adopted new striping standards that improve 

pavement contrast and visibility for all drivers, including automated driving systems. As of the 

time of reporting, there is inadequate clarity on exact initiatives needed to accommodate AVs.         

A respondent noted that “some auto manufacturers have taken the stance that their vehicles must 

function safely regardless of infrastructure deficiencies such as poor condition of the pavement or 
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the pavement marking, and they cannot rely on specific infrastructure requirements.” However, as 

automated vehicles develop further, it seems likely that there will be a better understanding of the 

infrastructure changes that will be conducive to recognition by machine vision systems, and 

standards or best practices for machine-readable infrastructure will emerge, possibly through the 

Federal Highway Administration’s Manual on Uniform Traffic Control Devices (MUTCD).” The 

respondent also commented that there often exists speculation regarding the ways in which AVs 

could motivate modifications in infrastructure. For example, in the future, some road lanes could 

be made narrower because AVs are expected to avoid excessive wander from their tracks. It is 

important to recognize that where both HDVs and AV share the traffic stream, the 

infrastructure designs must be conservative enough to accommodate even a small fraction 

of either party (HDVs or AVs). It is expected that the mixed traffic environment (of AVs and 

HDVs) will last for several decades. Any infrastructure design changes should be defined and 

planned based only on the party that requires a more conservative design due to their physical or 

operational features. In other words, within such transition period, certain road features must be 

designed conservatively so they can also serve HDVs, and other features must be designed 

conservatively so that they can also serve AVs. 

          Obviously, from the responses, there is a strong realization of the infrastructure changes 

needed to accommodate AVs on the roadways. However, there is a lack of clarity regarding exactly 

what agencies will need to do and when changes must be implemented. Nevertheless, it seems 

obvious that identifying AV-related infrastructure needs and measuring their extent (and, in some 

cases, retrofitting to support AV operations) is an ongoing, iterative process that will need to occur 

in parallel to the development and deployment of AV technology. 

 

(b) Likely locations for initial AV deployment 

The IOO respondents were asked for their opinions regarding the roadway environments for initial 

deployment of AVs (the second question in Table 4.2), 32% of respondents indicated high-speed 

roadways (freeways, expressways), followed by central business districts as the next most likely 

location (24%). Twenty-eight percent (28%) provided narratives on this issue. The responses are 

discussed in the following paragraphs. 

          One of the responses noted that “AVs are expected to operate on all types of roadways very 

soon; it will be difficult to keep them on only one type of roadway.” This is a plausible response, 

particularly given the fact that discussions regarding the deployment locations of AVs often do not 

account for the realistic situation that any typical trip involves an origin and destination whose 

path includes roadways of different classes and in different areas of the built environment (city 

center, urban, suburban, and rural) together constitute an integrated network, and therefore AVs 

cannot be constrained to operate at only a single class of roadways. However, high-speed roadways 

are typically cited as the top preference for initial AV deployment, particularly during the early 

stages of the transition phase. At high-speed roadways that possess controlled access, there are 

fewer chances of encounters and interactions with HDVs, compared to other road classes. 

          Two similar responses suggested the initial deployment of AVs at multiple locations: (a) 

“There could be multiple deployment scenarios such as AV bus rapid transit in urban areas, shuttles 

in suburban environments, or shuttles that can be in a controlled setting (e.g., airports, hospitals, 

shopping centers, military installations).” and (b) “Perhaps a combination of locations - where the 

technology may be perfected and where there is the highest likelihood of success for the AVs and 

the highway environment. One could envision this as being any one of the following: high-speed 

roadways (due to their greater degree of uniformity), urban highways, and central business districts 
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(CBDs). A key component could be to place a geo-fence for areas where AVs may be allowed to 

operate given there is adequate infrastructure to support AV operations.” 

Another pair of respondents offered similar suggestions that emphasized the deployment of AVs 

in protected dedicated lanes: (a) “High Occupancy Vehicle (HOV) lanes are the first candidates 

where AVs can be implemented. This will provide some separation of AVs, in the initial phases 

of deployment, from the non-automated traffic.” and (b) “Express lanes, HOV lanes, etc. that are 

separated from general use lanes by concrete barriers.” The emphasis on the provision of protection, 

even in the form of exclusive lanes, depicts a strong realization at the agency level that trust issues 

exist for those who plan to use AVs and those who will drive their traditional vehicles but share 

the road with AVs. 

          Another detailed response tied the location of AV deployment to the business case for AVs: 

“AVs will be deployed where private companies can justify a business case for them. Automated 

freight and automated taxi services have been offered as examples of profitable applications but 

are predicated on the maturation of the technology. There are widely varying opinions on how 

close the technology is to maturity and how difficult it will be to overcome the remaining 

engineering challenges. That makes it possible that a lower-risk technology—such as a low-speed 

shuttle—might actually be ready for safe deployment sooner. Is the question of which technology 

‘should’ be deployed first based on achieving a sufficiently safe roadway operation?”  

Additionally, many respondents offered comments to provide additional thoughts or 

reasons for the selection of their choices. One respondent chose urban highways because he 

witnessed AV testing on freeways in Arizona. Another selected CBDs and stated the belief that 

these areas will have the most “action” for an AV. By deploying AVs in these areas, one could 

investigate vehicle reaction times in busy environments. 

Respondents who chose high-speed freeways as the prime candidates for the initial 

deployment of AVs stated that they did so for the following reasons: 

• “The high-density environment offers better support and fewer chances for the fatal crashes 

that Uber’s and Tesla’s automated vehicles experienced.” 

• “Such roads are the easiest for AVs to handle.” 

• “There is limited access.” 

• “AVs are easier to implement on these roads.” 

• “Higher levels of automation are likely to start in constrained ODDs. Limited access 

roadways will likely be the first location for the deployment of AVs. This has already been 

seen for low levels of automation, like General Motors’s Supercruise and Tesla’s Autopilot. 

However, some limited AV deployments can also be done in urban areas using low-speed 

automated shuttle and mobility-as-a-service (MaaS) providers working in specific 

geofenced locations.” 

• “High-speed limited access facilities are the most predictable environments for vehicles. 

They also seem like a “rational place” for drivers to switch to the autonomous mode for 

long road trips.” 

• “Agencies are more likely to be able to maintain freeways/expressways in a condition that 

would support driverless vehicles.” 

Respondents who chose restricted residential neighborhoods as likely locations for initial 

AV deployment stated that they did so for the following reasons: 

• “These roads offer a more controlled lower speed environment where vehicles making 

repeated short-distance trips can be monitored.” 

• “The investment is very valuable to village centers.” 
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• “The systems infrastructure (WiFi, etc.) will be more advanced in urban areas, and the 

public living and working in central districts will gain more from AV operations. By the 

words “gain more”, the respondent meant that residents and workers would benefit from 

the “absence of parking fees, reduced congestion, and improved safety, etc.” 

Some respondents indicated that they chose rural roadways as the location for the initial 

deployment of AVs mainly because AVs’ actual performance in real-world roadway environments 

should first be evaluated at low-volume open roads for safety reasons and then at more urbanized 

roads after there is greater confidence in the software/hardware. 

         Other responses included the following: 

• “The first locations should be places where challenges can be safely met and can benefit 

the ongoing refinement of issues and technologies.” 

• “One respondent noted that limiting deployment to a single classification of roadways 

would not help overcome the challenges posed by each roadway type. In order for testing 

to be effective and to expedite the development of the technologies, AVs should be 

deployed in a variety of conditions and on a variety of roadway types.” 

• “The testing and performance evaluation of AV technology should be undertaken at 

different locations and in different settings.  

 

(c) Freeway readiness for AV operations 

In response to  the question on roadway design changes that will be needed to support AV 

operations at freeways during the transition phase, 44% of the IOO respondents suggested 

providing a dedicated/separate/exclusive lane for AVs. Respondents stated that they selected this 

choice for the following reasons: 

• “To enhance safety.” 

• “To prove the effectiveness and efficiency of AVs first.” 

• “Testing should occur in a controlled environment prior to a situation with mixed traffic 

(motorized vehicles, bicycles, and pedestrians).” 

• Initially, AVs should be segregated from mixed-flow traffic to ensure that the technology 

is safe and error-free. In addition, it will take some time for drivers to get used to mixing 

with AVs, so the integration of such vehicles into general traffic should be phased in.” 

• “High-occupancy vehicle (HOV) and high-occupancy toll (HOT) lanes are the best 

candidates for implementation of all levels of automation. HOV/HOT lanes will not only 

provide separation from non-AV traffic but will also let agencies determine whether 

automated technologies are providing any improvement in safety and mobility.” 

• “To minimize conflict between driverless and traditional vehicles, it is a good idea to have 

a dedicated lane for driverless vehicles until a significant saturation of AVs occurs.” 

          All these viewpoints indicate IOOs realization by that not only AV users but also the users 

of traditional vehicles should be duly regarded in the AV infrastructure decision-making process. 

IOOs seek to provide a roadway infrastructure that is friendly to both AV and non-AV users. 

Twenty-four percent of respondents suggested providing a dedicated lane for trucks with other 

lanes for autonomous and traditional passenger vehicles. The respondents’ reasons include 

(reproduced here unedited): 

• “This way, one knows where the trucks are in snowstorms.” 

• “Due to the increased demand in freight traffic and driver shortages, the trucking industry 

has a financial incentive to adopt automation faster. As a result, not only will there be 

platooning but also unmanned operations. To address initial public safety concerns, trucks 
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should get dedicated lanes. Leading up to this, the lanes could be used for traditional trucks 

(similar to what Georgia is doing).” 

• “This will facilitate platooning and, hence, fuel efficiency.” 

In response to this question, 32% of respondents did not choose an option from the given 

choices but rather provided a narrative to express or support their opinion. One respondent did not 

support dedicated lane deployment in the initial AV deployment, for two reasons: “this would 

represent too much infrastructure dedicated to too few users, and human drivers would not comply 

with the road markings unless the lanes are protected.” Another respondent did not see any need 

for a dedicated lane for AVs or a dedicated lane for heavy vehicles. Yet another respondent 

doubted whether their state agency would be able to devote lanes for AVs or trucks and concluded 

that the agency would have mixed lanes for foreseeable future. Another respondent from an IOO 

foresaw a need only for improved pavement markings and signage.  

A particularly interesting response from an IOO respondent was “there is no rational basis for 

speculating about future highway design changes with almost zero data about AV capabilities at 

deployment or considerations related to interaction with human drivers. If at deployment a pattern 

emerges where collisions between AVs and traditional vehicles are significantly more common 

than collisions between AVs or between traditional vehicles, that pattern might provide a 

justification for creating a separate lane for AVs. However, AV manufacturers are currently 

designing their technology with the intention that it can interact with and respond to all road users, 

including human drivers”. The last few responses above reflect one of the scenarios analyzed in 

this report, namely, pavement markings that can easily be sensed by the AV in all weather 

conditions. 

  

(d) Minimum MP rates for making major roadway design changes 

Twenty-eight percent (28%) of the respondents, when asked about the minimum level of AV 

market penetration needed to make major roadway design modifications (for example, lane width 

reconfiguration), indicated that this should be done even before AVs are deployed, 16% indicated 

that this should be done when a quarter of vehicles on the road are AVs, 16% suggested doing so 

when 75% of vehicles are AVs, 4% of respondents suggested doing so when 50% of vehicles are 

AVs, and 36% of respondents provided short narratives which are summarized below. 

One IOO respondent noted that during or near the end of “testing” on a separate right-of- 

way, it would make sense to prepare draft roadway specifications. Once the technology is “proven,” 

then final specifications should be prepared. So, design modifications should be considered 

sometime between “even before AVs are deployed” and “when about a quarter of vehicles are 

AVs.” 

Another respondent suggested making changes to roadway design and infrastructure only 

in response to the issues experienced by AVs upon their first deployment. Another IOO respondent 

did not anticipate any change for the future because currently there is no real-world data available 

to determine the exact impacts and infrastructure needs of AVs. Another respondent called 

infrastructure modifications a “bootstrap process” and suggested that both the infrastructure 

preparation and the AV market penetration should occur simultaneously. In other words, private 

industry and IOOs should work hand in hand to implement AVs on the roadways. Lastly, a 

respondent stated that commenting on roadway design is premature speculation, noting, “If a 

human driver needs a 12-foot lane to drive safely, it does not matter if 3/4 of the vehicles are AVs 

and require less space. Either the lane must remain 12 ft in width, or the narrower lane must be 

restricted to only those vehicles which can navigate it safely. In any case, this conversation is 
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premature, and highway agencies do not make infrastructure decisions based on predicted 

capabilities of future vehicles.”  

 

(e) Changes in the amount of vehicle travel 

With regard to the question on the expected changes in the amount of vehicle travel  (VMT) with 

the increased use of AVs during the transition phase, 42% of respondents expect an increase, for 

the following reasons (reproduced here unedited): 

• “If an AV is used as a MaaS (Mobility-as-a-Service) vehicle, the amount of travel for that 

vehicle will increase as the vehicle is driven more when used for a service than when driven 

by one person.” 

• “If AVs are not parked, they may be cruising around looking for passengers or goods to 

serve. To offset the costs to the owners of the vehicles, AVs will need to keep moving to 

make money.” 

• “Driverless vehicles will provide transportation options not currently available for the 

elderly and disabled. In addition, if subscription services begin to replace car ownership, 

there is a strong likelihood that AVs will travel empty on roadways as they transit to pick 

up a subscriber requiring transportation.” 

• “No matter what and definitely in more rural areas, there may be an increase in mileage of 

empty vehicles. This may be to get to remote parking, or it may be to facilitate remote pick- 

ups.” 

• “AV MaaS providers will look to increase their footprint and attract younger people that 

currently do not have a license or a car. Similarly, more mobility options may emerge for 

the elderly and disabled with the use of AVs. As such, VMT is expected to increase. 

Moreover, low-speed shuttles are expected to address first/last mile travel issues, 

potentially reducing pedestrian and bike traffic.” 

• “Trip making requires a driver. Currently, a lot of trips do not happen due to the lack of a 

driver. With AVs, it will be possible to make driverless trips (e.g., for the elderly, young 

children, etc.). In some extreme cases, it might be possible to let the car drive without a 

driver just because parking is not available or might be expensive (e.g., in New York or 

San Francisco). As such, VMT is expected to see a definite increase.” 

• “VMT will increase due to the increase in the number of trips made by driverless vehicles 

picking people up and dropping them off.” 

• “Automation is predicted to lower the cost of transportation due to historical evidence that 

declining transportation costs induce additional vehicle travel. Theoretically, a high degree 

of sharing or the use of high-capacity modes could outweigh induced demand, but in 

preliminary studies of the interaction between new modes and transit, there does not exist 

any evidence for this.” 

 

Only 21% of respondents expect a decrease in VMT with the use of AVs, mainly because 

the availability of AVs will result in increased use of these vehicles as a shared service and thus a 

reduction in VMT. Twenty percent of the IOO respondents expect VMT to remain the same, and 

seventeen percent were unsure about the changes in VMT, for the following reasons (reproduced 

here unedited): 

• “It is hard to believe that a change in transportation technology will determine a change in 

travel demand. Travel demand is generated by other factors not related to transportation 

technology, such as the local economy and housing prices. A reduction in the use of mass 
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transit (e.g., shuttles, buses, or rail systems) can be envisioned; however, the net change in 

vehicle travel is uncertain at this time, and the results will vary by location.” 

• “The ways in which possibly longer commute times will interact with and offset the impact 

of shared vehicles (e.g., Uber) is completely speculative at this point.” 

 

(f) Change in the amount of passenger travel 

In response to the question on the expected change in the amount of passenger travel or passenger 

miles traveled (PMT) with the increased use of AVs during the transition phase, 50% of 

respondents expect an increase for the following reasons (reproduced here unedited): 

• “More opportunities will be available for younger, disabled, and older people to take trips.” 

• “Passenger travel may increase slightly because driverless vehicles will allow for those 

who cannot drive themselves (e.g., the young, elderly, or disabled) to be transported more 

easily and more frequently.” 

• “Traveling from point A to point B and not having to worry about driving will be an asset; 

being able to get projects complete en-route will benefit time management.” 

Moreover, 29% of IOO respondents expect PMT to stay the same, for two reasons. First, travel 

needs will not increase much, except for the possibility of additional long vacation trips. Second, 

travel demand to desired destinations should stay the same, though the means of travel will change. 

Based on these responses, it could be argued that the agency respondents unable to effectively 

comprehend the nature of PMT in the era of AVs. It is quite possible that transportation IOOs were 

not the right subjects for this question; the question should probably be posed to transport service 

providers based on their proposed business models in the era of AV operations. In addition, 13% 

of the respondents were unsure about the emerging trends of PMT with the increased use of AVs. 

One of the most plausible reasons offered for this response is that it is not certain how AVs will 

be used in the future by individual travelers and transportation businesses. 

 

(g) Infrastructure funding needs 

When asked about the highway infrastructure funding needs to accommodate AVs, 63% of IOO 

respondents expect an increase in such needs, for the following reasons (reproduced here unedited): 

• “Infrastructure is so “behind the times” in many states already, and the government will 

need to step up and fund more projects to facilitate AV deployment through infrastructure 

retrofitting and related investments.” 

• “Communications infrastructure (internet and WiFi) will need to be expanded in rural areas 

lacking connectivity in order to fully support AV operations.” 

• “Funding needs always increase when new innovations are brought forth.” 

• “There are many reasons, but primarily system requirements such as advanced signals, 

enhanced lane markings, and compatible signs.” 

• “Since all roads (urban, suburban, and rural) are not set up for AVs, something has to new 

on the street level that does not exist today; that could be cyber-physical infrastructure.” 

• “While talking to all the original equipment manufacturers (OEMs), the standard response 

for what AVs need from the departments of transportation (DOTs) is “smooth roads and 

clear pavement markings.” There will be a strong push to improve pavement conditions. 

Right now, some roads have not been re-striped for two years. This may not be an option 

in the future.” 

• “It is a serious challenge – how driverless vehicles will be able to detect and navigate 

potholes and other roadway obstructions.” 
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• “There are serious doubts that current funding levels are adequate to maintain the system 

to adequately accommodate driverless vehicles.” 

• “Existing facilities are not ready for driverless technologies at all. With every agency in 

need of improvements, there will be a heavy demand for funding. An additional question 

is where that funding will come from. The public will be resistant to additional taxes, fees, 

and surcharges.” 

• “While the magnitude of additional investment is highly uncertain, state agencies expect 

that there will be some new requirements for data backhaul, processing, and dissemination, 

and potentially infrastructure changes to ensure machine readability. It is even less certain 

whether infrastructure investment benefits, such as less money spent repairing 

infrastructure following crashes, could help to offset these costs.” 

 

Only 8% of IOO respondents foresee a decrease in highway infrastructure funding needs 

to accommodate driverless vehicles. The most plausible response noted was that with an increase 

in travel, IOOs will have to implement a usage-based model for infrastructure funding. The 

funding will have to be increased based on higher usage. As such, the amount of usage will define 

the needs. Furthermore, 17% of respondents expect funding to stay the same primarily because of 

limited resources or limitations in the ability to change the number of resources. Another reason 

provided was that roadway projects can maintain the same costs while simply using modified 

designs to manage the needs of AVs. The respondents commenting on the resources did not seem 

to understand the question, which asked about “needs that could arise” and not “resources.” 

Moreover, 12% of respondents were unsure about the infrastructure funding needs. Such 

uncertainty could be attributed to the many unknowns at this time and the possibility that funding 

may increase (due to expanding equipment needs) but also may decrease (if AVs are able to 

increase throughput using existing lanes or even decrease the number of needed lanes). 

 

(h) Overall parking needs 

In response to the question on the direction of change of overall parking infrastructure needs with 

increased AV operations at higher levels of market penetration, 65% of respondents expect these 

needs to decrease for the following reasons (stated here unedited): 

• “If AVs are used as part of a MaaS operation, then AVs would not be parking but in 

continuous motion.” 

• “In order to offset the costs of vehicle purchase and upkeep, owners will need to keep their 

vehicles moving goods and people.” 

• “Parking needs should decrease as the efficiency/use of road vehicles may increase and it 

would be unnecessary to park all day or all night in one location.” 

• “Parking will no longer be the issue. Curb space will be a big focus. Vehicle ownership is 

envisioned to stay the same or decrease, even with an increase in vehicle use. These shared 

models will decrease the need for centrally located parking.” 

• “Fewer people driving their own vehicles means no need to park, just like the Uber model.” 

• “Autonomous taxi services will result in less parking need.” 

• “AVs could take several passengers to their destination, and then return home to wait until 

the next travel request.” 

• “There will be a need for increased passenger loading/unloading zones and less need for 

parking.” 
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Seventeen percent of respondents were unsure about the overall parking needs with increased 

AV operations, citing the following reasons (stated here unedited): 

• “Many people may not want to use a vehicle that is available for public use.” 

• “Many people may not want to wait for the AV to arrive on time to pick them up for their 

drive. They would rather use a self-owned vehicle—with all their comforts—and they will 

want it in a timely manner.” 

• “The issue is too complicated to determine at this point in time. For example, one would 

need to know whether a driverless vehicle ever needs to park.” 

  Moreover, 9% of IOO respondents thought that overall parking needs may increase due to 

the continuing rise in population and the resulting need for additional parking, despite the 

prospective increase in ridesharing. Conversely, 9% of respondents thought that overall parking 

needs may stay the same because (a) whether one is driving or riding, the car still will need to park, 

and (b) while parking at airports, downtowns, event locations, and residences may be reduced, 

vehicles will need to be parked somewhere. None of the IOO respondents suggested that parking 

infrastructure needs will be eliminated completely in the AV era. 

 

(i) Shoulder widths on arterials and freeways 

In response to the question on the expected direction of change of road shoulder widths on arterials 

and freeways with increased AV operations, 13% of IOO respondents expect that shoulder widths 

will increase, mainly because shoulders are needed for refuge, emergency responders, evacuation 

routes, human drivers, etc. With AV operations, it is likely that shoulders will be needed more than 

ever so that vehicles experiencing software or hardware failures can have a safe refuge. However, 

35% of respondents expect shoulder widths to decrease with AV operations for the following 

reasons: 

• “Driverless vehicles are projected to manage road conditions better; therefore, the need for 

a shoulder on a road may decrease.” 

• “Driverless vehicles drive more precisely.” 

• “Shoulders are used for people with vehicle issues, people who need to check on something, 

or people making a call. Since an AV function as a driver, one may not have to pull over 

to make a call or check on, for example, a screaming child. One can just take his/her eyes 

off of the vehicle’s operations and deal with the issue. Additionally, due to an increase in 

sensors in the vehicle, it will sometimes be possible to diagnose issues immediately or 

before they happen. This will reduce the need to stop the vehicle.” 

Thirty-nine percent of the IOO respondents thought that shoulder widths will stay the same as 

they are today for the following reasons (stated here unedited): 

• “Shoulders are for safety and mechanical breakdowns, which are expected to occur from 

time to time. The number of disabled vehicles is likely to increase since even minor 

malfunctions could force the vehicles to stop in a fail-safe mode. 

• “I am not convinced we will ever get to 100% market penetration, so it will stay the same 

for safety reasons. If 100% market penetration is reached, widths may decrease, but there 

may be unanticipated reasons to use the shoulders (parking, system breakdowns, additional 

pedestrian/bike traffic, etc.).” 

• “Shoulder widths should stay about the same because bicycles and other similar 

transportation devices (e.g., e-bikes) may still need to use shoulder space.” 

• “The vehicles are not changing size. It always helps to have additional pavement space for 

emergencies.” 
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• “The need for shoulders will remain. AVs will break down as frequently as vehicles with 

drivers or even more due to software failures. In addition, there will still be a need for 

bypassing (emergencies, etc.), so the need for shoulders will not change. 

• “No change in shoulder widths is expected because the emergency vehicles will always be 

using shoulders to reach emergency locations on the highways.” 

 

Furthermore, 13% of the IOO respondents were unsure whether shoulder widths would 

change with increased AV operations. The most plausible explanation provided was to the effect 

that, on the one hand, shoulder widths could decrease, but the transportation community will not 

have the inputs necessary to make this decision until far in the future. On the other hand, shoulder 

widths will likely stay the same because vehicle breakdowns will continue to occur, and space will 

be needed for refuge. 

 

(j) Superelevation for new roadways with AV operations only 

In response to the question on the expected change in superelevation for new roads containing only 

AVs, 70% of respondents expressed the opinion that superelevation will stay the same for the 

following reasons (reproduced here unedited): 

• "“I don't envision that the road curvature on, say, new mountain roads will change all that 

much.” 

• “Vehicles will be designed to match existing designs. There is no push from industry to 

change this.” 

• “The physics of the cars will not change.” 

• “Horizontal curve design is based on speed, which should not change much with driverless 

vehicles.” 

• “Roads are designed based on vehicle dynamics. Automation may improve the way 

vehicles handle themselves on the road. The roadway will have to be designed to 

accommodate both extremes of the vehicles; HDVs and AVs.” 

• “Vehicles will have better capability to negotiate curves, but passenger comfort should not 

be compromised.” 

Twenty-one percent (21%) of IOO respondents were not sure whether superelevation would 

change because they were unsure whether vehicle designs and dynamics would change over time. 

However, they agreed that driver and passengers’ safety and comfort, which continue to drive the 

design of highway horizontal curve superelevation, should not be compromised. 

 

(k) Radius of horizontal curves on roadways dedicated to AV operations only. 

Regarding the question on the expected radius of horizontal curves for new roadways containing 

only AVs, 74% of respondents did not foresee any change, for the following reasons (presented 

here unedited): 

• “Automation cannot change vehicle dynamics as the laws of physics remain the same for 

all vehicles.” 

• “Horizontal curve design is based on speed, which should not change much with driverless 

vehicles. Also, the comfort of vehicle occupants is critical.” 

• “Shorter radii will make passengers uncomfortable. It is unlikely that people will tolerate 

tighter curves.” 

• “Larger vehicles (like buses and trucks), albeit driverless, will still be on the roads.” 
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• “During the transition phase, human drivers must be accommodated; vehicle speed and 

rider comfort parameters should not change.” 

• “Roads must be designed for the comfort of the passenger at given design speed.” 

• “Vehicle performance and safety will not change, so horizontal curves will not change.” 

In addition, 17% of respondents thought that the radii of horizontal curves may decrease due 

to the increased precision of AVs and because AVs will likely be smaller and more efficient than 

human driven vehicles. It is not certain the extent to which these predictions will become manifest. 

 

(l) Gradient of vertical curves for new roadways with AV operations only 

In a question on the expected change in the gradient of vertical curves for new roads containing 

only AVs, 65% of the IOO respondents indicated an expectation that gradients will stay the same. 

Respondents expect AVs to react similarly to human-driven vehicles. Additionally, one respondent 

commented that in the case of extreme weather, AV occupants may tolerate steeper vertical curves. 

However, it is more difficult for vehicles to navigate such curves during snow and heavy rainfall. 

Moreover, respondents noted that the comfort of human occupants is of primary importance. As 

such, any change that may cause discomfort to human riders is not expected to occur. 

Twenty-two percent (22%) of the IOO respondents were uncertain whether the gradient of 

vertical curves would change, primarily for two reasons. First, vertical curve design is at least 

partially governed by sight distance in the case of human drivers; this factor may change, but it is 

uncertain. Second, changes to vertical curve gradients may depend on the design criteria of new 

AVs (the size and physics of these vehicles). Thirteen percent of respondents expect a decrease in 

this feature because while the vertical curve gradient impacts human drivers, AVs will be more 

aware of obstacles and other vehicles on a vertical curve. 

 

(m) Asset types needed and required changes across various road classes, for AV operations 

In addition to providing their responses to the questions above regarding expected changes in road 

infrastructure and design, the IOO respondents provided additional comments and insights 

regarding AV-related infrastructure and design retrofitting that they might expect across arterials, 

collectors, and local roads in both urban and rural settings. 

respondents emphasized a need for the following: 

• “A similar level of implementation of infrastructure retrofitting and information 

technology nationwide, for instance, WiFi and other internet access technology, across all 

types of built environments and all types of roadways.” 

• “Greater uniformity of traffic control devices” 

• “More roadside infrastructure”; and 

• “Real-time work zone traffic control updates for AVs.” 

 

The IOO respondents also mentioned the following possibilities: 

• “The elimination of traffic signals” 

• “The elimination of most, if not all, signs” 

• “Smart infrastructure” 

• “New types of pavements marking.” 

• “Minor changes to right-of-way configurations” 

• “Narrower lanes and more access control” 
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• “Arterials will become more efficient and safer as progress is made towards 100% market 

penetration of AVs. The number of controlled intersections may be reduced, and these 

intersections will be safer and more efficient.” 

• “Travel demand will be lower for urban areas because fewer vehicles will carry multiple 

passengers to their destinations.” 

 

Regarding the collector roadways, the IOO respondents indicated a need for the following: 

• “Bicycle and pedestrian accommodations” 

• “More roadside infrastructure” 

• “Smart infrastructure” 

• “New types of pavement markings” 

• “Real-time work zone traffic control updates for AVs” 

• “Installation of signalized intersection communication devices.” 

• “Greater uniformity and consistency in roadway infrastructure installations;” and 

• “Narrower lanes. 

 

Regarding local roads, agency respondents expressed a need for the following: 

• “Extensive signage and markings, which are currently missing on most low-volume local 

roads,” 

• “Modernization of these roadways, in terms of installing roadside infrastructure and 

information technology devices, on a footing similar to that of arterials and collectors,” and 

• “Traffic control devices that traditionally have been omitted from these road types.” 

 

Table 4.2 IOO Respondents – Questions and Summary of Responses  

 
# Questions Possible Responses % 

1 In your view, when during the transition 

phase should agencies start re-orienting 

their infrastructure to accommodate 

driverless vehicles? 

When about a quarter of vehicles on roads are 

driverless 

When half of the vehicles on roads are driverless 

When three-quarter vehicles on roads are driverless 

Other (please specify) 

20% 

 

8% 

20% 

52% 

2 In your view, which of the following 

locations should be the first for deploying 

driverless vehicles? 

High-speed roadways (freeways, expressways) 

Urban highways 

Rural roadways 

Central business districts 

Selected residential neighborhoods. 

Other (please share your thoughts) 

32% 

8% 

8% 

24% 

0% 

28% 

3 In your opinion, during the transition phase, 

which of the following is the most likely 

initial design change to accommodate 

driverless vehicles on a FREEWAY? 

A dedicated/separate/exclusive lane for driverless 

vehicles 

A dedicated lane for trucks whereas other lane(s) 

for driverless and traditional automobiles. 

Other (please specify) 

44% 

 

24% 

 

32% 

4 In your opinion, at which minimum 

level of market penetration of 

driverless vehicles, should major 

changes be made in roadway design 

(for example, reconfiguration of 

lane width)? 

Even before AVs are deployed. 

When about a quarter of vehicles on roads are 

driverless 

When half of the vehicles on roads are driverless 

When three-quarter vehicles on roads are driverless 

Other (please specify) 

28% 

 

16% 

4% 

16% 

36% 
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5 How do you think the total amount 

of vehicle travel will change with 

the increasing use of driverless 

vehicles during the transition phase 

It will increase 

It will decrease 

It will stay the same  

Unsure 

42% 

21% 

20% 

17% 

5 How do you think the total amount 

of passenger travel will change with the 

increasing use of driverless vehicles during 

the transition phase? 

It will increase 

It will decrease 

It will stay the same  

Unsure 

50% 

8% 

29% 

13% 

7 What do you expect to be the impact on 

infrastructure funding needs to 

accommodate driverless vehicles on 

roads? 

It will increase 

It will decrease 

It will stay the same 

Unsure 

63% 

8% 

17% 

12% 

8 In your opinion, how will overall parking 

needs change with the increased 

operations (say, 80-100% market 

penetration) of driverless vehicles? 

It will increase 

It will decrease 

It will stay the same 

It will be eliminated completely 

Unsure 

9% 

65% 

9% 

0% 

17% 

9 How do you expect shoulder width of 

arterials and freeways to change with the 

increased operations (say, 80-100% 

market penetration) of driverless vehicles 

on roads? 

It will increase 

It will decrease 

It will stay the same 

Unsure 

13% 

35% 

39% 

13% 

10 In your opinion, how will superelevation 

on horizontal curve change for NEW 

roads containing only driverless vehicles? 

It will increase 

It will decrease 

It will stay the same 

Unsure 

0% 

9% 

70% 

21% 

11 In your opinion, how will the radius of 

horizontal curves change for NEW roads 

containing only driverless vehicles? 

It will increase 

It will decrease 

It will stay the same 

Unsure 

0% 

17% 

74% 

9% 

12 In your opinion, how will the gradient of 

vertical curves change for NEW roads 

containing only driverless vehicles? 

It will increase 

It will decrease 

It will stay the same 

Unsure 

0% 

13% 

65% 

22% 

13 Do you think there will be a need for 

real-time monitoring of traffic (using 

drones, for example) and cyber-physical 

infrastructure (for example, DSRC 

technology) in the era of driverless 

vehicle operations? 

Yes 

No 

Unsure 

100% 

0% 

0% 

14 How do you expect speed limits to change 

when roads will host both traditional and 

driverless vehicles? 

They will increase 

They will decrease 

They will stay the same 

Unsure 

0% 

9% 

91% 

0% 

15 How do you expect speed limits to 

change when ONLY driverless 

vehicles will be operating on roads? 

They will increase 

They will decrease 

They will stay the same 

They will no longer be required 

Unsure 

57% 
13% 

22% 

0% 

8% 

16 Agency State 

Local 

90% 

10% 
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4.4 Road Users 

4.4.1 Prelude 

As discussed earlier in Chapter 2 of this report, accounting for the feedback from the prospective 

road users in era of AV operations, can be valuable. Fairly recently, the Federal Highway 

Administration held a national dialogue on highway automation where it was duly emphasized 

that including road user insights into the technical guidelines (relating to policy, regulations, and 

infrastructure readiness) of AV-related infrastructure preparedness at the agency level is extremely 

important and much needed. In the context of this report, there are two classes of road users: those 

who will use AVs in some form (self-owned, hired, or shared) and those who will continue to use 

or drive traditional vehicles. Feedback from both classes of road users is pivotal to successful 

implementation of AVs. The survey of road users presented in this report demonstrates the 

relevance of the input and how the survey outcomes may be used to inform the decision-making 

process at agency level. Road agencies could develop and conduct similar surveys in their 

respective jurisdictions to capture the road users’ perspectives for subsequent consideration in AV-

related infrastructure development decisions. 

The business models of the industry may initially define the deployment scenarios of AVs 

(discussed earlier in Chapter 2), this uncertainty may persist until it is clearly known how the end-

users of this technology want to adopt and use it (e.g., self-owned, shared, or hired). Therefore, 

the perspectives, preferences, and opinions of the potential consumers of this technology regarding 

its adoption are important. Moreover, the transition phase is expected to span several decades; 

therefore, the perspectives of road users (who will continue to drive their traditional vehicles and 

share roads with AVs) are as important as those of AV users. Public transportation agencies will 

continue to weigh both groups of road users equally in their decision making process, as also noted 

by one of the agency respondents in the previous section. 

One of the important questions in this report is how to capture the preferences and 

perspectives of these road users. At the current time where no historical data are available in the 

aforementioned context, a questionnaire survey was chosen as a tool to collect this information at 

either state level (for state DOTs) or other administrative jurisdictions (county, city, or town 

agencies). In this study, a nationwide survey was conducted in small and medium-sized 

metropolitan areas (SMMAs) of the U.S. with a population of 450,000 or less. Of the 382 

metropolitan areas in the country, 273 met this population criterion (US Census Bureau, 2018). As 

such, it can be argued that the sample is representative of at least 75% of the population.  

The data collection for the road user questionnaire survey is described in Section 3.3.2 of 

Chapter 3 of this report, and the descriptive statistics are presented in Table 3.3. The first part of 

the survey is more directly relevant to demand estimation and therefore is presented in Chapter 3 

of this report. The second part of the questionnaire relates to AV user comfort and is presented in 

this chapter of the report. The question to the road user is: If there were AVs in traffic, how 

comfortable would you feel about driving your own traditional vehicle? Responses to this question 

were ordered on a Likert scale: very comfortable, moderately comfortable, neutral, moderately 

uncomfortable, and very uncomfortable. As shown in Figure 4.3, 24% of the respondents indicated 

very comfortable while 29%, 17%, 21%, and 8% of respondents, respectively, chose moderately 

comfortable, neutral, moderately uncomfortable, and very uncomfortable. Approximately 53% of 

the respondents indicated that they would feel comfortable driving their vehicles while sharing a 

road with AVs, and 29% noted otherwise. 
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Figure 4.3 HDV drivers’ comfort levels regarding road sharing with AVs 

4.4.2 Background information on AV safety perceptions 

Several studies have highlighted the impacts of AV technology on transportation systems, roadway 

environment, and consumer life and living and its adoption and deployment under various 

implementation scenarios (Anderson et al., 2014; Le Vine et al., 2015; Menon et al., 2019). 

However, despite the merits of AV technology extensively highlighted in the past literature and 

media, there are always concerns and hesitation on the part of users to be the early adopters due to 

lingering uncertainties. As AV technology continues undergoing development and 

experimentation, any reports of crashes involving AVs are likely to impair positive public 

perceptions of AVs (The Guardian, 2018; The New York Times, 2018).  

These events have implications not only for the perceptions of potential future users of this 

technology but also for the trust of those who will continue to drive their own traditional vehicles 

and share the road with AVs. Two recent surveys by Advocates for Highway and Auto Safety 

(2017) and the American Automobile Association (2018) asked questions about public concerns 

regarding sharing the road with AVs. These studies only provided descriptive statistics and did not 

conduct an in-depth econometric analysis and explore the influence of the respondents’ 

demographics (age, income, gender, education, etc.) and other factors on their road-sharing 

comfort level, as done in this report. Advocates for Highway and Auto Safety (2017), a consumer 

lobbyist organization, surveyed 1,005 adults (18 years or older), and found that 64% (two-thirds) 

of Americans were concerned about sharing the road with driverless vehicles; 34% were 

unconcerned and 2% chose the option of “don’t know.” A survey by the American Automobile 

Association (2018) found that half (46%) of U.S. drivers would feel less safe sharing the road with 

a self-driving vehicle while only 13% would feel safe; others were indifferent (37%), choosing the 

option “it makes no difference,” or were unsure (4%). 

4.4.3 Model Specification 

To study the likelihood of respondents’ comfort level in a transition phase, an ordered probit 

modeling framework is used due to the ordinal nature of the response variable (Washington et al., 

2020). A latent variable concept is used for deriving ordered probit models and provides a basis 

for modeling ordinal ranked data. For detailed derivation, please refer to the pioneering work of 

McKelvey and Zovoina (1975) (also see: Greene, 1997; and Washington et al., 2020). 

The second key question asked in the survey was: If there were AVs in traffic, how 

comfortable would you feel about driving your own traditional vehicle? Possible responses to this 

question were ordered on a Likert scale: very comfortable, moderately comfortable, neutral, 

moderately uncomfortable, and very uncomfortable. As shown in Figure 5.3, 24% of the 

respondents chose very comfortable while 29%, 17%, 21%, and 8% of respondents, 

respectively, chose moderately comfortable, neutral, moderately uncomfortable, and very 

uncomfortable. Approximately 53% of the respondents indicated that they would feel 

comfortable driving their vehicles while sharing a road with AVs, and 29% noted otherwise. 
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Consider the following model that is based on latent regression: 

𝑦′= 𝛽𝑋+ 휀 …………………………………………………………………….……….(4.1)  

and 

𝑦 = 1 𝑖𝑓 𝑦′ ≤ 𝜇0 

𝑦 = 2 𝑖𝑓 𝜇0 < 𝑦′ ≤ 𝜇1 

𝑦 = 3 𝑖𝑓 𝜇1 < 𝑦′ ≤ 𝜇2  

𝑦 = 4 𝑖𝑓 𝜇2 < 𝑦′ ≤ 𝜇3  

𝑦 = 5 𝑖𝑓 𝑦′ ≥ 𝜇3} …………………………………………………………………….(4.2) 

 

Where: 𝑦′ is an unobserved latent variable; β is a vector of the estimable coefficients.  

X is a vector of exogenous variables determining the discrete ordering for observation.  

휀 is a disturbance term assumed to be normally distributed with zero mean and unit variance; and 

𝜇’s are estimable parameters used as thresholds to be estimated with β and can be interpreted as 

intercepts.  

𝜇0 is set equal to zero, which means only three thresholds are to be estimated.  

This leads to the formulation of choice probabilities for each of the five discrete choices 

used in this experiment, as follows: 

𝑃[𝑦=1] = 𝛷[−𝛽𝑋] 

𝑃[𝑦=2] =𝛷[𝜇1−𝛽𝑋]− 𝛷[−𝛽𝑋] 

𝑃[𝑦=3]= 𝛷[𝜇2−𝛽𝑋]−𝛷[𝜇1−𝛽𝑋] 

𝑃[𝑦=4]= 𝛷[𝜇3−𝛽𝑋]−𝛷[𝜇2−𝛽𝑋] 

𝑃[𝑦=5] = 1 − 𝛷[𝜇3−𝛽𝑋]} …………………………………………………………….(4.3) 

Where: Φ(.) is the cumulative normal distribution.  

For all probabilities to be positive, 𝜇0 < 𝜇1 < 𝜇2 < 𝜇3. 

Marginal effects were computed to quantify the effects of explanatory factors and find a 

correct interpretation of the direction (+ve, -ve) of that effect on interior categories (in this case y 

= 2, 3, 4) (Washington et al., 2020). The computed marginal effects quantify the effect that a unit 

change of an explanatory variable will have on outcome category’s probability. The marginal 

effects of indicator variables were calculated as the difference in the estimated probabilities, with 

their value changing from 0 to 1 while all other variables were assumed to be at their arithmetic 

means. For continuous variables, the effects were calculated from the partial derivatives as follows: 

𝜕𝑃(𝑦=𝑚)/𝜕𝑋 = [𝜙(𝜇𝑛−1−𝛽𝑋) − 𝜙(𝜇𝑛−𝛽𝑋)]𝛽′ ……………………………………(4.4) 

Where:  P (y = m) is the probability of response category m; 

𝜙(.) is the probability mass function of the standard normal distribution; and all other terms are as 

defined earlier.  

The marginal effects for each response category refer to a change in the outcome 

probability of each threshold category P (y = m) given a unit change in an explanatory variable, x. 

A positive marginal effect for a specific discrete choice indicates an increase in the probability of 

that choice, while a negative value corresponds to a decrease in the probability of that choice in 

response to an increase in the explanatory variable. 

One important shortcoming of using fixed-parameter models is the inherent assumption of 

a fixed and unique coefficient for all observations in the sample, which might not be realistic, 

given that individuals are intrinsically heterogeneous (Sarrias, 2016). To overcome the potential 

problem of unobserved heterogeneity in the data across individual observations, the model in this 

report is estimated with random parameter specification (Ahmed et al., 2017). Failing to account 

for unobserved potentially leads to inefficient, biased, and inconsistent estimates (Washington et 
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al., 2020). The random parameter formulation used in this report is given as Equation 4.5 as 

provided in standard literature: 

𝛽=𝛽𝑛+ 𝜑𝑛 ………………………………………………………….(4.5) 

Where: 𝛽𝑛 is a vector of parameters associated with observations and 

𝜑𝑛 is a normally distributed term with mean 0 and variance 𝜎2.  

A simulated maximum likelihood approach was used to estimate random parameters using 

a 1000-Halton-draw sequencing approach for the simulation. To determine the adequate 

distribution of random parameters, multiple distributions were examined (including Weibull, 

lognormal, normal) but only normal distribution was found to be statistically significant. To choose 

the final model, the statistical superiority of the alternative model specifications (random vs. fixed 

parameters) was investigated using a likelihood ratio test. The random parameters model was 

found to be superior and therefore is presented in this report. 

 

4.4.4 Discussion of Model Estimation Results 

This section discusses the results of the econometric model presented in Table 4.3 which analyzed 

the influence of the key explanatory factors on the response variable (the comfort level of road 

users driving their traditional vehicle and sharing the road with AVs). To further assess the 

individual parameter estimates and quantify the influence of the explanatory variables on the 

discrete choice probabilities, the marginal effects were computed and presented in Table 4.3 and  

illustrated in Figure 4.4. 

The variables that were found to significantly influence the road users’ comfort level 

included the trip characteristics, the awareness factors, and the socioeconomic and demographic 

features. Respondents who were aware of car-sharing services (Zipcar, Car2Go) were found to be 

more likely to feel very comfortable or moderately comfortable. The awareness of respondents 

regarding car-sharing services was found to be negatively associated with the likelihood of their 

feeling neutral, moderately uncomfortable, and very uncomfortable, which could be due to the 

respondents expecting the emergence of AVs to function like a car-sharing service, and in that 

case, they would expect smaller road traffic and therefore lower congestion, potentially 

contributing to a higher comfort level for them while driving their traditional vehicle and sharing 

the road with AVs.  

The results (Table 4.3) suggest that the respondents who enjoyed driving were more likely 

to feel very comfortable or moderately comfortable driving their own traditional vehicles. The 

marginal effects show a higher value of the influence of driving joy associated with the comfort 

level “very comfortable” than with “moderately comfortable.” The positive association of this 

attribute with higher comfort levels is highly intuitive. This variable could be a indicator of the 

privacy and the full control associated with a traditional vehicle. To many people, AVs could be a 

device of social control and surveillance (The Economist, 2018). 

The respondents’ likelihood of feeling very comfortable or moderately comfortable driving 

their traditional vehicles in a mixed-stream road was negatively associated with employment 

outside the home, meaning that respondents whose workplace was not their home were more likely 

to feel very uncomfortable or moderately uncomfortable. This could be due to these respondents 

having to drive to the workplace. This effect also could be attributed to the concerns associated 

with the likelihood of encounters or contact with AVs in the traffic stream during the early phases 

of the transition period when the state of AV technology will be uncertain. 

The respondent’s age is another important variable that was found to significantly affect 

the respondent’s comfort level associated with driving a traditional vehicle in a mixed traffic 
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stream. Respondents between 18 and 24 years of age were more likely to feel very comfortable or 

moderately comfortable driving their traditional vehicles while those more than 55 years old were 

more likely to feel very uncomfortable or moderately uncomfortable driving their traditional 

vehicles in a mixed-traffic environment. This relationship of the respondent’s comfort level with 

their age is intuitive and is consistent with the outcomes of a previous study where millennial 

drivers (18-36 years old) were found more likely to feel safer sharing the road with AVs while 

driving a traditional vehicle than Generation X (37-52 years old) and baby boomers (53-71 years 

old) (AAA, 2018). The respondents with an annual income between $25,000 and $49,000 were 

found more likely to feel very comfortable or moderately comfortable driving their vehicle, which 

could be attributed to the fact that respondents in this income group cannot afford other options 

(that could be a bit more expensive). Rather than being picky about the comfort level, they prefer 

to accept what is offered to them. Another attribute that was found statistically significant for 

affecting the respondents’ likelihood of feeling comfortable is a commute mile indicator, which is 

defined as “1” if a respondent must drive to a workplace located more than a mile away. The effect 

of this variable is intuitive in that driving more than a mile to work daily decreases the respondents’ 

likelihood of feeling comfortable (very comfortable or moderately comfortable) in a mixed-stream 

roadway environment. 

Other variables that were found statistically significant were indicators for gender (female), 

the highest level of education (bachelor’s degree and above), and familiarity with the connected 

vehicles. These variables were found to have normally distributed random parameters. Based on 

the probability for normal distribution, for 84.8% of the observations, it was more likely that 

female drivers felt uncomfortable sharing the road with AVs. Female drivers tend to be more risk-

averse with higher levels of concern (Kyriakidis et al. 2015; AAA, 2018) and prefer a less uncertain  

and safer roadway environment; and their perceptions indicate a lack of trust about the mixed-

stream driving environment. For an indicator of the respondents with the highest level of education 

as a bachelor’s degree and above, for 97.77% of the observations, there was a likelihood that 

respondents would feel uncomfortable, which could be attributed to the current state of AV 

technology and all the discussion surrounding the uncertainty associated with this technology, 

mainly in terms of its safety. One such example is the several events of collisions and fatal crashes 

involving AVs during testing on the actual roadway in a mixed stream, which were widely reported 

in the media. There is a possibility that respondents with a comparatively higher level of education 

will follow the news about the development and testing of AVs more closely and have a better 

understanding of how this technology works and its current state. The amount of risk involved in 

the current state of the technology contributed to the lower comfort levels of the highly        

educated- respondents in the transition phase. For 84% of the observations, the respondents who 

had heard about connected vehicles were less likely to feel uncomfortable driving a vehicle in a 

mixed traffic stream. This could be a proxy for the awareness of respondents about the potential 

benefits of this emerging technology. 

Respondents that did not drive to work or school themselves were more likely to feel 

comfortable in a mixed-stream road of both AVs and human-operated vehicles, which is somewhat 

intuitive because non-driving travelers have already given up control of the vehicle (to another 

human driver) and thus may be more comfortable with others (including machines) controlling the 

vehicle. From the marginal effects presented in Table 4.3 and Figure 4.4, a unit change in this 

attribute resulted in an average 0.097 increase in the respondents’ likelihood of feeling very 

comfortable, an average 0.048 increase in the respondents’ likelihood of feeling moderately 

comfortable, an average 0.010 decrease in the respondents’ likelihood of feeling neutral, an 



 

   78 

average 0.071 decrease in the respondents’ likelihood of feeling moderately uncomfortable, and 

an average 0.063 decrease in the respondents’ likelihood of feeling very uncomfortable. 

 

 

Table 4.3 Model estimation results for User comfort level in sharing the road with AVs. 

 
VC— Very comfortable, MC— Moderately comfortable; N— Neutral; MU— Moderately uncomfortable, VU — Very 

uncomfortable. a, b, c represent significance at 1%, 5%, 10% levels. 

 

 

 

Explanatory Variables Parameter 

Estimates 

VC MC N MU VU 

Non-random parameters  

Constant  1.110a  

Going to work/school (1 if do not drive to work or school 

yourself, 0 otherwise)  

-0.366b  0.097  0.048  -0.010  -0.071  -0.063  

Awareness about any car-sharing service like Zipcar or 

Car2Go (1 if heard about any car-sharing service, 0 

otherwise)  

-0.174a  0.053  0.016  -0.009  -0.035  -0.024  

Smartphone use (1 if user of a smartphone, 0 otherwise)  -0.142b  0.041  0.015  -0.006  -0.029  -0.021  

Enjoy driving (1 if enjoy driving, 0 otherwise)  -0.204a  0.059  0.022  -0.009  -0.042  -0.030  

Employment status (1 if employed full-time, 0 otherwise)  -0.152a  0.046  0.015  -0.008  -0.031  -0.021  

Workplace (1 if workplace is not home, 0 otherwise)  0.122b  -0.037  -0.011  0.007  0.025  0.016  

Young age (1 if aged between 18 and 24 years, 0 

otherwise)  

-0.262b  0.086  0.017  -0.019  -0.053  -0.031  

Older age (1 if aged more than 55 years, 0 otherwise)  0.136b  -0.040  -0.014  0.007  0.028  0.020  

Income level (1 if income is between $25,000 and $49,000, 

0 otherwise)  

-0.103c  0.032  0.009  -0.006  -0.021  -0.014  

Commute miles (1 if travel to workplace located more than 

1 mile away, 0 otherwise)  

0.196b  -0.062  -0.015  0.013  0.040  0.024  

Random parameters  

Gender (1 if female, 0 otherwise)  0.176a  -0.054  -0.016  0.010  0.036  0.024  

Standard deviation of the parameter density function  0.171a  

Positive sign density of the random parameter distribution  84.8%  

Bachelor's and higher degree (1 if the highest level of 

education is a bachelor and above, 0 otherwise)  

0.168a  -0.052  -0.015  0.010  0.035  0.023  

Standard deviation of parameter density function  0.084a  

Positive sign density of the random parameter distribution  97.77%  

Heard about connected vehicles (1 if yes, 0 otherwise)  -0.135a  0.041  0.012  -0.008  -0.028  -0.018  

Standard deviation of parameter density function  0.136a  

Positive sign density of the random parameter distribution  16.04%  

Threshold 1  0.818a  

Threshold 2  1.292a  

Threshold 3  2.201a  

AIC  6050.8  

Log-likelihood function at the convergence  -3005.404  
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Figure 4.4 Illustration of marginal effects for road user comfort level 

 

 

4.4.5 Implications of the Road-users’ Road-sharing Comfort  

This section explores the factors that influence the respondents’ comfort level in driving a regular 

vehicle while sharing the road with AVs. The data suggested that respondent of certain 

characteristics (did not drive to school or work, were aware of car-sharing-services, used 

smartphones, enjoyed driving, were employed full-time, were between 18 and 24 years of age, or  

had an annual income between $25,000 and $49,000) were more likely to feel comfortable while 

others (those that did not work at home and drove more than a mile to work/school daily, or were 

over  55 years old) indicated that they are less likely to feel comfortable in a mixed-stream road of 

HDVs and AVs. Moreover, respondents who were female, held a bachelor’s degree or greater 

education, or were familiar with connected vehicles, generated normally-distributed random 

coefficients. 

To facilitate the effective deployment of AV technology, it is important to understand the 

road user trust in these systems to support their assimilation into the mainstream marketplace and  

their deployment at public roadways. One of the key questions investigated in this experiment was 

about the traditional-vehicle users’ comfort level in sharing a road with AVs in a transition phase. 

The findings provide insights that will assist automotive manufacturers, technology developers, 

and ride-hailing firms in designing a supply plan for the transition phase and the associated 

decisions. The findings also could be used by IOOs for policy formulation, transportation systems 

planning for AV technology, and preparing road infrastructure to accommodate both traditional 

and AVs in the transition phase, while duly accounting for road user concerns and preferences. 

It was determined that 68% of the respondents from SMMAs preferred to continue owning 

their regular vehicles compared to the AV options offered to them in different forms (self-owned, 

 

Heard about connected vehicles 

Bachelor's and higher degree 

Female 

Commute miles 

Income level 

Older age 

Young age 

Workplace not-home 

Full-time employment 

Driving joy 

Smartphone use 

Car-sharing awareness 

 
Going to work/school 

-0.09 -0.07 -0.05 -0.03 -0.01 0.01 0.03 0.05 0.07 0.09 0.11 

Very uncomfortable Moderately uncomfortable Neutral Moderately comfortable Very comfortable 
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hired, and shared). As such, it is important to capture the input and preferences of these traditional 

vehicle owners or users related to AV-related redesign and retrofit strategies under consideration 

for highway infrastructure and design. To do so, the information from the road-sharing comfort-

level could be leveraged to investigate the public acceptability of proposed redesign and 

retrofitting options. For example, future studies could investigate how the levels of road users’ 

road-sharing comfort would change across various retrofitting options, such as the provision for 

exclusive lanes for AVs, heavy vehicles, and so on. 

 

4.5 Summary and Discussion  

The three key stakeholders – OEMs, IOOs, and road users – were surveyed with the intent to 

capture their opinions and preferences regarding AV infrastructure and related issues. The OEMs 

were asked about: 

a) the expected timing of the very first commercial availability of AVs for public use,  

b) favorable timing, in relevance to market penetration rates, of road infrastructure readiness 

to support AV operations,  

c) freeway infrastructure readiness for AV operations,  

d) locations for the initial AV deployment, and  

e) the emergence of market penetration trends.  

 Due to their leadership of AV technology developing and testing, the industry (OEMs) 

represents the most appropriate stakeholder to comment on the potential timing of the deployment 

and commercial availability of AVs for public use. Also, OEMs are fully aware of the current state 

of technology, its potential evolution, and the ongoing testing of this technology (and its 

performance and reliability during the testing phase). The state and capabilities of the AV 

technology and the timing of commercial deployment will have implications for market 

penetration. As such, technology developers were asked what they think about how the market 

penetration rates are expected to grow or change. Two scenarios of market penetration trends, 

pessimistic and optimistic, were developed based on the responses from industry. 

The IOOs hold the stewardship of road infrastructure and are responsible for the 

development of new road facilities, and expansion, retrofitting, rightsizing, modernizing, 

maintenance, rehabilitation, and reconstruction of the existing infrastructure facilities. IOOs 

including state highway agencies and a few local agencies were surveyed, with the help of 

AASHTO, to capture their perspectives and opinions regarding the emergence of AV operations 

and its implications for the road infrastructure and design.  

The questions asked from IOOs respondents were related to: 

(a) the favorable timing of road infrastructure readiness to accommodate AV operations,  

(b) the likely locations for the initial AV deployment,  

(c) freeway infrastructure readiness for AV operations,  

(d) minimum market penetration rates plausible for making major roadway design changes,  

(e) likely change in amount of vehicle travel,  

(f) likely change in amount of passenger travel,  

(g) anticipated change in infrastructure funding needs with AV operations, and  

(h) overall parking needs.  

The questions also covered the expected changes in highway geometric design features, 

i.e., shoulder width of arterials and freeways, superelevation of new roads containing only AVs,  

radius of horizontal curves and gradient of vertical curves for new roadways with AV operations 

only, for new roadways with AV operations only, need for real-time monitoring of traffic and 
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cyber-physical infrastructure, speed limits in a transition phase, and speed limits in a fully 

autonomous era.  

The respondents emphasized an immediate need for:  

(a) equal implementation of infrastructure and information technology nationwide, for 

example, WiFi and internet, across all forms of built environment and all types of roadways, 

(b) greater uniformity of traffic control devices and consistency in infrastructure across regions 

and states, 

(c) more roadside infrastructure, 

(d) real-time work zone traffic control updates for AVs, 

(e) new improved pavement markings and on all road classes, 

(f) an modernization and retrofitting of local roadway networks. 

 

Table 4.4 summarizes the viewpoints of industry and agencies. An important finding is that 

when both agencies and industry were asked about the likely change on freeways that they think 

would be good to support AV operations at the initial deployment phase, 41% of the industry 

respondents and 44% of the agency respondents suggested the provision of an AV-dedicated lane 

in this regard. This indicates close agreement in the responses regarding freeway readiness. A 

second noteworthy item is related to the likely locations for the initial deployment of AVs. The 

highest number of responses from both sides were in favor of high-speed roadways (freeways and 

expressways). Some of the agency responses noted that the business models of the industry will 

define the likely locations of AV deployment. These two findings render additional evidence in 

support of one of the scenarios that are being analyzed later in this report for economic feasibility. 

Furthermore, two types of road users were also surveyed with the intent (a) to explore the 

likely adoption and use of AVs in future and hence, demand particularly in the context of use-case 

scenario (self-owned, hired, shared), and (b) the comfort level of traditional vehicle users, while 

sharing roads with AVs. In the absence of historical data on on-road or cab-simulated AV 

operations and their outcomes, these surveys could be used as an effective tool to generate 

consumer data. The road user survey demonstrates how highway agencies could collect road user 

feedback on infrastructure modifications in their jurisdictions. Such information could be 

leveraged to investigate the user acceptance of AV technology, hence, defining the demand. Such 

demand information could be used by agencies to adjust the supply side, i.e., redesigning and 

retrofitting of highway infrastructure needed for AV operations. Carefully designed, tested, and 

calibrated stakeholder survey tools could be useful to agencies in decision-making particularly 

during the early stages of the transition period. 

In sum, stakeholder surveys help highlight the need for closer interaction among the key 

stakeholders of AV operations. Such interactions could be mutually beneficial and help discern 

the technological developments at the industry level, the need for types and levels of efforts 

required at the agencies, and the likely adoption of AVs at the consumer level. By keeping 

stakeholders aware of each other’s intentions and limitations, a state of full knowledge and 

awareness can be maintained among all stakeholders, thus helping to reduce uncertainty and to 

enhance confidence in decision making. 
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Table 4.4 Responses of the OEMs and IOOs – A Comparison  

 
Questions Possible Responses Industry Agencies 

“At the INITIAL 

deployment of 

driverless vehicles on 

a FREEWAY, which 

of the following 

design changes would 

you suggest?” 

A dedicated/ separate/ exclusive lane for driverless vehicles 

A dedicated lane for trucks and other lane(s) 

for driverless and traditional automobiles. 

No change is necessary (option for industry) 

| specify otherwise (option given to agencies instead) 

41% 

 

6% 

53% 

44% 

 

24% 

32% 

“In your opinion, 

which of the 

following locations 

should be the first for 

deploying driverless 

vehicles?” 

High-speed roadways (freeways, expressways) 

Urban highways 

Central business districts 

Restricted residential neighborhoods 

Rural roadways 

Other (please specify) 

53% 

0% 

18% 

12% 

6% 

11% 

32% 

8% 

8% 

24% 

0% 

28% 

 

 

4.6 Limitations 

The results presented in this chapter explain current preferences; however, today’s perspectives 

may be of rather limited use in discerning future preferences. Without the full and mostly 

unrestricted deployment of AVs it may not be possible to measure, public perceptions and 

perspectives with much certainty. As such, the actual level of AV demand in any specific market 

may deviate from what is predicted initially. Since AVs are an emerging technology, public 

perceptions about these emerging vehicle technologies are still at a nascent stage. Consequently, 

similar surveys should be conducted periodically to feel the fluctuating pulse of the market and 

unveil consumers’ preferences instantaneously. In addition, it is important to note here that these 

forecasts are area-specific, as such they cannot be generalized for all geographical locations across 

the country or across the globe. 

Regarding the road user survey, a limitation is that it uses cross-sectional data. A superior 

approach could be to collect longitudinal data (perspectives over a period) and track the changing 

perspectives. Moreover, the industry forecasts and responses will also need a periodic update due 

to the time rate of change of technology evolution and maturation. The market penetration trends 

presented in this report may change as the state of technology and the deployment timing and 

models become clearer and more certain with time. 

Finally, the road user survey presented in this chapter was conducted in the U.S. only, and 

therefore, the results are not necessarily transferable to other countries because of possible 

differences in the transport system characteristics and socio-economic conditions. The temporal 

and spatial variability and relevance of the findings must be given due consideration. 
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CHAPTER 5. AV CONSIDERATIONS AT THE PLANNING 

PHASE OF INFRASTRUCTURE DEVELOPMENT CYCLE 
 

5.1 Introduction  

The management of road infrastructure including AV infrastructure can be viewed generally 

within the context of a systems development life cycle (Figure 5.1). The cycle starts with an 

assessment of the need for the AV-related infrastructure followed by planning, design, 

construction, operations (including maintenance and monitoring), and end of life. This chapter 

focuses on the planning phase, and we identify some issues that IOOs could contend with as they 

proceed toward infrastructure readiness for the AV era. 

 

 
 

Figure 5.1. Phases of road development and typical tasks at each phase (shaded phases are 

synchronous) 

 

 

Planning is considered one of the most critical phases of road infrastructure development 

and will continue to play a dominant role as society gears up for the era of automated vehicles. 

Planning is typically conducted by agencies that have been granted salutary authority to oversee a 

specific class or classes of infrastructure. At certain countries, there is a formal and distinct national 

governmental organization that conducts or supervises planning for public infrastructure at a 

national level, and these are often referred to as National Development Planning Commission or 

National Infrastructure Planning Agency. In other countries, such as the United States, the 

responsibility for most infrastructure planning is borne by regional, state, or local governments 

(including metropolitan planning organizations), and the federal government’s role is to provide 

the funds and to ascertain that all the subsequent phases of the infrastructure system development 

are consistent with legislation.  
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Road planners develop AV-infrastructure planning alternatives, evaluate each alternative 

in terms of social, environmental, economic, physical, locational, and political criteria, and the 

best alternative is selected. Also, planners decide the location of the new infrastructure, identifying 

and measuring the functional relationships between the road and its built-up and natural 

environments; and establishing the scope of the plan (planning that considers the infrastructure 

only vs planning of the infrastructure in the context of a wider system of infrastructure systems), 

identifying the stakeholders, developing a list of impact criteria, and specifying the temporal scope 

of the plan. In the context of roadways, planning also involves provisions (dedicated lanes) for a 

specific class of road users (for example, those that are prepared to pay a price to reduce their 

travel time, use a specific fuel type, have extra-legal dimensions or weight, have autonomous 

and/or connected systems, and so on). Further planning includes the development of a financial 

plan and establishing high-level cost estimates of the proposed intervention.  

According to Goodman & Hastak (2007), the planning task can be divided into four 

different levels as shown in Figure 5.2 below. This chapter considers criteria associated with some 

of these levels including the location of the system and expected users, capacities and, in some 

cases, the revenues generated by the road users. 

 
 

 
 

Figure 5.2 Suggested Criteria at Various Planning Levels of AV-related Investment(AV-I) 

 

 

Government agencies at all levels continue to seek frameworks that account for the need 

to support autonomous vehicle operations in their planning processes. For example, long-range 

transportation planning by metropolitan planning organizations is gradually considering the 

emergence and impacts of driverless vehicles. This includes the consideration of the potential 

outcomes of autonomous vehicles, such as a scenario where vehicle miles of travel (VMT) rise 

substantially, and another scenario where shared AVs replace private automobiles, hence possibly 

reducing VMT.  

 

 

 

 

CAVI Impacts on road capacity, operations 

agency expenditures, user costs, safety and 

mobility performance, revenues. 

Economic efficiency of the CAV Infrastructure 

CAVI immediate impacts on the environment 

(emissions) and social equity. 

Uncertainty and risk including uncertainty of AV market penetration, 

long-term environmental sustainability, cyberinfrastructure resilience 

or vulnerability natural or man-made threats including hacking. 

Level 1 

Level 4 

Level 3 

Level 2 
(CAVI) 

HACKING. 
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5.2 PSCCAR Guidance on Infrastructure Planning in the AV Era 

Regarding AV related infrastructure preparations, the Public Sector Consultants and Center for 

Automotive Research (PSCCAR) recommended that government agencies in charge of 

transportation planning consider the following issues (PSCCAR, 2017): 

 

Legal issues 

Legislative bodies will need to restructure rules and laws that govern road user operations 

particularly those that are expected to influence (or be influenced by) the transition from human-

driving to autonomous driving. It is worth noting that some existing regulations for HDV-related 

infrastructure might not be applicable to AV-related infrastructure.  
 

Partnerships with private companies to improve transit conditions 

It is assumed that AVs will also function as components in an overall shared mobility ecosystem 

particularly as first-mile last-mile (FMLM) vehicles. Therefore, some form of planning and 

preparation will be needed to ensure smooth AV operations. During the initial stages of the 

transition period, AVs will likely be used as public transit such as shuttle services on university or 

corporation campuses or confined neighborhoods. It is useful for infrastructure planners to help 

transit agencies partner with private ride-hailing companies including Uber and Lyft, in onovative 

ways, to facilitate the reflective role of AVs in the wider transport ecosystem. 
 

Changes in zoning requirements 

Connected and autonomous vehicle operations will likely engender changes in zoning (planning) 

and building requirements, and parking. AVs will likely reduce the need for in-city parking as their 

owners will seek less expensive out in-city parking (Labi et al., 2022). This will free up more space 

downtown which could then be used for other developments. Also, more staging areas (pickup and 

drop-off zones) which might require a change to the curb-side design. Further, parking 

infrastructures currently consume a vast amount of land (approximately 6500 square miles in the 

United States, surpassing the area of the entire state of Connecticut (Thompson, 2016).) With the 

implementation of AV-facilitated automated parking systems, existing parking facilities could 

accommodate more vehicles.  
 

Nonmotorized users 

The implementation of AVs could prospectively improve the safety of other road users, 

particularly, nonmotorized and vulnerable roads users at least in the long term. However, there is 

concern that in the short term, AVs could pose a threat to other road users because the new designs 

of supporting infrastructure may lead to fragmentation of nonmotorized networks, particularly 

where the designs involve dedicated AV-only lanes/zones. Infrastructure planners will need to 

address such concerns in their plans and designs for AV-supporting infrastructure. 
 

Lane-keeping technology 

The poor state of road markings is motivating OEMs to reduce the dependence AV navigation on 

lane markings. It will be good practice for infrastructure planning agencies to be fully cognizant 

of AV perception capabilities.  
 

Funding 

AVs operations are expected to influence how funds are raised and disbursed for transportation 

infrastructure for development and maintenance. For example, reduced parking leads to loss in 

parking revenue; AV growth will lead to reduced fuel tax revenues because AVs are likely to be 

electric; reduced need for driver’s license due to reduced vehicle ownership and hence, 
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registrations. It will be useful for local agencies to start seeking other mechanisms to raise funds 

to support the infrastructure needs of AVs. 

 

Communication infrastructure 

Autonomous vehicle operations always require connectivity between the vehicles and even the 

infrastructure. It would be good practice for transportation infrastructure planners to consider the 

inclusion of publicly or privately owned and/or operated communication infrastructures needed by 

AVs. It will be necessary to ensure accurate and secure data exchange. 

 

 

5.3 AV-related Legislation, Policy, and Regulations related to Road Infrastructure Planning 

In the United States, new vehicles conform to Federal Motor Vehicle Safety Standards (FMVSS). 

The FMVSS was written/designed for human driven vehicles and will need to be revised to 

accommodate CAVs . Another important question is the responsibility for vehicle infractions. For 

example, issuing out a ticket to a CAV or validating vehicle ownership/registration. This section, 

which discusses these issues, is based on guidelines, laws and policies published in: 

 

(a) Governors Highway Safety Association (GHSA) report on preparing for automated 

vehicles: traffic safety issues for states (GHSA, 2018). 

(b) American Association of Motor Vehicle Administrators, AAMVA’s guidelines for motor 

vehicle administrators and law enforcement on ADS testing, registration and licensing, 

driver licensing, and law enforcement considerations (AAMVA, 2022). 

(c) The National Governors Association’s issue paper with recommended policy guidance for 

governors on ADS testing and deployment (Hill et al., 2018). 

(d) National Highway Traffic Safety Administration, government support of AV technology 

growth and leadership, in NHTSA’s ADS policy 4.0 (NHTSA, 2020).  

(e) NCHRP Report 2020 on the impacts of CAV technologies on the highway infrastructure  

(NCHRP, 2020). 

(f) Uniform Law Commission’s Automated Operation of Vehicles Act (ULC, 2019). 

 

It had been recommended in this literature that the following activities should be considered 

when setting up a management structure to manage AV testing and development: 

 

(a) A state ADS testing and deployment plan should be established, and a lead state agency 

should be appointed to supervise the plan. 

(b) An AV task force should be created, and the representatives of the State Highway Safety 

Offices (SHSO) and law enforcement should be members of this task force.  

(c) Agencies should be abreast of AV developments and stay in touch with the technology 

developers. 

 

To help regulate the deployment and testing of AVs in the various states, there need to be 

policies, rules, laws, regulations, and guidelines to ensure safety and smooth operations of AVs. 

As of 2022, at least thirty-seven (37) states and the District of Columbia had implemented 

legislation or issued orders regarding AVs; at least 13 states have authorized a study, defined key 

terms or state contacts, or authorized funding; at least 8 states had authorized testing; at least 11 

states and the District of Columbia had authorized full deployment. Of the 19 states that had 
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authorized testing or deployment, at least 12 states had allowed testing or deployment without a 

human operator in the vehicle, although some states limit it to certain defined conditions; at least 

5 states have regulated truck platooning. The NHTSA has developed policies to regulate AV 

operations. The policies serve as guidelines and are not enforced by law. A sample list of policies 

in NHTSA’s Preliminary Statement of Policy Concerning Automated Vehicles (2016) is provided 

below: 

 

(a) Introduction of a voluntary 15-point safety assessment to be submitted to NHTSA prior to 

testing or deploying highly automated vehicles. 

(b) Acknowledgement that manufacturers are responsible for determining capability of a driving 

automation system with respect to the SAE 0–5 taxonomy. 

(c) Request to states to require local testers to submit a 15-point safety assessment to NHTSA. 

 

Planning for infrastructure to support CAV should also review the extent of traffic laws 

particularly in the context of the potential adverse effect (or obsolescence) of these laws on safe 

and efficient CAV operations. Also, traffic laws must be adjusted to accommodate AVs 

deployment and testing, with and without a test driver. Examples of new laws that may need to be 

passed and existing laws that may need to be modified, are listed as follows: 

 

(a) Authorizing Level 4 and 5 AV operations at limited lanes/ zones. 

(b) Requiring that a licensed driver is present and maintains situational awareness in each 

vehicle, for AV levels 2 and 3. 

(c) Establishing legal responsibility for incidents involving AV Levels 4 or 5. 

(d) Regulating emergency control of an AV, such as remote control. 

(e) Distracted driving laws, in particular, for Level 3 AV drivers that are required to quickly 

take control of the AV in the event of a road hazard. 

(f) Impaired driving. 

(g) Following other vehicles too closely. 

(h) Non-AV Road user behavior in the neighborhood of an AV. 

Michigan is one of the states that have amended their legal codes to account for AV operations 

and to allow AV testing and deployment. In 2013, they restricted the use of AVs to testing purposes 

only, until 2016 when they introduced additional bills which allowed AVs to operate on Michigan 

roadways. The additional bill also allowed for automated truck platooning at predetermined speeds 

on the state’s roadways. Figure 5.3 indicates the implementation levels at various states in terms 

of laws and legislation relating to AVs, as of 2018. 
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Figure 5.3 AV implementation levels at various states (Source: (GHSA, 2018)) 

 

 

5.4 Revenue Challenges Facing Infrastructure Planning in AV Era 

 

According to the American Society of Civil Engineers (ASCE), there exists a backlog of 

approximately $836 billion worth of highway and bridge capital needs in the United States. This 

large size of infrastructure funding need could be reflecting the gap between highway expenditure 

needs and revenue. The gap could be further exacerbated by the introduction of AVs that will 

generally not only reduce revenues but also increase expenditures. For example, AVs are expected 

to be mostly electric (hence, no gas tax revenues). Highway infrastructure planners  are already 

searching for new ways of raising funds to replace gas tax and driver licensing fees. This could be 

done by taxing the electricity used to charge the electric AVs. Fagnant & Kockelman (2015) and 

Mwamba et al. (2023) suggested a shift from gas tax to a VMT fee or the use of another innovative 

funding mechanisms to generate revenue for road agencies in the prospective era of AVs. 

The trends stated above are general in nature. The direction of specific impacts of 

contributory forces may be upward or downward. For example, AV operations could lead to 

increased travel (vehicle miles traveled) due to the increase in travel opportunities for the elderly, 

people with disabilities and youth below the driving age. With such perspective increase in VMT, 

it is expected that the government revenues may increase if revenues are tied to VMT. Even though 

this might be true, it might also lead to congestion and accelerated pavement deterioration. 

Therefore, highway infrastructure planners will need to implement policy that balances any 

increase in revenue with the addition to pavement consumption. This could be done using a VMT 

fee that would not only raise revenue efficiently but also restrict unnecessary travel and reduce 

ghost trips, which would in turn reduce the VMT levels. 
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5.5 Cost Allocation and User Equity in the AV Era 

Highway infrastructure managers continue to seek answers on the additional (or reduced) 

expenditures, and the additional (or reduced) revenues in the era of AVs. Changes in expenditures 

can be estimated through identification of the physical infrastructure investments (or 

decommission of existing facilities) needed to accommodate vehicle connectivity and automation, 

as well as the sibling technologies including vehicle electrification. The repair of travel-related 

infrastructure damage, provision of new infrastructure, and modification of existing infrastructure 

will involve a significant capital investment. Secondly, with the changing patterns of travel that 

will be engendered by the new technologies and the increase in electric connected and autonomous 

vehicle operations (ECAVs), vehicle registration and fuel tax revenues will be impacted. These 

revenue and expenditure changes will happen disproportionately across the highway user groups 

(vehicle classes), and therefore will impact road user responsibilities, fees, and fee equity across 

the user groups. For these reasons, infrastructure managers seek the extent to which ECAV 

operations will cause changes in highway expenditures, highway revenues, and user equity across 

the highway user groups.  

Mwamba et al. (2023) investigated these issues and found that ECAVs are expected to 

significantly change the highway system usage, travel volumes, and ultimately, changing rates of 

highway infrastructure deterioration. Coupled with new infrastructure needs to support the new 

technologies, such deterioration increases will lead to increased highway expenditure. At the same 

time, ECAVs are expected to have significantly reduce fuel tax- based revenues. In anticipation of 

the agency expenditure increases and revenue shortfalls in the ECAV era, Mwamba et al. (2023) 

proposed a revision to the current fee structure of highway users in that era. Their objective was 

in a bid to address highway system efficiency and equity in both near term and long term. With 

regard to the near term, their study developed a novel variable tax scheme under which each 

vehicle class pays a different fuel tax rate and showed that this could promote user equity and 

system efficiency in the ECAV era. Regarding the long term, their study recommended the extent 

to which the fuel tax could be supplemented with a mileage based VMT tax applicable to electric 

vehicles. 

 

5.6 Inconsistency of Road Design and Operations Standards 

At the planning phase of road infrastructure development, IOOs will need to consider the variations 

of road designs across jurisdiction and what this could mean in terms of AV operational efficiency 

and safety. Road infrastructure, regulations, and driving customs vary from country to country, 

state to state, and even city to city, and are overseen by a multiplicity of bodies. Thus, in the case 

of road transportation, it may be unclear which regulations supersede others (unlike airspaces 

which are governed by well-organized global regulatory bodies, has lower levels of traffic 

congestion, and maintains high licensing standards for its “drivers”, i.e., pilots). Road spaces lack 

standardized and consistent design and operational policies across borders. Human drivers are 

naturally equipped to handle such cross-state traffic and design differences in the driving 

environment. On the other hand, AVs may not possess such capabilities.  

 

5.7 Planning for Integration of AV-related Infrastructure with Existing Infrastructure 

It is important that any AV-related infrastructure plan considers duly the nature of existing surface 

transportation infrastructure, as the new infrastructure may require demolition-and-replacement, 

modification, or repurposing the existing infrastructure. Researchers including Duvall et al. (2019) 



 

   90 

have established roadmaps that can help stakeholders prepare infrastructure for the prospective era 

of autonomous mobility. Similar recommendations can be found in these roadmaps as well as other 

literature including Duvall et al. (2019), GHSA (2015), AAMVA (2022), NCHRP (2020), Othman, 

(2021). Examples are provided below: 

 

(a) Function-related recommendations 

• Monitoring of AV demand trends. 

• Monitoring of the growth in sibling technologies (connectivity, electrification, shared 

mobility, airborne vehicles). 

(b) Infrastructure-related recommendations 

• Converting existing curb areas into PUDO (Pick-up drop-off) zones where AV fleets and 

shared-ride services pick up or drop passengers. Curb spaces may be equipped with 

beacons that send signals to AVs, and dynamic pricing (of the curb space) at areas and 

times of congestion. 

• Converting existing parking spots into staging areas where AV fleets and shared-ride 

services wait until it is their turn to proceed to the PUDO areas. 

• Provide mobility hubs (near mass transit stations) where travelers headed for the same 

destination could access shared mobility vehicles, including AVs and personal transport 

units (PTUs) including bicycles and scooters. 

 

5.8 Planning for AV Supporting Infrastructure 

To help support AV operations, road infrastructure should be planned to be equipped with 

intelligent capabilities. This means that the infrastructure will need to be equipped with sensors 

and communication devices. For example, traffic signals equipped with (or, prospectively in the 

long run, replaced by) radio transmitters, devices that facilitate data transmission, fusion, and 

dissemination with minimal latency, for purposes of V2I communication, and roadside units 

providing real-time data on weather, traffic, and other conditions (Oliver et al., 2018).  

 

5.9 Planning that Considers Potential Inequities 

As discussed earlier in this chapter, a key task at the planning phase of infrastructure development 

is to consider not only the prospective benefits but also the potential disbenefits in terms of the 

environment, economy, and social capital of the target jurisdiction. AV operations at some areas 

and not at others, may lead to “spatial segregation” (Oliver et al., 2018). At the current time, such 

spatial segregation is rather benign as it is driven by test/deployment area availability and 

opportunity. However, as AV market penetration grows, it will become more common place to see 

more severe cases of inequity in AV related infrastructure availability. For example, AV dedicated 

lanes at existing corridors (Ramzi Rad et al., 2020) and dedicated zones for AVs. Such segregation 

will emanate from good intentions – to protect human-driven vehicles, pedestrians, and other road 

users from the limitations of AVs (Oliver et al., 2018). On the other hand, this will cause 

unintended consequences where certain areas may not see such investments (for reasons including 

expectations of low returns) and therefore may be denied the benefits of AV operations. This will 

exacerbate existing issues regarding equity in infrastructure planning.   
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CHAPTER 6. AV CONSIDERATIONS AT THE DESIGN PHASE 

OF INFRASTRUCTURE DEVELOPMENT 
 

6.1 Introduction  

The previous chapter addressed AV considerations and challenges at the planning phase of road 

development and offered a few directions for the practice. The present chapter identifies and 

discusses the types of highway infrastructure readiness and roadway design changes that may be 

required to support AV operations. The required level of infrastructure readiness (IRL) for AVs is 

expected to be different across the various stages of AV operations, primarily the transition period, 

and the fully autonomous period, for example, road geometric design features.  Finally, Design for 

Changeability (DfC), a systems engineering concept, is proposed for consideration by IOOs to 

promote their infrastructure readiness. Road designers typically carry out analysis, description, and 

evaluation of design alternatives, and select the best design. In doing this, they draw on analytical 

tools including simulation, optimization, evaluation, risk and uncertainty analysis, and life cycle 

analysis of the costs and the performance benefits. In the AV era, designers of road infrastructure 

systems will continue to be guided by these tasks and will use these tools. 

Currently, highway infrastructure is designed for human drivers who are prone to variety 

of driving errors, exhibit errant behaviors, distraction, impairment, fatigue, and inexperience. For 

example, roadway and shoulder widths are designed to exceed vehicle widths significantly so that 

they can serve as correction areas or buffer zones that reduce opposing sideswipes or run-off the 

road crashes. Additionally, safety features such as rumble strips, median cables, guardrails, 

transverse strips, signs for stopping or slow-down, and other warning devices are provided in 

cognizance of the inherently errant nature of human driving. AV operations will likely offer more 

precise and low-error operations compared to human driving. This could lead to the reduction or 

elimination of certain infrastructure elements and the need for new infrastructure elements. 

As such, it is imperative that highway agencies are able to clearly measure the extent of 

their existing infrastructure design needs at each stage of AV operations over the transition period. 

During this period, roadways will be expected to host a mixed stream (both HDVs and AVs) and 

highway infrastructure must accommodate both vehicle types. In the ensuing sections, five main 

types of infrastructure readiness are discussed. Some of these changes are applicable to only the 

period of fully autonomous operations. Some of these changes are expected to be incremental and 

will initiate as the scale of AV operations increases at roadways. The likely changes may be 

categorized as follows: Enhanced maintenance; Introduction of new infrastructure elements; 

Removal of some of the existing elements; Redistribution of some elements; Redesign of some 

elements.  

The road design process involves development of alternative designs based on the driver 

attributes and the existing natural features of the intended road environment on one hand, and the 

desired outcomes in terms of travel safety and mobility, on the other hand. The existing road 

infrastructure is designed for human drivers to provide a “forgiving” roadway environment for 

those that are inclined to make driving errors due to personal impairments including inattentiveness, 

fatigue, drunkenness, distraction, and inexperience. With fully autonomous driverless vehicles, 

this design approach would be rendered unnecessary because the human driver is eliminated from 

the driving task. It is expected that the extent to which highway design will be affected by CAVs 

will depend on the market penetration and level of automation (MPLA) of the CAVs. Governments 

of countries including Norway espouse updating road design handbooks to incorporate the features 
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of autonomous vehicles (Paulsen & Pitera, 2018). Figure 6.1 presents some infrastructure options 

that could facilitate shared ridership (Duvall et al, 2023). Table 6.1 presents the types of roadway 

infrastructure needs that are associated with the existing and anticipated AV technologies. These 

are discussed in some detail in the following sections. 

 

 
 

Figure 6.1 Infrastructure Options that could Facilitate Shared Ridership (Duval et al, 2019) 

 

6.2 Establishment of a New Hierarchy of Infrastructure Classes in the AV Era 

According to Saeed et al. (2021), CAV-related infrastructure needs can be divided into four classes: 

modifications to existing infrastructure, new infrastructure needs, and existing infrastructures 

being reduced or becoming obsolete (Figure 6.1). The figure presents the four categories of CAV-

related infrastructure. Class 1 is the base infrastructure that is currently used by human-driven 

vehicles (HDVs): pavements, bridges, tunnels, retaining walls, guardrails, median cables, 

pavement markings, traffic signs, traffic signals, curbs. Class 2 refers to traditional infrastructure 

whose modifications will be needed to support CAV operations, and new infrastructure types. 

Class 3 is the set of infrastructure types dedicated to AVs, e.g., in-pavement and sign-mounted 

sensors, and Connected Vehicles (CVs) (e.g., DSRC installations, fiber optic conduits and cables 

to facilitate 5G connectivity). Also, recognizing that CAVs will be most likely to be propelled by 

electricity, it is reasonable to assume that EV infrastructure (charging stations and guideways) will 

be needed to support AV operations. The fourth class of infrastructure is that which will see 

reduced dimensions of their design elements, (such as road lane and shoulder widths), thicker 

pavements in the wheel tracks, and reduced quantities of other road elements (such as road signs). 

Also, in the post-transition period where CAV market penetration is 100% and the level of 

autonomy is 5, certain traditional infrastructure types will be retired due to obsolescence. 
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The need distribution of the classes shown in Figure 6.2 will change with time as the CAV 

market penetration increases. At the current time, Level 1 has the highest share, (almost 100%,) 

but this is expected to change with increased AV market penetration. The timing of this change is 

not known with certainty as doubt remains regarding the initial public road deployment year of 

AVs. This has been a challenge faced by IOOs responsible for AV infrastructure planning. 

 

Table 6.1 Infrastructure readiness for AV-related technologies 
 

SAE Levels 

of 

Automation 
Role of Human Drivers 

Example Technology and/ or 

Capabilities/Competencies1,2,3,4,5 Infrastructure Readiness6,7 

 

 

 

Level 0 (No 

Automation) 

 

 

All driving tasks 

monitored and executed 

by human drivers 

Forward collision warning  None 

Lane departure warning  Well-maintained pavement markings 

Blind-spot monitoring  None 

Automated wipers  None 

Headlights  None 

Lane-keeping assistance  Well-maintained pavement markings 

Turn signals  None 

Hazard lights  None 

 

Level 1 

(Driver 

Assistan

ce) 

 

Human drivers must 

monitor the driving 

environment and drive 

all other functions. 

Adaptive cruise control  None 

Automatic braking  None 

Lane-keeping assistance  Well-maintained pavement markings 

Adaptive headlights  None 

Electric stability control  None 

Parental control  None 

 

 

Level 2 

(Partial 

Automati

on) 

 

The human driver must 

monitor the driving 

environment (system 

pokes driver or 

deactivates itself with the 

intent to seek the 

attention of driver). 

Adaptive cruise control mixed with lane 

centering 

 Well-maintained pavement markings 

Traffic jam assist on limited-access 

highways at slow speeds (Mercedes, Tesla, 

Infiniti, Volvo, etc.) 

 Well-maintained pavement markings 

Automated assistance in roadwork and 

congestion 

 Well-maintained pavement markings 

and road signs 

High-speed automation (Supercruise)  Well-maintained pavement markings 

and road signs 

 

Level 3 

(Conditional 

Automation) 

Human drivers may 

read a book, text, or 

surf internet, but must 

be ready to intervene 

when required by 

the system 

Traffic sign recognition  Well-maintained signs 

Traffic jam pilot 
 Well-maintained pavement markings 

and road signs 

On-highway platooning  Well-maintained roadways 

Left turn assist  Well-maintained pavement markings 

 

Level 4 (High 

Automation) 

Human drivers may 

sleep, and the system 

can go to minimum 

risk condition in case 

required so. 

Automated valet parking (locate a parking 

spot, park, and return to the driver when 

summoned without any human interaction) 

 Well-maintained pavement markings 

Emergency Stopping Assistant  None 

Sources: 1.Shladover (2018); 2. Kockelman et al. (2017); 3. NHTSA (2013); 4. NHTSA (2016); 5. Parent control: for example, (a) 

Ford's speed control allowing to set a limit to 80 mph; volume control allowing to adjust the volume of the radio remotely; a belt 

reminder system muting vehicle’s radio and chime for few seconds; an earlier fuel reminder; and a speed reminder at 45, 55 or 65 

mph. (b) Chevrolet’s “Teen Driver” system comprising stability control, front and rear park assist, side blind zone assist, rear 

cross-traffic alert, forward collision alert, daytime running lamps, forward collision braking, traffic control, front pedestrian 

braking. Automated braking: dynamic brake support in emergencies and crash imminent braking), also called forward collision 

avoidance technology or automatic emergency braking. 6. Platooning is expected to subject roadways to repeated higher loads 

instantaneously, especially in the case of trucks. Therefore, road pavements will be required to be designed to a much higher 

standard to enable them to withstand these traffic loads. 7. None means “there is no need for readiness.” 
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Figure 6.2 Classes of CAV-related infrastructure 

 

As Table 6.1 suggests, the infrastructure readiness required by most AV technologies is 

related to the enhanced maintenance of pavement markings, pavement surfaces, and road signs. It 

is anticipated that to support AV operations at their initial deployment, agencies will need to 

provide enhanced all-weather high-reflectivity pavement markings and road surfaces in excellent 

condition. This is consistent with the survey results presented an earlier chapter of this report. 

Pavement markings with high contrast and enhanced reflectivity help improve lane detection by 

human drivers and AVs (Pike et al., 2019). Another infrastructure type that may require immediate 

retrofitting to support AV operations are road signs with improved visibility and legibility to 

facilitate interpretation via machine vision. To support AV operations, IOOs will need to be 

vigilant about their roadway surfaces and make any surface markings legible to the AV’s sensors. 

Technology developers can help overcome the problem of the poor state of pavements and road 

markings by equipping AVs with more robust and reliable sensors. On the other hand, such AV 

features may have significant cost implications for potential AV buyers that may impede AV 

adoption. 

The deployment of AVs on public roads also will require more frequent and intensive 

maintenance so that the lane markings, road pavements, signs, and AV-critical infrastructure can 

be continuously maintained in a state of good repair. As noted in one of the agency responses to 

the survey questionnaire, pavement marking will need to be carried out regularly because the 

current need and levels of road maintenance are also based on human perception. Frequent 

maintenance will also be needed for new types of infrastructure assets including cyber 

infrastructure that support V2X communication but have relatively shorter life spans. It may be 

necessary to develop pavement and road materials specifically targeted towards AV operations 

and to investigate the effect of various climate and traffic loading conditions on degradation of 

pavement marking. 

 

 
 

 

Introduction of new asset types to facilitate CAV operations; 
Infrastructure design to facilitate CAV operations 
Infrastructure design to promote synergies with other new technologies 

Class 3: 
CAV-dedicated 
and CAV sibling 
Infrastructure 

Class 2: 
HDV Infrastructure that 
will need modifications to 
support CAV operations 

AV Infrastructure: sensors mounted on pavements and road signs 
CV Infrastructure: DSRC installations, Fiber optic conduits & cables to 
facilitate 5G. 
 

EV Infrastructure: Charging stations, charging guideways. 
 

CV-, AV-, EV-dedicated: Traditional infrastructure types appropriated 
from existing HDVs (or newly constructed) for dedicated use by AV, 
CV, or EV 

Class 1: 
Base facilities (existing 
HDV Infrastructure) 

Pavements, bridges, tunnels, retaining walls, guardrails, median 
cables, pavement markings, traffic signs, traffic signals, curbs.  
  

Post-
transition 

period Transition 
period 

Obsolescence and retirement of certain existing HDVI types; 
Dimension reduction of some existing HDVI types,  
Decreased quantity of some existing HDVI types 

Class 4: 
HDV infrastructure that 
will be reduced or 
eliminated 

Pre-
transition 

period 
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6.2.1 Introduction of new infrastructure elements 

 

(a)Pick-up-Drop-off (PUDO) Areas and Staging Areas 

With self-driving vehicles, passengers would like to be picked up or dropped close to their origin 

or destination respectively, as these vehicles can drive themselves back to the residence or to find 

a parking spot close to their destination. Existing bus stops could therefore be converted into 

pickup and drop-off areas. Staging area refers to a facility close to PUDO areas, to avoid 

congestion at the PUDO area. The AV waits at the staging area until the passenger is ready to be 

picked up. Staging areas may or may not be associated with a fee, to discourage lengthy occupancy 

of the staging area. Staging areas located close to the PUDO zones could help prevent congestion 

caused by vehicles backing up into the main roadway and slowing down traffic. Pick-up and drop-

off operations are expected to last for a few seconds only. However, as AV demand continues to 

grow, a large volume of AVs may need to be served at a staging area per hour. To prevent clogging 

up of these areas, severe penalties could be imposed for AVs that exhibit unduly excessive PUDO 

zone occupancy delay in loading or unloading their passengers.  

 

(b) Lanes 

The classes of new lanes that may be needed to support AV operations include a dedicated lane 

for: 

•  AVs during the transition phase particularly during the period of initial AV deployment 

when it is expected that both traditional vehicles and AVs will share the road corridor.  

• HDVs of a specific characteristic that could impair AV operations, for example trucks, 

vehicles lacking connectivity (non-connected HDVs), and so on.  

• freight transport vehicles (trucks) to allow truck platooning; and  

• autonomous buses and other high-occupancy vehicles.  

It is worth commenting on the provision of exclusive lanes to facilitate AV platooning. 

Simko (2016), using a simulation framework, predicted an increase in carriageway capacity by up 

to 500 percent through AV platooning. During the transition phase, AVs with the ability to platoon 

in exclusive express lanes could offer significantly efficient corridor travel. Separating AVs from 

traditional (HDV) traffic by providing exclusive AV lanes, could generate significant benefits in 

terms of fuel consumption and travel time efficiency. With increased AV market penetration, the 

number of special freeway purpose lanes could be increased incrementally (Figure 6.3). 

As AV market penetration grows, the number of AV exclusive lanes will likely increase 

until phase III is reached. At this phase, traditional vehicles are constrained to the general-purpose 

lanes. With increased AV operations, improvement in traffic efficiency is anticipated and a 

resultant increase in capacity. Consequently, it may not be necessary to acquire additional right-

of-way for road (additional lanes) in the future, to accommodate growing traffic including AVs.  

 

(d) Charging facilities (stations or lanes) for elective AVs 

These are facilities needed for charging electric autonomous vehicles (EAVs). These will be 

designed differently compared to existing human driven EVs, EAV charging facilities that are 

stationary must be designed to be easily accessible to vehicles that have no drivers, to enter, park 

and charge. Some interesting research efforts have investigated wireless dynamic charging, which 

include placing wireless charging mats within or along the road pavement for the vehicles to charge 

as they drive. Some researchers have expressed skepticism regarding the efficiency of wireless 

charging because the charge may tend to drain relatively quickly. 



 

   96 

 

 
 

Figure 6.3 A phasing plan example for roadway lane-assignment transition to accommodate AVs 

 

 

(e) Cyber-infrastructure for CAV operations  

Vehicle to infrastructure (V2I) communication is essential for CAV operations (Figure 6.4) to 

ensure the efficient exchange of information between the vehicle and its surroundings, such as 

traffic conditions and intersections. IOOs will need to manage the cyber infrastructure required by 

the connected portion of CAV technology. The operation of cyber infrastructure includes transfer 

of information on congestion, construction zones, detours, and other road traffic conditions. The 

infrastructure needed to support these operations are listed below:  

 

 

 

 

  
 

 

 

 

 

 

 

 

 

 
 

 

 
 

 

 

  

(a) Phase I (b) Phase II 

 

 

 

(b) Phase III 
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Roadway (agency)-related:  

(a) Roadside units (RSUs): Equipment that transfer and receive data from nearby connected 

vehicles. The RSU could be fixed or portable, and contains a processor, data storage, and 

communications capabilities. Currently, RSUs use Dedicated Short-Range 

Communications (DSRC) or other wireless communications technologies. 

(b) Traffic signal controllers: Devices that generate the Signal Phase and Timing (SPaT) 

message (green, yellow, red, and the amount of time left until the next phase) and transmit 

that signal to the RSUs.  

(c) Traffic management center: A physical location where staff collect, process, and 

disseminate data from/ to infrastructure and vehicles.  

(d) Backhaul communications infrastructure: A secure communications network between the 

highway agency and RSUs (typically fiber optic).  

(e) Infrastructure for Support functions: that ensure security of data transmission and 

maintenance.  

 

In-vehicle or User-related:  

(a) Onboard communication equipment: Devices located in the vehicle (standard equipment 

or after-market device) that communicate to the RSUs, and process and store the data.  

(b) Nomadic device: Device carried by a pedestrian, bicyclist, or wheelchair user that provides 

information to the drivers of connected vehicles. 

 

 
 

Figure 6.4 Sample communication setup (reproduced from GAO, 2015) 

 

 

 

 

A local or state back 
office, private operator, 
or traffic management 

center collects and 
processes data from the 

roads and vehicles. 

Backhaul (fiber 
optics cables) 

connect controllers 
to the back office, 

ensuring timely data 
processing. 

A traffic signal controller 
transfers information on the 

signal phase (green, yellow, red) 
and the amount of time 

remaining unit the light changes 
to the RSU, which then 

broadcasts that data to the 
vehicle. 

A roadside unit (RSU) 
transmit data to the 

vehicle. 

An in-vehicle red 
light violation 

warning alerts a 
driver who is about 
to run a red light. 

On-board equipment 
receives data from the 
RSU radio and displays 
an appropriate alert to 

the driver. 
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6.2.2. Modification of existing infrastructure elements through changes in standards 

As mentioned in an earlier part of this report, existing roads were designed for human driving, and 

therefore, for smooth transition from human driving to automated driving, requisite adjustments 

need to be made to road design through changes in design standards. In addition, the designs 

(orientations, dimensions, positions, etc.) of existing infrastructure such as lane markings and 

traffic signals must be made consistent across jurisdictions, to avoid causing confusion of the 

automated driving systems (Sage, 2016). This is because AVs characterize the roadway 

environment based on a predefined library of images; thus, deviations from what the AV is trained 

to comprehend, impairs the AV’s operations (Knight, 2016). This section identifies some design 

modifications that could help IOOs prepare adequately for the emerging era of AV operations. 

 

(a) Road and lane markings 

Automated vehicles significantly rely on sensors that detect road markings, for use in road 

navigation. Therefore, poorly-marked roads will generally pose a challenge for autonomous 

vehicle operations. For example, a retro-reflective road marking is preferred to the traditional white 

painted stripes. According to Caltrans Director Malcolm Dougherty, lane markings will need to be 

six inches wide (Ayre, 2017). In supporting this assertion, the FHWA has stated that lane marking 

width of six inches can reduce fatalities and injury-related accidents by 15 to 35 percent. Davies 

(2016) indicated that regarding nighttime driving, aside from contrast ratio and width of pavement 

marking, retroreflectivity is an important factor of pavement marking performance. With regard 

to daytime driving, contrast ratio was found to be the most important, with retroreflectivity having 

only a little effect. The retroreflectivity level of lane markings is suggested to be 35mcd for AVs 

to easily recognize and guide their positioning (Hallmark, Veneziano, & Litteral, 2019). It has 

been proposed to install road marking tape that provides a black edge with white or yellow 

markings (3M, 2018) as shown in Figure 6.5 below. 
 

 
 

Figure 6.5 High-contrast markings (Source: 3M, 2019) 

 

In an Intervision (2019) article online, it was stated that for a machine vision algorithm to 

effectively detect pavement marking, it needs to discern the contrast between the pixels of the 

unmarked pavement and the marked pavement, and identified four examples of machine vision 

schemes typically used to calculate contrast and detect the pavement markings: (a) corner 

detection, (a) difference in light and dark pixels, (b) edge detection, and a Convolutional Neural 

Network (CNN) which uses machine deep learning to train the AV’s computer to detect and 

classify objects (including pavement markings) in its field of view. Pike et al. (2019) commented 

on how wet retroreflective pavement markings might facilitate enhanced machine vision. 
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(b) Road signage and traffic signalization  

With the use of vehicle-to-infrastructure communication and 3D mapping by AVs, road signs and 

traffic signalization might become obsolete in the long term where (if) Level 5 autonomous 

vehicles or approaches reach penetration 100% market penetration (Duarte and Ratti, 2018). Until 

then, during the transition period of mixed traffic stream (HDVs and AV) operations, signage and 

signalization will still be needed. It is expected that by the year 2040, 80% of signalized 

intersections in the United States would be equipped with DSRC to transmit Signal Phasing and 

Timing (SPaT) messages to on-board units inside vehicles, to ensure adequate V2I communication 

(Hendrickson et al., 2014). For example, MnDOT has started to incorporate SPaT into the 

operations of snow and ice maintenance (WSP, 2018). Additionally, Slot-based Intersections (SI) 

are already in use in place of traffic lights at certain areas (Tachet et al., 2016). In the fully 

autonomous era, SIs could be used by CAVs to communicate with each other and allow them 

“book” a slot at the intersection ahead of time, based on their speed, location and direction.  

Work zones need to be considered seriously in terms of communicating information to 

autonomous vehicles. With highly-detailed digital vehicle navigation maps, certain infrastructure 

types including signage, signalization, and other message boards may be eliminated from the road 

design when there is 100% penetration level of Level 5 AVs (Hayeri et al., 2015). However, during 

the transition period (where HDVs and AVs will share the roadway), road signs will still be needed 

but might be modified to include features that can be read by both human drivers and autonomous 

vehicles. The USDOT has indicated that the Manual on Uniform Traffic Control Devices 

(MUTCD) may need to be revised to accommodate AV needs and capabilities (USDOT, 2018). 

For example, prototype street signs capable of identifying on-coming vehicles and then conveying 

roadway information have been tested (O’Keefe, 2017). Also, signs with embedded smart codes 

have been developed to enable detection by vehicle sensors (Moylan, 2018). For example, AV 

cameras can be made to read digital information posted on road signs (Figure 6.6). 

 

 
 

Figure 6.6 Example of road sign with barcode 

(Source: https://www.qr-code-generator.com/qr-codes-on/street-signs/) 

 

(c) Platooning impact on pavements 

It has been shown through research that truck platooning can increase fatigue damage (Noorvand 

et al., 2017) at the bottom of pavement asphalt layers by as much as 146% (Chen et al 2019a). This 

could lead to rutting and road deterioration (Yeganeh et al., 2022). With superior pavement design 
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(materials and thickness) and controlled positioning of platooning autonomous trucks, it is possible 

to protect pavement condition and longevity from fatigue failure (Al Qadi et al.,2021).  

 

(d) Curbside modifications 

Curb spaces should be designed to have varying purposes and pricing depending on the traffic 

condition or time of day. For example, it can be used as a pick-up and drop-off (PUDO zone, that 

is, for picking up and dropping passengers. 

 

6.2.3 Removal of some of the existing infrastructure elements 

The AV era may cause the obsolescence of certain existing infrastructure elements and their 

subsequent retirement from agencies asset inventories. This is likely to occur mostly when all the 

vehicles on the roads are fully autonomous. In that era, some infrastructure elements, such as traffic 

lights, may become obsolete and no longer required (Duarte and Ratti, 2018).  As Tachet et al. 

(2016) noted, traffic lights, a more than century-old intersection communication device, could 

potentially be removed by implementing the distributed networks of traffic data exchange. The 

authors proposed a slot-based solution at intersections where approaching vehicles autonomously 

work out their rights-of-way priority by exchanging data on their individual speeds, directions, and 

locations. The authors suggest that such slot-based operations at intersections could probably 

produce twice as much throughput in a given time compared to intersections with traditional 

equipment.  

Olmos et al. (2016) predicted even higher throughput with the use of their proposed AV- 

synchronized traffic optimization schemes that combine the data from travelers’ cellphones. As 

noted in the Highway Capacity Manual, the capacity of at-grade intersections is only about half 

that of the intersecting routes. AVs may discern how to avoid conflicts with other vehicles using 

artificial intelligence, and traffic control signals and signs may no longer be needed to direct human 

operators and help negotiate the right-of-way. However, this is mainly true for the fully 

autonomous era. In the transition phase, the existing traffic control systems will be needed. Also, 

at low-volume and rural roads where traffic control systems do not exist, requisite signage, 

marking, and traffic control devices may still be needed. Further, in the fully autonomous era, 

speed-calming devices will become obsolete. Speed humps/bumps, rumble strips, raised 

pavements, and so on, may be no longer necessary as AVs could be programmed to not exceed the 

speed limit inadvertently.  

 

6.2.4 Redistribution of some elements 

Some infrastructure elements may require locational redistribution. For example, city parking 

garages may need to be redistributed due to the anticipated reduction in city-center parking demand 

and increased demand for passenger pick-up and drop-off (PUDO) zones. As Duarte and Ratti 

(2018) noted, cities will likely be able to recover much of the land occupied by large parking 

garages, particularly in downtown areas. It is expected that private ownership of vehicles will 

reduce as the demand for shared AVs rises. If that prediction becomes a reality, AVs will have a 

high vehicle utilization rate of (this has been estimated to reach as high as 75% in the AV era, 

compared to the current 4% average utilization rate of self-owned human-driven vehicles (The 

Economist, 2015)). As such, increased use of shared AVs will cause reduced need for parking 

infrastructure, parking meters, and handicap parking and the long-term storage of mostly unused 

vehicles will reduce over time. Such reduced need will translate into demolition of parking 

lots/garages at Central Business Districts and repurposing the land they currently occupy. The sites 
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formerly occupied by old parking spaces could be repurposed for recreational spaces, parks, 

sidewalk space, or green areas. These anticipated developments in the urban landscape will require 

urban planners to consider rezoning large areas within cities. The recent COVID-19 pandemic and 

its aftermath already provided some indication of such developments (New York Times. 2023) 

and shifts in land use, as a significant fraction of commuters have chosen to work from home or 

quit their jobs in the CBD area.    

 

6.2.5 Redesign of geometric and other design elements 

A key factor of road design is the nature or behavior of human drivers and the need to protect 

vehicles and their passengers from unsafe maneuvers or situations. Examples include the driver’s 

eye height, perception and reaction time, passenger feeling of comfort and safety, and so on. Some 

of these attributes may differ across HDVs and AVs. As such, it has been postulated that in the era 

of AVs, certain road design elements will need to be redesigned (MacDonald, 2018; Labi, 2019; 

Sinha et al., 2028; Saeed, 2019). It is anticipated that AVs will have far superior safety performance 

and therefore, the era of full automation and full market penetration of automation, will obviate 

the need for certain safety assets such as shoulders, guardrails, and rumble strips. The physical 

dimensions of some infrastructure elements may change; for example, the design dimensional 

features of certain assets will likely decrease (e.g., narrower lanes and smaller lateral clearance).  

With regard to the impacts of AVs on road geometric design, one of the most informative 

sources of information is the work of Othman (2021) published in Designs journal. Also, Aryal 

(2020) discussed optimization of geometric road design for autonomous vehicles. Specific 

potential geometric design impacts of AVs are discussed in this section of the report. The criteria 

governing the geometric design of roadways generally include lane width, design speed, stopping 

sight distance (sight distance for safe stopping based on human drivers), shoulder width, horizontal 

curve radius, superelevation rate, maximum grade, cross slope, vertical clearance, and design 

loading structural capacity (AASHTO, 2018; Mannering and Washburn, 2016). For example, 

geometric designers specify the sharpness of a horizontal curve measuring the degree of banking 

required on a horizontal curve, the vertical slope degree, and so on. The roadside safety aspect of 

the geometric design includes features including shy distances and clear zones. The shy distance 

is the distance from the edge of the traveled roadway beyond which a roadside object will not be 

perceived by the typical driver as an obstacle to the extent that the driver will change the vehicle’s 

speed or location on the carriageway. Ye et al. (2021) carried out a feasibility study of highway 

alignment design controls for autonomous vehicles. 

Further, in the AV era, it is expected that highway and street geometric designers will 

continue to seek to (i) ensure the comfort and security of the AV driver and passengers by 

maintaining design policies that keep vehicle lateral acceleration below levels that may cause 

discomfort; (ii) help avoid encounters and conflicts through adequate stopping sight distance and 

sight lines at intersections; and (iii) define vehicle trackways through lane width configurations, 

and float and drift between lane markings (AASHTO, 2018). In the AV era, horizontal alignment 

design will continue to address curve dynamics and forces, and the horizontal offset sight distance 

and vertical alignment will be designed to provide adequate sight distance and with reduced 

emphasis on driver comfort at crest curves or headlight related requirements at sag curves.  

As stated earlier in this section, the underlying factors that guide roadway geometric design 

are the design driver and the design vehicle (vehicle dimensions and vehicle performance are 

defined in terms of physics). From the vehicle performance perspective, AVs are expected to not 

have any considerable impact on the geometric design standards, because the laws of physics that 
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govern vehicle performance may remain the same. However, two key phenomena, i.e., 

acceleration and deceleration of AVs, could have implications for roadway geometric design in 

certain areas (Washburn and Washburn, 2018). AV deceleration rates may affect the design of (a) 

deceleration lanes for turning lanes or off-ramps, (b) horizontal and vertical curves for stopping, 

and (c) maximum steepness of downgrades. Similarly, AV acceleration rates may impact the 

design of acceleration lanes for on-ramps and the steepness of upgrades. However, AVs will 

continue to be used by humans so the acceleration and deceleration rates may not undergo any 

drastic revisions that could make the ride uncomfortable for the AV occupants. In other words, it 

is anticipated that human needs and tolerance levels will continue to govern this aspect of 

geometric design. Therefore, the emergence of AVs is not expected to cause any changes in this 

area of geometric design. 

 

6.2.5(a) Stopping Sight Distance (level road section) 

Stopping sight distance (SSD) (Figure 6.7) refers to the distance that is needed to comprehend an 

object in a roadway and bring the vehicle to a stop and indicates how far (distance) a driver can 

perceive an obstacle in the roadway (AASHTO, 2018). The sight distance at every point along a 

roadway should be at least that needed for a below-average driver or vehicle to stop. The design 

of horizontal and vertical curves is predicated on the sight distance together with the design speed 

and reaction time of human drivers, as shown in Equation (6.1). The braking distance, also called 

the stopping distance, is the distance a vehicle covers from the time of the full application of its 

brakes to the complete stop of the vehicle. 

( )2 1.47  1.075 /            SSD Vt V a= +       (6.1) 

Where: SSD = stopping sight distance in ft; V = design speed in mph; t = personal reaction time 

(PRT) (2.5 seconds); and a = deceleration rate in ft/s2.  

 

SSD = Braking Distance + Reaction Distance      (6.1)  

where reaction distance refers to the distance a driver covers from the point of detecting a  

hazard to the point of applying brakes or swerving.  

 

 
 

Figure 6.7 Stopping sight distance: HDV vs. AV (adapted from Othman, 2021) 
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The reaction distance is influenced by two factors: vehicle speed and driver reaction time. 

Generally, AASHTO (2018) recommends 2.5 seconds for personal (brake) reaction time, but this 

time duration increases with age, fatigue, complexity of the task, physical impairment, and alcohol 

drug use. These are specific to individual human drivers. Additionally, events that are unexpected 

event could add 0.5 to 2.5 seconds to the reaction time. Drivers 45–54 years old are considered to 

have the best reaction time in traffic, whereas drivers 18–24 years old and those over 60 

demonstrate slower reaction time. Although younger people have sharper senses, older drivers are 

more experienced. The reaction time could be reduced in two ways: (1) greater preparedness and 

(2) better situational awareness that promotes quicker anticipation of hazards.  AVs are generally 

independent of human-specific design-related traits. Simulation tests have shown that AV 

perception/reaction time could be reduced to 0.83-0.84 seconds (Dixit et al., 2016) that is, 0.5 

seconds from the 2.5 seconds of perception/reaction time of human drivers. If the 

perception/reaction time for AVs in Equation (6.1) falls to 0.5 seconds, then the stopping sight 

distance at different design speeds can be calculated as shown in Table 6.2. The table indicates a 

higher percentage reduction in the SSD of AVs compared to HDVs, at lower design speeds. 

 

Table 6.2 Stopping sight distance: HDV vs. AV 

Design speed, 

mph 

Reaction time for 

HDV & AV (secs) 

Stopping 

sight distance, ft 

AV SSD (% reduction 

of HDV SSD) 

40 
2.5  301 

39 
(0.5) 183 

45 
2.5 360 

37 
(0.5) 227 

50 
2.5 424 

35 
(0.5) 277 

55 
2.5 493 

33 
(0.5) 331 

60 
2.5 566 

31 
(0.5) 390 

65 
2.5 644 

30 
(0.5) 453 

70 
2.5 728 

28 
(0.5) 522 

7

5 

2.5 816 
27 

(0.5) 595 

80 
2.5 908 

26 
(0.5) 673 

(1) The computations in this table are predicated on a deceleration rate of 11.2 ft/sec2 recommended by 

AASHTO (2018) for level roadways. (2) Percent reduction of SSD for AV relative to HDV. 

(3)Assumption: Reaction times for human driving and AV are 2.5s and 0.5s, respectively. 

 

6.2.5(b) Stopping Sight Distance (considering grade) 

In the AASHTO Green Book, the stopping sight distance considering the road grade is given by:  
2

0.278* *

254
9.81

V
SSD V t

a
G

= +
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Where: SSD = Stopping sight distance (m); V = Design speed (km/h); t = Perception and reation 

time (s) (Typically 2.5 s); a = Deceleration rate = 3.4 m/s2, typically. G = Grade. See Figure 6.8. 

 

 

Table 6.3 SSD on level roads for human-driven vehicles and AVs (Othman, 2021) 

 

Design 

Speed 

(km/h) 

Human-Driven Vehicles AVs 
SSD 

Difference 

(m) PRD (m) 

Braking 

Distance 

(m) 

SSD (m) 
PRD (m) 

Braking 

Distance 

(m) 

SSD (m) 

Calculated Design Calculated Design 

20 13.9 4.6 18.5 20 2.78 4.6 7.38 5 15 

30 20.9 10.3 31.2 30 4.17 10.3 14.5 15 15 

40 27.8 18.2 46 45 5.56 18.2 23.8 25 20 

50 34.8 28.5 63.3 65 6.95 28.5 35.5 35 30 

60 41.7 41 82.7 85 8.34 41 49.3 50 35 

70 48.7 55.9 105 105 9.73 55.9 65.6 65 40 

80 55.6 73 129 130 11.1 73 84.1 85 45 

90 62.6 92.3 155 155 12.5 92.3 105 105 50 

100 69.5 114 184 185 13.9 114 128 130 55 

110 76.5 138 214 215 15.3 138 153 155 60 

120 83.4 164 248 250 16.7 164 181 180 70 

130 90.4 193 283 285 18.1 193 211 210 75 

 

 

 

   

  
 

                           (a)Upward grades                                               (b) Downward grades 

 

Figure 6.8 SSD for different upward grades for HDVs and AVs (Othman, 2021) 
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6.2.5(c) Lane Width 

It has been frequently mentioned in the literature that the standards regarding the lane width can 

be reduced when all vehicles become automated and connected because of the lane-keeping system 

(Hayeri et al., 2016). Thus, additional lanes can be created and dedicated for other purposes such 

as platooning lanes (Somers and Weeratunga, 2015, Lumiaho and Malin, 2016). It is mentioned in 

multiple studies in the literature that the high communication between AVs will make it possible 

to minimize the lane width to reach 2.4 m (8 ft) as shown in Table 6.4. 

 

Table 6.4 Proposed lane width for AVs: A synthesis of recommendations 

Proposed lane width Reference 

8-9 ft. Machiani et al. (2021) 

8 ft. Schlossberg et al. (2018) 

8-9 ft (9 ft at freeways) Aryal (2020) 

20-25% of the current road width Snyder (2018) 

8-9 ft. Heinrichs (2016) 

2.5 m Hafiz and Zohdy (2021) 

8 ft. McCarville (2019) 

 

6.2.5(d) Maximum Length of Straight Segments on Horizontal Alignments 

Roads consist of curved and straight sections. Lengthy straight sections introduce safety risks 

because long periods of straight driving could make the driver feel bored, tired or fall asleep (Adam, 

2005). Therefore, for HDVs, roads should not be designed to be lengthy. It has been shown in the 

literature that at speeds exceeding 60 km/h, the maximum straight-line length should not allow the 

vehicle to travel more than 70 s on the design speed, which is equivalent to ‘20 × V’ (design speed) 

[Pei et al., 2020]. The human driver is the main reason why the straight section lengths are 

constrained. For AV-based design, such human factor will cease to be a limiting factor.  

 

6.2.5(e) Acceleration lengths for entrance terminals with flat grades 

In the case of 100% market penetration of AVs on freeways, merging maneuver lengths for 

entrances with flat grades (≤2%) will likely to be the same for tapered and parallel design types. 

Due to real-time communication capability, AVs in the target lane could adjust their speeds to 

allow entering autonomous vehicles. AVs in the future are expected to be electric, and electric 

vehicles can accelerate five times as fast as ICEVs (Leisch, 2018). This provides an opportunity 

to reduce the design length for merging maneuvers in the era of fully AV operations. 

 

6.2.5(f) Revised road throughput/capacity for design 

Road capacity (vehicles per hour per lane) is the maximum number of vehicles that can be 

accommodated on a roadway. With AV operations, there is an opportunity to significantly increase 

(in some cases, even double) the capacity on the roadways due to smaller headways. 

 

6.2.5(g)) Lane-width design 

The AASHTO Green Book (AASHTO, 2018) defines lane widths to significantly exceed the width 

of vehicles. Such extra width is provided in current design to serve as a buffer that reduces adjacent 

vehicle interactions due to errant human driving. In the era of fully autonomous operations, road 
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lanes will likely have smaller widths compared to designs in the current era of human-driven 

vehicles. This will mean eliminating the extra width. As such, in the AV era, there will be a 

transition towards a more compact road design. The carriageway cross-section at current roadways 

could be redesigned by reconfiguring the current lane markings. In cases of roads with several 

lanes in each direction, such configuration could yield an increase in the overall number of lanes 

in the same amount of cross-section carriageway space. Further, in the case of new construction, 

the design of new roadways with narrower lanes would mean a reduction of the needed right-of-

way and hence lower costs of new construction. Also, narrower lane width will generally translate 

into reduced costs of pavement construction and maintenance.  

 

(h) Roadway safety devices 

The need to feature roadside safety devices and elements (including rumble strips, guardrails, 

attenuators, cable median barriers, and concrete barrier) will be determined after the safety 

performance of AVs has been thoroughly tested through computer simulation platforms of real-

life environments.  These tests will include investigation of the need for shy line offsets to 

abutments and other fixed objects. Shy line offset refers to  the distance beyond which a roadway 

object/obstacle is not perceived as a hazard by a driver (AASHTO, 2018). Roadside barriers, where 

needed, are typically designed to be placed beyond the shy line offset. 

 

(i) Designs to accommodate more efficient acceleration and deceleration 

AVs are expected to accelerate and decelerate more quickly because they can sense all other 

vehicles in their vicinity including their respective positions, speeds, and directions. These 

capabilities will lead to opportunities for more conservative designs, including steeper grades, 

shorter ramp terminals, shorter merge areas, smaller gap acceptance for turning and crossing 

vehicles, and shorter queues and shorter turn bays. 

 

6.2.6 Strategic directions for road design in the AV era 

(a) Standardization of road designs 

As they continue to deploy their AVs at test areas, OEMs continue to recognize the challenge of 

inconsistent infrastructure designs across jurisdictions. For example, in the U.S., despite efforts by 

oversight agencies, there still exist significant difference in roadway designs across cities, states, 

and regions. The capability to read all signs and traffic signals, and detect lane-marking 

configurations is critical to successful operations of AVs as they move across jurisdictional borders.  

 

(b) Infrastructure readiness for lower classes of roadways to promote AV deployment 

Local roads play a vital accessibility and connectivity role that complements the mobility roles of 

the higher classes of roads. Therefore, it will not be enough to prepare only the higher-class roads 

for AV operations. As such, for successful deployment and operations of AVs on a complete road 

network during the transition phase, a level of retrofitting at local roads, similar to highways will 

be needed. This includes lane markings, signage, markings, and V2I communication devices.  As 

noted in the IOO responses in Chapter 3 of this report, local roads typically lack such features. 

 

(c) Adaptive approaches to roadway design 

It can be assumed that roadway geometric design will continue to be based on human oriented 

design criteria during the transition era of AV operations and even afterward mainly because the 

vehicles will continue to contain human occupants. Therefore, any roadway design modifications 
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will be made with due consideration of the comfort level of humans. Nevertheless, as technology 

advances, roadway designs will be adapted to benefit from more cost-effective and efficient 

features. This may lead to cost savings, and enhancements in safety and operational performance. 

The new infrastructure could be designed and constructed using “Design for Changeability” 

principles that facilitate adaptation to shocks (see Section 6.3). 

 

(d) Magnitude and scope of AV related infrastructure investments  

A significant amount of investment will be needed to support successful operations of AVs under 

all operational design domains. AV technology may be unable to operate at roadways with 

damaged signs, faded lane markings, or damaged lights. The quality of roads in the U.S. has been 

ranked 10th out of 137 countries across the globe in the World Economic Forum’s 2017-18 global 

competitiveness report. Also, the U.S. was rated 7th in terms of infrastructure readiness to host 

AV operations (KPMG, 2018). An estimated 65 percent of U.S. roads are in poor condition, 

rendering them inadequate for AVs (Young, 2017). The investment needed to ensure AV-readiness 

of the road infrastructure will require substantial political will power and support to gather the 

needed legislation for funding. 

 

6.3 The Concept of Design for Changeability (DfC) 

In recognition of the gamut of uncertainties associated with AV operations, the systems 

engineering concept of “Design for Changeability (DfC)” (Fricke, 2006) has been proposed as a 

solution approach for infrastructure development and preparedness for AVs. Changeability is 

defined as the possibility to alter, modify, or change the system configuration in the presence or 

absence of external impact after the system has been in operation (Ferguson et al., 2007; Ross et 

al., 2008; Mekdeci et al., 2014; Sánchez-Silva, 2019). Other terms used in a similar context are 

futureproofing (Masood et al., 2015) and reconfigurability (Ferguson et al., 2007; Siddiqi and de 

Weck, 2008; Singh et al., 2009). Masood et al. (2015) defined it as “the process of making 

provision for future developments, needs, or events that impact particular infrastructure through 

its current planning, design, construction, or asset management processes.” 

Changeability has four major aspects (Figure 6.9) (Saleh et al., 2001; Crawley and de Weck, 

2003; Crawley et al., 2004; Hastings and McManus, 2004; Fricke and Schulz, 2005):  

• Robustness refers to a system’s ability to be resilient to the changing environments and 

withstand adversities (CEN, 1994; Canisius et al., 2011). Robust systems continue to serve 

their intended function under varying operating conditions without being influenced and 

changed (Taguchi, 1993; Clausing, 1994).  

• Adaptability refers to the ability of a system after disruption, to adapt, reconfigure, realign, 

or retrofit itself to the changing operating environment in the absence of an external 

intervention (Fricke and Schulz, 2005 and Ross et al., 2008). Adaptable systems continue 

to serve the intended purpose under varying conditions through changing or reconfiguring 

themselves.  

• Agility signifies the ability of a system to be altered rapidly to avoid or minimize the effect 

of disruption. 

• Flexibility refers to a system’s ability to be reconfigured or altered easily (Saleh et al., 

1991; Sethi and Sethi, 1991; de Neufville and Scholtes, 2011; Deshmukh, 2012; Spačková 

and Straub, 2017). This trait signifies the system’s ability to cope with change and 

uncertainty. 
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These four attributes are not needed to exist synchronously. However, the system will work 

efficiently when it is flexible and adaptable (Sánchez-Silva, 2019). This is expected in the case of 

highway infrastructure systems particularly in the prospective era of AV operations.  

The development of flexible and adaptable roadway infrastructure designed will enable 

them to withstand disruptions including the emergence of new and ICT- related vehicle 

technologies. Information technology systems typically have shorter service life (often months), 

and vehicles, in years. On the other hand, infrastructure is designed to operate and last for several 

decades. Technological advancements are occurring at breakneck speeds, posing a deep 

uncertainty for the relatively slower pace of highway infrastructure development. The rather 

cautious approach of IOO’s regarding investing in infrastructure readiness for AVs could be 

considered apt, because of the rapidly evolving and uncertain nature of AV technology. 

Unfortunately, such caution of the IOOs could hinder AV deployment. Adopting a “Design for 

Changeability” approach could help IOOs to be better prepared for such development cycle 

disparities. 

Highways are developed to ensure safe and efficient mobility for passengers and freight.  

The ability of a road network to fulfill their mission is monitored continuously and evaluated by 

the IOO. As and when needed, the IOO reconfigures the road infrastructure design elements, so 

they can respond to threats and opportunities in the operating environment. This is particularly 

important given the evolving nature of vehicle technology and the resulting changes/opportunities 

that can be expected. As such, IOOs have been encouraged to be open to design provisions in 

infrastructure design and development that address feedback from road users and the OEMs (Saeed, 

2019).  

 
 

 

Not required to 
implement changes 
from environment. 

 

 
Required to 
implement 
changes from 
environment. 

 

Adaptability 

(adapting itself without 
external stimulus) 

Robustness 

(inconsiderate to changes in 
the prevailing environment) 

CHANGEABILITY 

Agility 

(can be changed rapidly) 

Flexibility 

(can be changed easily) 

Figure 6.9 Aspects of changeability (Saeed, 2019) 

 

6.4 Challenges and Opportunities in Design 

Currently, Class 1 infrastructure (as shown in Figure 6.2) constitutes virtually 100% of all road 

infrastructure. Over time, as CAV operations are increasingly permitted on public roads, the share 

of Class 1 will diminish gradually while those of Classes 2 and 3 will increase. The temporal 

changes in the prevailing distribution of infrastructure classes will be guided by: 

a) the initial year of CAV operations on public roads (as steered by government policy) 

b) growth in CAV demand (market penetration), and  
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c) advancements in CAV technical capabilities. 

The uncertainties inherently associated with the AV initial year, market penetration, and level 

of autonomy trends will collectively threaten the reliability in AV-related infrastructure planning 

and design. This is probably the greatest challenge faced by the IOOs as they prepare their 

infrastructure for AVs. Another challenge that IOOs will face is the acquisition of adequate funds 

for AV-related investments. At the current time, budgets are already strained due to increased 

traffic loading and aging traditional infrastructure. Furthermore, most IOO’s current expenditures 

are significantly lower than their infrastructure repair, renewal, and backlog needs due to declining 

revenues.  

Moreover, building new infrastructure for AVs at the expense of existing infrastructure 

might lead to equity issues and public relations problems for the agency. This is because as AVs 

enter the market, initial prices will be much higher than those of HDVs, and may continue until 

AV prices (after product maturity and scale of economies from higher production levels kick in) 

reduce to levels comparable with HDV prices.  

As is the case with any new technology, the afore-cited challenges will be accompanied by 

opportunities. First, to address uncertainty in demand, real options theory can be used to 

characterize the uncertainty and to develop AV-investment schedules to account for the inherent 

flexibility in such investments. Also, regarding the issue of funding, public-private partnerships 

could be leveraged to help provide the infrastructure needed to support AVs. Naturally, the 

dependence of AV manufacturer revenues on AV market penetration (which in turn, will depend 

on infrastructure readiness), will serve as a motivation for the private sector to participate in AV 

infrastructure readiness.  

Secondly, certain designs of existing roadways will become outdated in the emerging era 

of new vehicle technologies. The need to prepare the infrastructure for AV operations presents an 

unprecedented opportunity for highway agencies to redesign certain design elements of their 

current-day road infrastructure, and these IOOs will have a stronger case to make to legislatures 

to approve funding for highway renewal in general. The forecasts of the AV-related infrastructure 

class distributions will likely be largely influenced by the AV-related infrastructure demand (a 

function of market shares and level of autonomy) and supply (the physical infrastructure). The 

supply of AV-related infrastructure might generally lag behind the demand for such infrastructure. 

The infrastructure challenges of AVs will continue to resonate at areas in both urban (Campbell et 

al., 2010; Duarte and Ratti, 2018; Stead and Vaddadi, 2019; Malysheva, 2020; Tengilimoglu et al., 

2023) and rural environments (Colonia et al., 2018). In Austria, Erhart et al. (2020) Infrastructure 

support for automated driving considering the various ISAD classes of infrastructure preparation. 

In the ISAD classification scheme, there are five classes denoted by the letters A to E, where E 

represents no infrastructure support and A represents the highest infrastructure support level. 

Regarding the development of roadway infrastructure to support AV operations, 

stakeholder of AV operations faces both challenges and opportunities. For road users (drivers, 

pedestrians, two-wheel riders), there are challenges (and opportunities) regarding feedback on 

proposed infrastructure regarding how they may use it safely, and how it could influence their ride 

comfort. With regard to technology and automobile companies, an immense challenge is to 

develop technology that operates in most domains, and for the road agency there is a need to keep 

abreast with the rapid advancements in technology. For highway policy makers, their association 

with the government presents an opportunity to leverage existing political structures to facilitate 

dialogue and consensus- building towards AV deployment at all road classes.  
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CHAPTER 7. CONSIDERING AV FEATURES/CAPABILITIES 

AT THE OPERATIONS-MONITORING-MAINTENANCE 

PHASE OF THE INFRASTRUCTURE DEVELOPMENT CYCLE  
 

7.1 Introduction 

Physical highway infrastructure assets generally degrade overtime due to the external forces of 

climate and traffic loading. As such, IOOs typically monitor their road systems usage (loadings), 

and inspect the infrastructure physical condition to predict the initiation or progression of these 

defects so remedial measures can be taken before they pose life-threatening situations or becomes 

too costly to repair. This is critical for formulating and implementing cost-effective long-term 

maintenance treatments (in the short term) and the schedules (in the long term).  

The operations-monitoring-maintenance phase of highway development is typically 

carried out fully or partially in-house by the IOO or by contract. In the AV era (at both the transition 

and the fully-autonomous periods), the extent and intensity of highway monitoring and inspections 

(and hence, the resources for this agency function) will likely be affected by the following AV-

induced changes that will impact infrastructure maintenance: changes in the physical dimensions 

of certain highway elements; increase in the dimensions of certain assets; the obsolescence of 

certain existing asset types, and the introduction of new types of assets (Figure 6.2 in the previous 

chapter).  

 

7.2 Road infrastructure monitoring 

Road infrastructure monitoring refers to the assessment, on a cyclic or as-needed basis, of (a) the 

physical state or operational performance of the infrastructure, (b) the impacts of the infrastructure 

on the environment, and (c) the impacts of the environment on the infrastructure. CAV features 

that will enhance infrastructure monitoring include:  

AVs could be used to monitor, fully or partially, the following attributes of road infrastructure: 

• The extents and patterns of usage of the infrastructure by conducting traffic counts for 

different time variations (hourly, daily, weekly, monthly, or even yearly). 

• The surface condition of the road assets and structural integrity of the road pavement or 

bridge deck .  

• The stability of the infrastructure such as displacement in bridges. 

• The impacts of the social, natural, and built-up  environment on the infrastructure’s 

physical structure and operating conditions: environmental threats include extreme weather 

and temperatures, geotechnical conditions, and human activities such vandalism and 

collisions), as these could affect the structural integrity or operational performance of the 

infrastructure. 

• The impacts of infrastructure physical structure and operations on the built-up and natural 

environment, for example emissions from vehicles, crashes, noise, and so on. 

CAVs, by virtue of their sensing and connectivity capabilities, can collect, analyze, and 

disseminate  and distribute data obtained by sensor monitoring the road traffic and environment 

conditions. This data includes pavement and bridge deck surface conditions (ruts, cracks, spalling, 

faulting, texture, and so on), retro reflectivity of lane markings and road signs, and so on and 
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relaying the data to a central office. The defect data to be monitored include not only their locations 

(mileposts and coordinates) but also their dimensions (extents and severities). Data collected in 

this manner will not only reduce the costs of data management but also increase the efficiency, 

effectiveness, and reliability of data collection. The CAVs could be specific vehicles designed and 

purchased for data collection, or they could be vehicles crowdsourced by the agency to carry out 

the monitoring task.  

The use of AV for monitoring could be made to involve UAVs that have no physical 

limitations of the field of view. CCAT report #73 (Facilitating UAV Application for CAV 

Deployment) discusses the use of UAV for monitoring the operations of CAVs on roadways (Zong 

et al., 2023). Such UAV monitoring task could be expanded to include other targets – the physical 

roadway condition of pavements and bridges. 

 

7.3 Road Maintenance and Operations 

The maintenance and rehabilitation (M&R) of road pavements, bridges, and ancillary assets are a 

function of the inventory size and the rate of the infrastructure deterioration. The deterioration rate 

hinges on the traffic volume, infrastructure design type and material type, dimensions, and its 

traffic and natural environment including climate. It is expected that all these factors will be 

affected in the AV era. The advent of AVs will cause a change in the amount of travel (reduction 

or increase), a change in physical dimensions of highway in the infrastructure, change in the 

dimensions of certain asset types, asset inventory reduction due to obsolescence of certain existing 

asset types, and the introduction of new types of assets. These will cause changes in highway asset 

M&R activity types, costs, frequencies, and ultimately, the annual expenditures. 

Regarding the AV impact on highway asset types, the highway agency will need to install, 

maintain, and operate new classes of infrastructure assets to support vehicle connectivity and 

autonomy. Unfortunately, unlike traditional highway assets, CAV-related assets including 

roadside units, road-installed sensors, and  other roadside technology devices tend to (a) have 

relatively shorter physical lives due to lower resilience to traffic loading or climate, but also (b) 

become obsolete quickly to be compatible and interoperable with fast-growing vehicle 

technologies that support V2I communications. This will pose a challenge to road agencies in 

terms of manpower (trained workforce) and funding needs to inspect, test, replace, or repair these 

assets when they become defective. Further, because AVs are expected to be mostly electric 

(Pourgholamali et al., 2023), highway agencies will need to maintain and operate the infrastructure 

that supports electric vehicles, such as charging stations and charging lanes.  

The connectivity feature of AVs will enable them to communicate with one another, 

leading to a high possibility of platooning. In general, platooning will benefit traffic flow. However, 

platooning is a double edged sword: it has been shown in the literature that when trucks platoon, 

infrastructure structural integrity can be compromised. With regard to pavements, this 

infrastructure would be subjected to repeated loading at a single point due to the autonomous trucks, 

lane-centering and lane keeping capabilities (Al Qadi et al., 2021). Efforts could be made through 

optimal design of the truck use of the carriageway cross section via truck control algorithms to 

spread out the tire loads more uniformly across the highway cross section. Regarding bridges, the 

possibility of potential damage was highlighted by Tohme and Yarnold (2020) and Elshazli et al. 

(2023) and will lead to more frequent bridge rehabilitation or maintenance. 

More frequent maintenance and a good maintenance culture are vital for successful AV 

operations, for example, regular pavement striping will help ensure visible pavement marking at 
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all times. As such, AV operations are expected to lead to more frequent maintenance, and this will 

translate into high maintenance expenditures.  

Further, the deployment of connected AVs will present an opportunity for road agencies to 

utilize the AVs’ connectivity capabilities to provide information that could facilitate road 

maintenance and operations. At wintertime, connected technologies can be leveraged for 

intelligent or connected snowplows towards quick and effective snow removal and deicing of 

bridge decks and road surfaces (Mahlberg et al., 2022; Delcan, 2022).  Ødegård and Klein-Paste 

(2021) discussed previous research related to changes in road wintertime maintenance to 

accommodate automated vehicles during that season. MnDOT has started to incorporate SPaT into 

their snow and ice maintenance operations (WSP, 2018). 

From a broad perspective, AV-related considerations will influence the outcomes of life-

cycle costing, and other decision mechanisms that influence the feasibility of highway programs 

and projects, project appraisal, investment alternatives analysis. As Mwamba et al (2023) 

determined, the changes in agency maintenance and capital expenditures and user-based revenue 

generation caused by AV and other new technologies, will influence highway cost allocation 

outcomes. These outcomes are: the adequacy of the revenues to cover expenditures, and the equity 

of user contributions across the highway user groups (that is, the FHWA highway classes). 
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CHAPTER 8. A GENERAL FRAMEWORK FOR EVALUATING 

PROJECT-LEVEL AV-RELATED STIMULI CONSIDERING 

UNCERTAINTY 
 

8.1 Introduction  

A transportation stimulus could be a policy (such as, mandatory V2X connectivity in all vehicles) 

or physical investment in AV-only lane). The evaluation of transportation stimuli is a mater of 

good practice and/or is mandated by legislation or policy for at least one of the following reasons 

(Sinha and Labi, 2007; Berechman, 2014): 

• Evaluation of a proposed investment — For decision-support purposes, a road agency 

may seek to determine the feasibility of a AV-related investment, policy, or the impacts of 

several AV-related alternatives. The output of such studies is typically a prediction of the 

expected outcomes of each alternative relative to base case scenario and identification of a 

superior alternative. 

• Special transportation development programs — In some cases, the evaluation seeks to 

measure the effectiveness of a specific AV-related stimulus on specific outcomes of the 

transportation system, such as safety, mobility, equity, and so on.  

• Fulfillment of a regulatory mandate — Regulations and policies of government often at 

the federal level, may require state or local agencies to carry out impact assessments for 

the AV-related project of a certain nature or whose cost exceeds a certain threshold. 

• Post-implementation evaluation — While it is not common practice, it is useful to assess 

the actual impacts of the AV-related infrastructure project after implementation, and to 

evaluate such findings vis-à-vis the levels predicted at the pre-implementation stage.  

• Public education — In case of controversial projects or for purposes of public relations, a 

transportation agency may carry out the evaluation of past or future stimuli to increase 

general public awareness of the past or future benefits of the stimulus.  

 

Figure 8.1 presents the general framework (adapted from Sinha and Labi, 2007) that could 

be used to evaluate AV-related highway infrastructure investments. 

 

8.1.1 Step 0- Pre-evaluation activities 

 

(a) Identification of stakeholders and their concerns: This step identifies all stakeholders that could 

be (or were) potentially affected (positively or adversely) by the AV investment should be 

identified, and their concerns solicited. This is important because it helps refine the objectives of 

the investment. The “road users” refer to the vehicle operators and passengers, shippers, carriers, 

and truckers that will be directly affected by the AV-related transportation investment in terms of 

enhancement or deterioration of safety, vehicle operation, travel time, and so on. The “community” 

refers to those that do not necessarily use the system but may experience benefits or costs from the 

AV investment, for example, dislocation of homes and farms to make way for AV-dedicated lanes, 

land-use shifts, travel equity, and so on. The owner/ operator owns or operates the road system. 

The government is the entity that protects the interests of the travelers, general public and the 

economic development interests at all phases of the investment cycle.   
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Figure 8.1 Multi-criteria Framework for Evaluating CAV-related Road Investments 

 

 

(b) Confirmation of system goals and objectives: This step establishes the concerns of all the 

stakeholders regarding the proposed investment goals and objectives by soliciting information and 

viewpoints from them. The AV-related infrastructure investment goals are established not only to 

reflect the mission and goals of the roadway infrastructure agency, but also to accommodate the 

perspectives of the other stakeholder groups: the road users, the community, government officials, 

and the general public. For example, the most common community concerns include cybersecurity, 

congestion mitigation, safety enhancement, accessibility, and equity. Often, there exist past reports 

or white papers pertaining to regional or metropolitan plans regarding AV operations that could 

serve as a valuable resource for establishing the goals and objectives for a proposed system. The 

outcome of this step feeds into Step 3 where a list of the investment evaluation criteria is 

established. 

 

(c) Establish the spatio-temporal dimensions of the evaluation: Depending on the AV investment 

or policy in question, it is important to establish the boundaries of the affected regions for the 

investment analysis (e.g., project, corridor, sub-area, system-wide, regional, or national) (for 

example, in road transport systems, a single point such as a ramp entrance/exit ramp or intersection, 

-EVALUATION ACTIVITIES 
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a road corridor, or an entire network of roads). The temporal scope must also be established, for 

example, minutes or hours (operational scope) or months or years (strategic). The relative 

importance of certain evaluation criteria may differ depending on the spatial or temporal scope 

under consideration (Sinha and Labi, 2007).  

         These initial steps are important for the following reasons: (i) to ensure that no stakeholder, 

affected party, or interest group related to the public (and their concerns) are excluded from the 

evaluation process; (ii) ensure that no impact of importance to the public has been overlooked; and 

(iii) establish the information needed to measure the impacts of interest to all stakeholders, 

particularly those that are marginalized or disenfranchised. The agency that oversees the evaluation 

must establish a proactive (and not reactive) communication program to provide information to 

the general public and interest groups through the media, the internet, and other channels. The 

agency must solicit the advice of representatives from citizen associations, interest groups, and 

other public bodies. 

 

8.1.2 Step 1. Establish the AV- related infrastructure investment alternatives 

This step identifies all possible alternatives and screens them to ascertain that they are appropriate. 

Is each specific alternative relevant to the problem at hand? Is it adequate in addressing the 

identified need? Are the investment alternatives too few, or too many? In answering these 

questions, the analysis may be guided by the following considerations: relevance of the alternative: 

holistic nature of the alternative (consideration of the intervention not as an independent and 

isolated entity but as an integral part of a larger system-of-systems) adequacy of the alternative, 

and whether the alternative is realistic. The number of alternatives should not be too large or too 

small. The range of alternatives should be wide enough to permit illustration of the trade-offs 

associated with the evaluation criteria, so that the best investment can be identified after duly 

considering the performance tradeoffs between competing alternatives (de Neufville, 1990). In 

developing the alternatives, inclusiveness and transparency are vital, and input from the 

stakeholders should be solicited. The investment analysis should collaborate with the stakeholders, 

and the evaluation process should be open to public scrutiny, review, and feedback. 

       In the context of AV, related infrastructure investments include construction of AV parking 

garages or lots at the outlying areas of a city, electric vehicle charging stations or guideways, 

roadside units, high-fidelity road markings, computer-legible road signs, staging areas, and PUDO 

facilities. 

 

8.1.3 Steps 3-5. Establish list of the investment evaluation criteria 

An evaluation criterion (also referred in the literature as a performance metric) is an outcome at 

any spatial level that is associated with some AV intervention or application. The outcome may be 

beneficial or adverse and may be intended or unintended. Other perspectives or dimensions include 

the class stakeholder affected by the outcomes (The IOOs vs. the road user and the community) 

and the monetary nature (monetary vs. non-monetary). Typically, the evaluation criterion is 

expressed in terms of these outcomes.  

      The evaluation criteria may be categorized in several ways, for example, the triple Es 

(effectiveness, efficiency, and equity) (Sinha and Labi, 2007) and the sustainability triad 

(economic, environmental, social) (Jeon and Amekudzi, 2012). The economic pillar of 

sustainability includes the life-cycle costs of maintenance and operations incurred by the road 

agency and the users. The user costs of operations include accident costs and operational efficiency. 

The social pillar of sustainability includes cyber and physical security and safety of the road users, 
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and equity. Equity is related to fairness, an important societal value that is also strongly associated 

with ethics and environmental justice. When transportation agencies consider equity-related goals 

in their AV-related infrastructure decision-making, this helps ensure that all segments of the 

population have a fair share in the benefits of the project or that certain segments (regardless of 

their gender, age, income level, social status, disability status, residential or working location, etc.) 

do not suffer disproportionately from the adverse impacts of the investment. The environmental 

pillar includes emissions, which can be influenced by traffic stabilization and other operational 

efficiencies brought upon by AV operations.  

       The use of evaluation criteria is vital in AV-related infrastructure evaluation because road 

agencies and road users have a stake in knowing the extent to which the intended goals of a AV 

investment has achieved its intended objectives. It is preferable to have a quantitative, rather than 

qualitative, statement of each evaluation criterion, to minimize subjectivity, inconsistency, and 

bias. Such quantitative statement, often a continuous variable, index, or rating, could have linear 

or non-linear gradations from the least to the highest performance.  

        Evaluation criteria selected for a specific AV-related investment decision problem must have 

certain properties (Sinha and Labi, 2007). First, it should be appropriate (in other words, the 

evaluation criterion should reflect one or more goals or objective of the AV-related infrastructure 

or initiative). Second, the evaluation criterion should be measurable, in that it should allow the 

systems engineer to assess quantitatively the impact of each AV-related investment alternative in 

terms of that evaluation criterion. Third, it should possess appropriate dimensionality, for example, 

the analyst should be able to use it to measure the AV-related infrastructure effectiveness in a way 

that is consistent with the spatial and temporal reach of the road infrastructure’s operations or 

performance. Fourth, it should be consistent, that is, comparable across different geographic 

regions or time periods. Fifth, the evaluation criterion should reflect the perspectives of at least 

one stakeholder. Sixth, the evaluation criterion should be realistic, so that it is possible to extract 

or generate useful and reliable data that are related to the evaluation criterion, without undue cost, 

effort, or time. Finally, the evaluation criterion should be clear and concise so that it can be used 

to effectively communicate the system performance to technical and nontechnical audiences 

including the general public. 

         In the context of highway automation, a few researchers have identified safety, mobility, 

and environmental sustainability as the three main categories of metrics of performance for 

evaluating the benefits of connected and automated vehicle applications. Kaparias and Bell (2011) 

identified performance criteria for traffic management and intelligent transport systems. Tian et al. 

(2017) cautioned that the performance of any AV-related infrastructure investment type could be 

influenced by other factors related to the vehicle, the driver/operator, the roadway, and the driving 

environment, particularly in mixed streams. These factors include the penetration rate of 

application-equipped vehicles, the maximum level of automation or connectivity of vehicles in the 

traffic stream, the level of sophistication of supporting roadway or roadside infrastructure, 

communication transmission, driver’s trust in automation, and inclement weather. 

 

8.1.4 Steps 6-9 

Before this step, matrix has been constructed such as that each cell represents the impact of an 

alternative  investment (horizontal) in terms of a specific performance criterion (vertical). In Step 

6, the analysis method to use for the overall evaluation is established. These include effectiveness 

analysis, life cycle cost analysis, real options analysis, multi-criteria analysis, risk-based analysis 

and so on. These are not mutually exclusive. So, one could use, for example, risk-based multiple- 
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criteria analysis. See Section 8.2. In Step 7. The overall utility (benefits and disbenefits) of 

investment alternative i, are calculated and in the last step, the optimal alternative for the CAV-

related investment, is identified (step 9). 

 

8.2 Traditional Analysis Methods (used in Step 6) 

At the present time, the most dominant and popular approach for value engineering is the so-called 

discounted cash flow (DCF) analysis. DCF techniques include net present value (NPV), equivalent 

uniform annual cost (EUAC), internal rate of return (IRR), and payback period. Besides its several 

known limitations, the payback period method is still frequently used for its simple and quick 

computation and thus is considered useful for short-term budgeting and high-level reporting 

(Pogue, 2010). The payback period refers to the number of years from the cumulative benefits to 

exceed costs, determines the time required before the investment is recovered; however, it does 

not consider the cash flow after the payback period (Farris et al., 2010). Two economic efficiency 

measures (NPV and IRR) help overcome the drawbacks of the payback period approach. 

 NPV. This is the most used method for investment evaluation. NPV utilizes the DCF 

approach to discount future cash flow streams during the analysis period to the base year (the start 

of the project, in most cases). In this case, careful selection of the discount rate is required because 

the project life is often long and faces economic risks. As a rule of thumb, 4-6% is often used for 

evaluating public projects (Sinha and Labi, 2007). The investment is considered feasible if its NPV 

exceeds zero. NPV is also used to prioritize competing projects. The main shortcoming of the NPV 

approach is that it is driven by non-dynamic cash flows: the amounts earned or incurred by the 

investment and any decisions in the future must be predefined. Although this approach does not 

account for investment risks and lacks flexibility, it is used in this report as a base case approach 

for purposes of comparison with ROA. 

        Internal Rate of Return (IRR). For a given cash flow series, IRR refers to the discount 

rate that is associated with a zero NPV of the cash flows. IRR does not reflect the interest rate in 

an external market but rather is influenced internally in a sole manner and is calculated by the 

project’s cash flow. The investment decisions are made based on comparing the IRR with the 

minimum attractive rate of return (MARR); and the project is implemented when the IRR exceeds 

the MARR (Sinha and Labi, 2007). Considering its simplicity, many agencies use this method to 

inform their investment decisions. However, some caution are required when using this method. 

First, IRR generally tends to favor short-term investments and often neglects the long-term benefits 

of the project (Hazen, 2003). Moreover, some cash flows may have more than one value for IRR 

(i.e., cash flow has a negative NPV at the start and the end of the project) or may produce an IRR 

value that is not a real number. In these cases, the use of IRR as a decision tool could be 

problematic (Palmer, 2019). 

          The biggest limitation of these DCF based on methods is the inadequate accounting for 

uncertainty. Increasing the discount rate to reflect risk and uncertainty (Kodukula and Papudesu, 

(2006)) means that the benefits must exceed the costs to compensate for the risk so that the 

proposed project remains feasible even after it is discounted heavily. Although the rationale for 

this method is sound, for projects where the discounted costs overflow the discounted benefits, 

decision-makers may demur from executing the project, which may turn out to be feasible at a 

later year. This illustration highlights the inadequacy of traditional value engineering in capturing 

and quantifying the monetary value of uncertainty. 

          Probabilistic discounted cash flow analysis could be used to explore the effect of volatile 

parameters (i.e., AV Price demand and AV market penetration for example) on the stochastic 
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distribution of the investment outcome. However, it cannot be used to estimate the value of 

uncertainty-driven flexibility because it may lead to decisions that are not optimal over the 

lifecycle of the AV infrastructure investment. Failure to account for the value of flexibility in the 

infrastructure investment evaluation could lead to executing a project which in reality, should be 

deferred or abandoned. This shortcoming could be overcome by identifying the latent value of the 

AV-related infrastructure retrofitting decisions flexibility using a real-options approach. As such, 

highway agencies can make more reliable and informed decisions (Ford et al., 2002). Value 

engineering has been used for several years to assess the appropriateness or feasibility of 

interventions to construct, reconstruct, expand, defer, rehabilitate, compact, renew or “right-size” 

assets. Often, the investments made on these interventions are not recoverable. 

 The major drawback of traditional value engineering is that it forces decision-makers at the 

agency level to predetermine the decisions over the entire lifecycle of the proposed project, which 

can lead to underestimation of the project value. This limitation could be overcome by leveraging 

options that account for flexibility such that decisions are deferred until the investment conditions 

are more certain and favorable. This approach helps mitigate any downside risks. Also, this is why 

the discount rate should not be kept constant but rather, adjusted when options are considered. 

Further, if the entire risk is taken care of through a minimum revenue guarantee or a U.S. Treasury 

bonds rate, it has the potential to be reduced to a risk-free rate. 

 

8.3 Newer Approaches that account for Uncertainty and Flexibility 

 

8.3.1 Real Options Analysis (ROA) 

In a bid to determine prices of financial options, Stewart Myer (1977) extended the widely known 

Black-Scholes equation and coined the term “real options.” He implemented this concept to assess 

the upsurge of investments in real assets. By definition, real options indicate “a right but not an 

obligation to exercise options and thereby induce flexibility in terms of expansion, waiting, 

abandoning, switching, or contracting” (Nijssen, 2014). The ROA method accounts for the 

flexibility inherent in a non-financial asset or project facing an uncertain environment and provides 

a way to evaluate the actions/options in extra monetary value for the asset (de Neufville and 

Scholtes, 2011). ROA offers a way to embrace the uncertainty of the asset value and hedge against 

adverse conditions. For example, if a highway agency seeks to retrofit its existing roadways for 

AV operations, instead of retrofitting the entire road network,  a pilot project could be deployed at 

corridor level and then monitor the AVs market penetration. ROA can offer guidance to the 

decision-makers as to whether or not to scale up the investment.  Continual market surveys could 

be carried out before deciding to increase the scale of the investment from corridor level to the 

entire network. 

          The shortcomings of traditional DCF approaches coupled with the anticipated dynamic 

nature of AV market penetration makes the real options analysis (ROA) a better approach to 

address the uncertain future of the AV demand. ROA represents actual opportunities or choices 

that can be exercised to add value to infrastructure (Black and Scholes, 1973), for example, 

decisions regarding early infrastructure intervention/modification for facilitating AV operations. 

Most of the future decisions related to retrofitting road infrastructure to accommodate AVs cannot 

be predicted reliably at the current time today.  

          Therefore, ROA provides an opportunity to incorporate flexibility into investment decisions. 

This makes available alternative decision trajectories (e.g., modifying, expanding or abandoning) 

at any point in time depending on the prevailing conditions (e.g., market penetration or the 
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realization of safety and efficiency impacts of AVs). For example, if a highway agency that owns 

and operates a state highway network is mandated to make infrastructure modifications for 

accommodating AVs on its network, they can either make system-wide infrastructure changes or 

begin with a stretch of freeway only, until the market penetration and safety and travel efficiency 

impacts are known with certitude. When AV demand and the safety and efficiency benefits are 

realized, the agency may choose to expand the investment scope. On the other hand, if the outcome 

is unfavorable, then the highway agency could choose to abandon the AV-related infrastructure 

project. This way, ROA can create value by managing such strategic investments and recognizing 

the pivotal role of flexibility in decisions under uncertainty, to ensure the success of future 

investments (Amram and Kulatilaka, 1999). 

         IOOs, i.e., agencies responsible for highway infrastructure design and operations regularly 

face situations where uncertainties cause a change in their intended actions initially and plans. This 

situation often arises throughout the lifecycle of highway infrastructure, as noted by Nembhard 

and Aktan (2010) and Athigakunagorn (2015). 

           Such revisits and revisions to investment decisions over the infrastructure lifecycle could 

have direct implications for the design parameters (project type, size, etc.) and the value, and hence, 

the feasibility of investment. Where there exist several infrastructure projects under consideration, 

using value-based evaluation approach could help decision-makers carry out prioritization or 

ranking of such alternatives. This is particularly important in the era of AV operations because 

infrastructure retrofitting investments could involve large sums of money. 

        Kodukula and Papudesu (2006) noted that, although ROA has numerous advantages it may 

not be appropriate for all projects. The project should have two features (i.e., decision uncertainty 

and managerial flexibility) that may enable highway agencies to make a flexible decision in 

response to an uncertain future or market. In the case of a higher level of uncertainty, there could 

be substantial gains from a project where the decision can be adjusted to “profit” from that state 

(Kodukula and Papudesu (2006)). In the case of unfavorable prevailing conditions or market (e.g., 

lower market penetration of AVs), the project could be postponed or even abandoned, to avoid a 

potential loss. Under these circumstances, collection of additional information (e.g., updates on 

AV market penetration) could help the agency to make more informed decisions. In the absence 

of these two features, a proposed project is evaluated in a deterministic manner and thereby 

traditional approaches are appropriate. 

 Moreover, it is noteworthy that in cases where the NPV project is close to zero, ROA is 

recommended. In the case of a highly positive NPV, the project or investment under consideration 

is clearly attractive and the value of the option will be small because the chances for exercising an 

option are little. Conversely, in cases of a highly negative NPV (comprised to the option values), 

the option values will be unlikely able compensate for the projected loss and hence a no-investment 

decision is suggested. 

          Although the real options valuation method is derived from the financial options approach 

(de Neufville and Scholtes, 2011), they differ from each other in several ways. In the case of 

financial options, the underlying assets are securities (e.g., stocks or bonds) with an exact value; 

and having an exact value makes it easier to quantify or estimate the parameters (i.e., the volatility 

of the stock). In real options, on the other hand, the underlying assets are tangible (e.g., physical 

road infrastructure). For such tangible assets, it is rather difficult to find similar projects and extract 

historical data for determining the asset value. However, this could be addressed by determining 

the present value of the project and assuming this to be a proxy for its underlying value. In the 
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literature, this is referred to as the “market asset disclaimer assumption” (Copeland and Antikarov 

(2003)). 

          In modeling the price of a financial option, the main assumption is that the investor does not 

have an arbitrage opportunity to buy a security at a lower price and then sell it instantly at a higher 

price. This assumption is quite plausible in dealing with a financial option. However, as it has 

already been marketed, it can be bought and sold quickly to counter any arbitrage. In the case of 

real options, no market exists for trading this type of asset because of its less liquid nature. Real 

assets do not incorporate the arbitrage assumption. Therefore, the final option value should account 

for this through the liquidity discount factor (Kodukula and Papudesu, 2006). Furthermore, the 

financial options assume the uncertainty and the price of the asset to be exogenous, meaning that 

the price, risks, and volatility depend on the market situation. As such, the decision-makers are 

unable to control the management decisions or manipulate the price. Conversely, in the case of 

real options, this may not be possible because the present value of the project can be directly 

influenced by managerial decisions. For example, a state highway agency’s decision to build an 

exclusive lane for AVs instead of just retrofitting the road pavement markings will yield a very 

different NPV for the project. In addition, the decisions made using the real options will have a 

direct influence on the market situation; for example, choosing to introduce a different item will 

have a different effect on the existing market and response from competing counterparts and 

therefore would encounter different levels of risk and uncertainty. On the other hand, for financial 

options, the price of the options is driven by market value irrespective of whether decision-makers 

opt for holding, selling, or even buying more of the options. Table 8.1 presents a comparison of 

the terms and phenomena used across financial and real options. 

 

Table 8.1 Terms used across financial and real options. 
 

Financial Option Terms Corresponding Terms in Real Options 

Stock price Current value of infrastructure asset 

Strike price Upfront investment/expenditure required to acquire an asset 

Time to maturity The time before the opportunity expires 

Volatility The riskiness of asset/project 

Risk-free rate Interest rate 

Dividends Cash flows from operations 

       

           ROA is widely used for contract management of infrastructure systems development and 

construction. To address the uncertainty and risk associated with the capability of the proposed 

investment to deliver the intended financial returns, the financial options concept was introduced 

to assign a value option to contracts. This application motivates the use of ROA in highway 

infrastructure asset management. As such, highway asset managers seek to counter the 

uncertainties associated with asset attributes that may potentially impact the investment decision. 

This is an advantage of using ROA in infrastructure management, as evidenced in the literature 

(Zhao and Tseng, 2003; Wang and de Neufville, 2005; de Neufville et al., 2006; Cardin and de 

Neufville, 2009; Athigakunagorn, 2015; Peters, 2016; Swei, 2016). One of the most well-known 

applications of ROA in the context of infrastructure design and construction is the case study of 

parking garage construction on a fixed land area (Zhao and Tseng, 2003; Wang and de Neufville, 

2006; Peters, 2016). In that case study, the source of uncertainty is the demand for parking, which 

helps specify the size capacity (the number of floors) and ultimately, the needed structural capacity 

of the foundation. 
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8.3.2 Types of Options used in ROA. 

Unlike financial options which are defined by the time to exercise the option (American, European, 

Bermuda), real options are categorized based on strategic or managerial decisions/actions, and 

therefore, include: call and put options, options to abandon, options to expand, options to contract, 

options to wait, options to choose, compound options, and rainbow options (Abraham, 2018). 

These are discussed below. 

 

(a) Call and Put Options 

The call option refers to the option of buying security by a predefined date (the expiry date) at a 

predefined price, which is also termed as the exercise price or strike price (say, Y). The buyer of a 

call option has the right, (not the obligation), to buy a security (shares) at the predetermined strike 

price with a non-refundable premium until the date of expiry (O’Sullivan and Sheffrin, 2003). The 

seller of the call (also known as the “writer”) has the obligation to sell in case the buyer wants to 

exercise the call option. The call option is acquired under the expectation that the price of the 

underlying security, S, of the option, will increase beyond the strike price and hence the investment 

will yield some returns. This is defined as “the option is in the money” where the investor’s profit 

is the difference between Y and S (Milton, 2018; Mitchell, 2019). Conversely, if the market is not 

conducive and its price falls below the exercise price (S < Y) on the date of expiry, then it is logical 

not to exercise the option but rather let it expire and buy a security at the current value of the 

market. This is defined as “the option is out of money,” (i.e., the value of the option is zero) (Milton, 

2018). 

          The “put option” refers to the option of selling a security at a predetermined price until 

within a certain period a fixed known expiry date. The buyer of a put option holds the right  (but 

not the obligation), to sell the underlying security (e.g., shares) at the strike price. If the put owner 

decides to sell, the put writer is obliged to purchase at the predefined strike price (Kuepper, 2019). 

The put option is acquired under the anticipation that the price of the underlying security, S, will 

decrease. As such, a contract is made under a non-refundable premium which allows the seller to 

sell a security to the writer (buyer) at the strike price, Y, up until a certain time (expiry). This option 

generates profit when Y is less than S, signifying “the option is in the money” condition as 

discussed earlier and vice versa. Equations (8.1) and (8.2) can be used to determine the values of 

the call option and the put options, respectively. 

C = max[S – Y, 0]                                           (8.1) 

P = max[Y – S, 0]                                           (8.2) 

 

(b) Option to Abandon 

The option to abandon refers to the option of closing or ceasing a project or an asset to realize its 

salvage value (Cruz Rambaud and Sánchez Pérez, 2016; Scott, 2019). This happens when the 

market is not in favor, or the end-product has not been completely and successfully developed. 

Under this option, the decision- maker abandons the project and sell the asset to recover their losses. 

This is also known as a termination option. The predetermined strike price should not be less than 

the salvage value. 
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(c) Option to Expand 

The option to expand refers to the option of making an investment or undertaking a project in the 

future with the possibility of expansion (Kagan, 2018). This option prevails where a project is 

equipped with the managerial ability to expand its operating capacity or to expand into a new 

market. As noted by Athigakunagorn (2015), this call option is particularly useful for technology-

based projects, which fits the case of AV-related investments. Given the enormous amount of costs 

often associated with infrastructure projects, the use of traditional approaches may most likely 

result in a negative NPV. When the IOO mulls infrastructure retrofitting to support AV operations, 

some funds could be given up as a premium (for example, implementing a pilot project involving 

AV-related road infrastructure modifications at a short stretch only) to retain the flexibility to 

respond as the market penetration of AVs is monitored, and retaining the option to expand as future 

conditions become more favorable. 

 

(d) Option to Contract 

This refers to the option of shutting down the AV-related infrastructure project at some point in 

the future when unfavorable outcomes or conditions are encountered, for example, a multinational 

corporation may suspend its operations in a country due to unstable political conditions (Lyon and 

Rasmusen, 2004). This is opposite of the option to expand. 

 

(e) Option to Wait 

The option to wait refers to the option to defer a decision to the future and is also termed as the 

option to defer (Lensink and Sterken, 2002). It allows decision-makers to wait until the project or 

the market conditions become more favorable. This option is relevant and adequate when the 

project is facing significant uncertainty. Moreover, the life of a project should be predetermined 

and independent of when the project is initiated. Therefore, no payoff leakage will occur once the 

investment has completed its life. For example, regarding the construction of an AV dedicated 

lane, having a 20-yr service life; if the highway agency decides to defer this project for one 

additional year, its service life of 20 years remains the same and is not influenced by the amount 

of time the project is delayed. 

  

(f) Option to Choose 

The option to choose refers to the flexibility of deciding the type of option to exercise from a 

plethora of option alternatives (de Neufville, 2016). This option is instrumental in optimizing a 

project’s payoff by allowing decision-makers to abandon, expand, or contract the project at a 

certain time. Therefore, this option could be either a put or a call option. The option to choose 

generally carries more value compared to an individual option in isolation because decision-

makers have more options to choose from and therefore more flexibility to manage the project 

over its entire lifecycle. If the individual options are mutually exclusive, the option value will be 

equal to or less than the joint value of those individual options. For example, the project cannot be 

expanded and contracted at the same time, and the option to choose therefore will have a reduced 

value. 

 

(g) Compound Options 

The compound option or the “option of an option” refers to the situations where the value of an 

option depends on another option and not on the value of an underlying asset (Geske and Johnson, 

1984; Fouque and Han, 2004). The two types of compound options are: a sequential compound 
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option and a parallel/simultaneous compound option. The former depicts a condition where the 

subsequent option arises only when the first/earlier option is exercised successfully. For example, 

in the case of the asset management cycle and infrastructure development projects, the construction 

phase occurs only after the completion of the design phase. All the risks, costs, uncertainties, and 

value of the construction phase are predetermined at the design phase. In the parallel compound 

option, both a subsequent option (its value is derived from the underlying option) and an 

underlying option (its value is derived from an underlying asset) co-exist at the same time. Due to 

the longer life of the subsequent option, it is discerned first by using a backward induction method 

to determine the value of the option. 

 

(h) Rainbow Options 

The rainbow option facilitates the modeling of multiple sources of uncertainty (Rubinstein, 1991; 

Chen, 2018). These options are a more realistic and closer depiction of the uncertainties prevailing 

in the real world but they are complex to model. Unlike the rainbow options, a simple option is a 

manifestation of all the sources of uncertainty into a single value. 

 

8.3.3 Option Valuation Methods 

The three well-known methods of valuing real options include the Black-Scholes equation, the 

Binomial Lattice (BL) method, and the Monte Carlo simulation. The Black-Scholes equation, 

introduced by Black and Scholes (1973) and then extended by Merton (1973), uses a closed-form 

equation that gives an exact value, but has assumptions that significantly limit its applicability to 

specific option types. The major assumptions of this method are: (1) the option can be exercised 

only on its date of expiry (2) there is no leakage of the value of the option (i.e., changes in the 

underlying value are not driven by volatility such as royalty fees or dividend payouts). From a 

practical standpoint, it is almost impossible to identify the option type that meets these assumptions. 

However, this limitation could be overcome by modifying the equation (Luenberger (1997)). 

 

(a) Binomial Lattice (BL) Method 

The most commonly used and widely accepted technique for options valuation is the binomial 

lattice (BL) method. Its wide application in the literature could be attributed to its transparency 

and convenience of interpretation from a practical standpoint. Some modifications are needed, 

however, to deal with complex options. Unlike the Black-Scholes equation which is a continuous-

time model, the BL method, proposed by Cox et al. (1979), is a discrete-time model. Further, 

unlike the Monte Carlo simulation method, the BL method requires less computational effort and 

time for the problem formulation. However, the BL method produces an approximate value. This 

method is based on a no-arbitrage assumption, meaning that the market is efficient, and 

investments are able to earn the risk free rate of return. The BL method is used to determine the 

value of an option by first constructing a tree-like structure (Figure 8.2), which starts from the 

existing value of the asset, S0.  
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Figure 8.2 Binomial lattice with three time-step 

 

          Higher branches of the lattice indicate when the underlying value of the asset of the option 

is higher. The model presented below shows only two possible up and down stages with a constant 

up and down ratio throughout the lattice. The value of the underlying asset is computed at each 

node by multiplying the up (u) and down (d) factors until reaching each node. Backward induction 

is then applied to determine the option value for an intermediate node and back to the start node. 

The value of the option is identified as the maximum numerical difference between the underlying 

value at this node and the weighted average of the option value of its ensuing nodes discounted at 

a risk-free rate. This weight refers to a risk-neutral probability. Equations (8.3)- (8.5) calculate the 

up and the down factors and the risk-neutral probability (or, the weight), respectively. Equation 

(8.6) computes the option value. 

( )Tu e =                                                                                                                                (8.3) 

1/d u=                 (8.4) 

𝑝 = (
𝑟𝑓∗△𝑡

𝑢−𝑑
)                (8.5) 

𝑂𝑝𝑡𝑖𝑜𝑛𝑉𝑎𝑙𝑢𝑒 = (
(𝑝∗Option value at upstage)+[(1−𝑝)∗Option value at downstage]

𝑒(𝑟𝑓∗△𝑡)
)       (8.6) 

Where, T = time to maturity: rf = risk-free rate; △ 𝑡 = time step,  = volatility. 

An implicit assumption of path independence is associated with the BL method. This means that 

the value at any state does not depend on which path is taken to reach that state or how the state is 

reached. 

 

(b) Monte Carlo Simulation (MCS) Method 

Monte Carlo simulation is the most flexible of the three methods for real options valuation. 

Although MCS involves a large number of computations, this method can be adapted for any 

option type. For real options, the analysis can be done by tracking the expected trajectory of their 

underlying value. An approximation technique is used by dividing the option’s life into small time 

steps. As the time step gets smaller, the option value becomes closer to that established using the 

Black-Scholes formula. The MCS simulation can be carried out using Equation (8.7):          
𝑆𝑡+1 = 𝑆𝑡 + 𝑆𝑡 (𝑟𝑓 ∆𝑡 + 𝜎 휀 √∆𝑡)                                     (8.7) 
Where: 𝑆𝑡 = value of the underlying asset at time 𝑡; 𝑆𝑡+1 = value of the underlying asset at time 𝑡 
+ 1; 휀 = simulated value of the distribution (normal) with mean equal to zero and standard deviation 

equal to 1; ∆𝑡 refers to the time step; and other variables are same as defined earlier. 

          Equation (8.7) is applied repeatedly from the beginning of the option’s life till its termination, 

with increments of magnitude equal to the time step. Towards the end of the option’s life, it can 

be exercised if the option’s payoff exceeds a predefined threshold. This is followed by discounting 

the payoff back to the present value using a risk-free rate. The accuracy of this method is influenced 
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by the number of simulation trials and time increments. A major disadvantage of the MCS 

technique is the enormous computational effort required to produce accurate outputs. The 

efficiency of this technique is particularly pronounced in the case of dealing with a European 

option (where the exercise date of an option is restricted to its expiry date only). This expiry date 

is a single pre-determined point in time: this is not applicable in for the investment problem context 

under consideration in this report. In contrast, the American option can be exercised at any point 

in time before its expiry date: this is the case for the investment problem being analyzed in this 

report. In the case of implementing the MCS method for an American option, all possible dates of 

exercising the option must be simulated to determine the value of the option. However, such 

computation could be extremely inefficient and tedious. Therefore, for purposes of analyzing AV-

related investments, it is preferred to use the BL method or the Black-Scholes equation and its 

modified forms where the value of an option can be determined by either of these methods.  

 

8.3.4 Limitations of ROA and Potential Remedies 

ROA assumes a market monopoly. In other words, it postulates that by deferring the proposed 

investment, the project value does not decline over time but rather increases when the option is 

exercised. This presumption may not be the case in certain situations particularly in the case of 

market competition. The integration of Game Theory with ROA, abbreviated as ROG, has been 

identified by Smit (2003) as a remedy to this restriction. Also, Smit and Trigeorgis (2006) noted 

that the strategic investment along with the flexibility of the project may be jointly analyzed to 

determine the NPV, as shown in Equation (8.8). 

 

          Strategic NPV = Direct (passive) NPV + Strategic value + Value of flexibility (8.8) 

 

          The Real Option Games (ROG) approach is useful in identifying optimal investment 

strategies (Smit, 2003; Smit and Trigeorgie, 2009). Ferreira et al. (2009) developed a payoff matrix 

before identifying the optimal strategy from game theory. The classic NPV fails to realize the value 

of flexibility and the strategic value of the investment. The authors noted that, game theory has a 

major limitation in its inability to incorporate flexibility into the payoff matrix. On the other hand, 

ROG, can address this limitation because it relaxes the monopoly assumption of ROA and 

improves the outcome of the game theory incorporation by considering uncertainty and flexibility 

in the analytic framework. 

 

8.3.5 ROA Parameters 

Valuation using real options has the following parameters: strike price, underlying asset value, 

risk- free rate, time increments, options life, and volatility. For ROA, the present value could be 

an indicator of the value of the underlying asset. The risk-free rate is used for discerning the value 

and the return rate of a short-term American bond is used as a proxy for this rate. Moreover, the 

features of the project and the perspectives of the decision-makers inform the selection of the 

option’s life, strike price, and time increments. Volatility is the parameter that is relatively 

challenging to quantify because projects are often unique, and therefore it is often difficult to 

acquire historical data on real projects for purposes of valuation. From a practical standpoint, the 

volatility of the project is estimated after simulating the project cash flow using a Monte Carlo 

simulation. Another way to estimate volatility is to simulate the project cash flow after estimating 

the distribution, the mean, and the optimistic and pessimistic values of a project value based on 

expert opinion (Mun, 2006). 
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8.3.6 ROA – Discussion 

NPV considers a non-dynamic cash flow (using the same discount rate for each period, signifying 

the same level of risk throughout the entire time horizon of a project investment), which, in reality, 

rarely occurs in the real world. Even stochastic NPV does not account for the flexibility value of 

the project but rather reports the distribution of the possible outcomes (their means and standard 

deviations). The IRR method uses an internal interest rate. Although the decision tree approach 

can model the dynamic features of a project, the assignment of probability to each chance node is 

inherently subjective and could significantly influence the outcome. 

          On the other hand, the ROA approach offers a structured method for integrating flexibility 

in the value engineering process. Such flexibility could manifest as the ability to defer, abandon, 

or proceed with a proposed investment, and more so, to incorporate the value of this flexibility 

into project evaluation and decision-making. For example, deferring the decision (at the current 

time or at a future specified time) to another time when conditions are more conducive, for example 

when new favorable knowledge is available about the project or economic conditions. According 

to the ROA method, the final solution is that which maximizes the project value both in terms of 

the project outcomes and the inherent flexibility. 

      It is important to note that ROA is not a replacement of DCF techniques. Rather, its role is 

complementary in discerning additional insights about the proposed investment and hence in 

substantiating the evidence and justification related to these investment decisions. The classic NPV 

of the project still needed to be used as a base case scenario for comparison with the ROA method. 

More importantly, if there is no inherent flexibility associated with a project, the traditional 

approaches are sufficient to serve the purpose and there is no need to use the ROA method. This 

is because the value of the option is zero and the project’s NPV is the equal to that obtained 

traditional evaluation approaches. 

 

8.4 Overcoming the Barriers to Effective Evaluation of AV Infrastructure Investments 

8.4.1 Political Influences 

Often, certain aspects of AV-related investments may not be consistent with prevailing political 

goals. For example, the need to seek emissions reductions through the proposed investment may 

be viewed with different priorities by different groups of people. To minimize such influences, it 

is helpful for the IOO to not only to incorporate the concerns of the general public but also to 

solicit support of various levels of government (local, state, and federal).  

 

8.4.2 Unstable Goals and Objectives of the IOO 

If the AV-related investment is a larger goal sought by the IOO such as increased economic 

development, enhanced quality of life, increased security and safety, greater mobility, and 

increased accessibility to raw materials for production or to social centers, improved quity, and so 

on. The final decision is often a tightrope act that balances these different, often conflicting, goals 

spawned by the different stakeholders. As society evolves on an issue, changing perceptions lead 

to a shift in the relative weights of these goals, and a system plan that was once optimal at the time 

of conception may not be optimal decades later. It is helpful for IOO to predict (and account for) 

such trends in their long-term investment plans or to add significant flexibility in their 

infrastructure designs to accommodate any future unforeseen changes in the technological or 

socio-economic environment.  
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8.4.3 Difficulty of Achieving Holistic Solutions 

The criteria used to evaluate AV investments are often not independent but overlap in ways that 

lead to synergies among them. The sum of the criteria impacts is often not equal to the impact of 

the sum of the criteria. AV investments, as much as possible, should be evaluated in the broader 

context of the effect of other existing or prospective road corridors in the larger system of systems. 

In certain cases, it may be difficult to achieve such holism do to technical (difficulty of quantifying 

the interactions among systems) or institutional (difficulty of relating the different sector practices 

and goals across privately-owned and publicly owned systems). Nevertheless, the IOO should 

always seek to opportunities that incorporate any synergies from other anthropogenic systems or 

infrastructure with which the proposed AV-related investment shares a proximal, institutional, or 

operational relationship. 

 

8.4.4 Multiplicity of  Stakeholders and their concerns 

It has been shown in practice that in general, solutions that are robust and effective in the long 

term are those that consider the perspectives of a broad spectrum of stakeholders. However, where 

the number of stakeholders is rather excessive, this could pose a threat to the integrity of the 

evaluation.  In evaluating AV- related infrastructure investments, all views need to be considered; 

however, it is often the case that not all these perspectives can be accommodated fully. 

 

8.4.5 Severity of Budgetary Constraints 

At the current time when the AV market share is miniscule, autonomous mobility may not be an 

immediate concern for public IOOs who are already tied up juggling priorities and contending 

with tight budgets for traditional infrastructure development and operations (Duvall et al., 2019). 

Nevertheless, some IOOs are already considering providing AV-related infrastructure targeted 

areas or corridors. This suggests that some IOOs are cognizant of infrastructure challenges in the 

AV era and are willing and able to start addressing these challenges.   



 

   128 

 

CHAPTER 9. PROJECT-LEVEL AV-RELATED INVESTMENT 

EVALUATION CONSIDERING UNCERTAINTY: A CASE 

STUDY 
 

9.1 Introduction 

Duvall et al (2019) stated that depending on the extent of AV demand, IOOs will soon begin 

addressing AV-supporting infrastructure needs in greater detail as part of their capital development  

plans. As discussed in chapter 8 of this report, AV-related infrastructure investments should be 

flexible enough to respond to unforeseen and uncertain futures.  

Traditional value engineering techniques are generally unable to capture and quantify the 

monetary value of flexibility and therefore may result in decisions that may be optimal at the 

inception year only but not over the lifetime of the infrastructure investment. On the other hand, 

Real options analysis (ROA) identifies the latent value of projects and captures flexibility and can 

produce more robust long-term investment decisions.   

Based on the perspectives of the stakeholders captured directly through survey instruments 

(Chapter 4) and the needed design changes (Chapter 6), road infrastructure readiness can be 

evaluated economically for any of at least two scenarios in the specific context of AV lanes:  

a) deploying the AVs in the existing lanes in a mixed traffic stream while they share lanes 

with traditional vehicles; and, 

b) providing an exclusive lane for AV operations on freeways.  

The IOO and OEM respondents of the survey (see earlier chapters of this report) 

indicated that freeways are the most likely locations for the initial deployment of AVs. As such, 

the case study for the investment evaluation involved an Interstate highway corridor from West 

Lafayette, Indiana to the Indianapolis International Airport, a 4-6 lane, 66-mile section that 

consists various stretches of Interstate 65, 465, and 70. 

 

9.2 The Binomial Lattice Method for the ROA Analysis 

For ROA analysis using the binomial lattice method, Table 9.1 presents the key items used in the 

computation. The lattice structure for this case study is presented in Figure 9.1. As discussed earlier 

in Chapter 8 of this report, over a time step 𝛥𝑡, the value of the asset under consideration (a 

dedicated AV lane) has a probability p of ascending by a factor u, and a probability 1-p of 

descending by a factor d. The up u and down d factors are computed using the Cox, Ross, and 

Rubenstein (CRR) model, as follows: 

𝑢 = 𝑒(𝜎√𝑇); 𝑑 = 1/𝑢.                                                                   (9.1) 

At each node (that determines the value of an asset) in the lattice, the underlying value of 

the asset moves up by a factor u (to account for the upside opportunity) or down by a factor d (to 

account for the downside risk). The CRR model ascertains that the lattice structure is recombinant; 

this means that when the underlying asset moves up and then down (u, d), the value would remain 

the same if it had moved down and then up (d, u). This is termed as merging or recombining of the 

two paths. This attribute of the CRR model expedites the computation of the option value by 

reducing the number of nodes. Moreover, it also facilitates the direct computation of the value of 

the underlying asset at each node without first building the tree. 
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Table 9.1 Analogies in real and financial options for dedicated AV lane investment 
 

 

ATTRIBUTE 

OPTIONS TYPE 

Financial Options Real Options 

Underlying asset Stock price Asset (a dedicated AV lane) value 

Exercise price Strike price Cost of adding a dedicated lane 

Source of uncertainty Stock price Market penetration of AVs 

Option type Call (option to defer) Defer the addition of a dedicated lane 

Time step Day Year 

 

 
Figure 9.1 Binomial lattice structure for five (5) time steps 

  

Starting with the nodes at the extreme right, the instant cost savings associated with the 

implementation of the proposed project (the addition of a dedicated lane for AV operations), were 

computed and compared with the expected cost savings when the project is deferred. To do this, 

Equations (9.2) and (9.3) were used. 

 

Ω̅k,l = [𝑝 ∗ 𝑉𝑎𝑙𝑢𝑒𝑢𝑝𝑝𝑒𝑟𝑛𝑜𝑑𝑒 + (1 − 𝑝) ∗ 𝑉𝑎𝑙𝑢𝑒𝑙𝑜𝑤𝑒𝑟𝑛𝑜𝑑𝑒] ∗ exp(−𝑟𝑓𝛥𝑡)                                         (9.2)  

{
𝑂𝑝𝑡𝑖𝑜𝑛 𝑉𝑎𝑙𝑢𝑒𝑘, 𝑙 = max(𝛺𝑘, 𝑙, 0) 𝑖𝑓 𝑙 =  𝑎𝑛𝑎𝑙𝑦𝑠𝑖𝑠 𝑝𝑒𝑟𝑖𝑜𝑑  𝑎𝑛𝑑
𝑂𝑝𝑡𝑖𝑜𝑛 𝑉𝑎𝑙𝑢𝑒𝑘, 𝑙 =  𝑚𝑎𝑥(𝛺𝑘, 𝑙, 𝛺 𝑘, 𝑙)𝑖𝑓 𝑙 ≠  𝑎𝑛𝑎𝑙𝑦𝑠𝑖𝑠 𝑝𝑒𝑟𝑖𝑜𝑑

}                                     (9.3) 

 

Where: 

 p, the risk-neutral probability = (𝑒xp[𝑟𝑓∗∆𝑡] − 𝑑) / (𝑢−𝑑) 

 

Ω̅k,l = the expected cost savings at node (k,l); and rf is the risk-free rate. Other symbols are the 

same as defined earlier. The analysis is based on the American option valuation which allows 

exercising the option at any point in time before its date of expiration. 
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9.3 Investment scenario I 

9.3.1 Introduction 

This scenario assumes that the AVs are deployed at existing lanes in a mixed traffic stream, that 

is, the AVs share each lane with traditional vehicles. This scenario may be considered generally 

suitable in cases of low market penetration of AVs. In this scenario, pavement markings can be 

considered to be an important class of infrastructure to facilitate autonomous driving. A number 

of studies recommend to not add exclusive lanes for AV operations when market penetration is 

less than 20% for reasons including equity and possibility of traffic congestion at general-purpose 

lanes and/or underutilization of the exclusive lanes (NASEM, 2018). 

As such, the only item of infrastructure suggested to facilitate AV operations at low market 

penetration, is high-quality pavement markings (wet reflective all-weather tape). The unit (install) 

cost of this marking material is $2.5 per linear foot ($13,200 per linear mile) (Meeks, 2019) and 

its service life ranges from 2 to 8 years. This pavement marking material has been tested for AV 

operations on actual roadways under different weather conditions, particularly during heavy rains 

at different times of the day, on concrete pavements during a sunny day when it becomes difficult 

for human drivers to see the markings, and at different times of the day, including night conditions. 

It has been found to provide reliable visibility and navigation for lane detection and lane guidance 

systems of AVs under various adverse meteorological conditions (Meeks, 2019; Pike et al., 2019). 

Past research has shown that using this marking material, situations arising from the sealed cracks 

on the roads, where AV camera systems either do not detect pavement markings or misidentify 

objects on the pavement as lane markings, have been resolved. 

Currently, for pavement markings, a number of IOOs are using waterborne paint with a 

unit cost of $210 per linear mile and a service life of 1 year. In other words, all pavement markings 

on this Interstate corridor are repainted annually using waterborne paint (Saeed, 2019). These 

waterborne paint-based markings offer several challenges to the AV operations, for example, poor 

or worn markings, markings disappearing at night in the rain, markings disappearing in dry glare 

conditions, yellow lines disappearing on concrete or other light-colored roads, and false 

identification of crack seals, seams, and other marks as lane markings. 

It is assumed that an improvement in road safety (a decrease in road crashes) and 

congestion (a decrease in travel time delay) occurs with the installation of wet reflective pavement 

markings to support AV operations on the Interstate highway corridor (with an AV market 

penetration of ≤15%). The analysis period used is 10 years. It is assumed that after AVs are initially 

deployed, the percentage of AV users traffic stream (which could be considered a proxy for 

penetrating) not significantly exceed 15% over the 10-yr period. 

 

9.3.2 Quantification of Cost Components 

This step involves quantification of key cost components: agency costs and user costs. The 

agency’s cost consists of the cost of wet-reflective pavement marking installation and its annual 

maintenance cost. The user costs are the travel time cost and the crash cost. The initial capital cost 

and annual maintenance cost were estimated based on the cost values and service life estimates 

noted in the previous section. A user cost to agency cost weight  ratio of 1:1 was used. In other 

words, $1 of agency cost was assumed to be equal to $1 of user cost. A conservative estimate of 3 

years was used to represent the pavement marking service life. 

To estimate the crash cost savings, crash data were acquired from the Center for Road 

Safety at Purdue University. On average, the study corridor was found to have 43 

fatal/incapacitating injury crashes, 95 non-incapacitating/possible injury crashes, and 789 
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property-damage-only crashes annually. The crash cost savings were estimated based on their 

economic implications using the guidelines of the National Safety Council (NSC, 2015). The data 

on two-way traffic volume (annual average daily traffic) was 50,000 vehicles per day (two-way 

combined) on average. For computing the travel time savings, an average of $17 per hour per 

vehicle was used (Schrank et al., 2012). 
 

9.3.3 Results and Discussion 

Figure 9.2 presents the results of analysis for the first scenario. Sensitivity analysis was carried out 

using four different discount rates: 3%, 5%, 7%, and 10%. The U.S. Office of Management and 

Budget (OMB) requires using a discount rate of 7% for federal projects (LaHood, 2011). The base 

analysis used a discount rate of 7% and 10%. At the 5% market penetration level, AV mobility 

was assumed to produce total benefits of 10% (crash cost and travel time cost savings). For 10% 

and 15% AV operations on the Interstate corridor, the cost savings were assumed to be 10% and 

20% respectively. These assumptions appear to be justified by the findings from past research. 

Several studies have established that with increased AV market penetration, the benefits to both 

users and agencies will increase significantly(Tientrakool, 2011; Atiyeh, 2012; Shladover et al., 

2012; NAE, 2018). For example, Fagnant and Kockelman (2015) assumed: 50% crash reduction 

and 15% travel time delay reduction at 10% AV market penetration on freeways; crash reduction 

of 75% and 90%, and a travel time delay reduction of 35% and 60% at AV market penetration 

levels of 50% and 90% on freeways, respectively.  

The results of the analysis (Figure 9.2) indicate that the user benefits consistently outweigh 

the agency costs at all the discount rates considered. Even at a higher discount rate, the 

infrastructure change remained economically feasible. The analysis was repeated using a discount 

rate of 10% and a service life of 1 year for pavement markings, suggesting more frequent 

maintenance (on an annual basis). Even with more frequent maintenance of pavement markings, 

the NPV values were found to be $32.03M, $62.16M, and $92.30M at market penetration levels 

of 5%, 10%, and 15%, respectively. 

At the initial stages when AV market penetration is in its infancy, IOOs can initiate AV-

related freeway retrofitting with this basic investment of deploying wet reflective tape markings 

across freeways, arterials, and other major streets. Such an investment could be easily made 

system-wide (across the entire state), which may incentivize greater demand for AVs. 
 

  
Figure 9.2 NPV outcomes at different levels of AV market penetration 

 

At the initial stages when AV market penetration is in its infancy, highway agencies can initiate 

AV-oriented freeway retrofitting with this very basic step of deploying wet reflective tape 

markings across freeways, arterials, and other major streets. Such an investment could be easily 

made system-wide (across the whole state), which may encourage a more widespread public use 

of AVs. 

 

 

 

 

 

 

 

 

 

 

 

 

 
Fig. 7.1 NPV outcomes at different AV market penetration levels 
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9.4 Investment scenario II 

9.4.1 Introduction 

From the stakeholder responses to the survey questions presented in Chapter 4, it was recognized 

that the key stakeholders expect high-speed freeways will be the roadway class to first host AV 

operations. This could be attributed to their superior pavement and geometric designs, higher 

number of lanes, limited access and fever traffic conflict compared to the other road classes. In the 

survey, forty-one percent (41%) of OEM respondents and 44% of IOO respondents suggested 

allocating a dedicated lane for AV freeway operations at the early stages of AV deployment on the 

public roads. 

The IOO’s costs include primarily, the costs of AV-dedicated lane (1 in each direction) 

construction, and rehabilitation, and maintenance. The user benefits are represented by reductions 

of crash occurrences and travel time. Further, AV platooning at the dedicated freeway lanes 

potentially offers an additional benefit (fuel cost savings) to the users. All the costs and benefits 

can be quantified in monetary values, and the net economic impact calculated. The economic 

evaluation was carried out using two alternative approaches: NPV and ROA. 

Regarding the ROA approach, the binomial lattice (BL) and Monte Carlo simulation 

methods were used to determine the value of the option. It may be noted that BL method is often 

recommended in real practice because it facilitates tracking of the project value throughout the 

period of analysis and has low computational effort. 

A user and agency cost weight ratio of 1:1 and an analysis period of 5 years were used. 

The market penetration of AVs (the percentage of AVs on this corridor) was assumed to be greater 

than 15%. At this level of market penetration, the user cost savings were assumed to consist of 35% 

reduction in crashes, a 25% reduction in fuel consumption, and 25% in travel time savings. Some 

studies suggest the addition of exclusive AV lanes at market penetration rates greater than or equal 

to 20% (TRB, 2018).  

 

9.4.2 Results and Discussion 

This section discusses the methods used to analyze this scenario and the results. 

 

9.4.2.1 NPV Method 

Figure 9.3 presents the NPV outcomes for Scenario II (providing a dedicated lane) and Figure 9.3 

presents the NPV outcomes for each of the four discount rates. With an increase in the discount 

rate (that helps offset the effect of uncertainty), the value of NPV decreases. However, the 

proposed infrastructure change, i.e., the addition of a dedicated travel lane for AV operations in 

both directions, remains feasible. Moreover, the analysis was repeated to account for the trade-off 

between the weights of the agency cost (AC) dollar vs. the user cost (UC) dollar, by using different 

weight ratios. This influences the feasibility of the proposed investment and the optimal decision. 

Figure 9.4 suggests that the proposed addition of a dedicated AV lane is no longer viable when the 

agency cost dollar for outweighs the user benefit dollar (AC/UC weight ratio exceeds 3). 
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Figure 9.3 NPV outcomes for Scenario II (providing a dedicated lane) 

 

 
Figure 9.4 Sensitivity analysis of NPV w.r.t agency and user dollar weights 

 

9.4.2.2 The ROA Method 

Table 9.2 and 9.3 present the underlying values of the dedicated AV lane (computed forward in 

time) and the value of the defer option respectively, using Equations (9.2) and (9.3), using a time 

step of 1 year and a risk-free rate of 0.03. The volatility of the market penetration was assumed to 

be 25%. At the top node in year 5, the underlying value is $813M which exceeds the strike price. 

The option can be rationally exercised (meaning that the proposed addition of a dedicated AV lane 

can be delayed). However, towards the end of year 5, the underlying value does not exceed the 

strike price; hence, the option is allowed to expire, and the option value is zero. Table 9.3 presents 

the computed values of the defer option at each node, based on backward induction method, which 

calculates the option value at the final node first (starting from the right side, in this case, year 5) 

and then moves to the left side to determine the option value at each node. The value of the 

proposed project if it is implemented at the current time, can be determined as the underlying value 

less the project costs, whereas the value of the call option is the average of the succeeding option 

value discounted back using risk-free rate. 
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At year 4, the value of the proposed addition of a dedicated AV lane, if it is implemented, 

will be equal to ($633.43M - $75M = $558M). The value when the project is deferred can be 

calculated as max ($558M, $560M) = $560M. Equations (9.2) and (9.3) were used for these 

computations.  The amounts shown in Tables 9.2 and 9.3 are in the units of million US dollars. 

 

Table 9.2 Underlying values of the asset at each node 

Nodes of the BL 
Years (analysis period) 

0 1 2 3 4 5 

0 233.0271704 299.2128 384.1969 493.3185 633.4335 813.3447 

1  181.4817 233.0272 299.2128 384.1969 493.3185 

2   141.3381 181.4817 233.0272 299.2128 

3    110.0742 141.3381 181.4817 

4     85.72591 110.0742 

5      66.7634 

 

Table 9.3 Value of the defer option using backward induction method 
 

Nodes of the BL 
Years (analysis period) 

0 1 2 3 4 5 

0 168.453117 232.0401 314.4651 421.1989 560.2364 737.9184 

1  115.5684 164.3181 227.6197 308.7705 417.8922 

2   74.19985 111.4658 160.8942 223.7865 

3    41.71802 69.17472 106.0554 

4     17.0003 34.6479 

5      0 

 

As shown in Table 9.3, at year 5 and node S0u2d3 (the cells highlighted grey in Tables 9.2 

and 9.3), the option may be allowed to expire, and the project may be carried out (that is, the AV-

dedicated lane may be constructed). As evident in this case, the ROA approach considers and 

monetizes the flexibility inherent in a project. This flexibility in this case, is the possibility to wait 

and observe what the level of uncertainty (AV market penetration) is. It is evident from Table 9.3 

that there is a monetary value associated with the flexibility to delay decisions until market 

penetration forecast uncertainty decreases with time and the collection of additional actual real-

world data. In contrast, the conventional NPV forces the decision-makers to decide at the start of 

a project while keeping all the factors constant. In other words, the NPV method assumes that 

future decisions are to be made at the time of the analysis. Figure 9.5 illustrates the difference 

between the NPV and the ROA approaches. The value obtained from ROA is also called NPV+ or 

“Expanded NPV,” mainly because it complements the conventional NPV with an 

operational/managerial option value. 
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Figure 9.5 Illustration of decision-making points in NPV and ROA methods 

 

 

 

 

 
Figure 9.6 Sensitivity of the option value to the risk-free rate Monte Carlo Simulation Method 

 

 

The analysis was repeated several times to investigate the sensitivity of the option value to 

the key factors of the evaluation, namely, the volatility and the risk-free rate. Figure 9.6 indicates 

an increase in the option value with an increase in the risk-free rate while the other factors were 

kept constant. Furthermore, increasing the volatility of AV market penetration beyond 45% was 

found to have a very small effect (slight increase) on the option value when all other factors were 

kept constant. 

Table 9.4 presents the results of the computations carried out to determine the value of the 

call option “defer the addition of a dedicated lane.” The option value was calculated using 5,000 

simulation trials; however, the table presents only a small subset of the outcomes of these trials. 

The time increment, Δt, used in the simulation is 0.5 year. At the end of the option’s life of 5 years, 

the option will be exercised if the value of the proposed addition of an AV lane exceeds the strike 
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price ($75M). In that case, the value of the option (reported in the second last column in Table 9.4) 

is equal to the value of the proposed addition of lane at the end of the 5th year minus the strike 

price. However, the option (the deferral of AV lane provision) will not be exercised but is allowed 

to expire when the value of the project in a given simulation trial is not greater than the strike price. 

This implies that in these cases, the option does not carry any value. The values in the second last 

column of Table 9.4 are discounted to determine the present values, for all the simulation trials. 

These present values are presented in the last column of Table 9.4; the value of the option is equal 

to the average of these present values. Using the MCS method, it is found that the option can be 

exercised 96.78% of the times over the lifetime of the option (5 years). The value of the option is 

determined as $167.49M, which is approximately equal to that determined found using the BL 

method ($168M). The MCS method was repeated multiple times using a different number of 

simulation trials; at 5,000 simulation trials, the value of the option was found to be the same as 

that obtained in the case of BL method. However, unlike the BL method, the MCS method 

involved a significant amount of computational effort.  

 

 

Table 9.4 Valuation of the option “defer,” using the MCS approach. 

 
 

9.4.3 Limitations 

Currently, there is lack of real-world evidence of the potential benefits of AV operations on 

existing roads. However, simulation studies to date have shown that AVs will provide several 

benefits in terms of safety, congestion reduction, travel across, and so on. In this study, the analysis 

used forecasts from past simulation studies and some assumptions to quantify the user benefits of 

AV operations. Compared with forecasts from past simulation studies, the assumptions regarding 

the benefit estimates used in this analysis, were relatively conservative. There is an opportunity to 

revisit the assumptions in the future era of AV deployment using the actual values of observed 

benefits (savings in crash cost, travel time, and fuel consumption). Nevertheless, this study 

presents a framework that can help IOOs account for AV market penetration uncertainty into their 

AV- infrastructure decision-making. This framework can, be used to analyze possible scenarios of 

AV infrastructure investments.  

Table 7.4 Valuation of the option “defer”, 

using the MCS approach 
 

Time step increment 

  
0 

 
1 

 
2 

 
3 

 
4 

 
5 

 
6 

 
7 

 
8 

 
9 

 
10 

Value of the 

proposed 

investment 

Expanded 

NPV 

Trials              

1 233 303.31 249.77 242.34 313.49 345.66 277.16 299.70 371.00 203.17 173.14 98.14 84.66 

2 233 179.99 176.24 187.24 224.73 230.88 179.10 165.09 189.50 117.43 108.16 33.16 28.60 

3 233 253.20 264.24 225.22 213.43 229.34 265.04 252.76 274.20 340.60 358.09 283.09 244.20 

4 233 278.69 289.89 297.73 352.98 324.65 401.21 311.91 311.62 434.49 533.44 458.44 395.46 

5 233 272.25 303.28 289.60 220.12 292.12 350.35 223.46 218.51 172.78 192.25 117.25 101.15 

6 233 249.43 165.59 121.00 102.05 96.49 75.11 76.88 90.32 93.02 82.33 7.33 6.33 

7 233 189.48 252.49 203.38 197.96 170.60 128.40 154.73 139.91 118.73 50.51 0.00 0.00 

8 233 150.44 133.92 125.41 120.06 111.96 89.45 72.96 72.83 66.50 73.30 0.00 0.00 

9 233 154.51 175.96 126.62 121.42 124.32 87.88 83.57 62.06 62.19 62.76 0.00 0.00 

10 233 208.17 208.72 175.48 188.25 191.88 176.58 153.79 131.69 147.18 105.41 30.41 26.23 

11 . . . . . . . . . . . . . 

. . . . . . . . . . . . . . 

. . . . . . . . . . . . . . 

4999 233 164.71 141.18 134.63 99.40 68.32 64.82 65.29 61.62 67.43 80.71 5.71 4.93 

5000 233 274.88 318.95 270.29 322.05 296.14 229.27 247.31 236.94 239.24 205.31 130.31 112.41 

All the numerical non-bold values in the table have the units of million U.S. dollars. 

1
6
0
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9.5 Discussion 

This chapter presented an economic evaluation of two scenarios AV-infrastructure investment 

using a 66-mile (a 4-6 lane highway). This highway corridor runs from West Lafayette to 

Indianapolis International Airport. The first scenario was based on low AV market penetration (≤ 

15%,) and the investment is road pavement marking with AV-friendly material to assist the lane 

keeping and lane guidance systems of AVs. This scenario assumed traffic mixing that is, AVs 

share lanes with HDVs. The agency and user cost components were identified and quantified. An 

agency/user cost weight ratio of 1:1, was used. Using the NPV method, it was found that the user 

benefits outweighed the agency’s costs. The second scenario was based on adding a dedicated lane 

for AVs at the freeway corridor by converting the inside/left shoulder into a travel lane. This 

involved conversion of the shoulder into a relatively narrow AV travel lane and remarking the 

pavement. The merging movements (ingress and egress in the case of the dedicated lane) of AVs 

were suggested to be facilitated through the deployment of metering and VSL systems on the main 

corridor ahead of the on- and off-ramps. This scenario was evaluated economically using the NPV 

and ROA approaches.  

The scenario involving a dedicated lane provision was found to be beneficial using both 

approaches. The ROA approach additionally determined the time (years) by which the agency 

could delay the implementation of this investment, based on the nature of uncertainty associated 

with AV market penetration.  This was able to account for the monetary value of the flexibility 

associated with the addition of a dedicated AV lane. ROA was implemented using a BL approach 

and Monte Carlo simulation. Using the BL method, the value of the option could be tracked 

throughout the analysis period with low computational effort. By determining the value of the call 

option at each node, the BL method helped compare the proposed investment’s values before and 

after the option was exercised.  

The conventional NPV approach helped address the decision-making at the start of the 

proposed project but is unable to account for the uncertainty associated with the AV market 

penetration. Finally, for the user benefits, the first scenario considered the crash and travel time 

cost savings, whereas the second scenario considered the crash, travel, and fuel cost savings.  

Future research could consider a broad range of agency, user, and non-user impacts and revisit the 

problem formulation using multi-criteria analysis. For the agency cost/benefit component, one 

such impact could be revenue generation from tolling the dedicated lane (perhaps only during 

certain times of the day and for certain types of AVs, for example, self-owned AVs and not shared 

AV services to incentivize and encourage the shared use of AVs). To determine the user and non-

user impacts, future research could consider other evaluation criteria including emissions, 

cybersecurity, and other social and environmental impacts. 
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CHAPTER 10. A FRAMEWORK FOR NETWORK-LEVEL AV-

RELATED INVESTMENT PLANNING CONSIDERING 

HOLISTIC EFFECTS 
 

10.1 Introduction 

Parking infrastructure plays a vital role in today’s urban transportation networks. To address the 

parking needs of commuters and travelers in such areas, city road agencies provide on-street and 

off-street parking facilities. However, these consume a rather excessive amount of land space in 

downtown areas. Further, the management and operations of urban parking continue to pose a 

serious issue in several cities. This has been attributed to poor location design of parking facilities 

and inefficiencies in their capacity management. The emerging era of autonomous vehicle (AV) 

operations presents promising benefits not only from road capacity, safety, and emissions 

perspectives, but also from perspective of to urban parking. The capability of autonomous vehicles 

to operate without human input makes it possible for the vehicle occupant to disembark at the trip 

destination and direct the AV to park anywhere, even outside of the city center. Therefore, AVs 

can mitigate the lengthy out-of-vehicle travel time typically expended by commuters on getting 

to/from the parking facility to/from their destination.  

With reduced demand for parking downtown as a result of this nature of AV use, some of 

the parking infrastructure currently at downtown locations will eventually see significantly 

reduced demand and, ultimately, possible decommissioning and repurposing. Then, new parking 

infrastructure will be needed at the city’s outskirts to serve demand primarily driven by the AVs 

in an era of high AV market penetration. Such translocation of current parking facilities to the city 

outskirts could result in the availability of valuable city-center land at the erstwhile parking facility 

locations. This could be repurposed towards alternative uses that include capacity expansion for 

road lanes or rail lines, or for facilities that improve urban quality of life, such as, new recreation 

centers, green areas, commercial areas, and active transportation hubs (Kellett et al., 2019). 

Therefore, the translocation of parking facility infrastructure to outlying areas could be beneficial 

overall as it fosters new urban planning paradigms. 

The ability of commutes to dispatch their AVs (after being dropped at work) to outlying 

parking lots where parking is prospectively cheaper compared to city parking, could lower the 

vehicle operations costs of the AV owner. However, AVs, despite their potential to finally solve 

the vexing problem of urban parking, could engender unintended consequences. In the short term, 

AVs may spend significant time in traffic searching for parking, exacerbating road congestion and 

causing increased travel times for road users, including human-driven vehicles (HDVs). In the 

long term, HDVs that use the parking infrastructure relocated to the city outskirts may experience 

additional travel delays as they will have to travel from their origins to these parking locations or 

from these parking locations to their destinations. Any hastened implementation of such parking 

location shifts could worsen this potentially inequity. Therefore, developing a modeling 

framework that integrates both parking supply and demand, and prescribes optimal locations for 

parking facilities on a city road system can be beneficial for road users and the city road agency. 

Further, the management framework, ideally, should be capable of addressing issues of traveler 

inequity. 
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In the literature, there exists two groups of studies on parking facilities and road networks. 

The first group evaluates parking facility locations and their corresponding impact on traffic 

mobility. Zhang et al. (2019a) proposed a model involving an AV fleet to analyze the route and 

parking preferences of AV travelers simultaneously. Zhang et al. (2020) developed a model that 

integrated traffic and dynamic equilibrium to consider the parking patterns of AVs and to study 

their overall societal impacts. These studies generally found travelers, costs could be reduced when 

AVs are used relative to HDVs but cautioned that the non-occupant cruising of AVs while 

searching for parking could exacerbate traffic congestion. Zhang et al. (2019b) studied a morning-

evening commute problem in a fully automated environment, considering a single work region, 

residential area, and parking location. The authors assumed that AVs travel from their parking 

location to pick up their passengers and drive them home. They focused on commuters’ trip 

departure patterns and studied system optimal design of the network under an optimal tolling 

scheme. In a similar study, Su and Wang (2020) addressed morning commute problems but 

considered AV parking options. The authors assumed that AV chose their parking locations from 

a variety of options, including CBD parking spots that are near the workplace or home and shared 

parking located farther from the workplace locations. They studied the impact of available parking 

pricing on traffic congestion. Other studies presented parking assignment tools to alleviate the 

adverse impact associated with AV cruises and parking searches.  

Zhao et al. (2021) presented a parking dispatching framework to help AVs identify 

available parking locations. The authors framework used macroscopic fundamental diagrams to 

model the flow of mixed traffic on the road network. Zhang et al. (2022) proposed a framework 

for the real-time assignment of parking to vehicles in a mixed-traffic environment (that is, where 

both connected and non-connected vehicles share the roadways). Their model incorporated 

multiple agents and a deep reinforcement method that resolved the issue of partial observations 

regarding parking demand and long-term road network performance. These studies provided 

valuable insights on the parking behavior of prospective AV users. However, they did not address 

the immediate impacts on HDV users’ parking and travel behaviors, the long-term impacts of new 

parking infrastructure translocation and decommissioning of existing parking facilities in 

downtown areas. 

The second group of literature addresses the parking facility location problem. While a 

large number of studies address the well-known facility location problem (FLP) (Zanjirani and 

Hekmatfar, 2009; Melo et al., 2009), only a small number of them focused on the parking facility 

location problem (PFLP). Most of the early PFLP studies did not investigate the effects of new 

parking infrastructure on network congestion and travel equilibrium conditions (Jelokhani-Niaraki 

and Malczewski, 2015; Chiu, 2006; Kazazi Darani et al., 2018). These studies implemented multi-

criteria decision-making frameworks. For example, Jelokhani-Niaraki and Malczewski (2015), 

found the ideal locations for constructing new parking infrastructure by using a holistic multi-

criteria framework. With GIS and considered population density adjacent to potential locations of 

parking infrastructure. This line of groundbreaking research on parking facility location problems 

(PFLPs) introduced practical frameworks that could be deployed by the city road agency. However, 

there exist challenges in determining the "optimal" parking facility locations using these 

frameworks. Furthermore, these studies lack consideration of the response of travelers to new 

parking facility locations. 

There exist yet other group of PFLP studies that did not consider traffic congestion in their 

optimization methods. In one of the early studies in the PFLP literature, the objective was to 

minimize a battery of costs (maintenance, operations, and construction) related to parking facilities 
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through a multi-objective optimization framework (Chiu et al., 2006). Furthermore, in their 

research, (Eskandari and Shahandeh, 2018) considered parking demand coverage as a crucial 

criterion. Du et al. (2019) considered traffic equilibrium conditions and parking search cruising 

and analyzed the PFLP for morning travelers. Their study sought to minimize the overall delay for 

travelers. In the case study, a working area within a few blocks was analyzed to find the optimal 

off-street and on-street parking locations.  

Levin et al. (2020) assessed the influence of road traffic congestion on parking facility 

design in a mixed traffic environment (both AV and HDV travelers). However, by assuming the 

existence of a parking facility for HDV travelers at their destinations, the need for "last-mile" travel 

was not considered. In their case study, all nodes were destinations for HDV travelers, therefore it 

was assumed that there existed parking facilities at every node. Then the extra capacity needed for 

AV travelers at each parking facility was determined. That study did not address the equity of 

HDV users, nor was the possibility of decommissioning existing parking facilities considered. 

The past studies provided valuable and significant insights and useful frameworks 

regarding the problem of urban parking in the AV era. Yet still, there exist a few gaps in the 

literature that could be addressed to shed more light on this problem. First, the planning-horizon 

schedule for constructing the parking facilities and possible decommissioning of existing parking 

infrastructure for more effective land use, could be considered. In an attempt to address such lacuna 

in published literature, the present study addresses the city network parking facility redesign 

problem by presenting a methodology for determining the corresponding optimal capacities and 

locations over a given planning horizon. In other words, this study’s methodology considers not 

only the gradual provision of new parking infrastructure at selected locations on the city's outskirts 

but also the decommissioning of selected existing facilities within the city. This covers the parking 

management aspect of the existing literature on infrastructure management for emerging 

technologies (Seilabi et al., 2022). Moreover, the present study considers social equity among AV 

and HDV travelers by proposing a long-term parking pricing strategy.  

There are two main contributions of this study. First, a bi-level, multi-period framework is 

developed in which the transportation decision-maker seeks to maximize the benefits associated 

with (a) repurposing land occupied by existing parking facilities, and (b) parking fee revenues. 

This is done while minimizing the overall cost of road users’ travel time. Bi-level modeling is a 

popular method in transportation network design literature and is implemented in several studies 

(Chen et al., 2016; He et al., 2018; Chen et al., 2017; Miralinaghi et al., 2020; Madadi et al., 2021; 

Miralinaghi et al., 2022; Saneii et al., 2022; Pourgholamali et al., 2023(a)). Next, this study uses a 

novel optimal, differentiated, location-based parking pricing strategy in a mixed fleet traffic 

environment. In a bid to address equity considerations, the analysis includes a constraint to ensure 

that the equity related ratio of HDV travel cost to AV travel cost (HATCOR) ratio, is kept within 

a pre-specified upper bound in any period of the planning horizon. 

In the remaining sections of this chapter, we first present the study framework and its 

components. Then, the solution algorithm is presented. Next, the results of numerical experiments 

are demonstrated and discussed. Finally, concluding remarks are provided. 

 

10.2 Methodology 

The study uses a bi-level framework to model the proposed parking facility location/relocation/ 

decommissioning and pricing problem (as shown in Figure 10.1). The monetary benefits of parking 

facility decommissioning, as well as its revenues, are maximized at the upper level. The overall or 

total system travel cost of network users is minimized at a lower level. The travelers minimize 
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their costs of travel by choosing parking locations and routes based on the upper-level decisions. 

In the rest of this section, preliminaries of the bi-level framework are presented first, followed by 

a discussion of the models used at each of the two levels of the overall framework. 

 

 
 

Figure 10.1 The structure of the bi-level optimization framework 

 

10.3 Preliminaries 

Let A and N denote the set of links and nodes of a city road network. G=(N,A) represents the city 

road network. In this research, a number of assumptions were made. The road users are either (i) 

daily travelers or commuters that need a parking facility to park their vehicle (sub-class 2, 𝑔⏞ = 1), 

or (ii) daily travelers or commuters that have parking at their trip destination, which could be their 

homes or workplaces, (sub-class 2, 𝑔⏞ = 2), irrespective of their user class (HDV vs. AV). Further, 

this study assumes AVs are not sent back to their travel origins, which often, the AV owners’ 

residence (for parking or day-to-day purposes such as family use). Third, all AVs in the network 

are assumed to be privately-owned and personal, and not owned operated by a ridesharing 

company. In other words, the number of shared AVs is negligible. Fourth, the decision maker (road 

agency) designs different fee levels for parking (the fee is constant within each planning period). 

Lastly, it is assumed that parking capacity, once established through facility construction, will not 

change in the subsequent periods. It is further assumed that users are unable to use an existing 

parking facility for parking purposes after it is decommissioned. That is, in the entire analysis 

horizon, each parking facility can go under construction or be decommissioned only once. Table 

10.1 presents the summary of notations. 
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10.3.1 The Upper-Level Model 

At this level, the objective of the agency (decision-maker) is to minimize the total system travel 

cost, parking revenue, and prospective benefits of existing facilities decommissioning by making 

decisions regarding: (i) decommissioning of existing parking facilities; (ii) the differentiated 

parking fees (AV vs. HDV); and (iii) the capacity and location of new parking facilities. Let ξ1, ξ2, 

ξ3 denote the relative weights of overall systemwide travel time, overall revenue from parking fees, 

and the monetary benefits associated with decommissioning current parking infrastructure, 

respectively.  

In practice, the road agency or decision-maker uses weights that are consistent with the 

agency’s mission, strategic plan, or priorities. Sinha et al. (2009) presented different weighting 

methods for transportation facility management, which require questionnaire surveys to collate the 

preferences of different stakeholders, including the road agency and road users. A few examples 

of these methods are: the direct weighting method (i.e., the direct assignment of numerical values 

to each stakeholder's goals) and the observer-derived weights method (i.e., using regression 

analysis to understand the different stakeholders’ subjective evaluation). In this study, our model 

formulation suggests that, in general, for agencies that assign a higher weight to their benefits, 

parking fee revenue, or prospective benefits of existing parking facilities decommissioning, the 

optimal decisions are often associated with decommissioning the existing parking facilities in 

downtown areas and maximizing the parking fees for the new parking facilities. This might lead 

to the high overall costs of travel incurred by the travelers. On the contrary, for agencies that assign 

a higher weight to the users’ benefit (travel cost reduction), the optimal decision will be generally 

associated with the construction of more parking facilities at the candidate locations, as this 

facilitates users’ access to parking and reduces their parking fees. However, this reduces the 

agency’s benefits. Therefore, there seems to exist an implicit trade-off between the benefits of 

travelers (road users) benefits and that of agency.  
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𝑡+1 − 𝑄𝑘

𝑡 ≤ 𝜍 ∙ (𝛿𝑘
𝑡+1 − 𝛿𝑘

𝑡) ∀𝑘 ∈ 𝐾                                                        10.10 

𝛿𝑘′
1 = 1 ∀𝑘′ ∈ 𝐾′, ∀𝑡 ∈ 𝑇                                          10.11 

𝛿𝑘
𝑡+1 ≤ 𝛿𝑘

𝑡  ∀𝑘 ∈ 𝐾′                                                       10.12 
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𝑄𝑘′
𝑡 = �̅�𝑘

′
𝛿𝑘′
𝑡  ∀𝑘 ∈ 𝐾′                                                       10.13    

∑ 𝛾𝑘
𝑡   𝑄𝑘

𝑡

𝑘∈𝐾∪𝐾′

≥ ∑ ∑ 𝑞𝑟,𝑠,𝑚
𝑡,2

(𝑟,𝑠)∈𝑊𝑚∈𝑀

 ∀𝑡 ∈ 𝑇                                                          10.14    

𝛿𝑘
𝑡 ≤ 𝐻𝑘,𝑚

𝑡 ≤ 𝜚𝛿𝑘
𝑡  ∀𝑚 ∈ 𝑀, ∀𝑘 ∈ 𝐾, ∀𝑡 ∈ 𝑇                            10.15 

𝑥 ∈ 𝑥𝑈𝐸 , 𝑦 ∈ 𝑦𝑈𝐸 , 𝑣 ∈ 𝑣𝑈𝐸 , 𝑢 ∈ 𝑢𝑈𝐸                                                                      10.16 

𝛿𝑘
𝑡  ∈  {0,1},  𝑄𝑘

𝑡 ∈ {0,1, … , 𝜍}, 𝐻𝑘,𝑚
𝑡 ∈ {0,1, … , 𝜚} ∀𝑘 ∈ 𝐾, ∀𝑡 ∈ 𝑇, ∀𝑚 ∈ 𝑀                            10.17 

 

The following mixed-integer nonlinear problem (MINLP) is used to formulate the upper-

level model: the objective function (10.1) has three weighted components. The first (Equation 10.2) 

represents the systemwide travel time incurred by the travelers. This is the sum of the last-mile 

(where applicable) cost and the in-vehicle costs of travelers. The second component (Equation 

10.3) is the parking fee revenue, and the third component (Equation 10.4) is the prospective 

monetary benefits associated with decommissioning and repurposing a number of existing parking 

facilities. Equation 10.5 sets a pre-determined threshold for each OD pair in each period to 

constrain the difference between the travel costs of HDV travelers of sub-class 1 and the travel 

costs of AV travelers to a pre-determined threshold: Equation 10.5 represents this HATCOR equity 

constraint. Similarly, Equation 10.6 keeps the travel cost of HDV sub-class 1 travelers in each 

period from growing considerably compared to their travel cost in the previous period. This is 

represented by Equation 10.6, the HTCOR equity constraint. 

Equations 10.7 – 10.10 reflect the constraints regarding the construction of new parking 

facilities. The budget constraint is reflected by Equation 10.7 for providing new parking 

infrastructure within each planning period t. That is, 𝛿𝑘
𝑡 = 1, and 𝑄𝑘

𝑡 = 𝑄 for ∀𝑡 ≥ 𝑡′ if parking 

facility 𝑘 having capacity 𝑄, is provided within the planning period 𝑡′. Further, in period 𝑡, the 

term 𝑓𝑘
𝑡 ∙ (𝜗(𝑄𝑘

𝑡 , 𝛿𝑘
𝑡) − 𝜗(𝑄𝑘

𝑡−1, 𝛿𝑘
𝑡−1)) in constraint 10.7 will be equal to the cost of providing 

parking facility 𝑘 of level Q, (that is 𝑓𝑘
𝑡 ∙ 𝜗(𝑄, 1)). Equation 10.8 ensures that a parking facility 

built in a given period will be available in subsequent periods. The capacity limits of each parking 

facility are expressed using Equation 10.9 based on the availability of that parking facility in each 

period. Equation 10.10 ensures that the capacity of a parking facility remains unchanged after 

construction.  

Equations 10.11-10.13 are related to the possible decommissioning of existing parking 

facilities. Equation 10.11 describes the availability of parking facilities in the initial period. 

Equation 10.12 specifies the possibility of future unavailability in the next period of a currently 

available parking facility. The equation also states that a decommissioned parking facility cannot 

provide parking service for the rest of the analysis horizon after it is decommissioned. Equation 

10.13 specifies that for a parking facility that is still available in a given period t, its capacity is the 

same as its initial capacity; that is, its capacity is constant.  

Equation 10.14 balances the parking supply and demand of HDV users and does the same 

for AV users. Equation 10.15 guarantees the non-negativity of the parking fee level at each parking 

facility for AV or HDV. This equation also limits the fee level to the maximum fee level, ϱ. 

Equation 10.16 uses the output of the lower level to establish the overall travel cost of each traveler 

(user) class and sub-class, and O-D and link travel times. Finally, Equation 10.17 indicates the 

acceptable domains for each upper-level binary or integer decision variable.  
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10.3.2 The Lower-Level Model 

The users’ travel costs are minimized considering both the available parking facility and the 

selected route at the lower level. The parking and travel behavior of sub-class 1 HDV and AV 

users is presented in Figure 10.2. The HDV user’s travel cost in sub-class 1 includes the last-mile 

time of travel, that is, after parking the vehicle, the walking or shuttle time to the destination, the 

parking fee, and for the return leg of the trip, the walking or shuttle time from the origin to the 

parking facility. For sub-class 2, as the parking spots are available at the destination for this 

subclass, their travel cost includes only the travel time of the HDV users in sub-class 2 from their 

origins to destinations. The travel costs of travelers in AV sub-class 1 consist of operation fees, 

parking fees, and their O-D travel time. The travel cost of AV travelers in sub-class 2, similar to 

HDV travelers, includes only their O-D travel time. Note that no improvement in the travel costs 

can be obtained by unilaterally changing choices under equilibrium conditions. 

Based on the exclusive or mutual behaviors of travelers (which are HDV or AV users), the 

lower-level model can be divided into three parts: Part I examines the mutual behavior of both AV 

and HDV travelers; Part II captures AV’s travel behavior exclusively; and Part III represents HDV 

travelers’ travel behavior exclusively. 

 

 
 

Figure 10.2 Travel and parking behavior modeling of sub-group 1 of AVs and HDV travelers 

 

Lower-level Model Part I: The travel of both AVs and HDVs 

The travel behaviors of AV and HDV travelers are formulated as below: 

𝜎𝑖𝑗
𝑡 (𝑣𝑖,𝑗

𝑡 ) = 𝜎0,𝑖,𝑗
𝑡 (1 + 0.15 (

𝑣𝑖,𝑗
𝑡

𝜒𝑖,𝑗
𝑡 )

4

)  ∀(𝑖, 𝑗) ∈ 𝐴 − 𝐴𝐷 , ∀𝑡                10.18 

∑𝑥
𝑘,𝑑1

𝑠 ,1
𝑠,𝑡

𝑠∈𝑆

+
1

ℵ
∙∑𝑦

𝑘,𝑑2
𝑠 ,1

𝑑2
𝑠 ,𝑡,2

𝑠∈𝑆

≤ 𝑄𝑘
𝑡 ∙ 𝛾𝑘

𝑡  ∀𝑘 ∈ 𝐾, ∀𝑡 ∈ 𝑇                       10.19 

0 ≤ 𝜌𝑘
𝑡 ⊥ (−∑𝑥𝑘,𝑑𝑚𝑠 ,1

𝑠,𝑡

𝑠∈𝑆

−
1

ℵ
∙∑𝑦

𝑘,𝑑2
𝑠 ,1

𝑑2
𝑠 ,𝑡,2

𝑠∈𝑆

+ 𝑄𝑘
𝑡 ∙ 𝛾𝑘

𝑡) ≥ 0 ∀𝑘 ∈ 𝐾, ∀𝑡 ∈ 𝑇                       10.20 
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𝑣𝑖,𝑗
𝑡 =∑∑𝑥

𝑖,𝑗,𝑔⏞
𝑠,𝑡

𝑠∈𝑆𝑔⏞

+∑∑𝑦
𝑖,𝑗,𝑔⏞
𝑠,𝑡,1

𝑠∈𝑆𝑔⏞

+∑𝑦𝑖,𝑗,2
𝑑2
𝑠 ,𝑡,2

𝑠∈𝑆

 ∀(𝑖, 𝑗) ∈ 𝐴, ∀𝑡 ∈ 𝑇                  10.21 

𝛤𝑘
𝑡 =∑𝑥𝑘,𝑑𝑚𝑠 ,1

𝑠,𝑡 ∙ �̅�𝑡𝐻𝑘,𝐻𝐷𝑉
𝑡

𝑠∈𝑆

+∑𝑦
𝑘,𝑑2

𝑠 ,1

𝑑2
𝑠 ,𝑡,2

∙ �̅�𝑡𝐻𝑘,𝐴𝑉
𝑡

𝑠∈𝑆

 ∀𝑘 ∈ 𝐾, ∀𝑡 ∈ 𝑇                       10.22 

The link travel times are captured by the BPR link-performance function in equation 10.18. 

Equation 10.19 limits the number of parked vehicles at a parking facility to the parking capacity, 

in each analysis time step. The smaller parking space requirement of AVs (compared to HDVs) is 

considered by using the parameter ℵ (ℵ>1) in this equation. Note that that 𝑄𝑘
𝑡  is equal to zero in 

the case that parking facility k is not available. The travelers’ extra cost due to the time delay 

experienced when a parking facility is not available for parking or when it is full, is captured by 

the complementarity equation 10.20. For each parking facility in each period, Equations 10.21 and 

10.22 specify the total aggregate flow for each link and total parking revenue, respectively.  

 

Lower-level Model Part II: The travel of AVs 

The AV user may prefer to dispatch their vehicle to a parking facility of their choice after 

disembarking at their destination. Each AV trip consists of two phases (Figure 10.2). During the 

first phase, both sub-classes of AV users incur in-vehicle travel costs, irrespective of their parking 

requirements, as they are physically present in the vehicle. The AVs of the sub-class 1 start another 

trip, which is phase 2 of AV travel (without the passengers), to park at their desired parking 

facilities as soon as their users disembark from their vehicles at the drop-off zones. During this 

phase, the AV user incurs vehicle operations costs associated with their AV’s empty trip after the 

drop-off to the parking location and the parking fee. 

Both sub-classes of AV users seek to minimize their total travel times, and begin and 

complete their trips at the corresponding origins and destinations, respectively, in phase 1. 

However, this is not the case in phase 2. In fact, in the second phase, a parking fee as well as a 

vehicle operation cost (which is proportional to their trip travel time) is incurred by AV users. 

Therefore, a combined route and parking selection process best describes phase 2 of AV travel. To 

capture this selection process in this study, dummy links and nodes are established for the road 

network to represent parking capacities and fees. For each destination s, a dummy node (𝑑2
𝑠) is 

defined to represent the AV destination in the second phase of their trip. Moreover, these dummy 

nodes are connected to each node representing a parking facility using dummy links (𝑘, 𝑑2
𝑠 ). 

Equation 10.23 models the fee for AV parking at that parking facility using these dummy links: 

 

 

𝜎𝑘,𝑑2𝑠
𝑡 = 𝛹𝑡 ∙ 𝐻𝑘,𝐴𝑉

𝑡   ∀𝑘 ∈ 𝐾, ∀𝑠 ∈ 𝑆, ∀𝑡 ∈ 𝑇                                                                 10.23                                                                     

        

The above discussion for the case of 𝐾 parking facilities and one destination is depicted in 

Figure 10.3 (a). AVs require to use one of the dummy links (𝑘 = 1, 𝑑2
𝑠), (𝑘 = 2, 𝑑2

𝑠), …, or (𝑘 =
𝐾, 𝑑2

𝑠) to complete their trips, because they park at one of the facilities 𝑘 = 1,… ,𝐾. Note that each 

of the dummy links can be representative of a path consisting of multiple links. This discussion is 

meant to emphasize that the phase 2 part of the trip starts at the node 𝑠. 
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(a) AV travel -- phase 2 of the trip 

 

 

 

 

 
 

(b) HDV sub-class 1-- last-mile travel 

 

 

Figure 10.3 Network Transformation 
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The combined behavior of travel and parking selection of the AV users is modeled with constraints 

10.24-10.36 

 

0 ≤ 𝑦
𝑖,𝑗,𝑔⏞
𝑠,𝑡,1 ⊥ (𝜎𝑖,𝑗

𝑡 (𝑣𝑖,𝑗
𝑡 ) − 𝜆

𝑖,𝑔⏞
𝑠,𝑡,1 + 𝜆

𝑗,𝑔⏞
𝑠,𝑡,1) ≥ 0 

∀(𝑖, 𝑗) ∈ (𝐴 − 𝐴𝐷), ∀ 𝑔⏞ ∈ 𝐺⏞ , ∀𝑠 ∈

𝑆, ∀𝑡 ∈ 𝑇               

10.24 

0 ≤ 𝑦𝑖,𝑗,1
𝑑2
𝑠 ,𝑡,2

⊥ (𝜎𝑖,𝑗
𝑡 (𝑣𝑖,𝑗

𝑡 ) − 𝜆𝑖,1
𝑑2
𝑠 ,𝑡,2

+ 𝜆𝑗,1
𝑑2
𝑠 ,𝑡,2

) ≥ 0 ∀(𝑖, 𝑗) ∈ (𝐴 − 𝐴𝐷), ∀𝑠 ∈ 𝑆, ∀𝑡 ∈ 𝑇                              10.25 

𝜆
𝑠,𝑔⏞
𝑠,𝑡,1 = 0 ∀𝑔⏞ ∈ 𝐺⏞ , ∀𝑠 ∈ 𝑆, ∀𝑡 ∈ 𝑇                                              10.26        

𝜆
𝑑2
𝑠 ,1

𝑑2
𝑠 ,𝑡,2

= 0 ∀𝑠 ∈ 𝑆, ∀𝑡 ∈ 𝑇                                                              10.27         

0 ≤ 𝑦
𝑘,𝑑2

𝑠 ,1

𝑑2
𝑠 ,𝑡,2

⊥ (𝜃 
1

𝜃
�̅�𝑡𝐻𝑘,𝐴𝑉

𝑡 −𝜆𝑘,1
𝑑2
𝑠 ,𝑡,2

+𝜆
𝑑2
𝑠 ,1

𝑑2
𝑠 ,𝑡,2

+
1

ℵ
∙ 𝜌𝑘

𝑡) ≥ 0 ∀(𝑘, 𝑑2
𝑠) ∈ 𝐴𝐷,∀𝑡 ∈ 𝑇                                                  

10.28        

∑ 𝑦
𝑗,𝑖,𝑔⏞
𝑠,𝑡,1

𝑗:(𝑗,𝑖)∈𝐴

− ∑ 𝑦
𝑖,𝑗,𝑔⏞
𝑠,𝑡,1

𝑗:(𝑖,𝑗)∈𝐴

= �̅�
𝑖,𝑔⏞
𝑠,𝑡

 
∀𝑖 ∈ 𝑁, ∀𝑠 ∈ 𝑆, ∀ 𝑔⏞ ∈ 𝐺⏞ , ∀𝑡 ∈ 𝑇                                  

10.29 

∑ 𝑦𝑗,𝑖,2
𝑑2
𝑠 ,𝑡,2

𝑗:(𝑗,𝑖)∈𝐴

− ∑ 𝑦𝑖,𝑗,2
𝑑2
𝑠 ,𝑡,2

𝑗:(𝑖,𝑗)∈𝐴

= �̿�𝑖
𝑑2
𝑠 ,𝑡

 ∀𝑖 ∈ 𝑁, ∀𝑠 ∈ 𝑆, ∀𝑡 ∈ 𝑇                                                 
10.30 

𝑦𝑖,𝑗
𝑡 =∑∑𝑦

𝑖,𝑗,𝑔⏞
𝑠,𝑡,1

𝑔⏞𝑠∈𝑆

 ∀(𝑖, 𝑗) ∈ (𝐴 − 𝐴𝐷), ∀𝑡 ∈ 𝑇                                           
10.31 

𝑢𝑟,𝑠,𝐴𝑉
𝑡 = 𝜆𝑟,1

𝑠,𝑡,1 + 
1

�̅�
𝜆𝑠,1
𝑑2
𝑠 ,𝑡,2

 ∀𝑟 ∈ 𝑅, ∀𝑠 ∈ 𝑆, ∀𝑡 ∈ 𝑇                                                 10.32 

𝑦
𝑖,𝑗,𝑔⏞
𝑠,𝑡,1 ≥ 0 ∀(𝑖, 𝑗) ∈ 𝐴, ∀𝑔 ∈ 𝐺, ∀𝑠 ∈ 𝑆, ∀𝑡 ∈ 𝑇                             10.33 

𝑦𝑖,𝑗,1
𝑑2
𝑠 ,𝑡,2

≥ 0 ∀(𝑖, 𝑗) ∈ 𝐴, ∀𝑠 ∈ 𝑆, ∀𝑡 ∈ 𝑇                                           10.34 

𝜆𝑖,𝑔
𝑠,𝑡,1 ≥ 0 ∀𝑖 ∈ 𝑁, ∀𝑠 ∈ 𝑆, ∀𝑔 ∈ 𝐺, ∀𝑡 ∈ 𝑇                                  10.35 

𝜆𝑖,1
𝑑2
𝑠 ,𝑡,2

≥ 0 ∀𝑖 ∈ 𝑁, ∀𝑠 ∈ 𝑆, ∀𝑡 ∈ 𝑇                                                 10.36 

Where 

 �̅�
𝑖,𝑔⏞
𝑠,𝑡

 and �̿�𝑖,2
𝑑2
𝑠 ,𝑡

 in equations 10.29 and 10.30 are represented by equations 10.37 and 10.38 as 

follows: 

�̅�
𝑖,𝑔⏞
𝑠,𝑡 =

{
 
 

 
 −𝑞𝑖,𝑠,𝐴𝑉

𝑡,𝑔⏞
, if 𝑖 ∈ 𝑅

0, if 𝑖 ∉ 𝑅, and 𝑖 ≠ 𝑠

∑𝑞𝑟,𝑠,𝐴𝑉
𝑡,𝑔⏞

𝑟∈𝑅

, if 𝑖 = 𝑠
 

∀𝑖 ∈ 𝑁, ∀𝑠 ∈ 𝑆, ∀𝑡 ∈ 𝑇, ∀𝑔⏞ ∈ 𝐺⏞                                                                                        

10.37                                                       

�̿�𝑖,2
𝑑2
𝑠 ,𝑡
=

{
 
 

 
 −∑𝑞𝑟,𝑠,𝐴𝑉

𝑡,1

𝑟∈𝑅

, if 𝑖 = 𝑠

0, if 𝑖 ≠ 𝑠  and 𝑖 ≠ 𝑑2
𝑠

∑𝑞𝑟,𝑠,𝐴𝑉
𝑡,1

𝑟∈𝑅

, if 𝑖 = 𝑑2
𝑠

 

∀𝑖 ∈ 𝑁, ∀𝑠 ∈ 𝑆, ∀𝑡 ∈ 𝑇                                              10.38 
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The complementarity equation 10.24 represents the link- and destination-based conditions 

of user equilibrium for phase 1 of the trip. This constraint specifies that if link (i,j) in period t is 

used by sub-class 𝑔⏞ of AV travelers that have destination s, then the shortest-path route for that 

destination includes that link. Equation 10.25 exclusively describes the same constraint for the 

second phase of trips of sub-class 1 AV travelers. For both AV user sub-classes in the first phase, 

the fact that each destination node s has zero travel time to itself is reflected in equation 10.26. 

Similarly, equation 10.27 indicates that sub-class 1 of AV travelers in phase 2 experience zero 

travel time in traveling from the dummy node, 𝑑2
𝑠 , to itself. While constraint 10.28 is almost 

identical to constraints 10.24 and 10.25, it only includes the dummy links in sub-class 1 AVs’ 

second phase of their trip. Note that these constraints reflect the AV travel costs in phase 2. The 

flow conservation of AV travel in phase 1 is considered by constraints 10.29 and 10.37 for both 

sub-classes. For AV traveler sub-class 1, phase 2 of travel is represented by constraints 10.30 and 

10.38. Next, the total flow of AV users at each network link is computed by aggregating the traffic 

flow of AV users in phase 1 over each user sub-class and destination, which is represented via 

constraint 10.31. 

It may be noted that 𝑦𝑖,𝑗
𝑡  just reflects the AV users in phase 1 of their travels using link (i,j) 

AV users sub-class 1’s travel cost in period t for the OD pair (r,s) is represented by constraint 

10.32. Finally, constraints 10.33-10.36 ensure that the travel costs are non-negative. 

 

Lower-level Model Part III: The travel of HDVs 

HDV users (travelers) can be further divided into two sub-classes depending on their parking 

requirements. Each sub-class seeks to minimize their in-vehicle travel costs. In addition, sub-class 

1 users incur the last-mile travel cost and a parking fee. Similar to Part 2 for AV travel, the last 

part of the trip of the HDV travelers is considered by implementing dummy links and nodes on the 

network. A dummy node (𝑑1
𝑠) for each destination s is defined to capture the last part of these HDV 

trips. Then, each of these dummy nodes is connected to the parking facility nodes by dummy links. 

This concept is illustrated in Figure 10.3(b) for 1 destination and K parking facilities by 

incorporating K dummy links and a dummy node. One of the dummy links (𝑘 = 1, 𝑑1
𝑠), or (𝑘 =

𝐾, 𝑑1
𝑠) is used for parking purposes by HDV users’ sub-class 1 having a given destination s. The 

parameter 𝑔  represents the disutility of walking compared to driving. This disutility is a function 

of the attributes of the traveler and the travel environment (weather, etc.) and illustrates that a 𝑔 -
minute walk (associated with the last-mile leg of their trip) tends to have a similar level of disutility 

as a 1-minute drive. The cost value of last-mile travel time can be converted to 𝜃1
𝑡 ∙ 𝑔 ∙ 𝑔𝑘

𝑠,𝑡
. This 

converted cost, and the parking facility 𝑘 fee (i.e., �̅�𝑡 ∙ 𝐻𝑘,1
𝑡 ) are expressed as the link travel cost 

(𝑘, 𝑑1
𝑠) in period 𝑡. It can be noted that the converted cost value of last-mile travel time accounts 

for the last-mile ravel discomfort relative to driving (𝑔 ) and the value of time for HDV travelers 

in the planning period 𝑡 (𝜃1
𝑡). Therefore, it can be expressed as follows: 

 

𝜎𝑘,𝑑1𝑠
𝑡 = �̅�𝑡 ∙ 𝐻𝑘,𝐻𝐷𝑉

𝑡 + 𝜃1
𝑡 ∙ 𝑔 ∙ 𝑔𝑘

𝑠,𝑡
  ∀𝑘 ∈ 𝐾, ∀𝑠 ∈ 𝑆, ∀𝑡 ∈ 𝑇                               10.39            

On this basis, the HDV travel equilibrium conditions can be modeled as follows: 

0 ≤ 𝑥
𝑖,𝑗,𝑔⏞
𝑠,𝑡 ⊥ (𝜎𝑖,𝑗

𝑡 (𝑣𝑖,𝑗
𝑡 )−𝜋

𝑖,𝑔⏞
𝑠,𝑡 + 𝜋

𝑗,𝑔⏞
𝑠,𝑡) ≥ 0 ∀(𝑖, 𝑗) ∈ (𝐴 − 𝐴𝐷), ∀ 𝑔⏞ ∈ 𝐺⏞ , ∀𝑠 ∈ 𝑆, ∀𝑡 ∈ 𝑇 10.40  

𝜋𝑠,2
𝑠,𝑡 = 0 ∀𝑠 ∈ 𝑆, ∀𝑡 ∈ 𝑇 10.41  
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𝜋𝑑1𝑠 ,1
𝑠,𝑡 = 0 ∀𝑠 ∈ 𝑆, ∀𝑡 ∈ 𝑇 10.42  

0 ≤ 𝑥𝑘,𝑑1𝑠 ,1
𝑠,𝑡 ⊥ (

1

𝜃1
𝑡 �̅�

𝑡𝐻𝑘,𝐻𝐷𝑉
𝑡 + 𝑔 ∙ 𝑔𝑘

𝑠,𝑡−𝜋𝑘,1
𝑠,𝑡+𝜋𝑑1𝑠 ,1

𝑠,𝑡 + 𝜌𝑘
𝑡) ≥ 0 ∀(𝑘, 𝑑1

𝑠) ∈ 𝐴𝐷,∀𝑡 ∈ 𝑇 10.43  

∑ 𝑥
𝑗,𝑖,𝑔⏞
𝑠,𝑡

𝑗:(𝑗,𝑖)∈𝐴

− ∑ 𝑥
𝑖,𝑗,𝑔⏞
𝑠,𝑡

𝑗:(𝑖,𝑗)∈𝐴

= 𝑏
𝑖,𝑔⏞
𝑠,𝑡

 ∀𝑖 ∈ 𝑁, ∀𝑠 ∈ 𝑆, ∀𝑡 ∈ 𝑇 10.44  

𝑥𝑖,𝑗
𝑡 =∑∑𝑥

𝑖,𝑗,𝑔⏞
𝑠,𝑡

𝑔⏞𝑠∈𝑆

 ∀(𝑖, 𝑗) ∈ (𝐴 − 𝐴𝐷), ∀𝑡 ∈ 𝑇 10.45  

𝑢𝑟,𝑠,1
𝑡 = 𝜋𝑟,1

𝑠,𝑡
 ∀𝑟 ∈ 𝑅, ∀𝑠 ∈ 𝑆, ∀𝑡 ∈ 𝑇 10.46  

𝑥
𝑖,𝑗,𝑔⏞
𝑠,𝑡 ≥ 0 ∀(𝑖, 𝑗) ∈ 𝐴, , ∀ 𝑔⏞ ∈ 𝐺⏞ , ∀𝑠 ∈ 𝑆, ∀𝑡 ∈ 𝑇 10.47  

𝜋
𝑖,𝑔⏞
𝑠,𝑡 ≥ 0 ∀𝑖 ∈ 𝑁, ∀𝑔⏞ ∈ 𝐺⏞ , ∀𝑠 ∈ 𝑆, ∀𝑡 ∈ 𝑇 10.48  

𝑏
𝑖,𝑔⏞
𝑠,𝑡 =

{
  
 

  
 −𝑞𝑖,𝑠,𝐻𝐷𝑉

𝑡,𝑔⏞
, if 𝑖 ∈ 𝑅 

0, if 𝑖 ∉ 𝑅, 𝑖 ≠ 𝑑1
𝑠 for 𝑔⏞ = 1, and 

if 𝑖 ∉ 𝑅, 𝑖 ≠ 𝑠 for 𝑔⏞ = 2

∑ 𝑞𝑟,𝑠,𝐻𝐷𝑉
𝑡,𝑔⏞

𝑟∈𝑅 , if 𝑖 = 𝑑1
𝑠 for 𝑔⏞ = 1, and

 if 𝑖 = 𝑠 for 𝑔⏞ = 2

  ∀𝑖 ∈ 𝑁, ∀𝑠 ∈ 𝑆, ∀𝑡 ∈ 𝑇, ∀𝑔⏞ ∈ 𝐺⏞ 10.49    

 

Similar to the model formulation for AV users (see Part 2), the UE conditions for HDV 

travelers are captured using Equations 10.40-10.43. In particular, Equation 10.40 ensures the 

shortest path route for destination s includes link (i,j) in case this link is used by HDV travelers in 

period t with specific destination s. Moreover, for HDV users’ sub-class 1, the destination node s 

is represented via the dummy node 𝑑1
𝑠. Thus, equations 10.41 and 10.42 keep the travel time from 

destination 𝑠 or dummy node 𝑑1
𝑠 to destination s, respectively, at zero. Similar to equation 10.40, 

the extra cost experienced by users when a chosen parking facility is full or not available, is 

described using equation 10.43. 

 The flow conservation constraints are represented in Equations 10.44, 10.47, and 10.49. 

They ensure that traffic flow into origin node 𝑖 (𝑖 ∈ 𝑅) is equal to sum of HDV travel demand (of 

sub-class 𝑔⏞ of O-D (𝑟, 𝑠)) in period 𝑡 and that node’s outflow. Regarding dummy node 𝑑1
𝑠  for 

destination s in period t, the outflow is equal to sum of the total travel demand of HDV users sub-

class 1 traveling to that destination in that period and its inflow (note that HDV travelers of sub-

class 1 complete their trips at dummy nodes (𝑑1
𝑠)).  

In a similar fashion, HDV users’ sub-class 2 complete their trips at destination node s. Next, 

for each of the other nodes, the outflow and inflow must be equal. To obtain the total flow of HDV 

users in each link, the flow of HDV users for each user sub-class and each destination is aggregated 

using Equation 10.45. Equation 10.46 ensures that the HDV users sub-class 1’s travel cost for OD 

pair (r,s) in period t is equal to their travel cost from node r to destination s in that period. Finally, 

equations 10.47-10.48 ensure decision variables remain non-negative. 

 

Lower-level: Reformulation 

The nature of presented mathematical program makes its solution rather challenging, particularly 

due to its several complementarity constraints. To overcome this challenge, we use 1st-order 

optimality conditions to reformulate the model. In the Appendix of this chapter (Section 10.8), it 

is shown that both the original model and its reformulation yield the same solution. The equation 
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below presents the reformulated model for the lower level. The reformulated model is a non-linear 

convex minimization problem. 

Min 𝑍𝐿 = ∑ ∑ ∫ 𝜎𝑖,𝑗
𝑡 (𝜔)𝑑𝜔

𝑣𝑖,𝑗
𝑡

0
(𝑖,𝑗)∈𝐴𝑡∈𝑇  

 
10.50          

 

Subject to 10.18, 10.19, 10.21, 10.22, 10.26-10.27, 10.29-10.38, 10.39, 10.41-10.42, 10.44-10.49 

where the objective function 10.50 represents a minimization form of the traffic assignment 

function. Further, the presented reformulation is solved sequentially for each planning period. This 

sequential approach relieves the computational challenges considerably. The presented bi-level 

optimization problem is a nonlinear program with mixed integers at the upper level and the user 

equilibrium at the lower level and is NP-hard (non-deterministic polynomial-time hard). Generally, 

any bi-level program, even with linear programs in the upper and lower levels, is NP-hard (Ayed 

(1990)). The following section presents the solution algorithm implemented to develop a solution 

to the bi-level program in this study.   

 

10.4 Solution Algorithm 

A hybrid method consisting of machine learning (with linear regression) and the Frank-Wolfe 

method (Algorithm 1) is used to solve the bi-level framework iteratively (Bagloee et al., 2018; 

Patriksson, 1994). 

 

 

Algorithm 1 Implemented Frank-Wolfe algorithm 

Initiate feasible values for 𝑥
𝑖,𝑗,𝑔⏞
𝑠,𝑡 , 𝑦

𝑖,𝑗,𝑔⏞
𝑠,𝑡,1, 𝑦𝑖,𝑗,2

𝑑2
𝑠 ,𝑡,2

, 𝜖 ← +∞ 

𝑣𝑖,𝑗
𝑡 ← ∑ ∑ 𝑥

𝑖,𝑗,𝑔⏞
𝑠,𝑡

𝑠∈𝑆𝑔⏞ + ∑ ∑ 𝑦
𝑖,𝑗,𝑔⏞
𝑠,𝑡,1

𝑠∈𝑆𝑔⏞ + ∑ 𝑦𝑖,𝑗,2
𝑑2
𝑠 ,𝑡,2

𝑠∈𝑆   

𝑧1 ← ∑ ∑ ∫ 𝜎𝑖,𝑗
𝑡 (𝜔)𝑑𝜔

𝑣𝑖,𝑗
𝑡

0
(𝑖,𝑗)∈𝐴𝑡∈𝑇   

While 𝜖 > 𝜖𝑚𝑎𝑥 do: 

Update travelers’ travel costs (𝜎𝑖,𝑗
𝑡 ) through equations 10.18, 10.32, and 10.39 

Solve 10.50 by keeping the 𝜎𝑖,𝑗
𝑡  constant. 

Update 𝑥
𝑖,𝑗,𝑔⏞
𝑠,𝑡 , 𝑦

𝑖,𝑗,𝑔⏞
𝑠,𝑡,1, 𝑦𝑖,𝑗,2

𝑑2
𝑠 ,𝑡,2

 according to the solutions of 10.50 

𝑣𝑖,𝑗
𝑡 ← ∑ ∑ 𝑥

𝑖,𝑗,𝑔⏞
𝑠,𝑡

𝑠∈𝑆𝑔⏞ + ∑ ∑ 𝑦
𝑖,𝑗,𝑔⏞
𝑠,𝑡,1

𝑠∈𝑆𝑔⏞ + ∑ 𝑦𝑖,𝑗,2
𝑑2
𝑠 ,𝑡,2

𝑠∈𝑆   

𝑧2 ← ∑ ∑ ∫ 𝜎𝑖,𝑗
𝑡 (𝜔)𝑑𝜔

𝑣𝑖,𝑗
𝑡

0
(𝑖,𝑗)∈𝐴𝑡∈𝑇 , 𝜖 ←

|𝑧1−𝑧2|

𝑧1
, 𝑧1 ← 𝑧2  

End  

Return 𝑥
𝑖,𝑗,𝑔⏞
𝑠,𝑡 , 𝑦

𝑖,𝑗,𝑔⏞
𝑠,𝑡,1, 𝑦𝑖,𝑗,2

𝑑2
𝑠 ,𝑡,2

 

 

The motivation for using this solution algorithm is that it solves a modified form of the 

upper-level model rather than its original version. In this regard, the solution algorithm uses 

adaptive multi-variate regression (𝑍
𝑈

) that approximates the original version of the objective 

function of the upper-level model, 𝑍𝑈. The adaptive multi-variate regression function is updated 

based on the observation newly gathered from the original upper-level objective function (ZU) of 

the previous iteration. Each observation is a vector in the form of (X, Y), where the X component 

represents the corresponding values to the decision variables at the upper level that serve as inputs 

to the problem.  
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The Y components represent the values of the objective function at the upper level, 

corresponding to decision variables values (X components). In other words, the original upper-

level model, given inputs (X), solves the model at the lower level to calculate the values of the 

objective function and outputs Y. Further, the constraints presented in the original model at the 

upper level are kept, ensuring the feasibility of the solutions. Therefore, as the solution algorithm 

identifies additional observations, the modified upper-level model (𝑍
𝑈

) is enhanced further. The 

modified model at the upper level (MUL) can be rewritten as: 
 

Min 𝑍
𝑈
=∑ ∑ ∑ �̈�𝑘,𝑚

𝑡 ∙ 𝐻𝑘,𝑚
𝑡

𝑚∈𝑀𝑘∈𝐾∪𝐾′𝑡∈𝑇

+∑ ∑ �̇�𝑘
𝑡 ∙ 𝑄𝑘

𝑡

𝑘∈𝐾∪𝐾′𝑡∈𝑇

+ 𝑏0 
10.51      

𝑄𝑘
𝑡 =∑ς̅ × �̇�𝑘,ς̅

𝑡

ς

ς̅=1

 ∀𝑘 ∈ (𝐾 ∪ 𝐾′), ∀𝑡 ∈ 𝑇 10.52      

∑�̇�𝑘,ς̅
𝑡

ς

ς̅=0

= 1 ∀𝑘 ∈ (𝐾 ∪ 𝐾′), ∀𝑡 ∈ 𝑇 10.53    

𝐻𝑘,𝑚
𝑡 =∑ϱ̅ × �̇�𝑘,𝑚,ϱ̅

𝑡

ϱ

ϱ̅=1

 
∀𝑘 ∈ (𝐾 ∪ 𝐾′), 

∀𝑚 ∈ 𝑀, ∀𝑡 ∈ 𝑇 
10.54   

∑�̇�𝑘,𝑚,ϱ̅
𝑡

ϱ

ϱ̅=0

= 1 
∀𝑘 ∈ (𝐾 ∪ 𝐾′), 

∀𝑚 ∈ 𝑀, ∀𝑡 ∈ 𝑇 
10.55   

∑ �̇�𝑘,ς̅
𝑡

�̇�𝑘,ς̅
𝑡  ∈ 𝑌1𝑖𝑡𝑒𝑟

− ∑ �̇�𝑘,ς̅
𝑡

�̇�𝑘,ς̅
𝑡  ∈ 𝑌0𝑖𝑡𝑒𝑟

+ ∑ �̇�𝑘,𝑚,ϱ̅
𝑡

�̇�𝑘,𝑚,ϱ̅
𝑡  ∈ 𝑌⏞1𝑖𝑡𝑒𝑟

− ∑ �̇�𝑘,𝑚,ϱ̅
𝑡

�̇�𝑘,𝑚,ϱ̅
𝑡  ∈ 𝑌⏞0𝑖𝑡𝑒𝑟

≤ |𝑌1𝑖𝑡𝑒𝑟| − 1, ∀ 𝑖𝑡𝑒𝑟 
10.56    

�̇�𝑘,ς̅
𝑡 ∈ {0,1} 

∀ς̅ ∈ {0,1, … , ς}, 

∀𝑘 ∈ (𝐾 ∪ 𝐾′), ∀𝑡 ∈ 𝑇 
10.57    

�̇�𝑘,𝑚,ϱ̅
𝑡 ∈ {0,1} 

∀ϱ̅ ∈ {0,1, … , ϱ}, 

∀𝑘 ∈ (𝐾 ∪ 𝐾′), 

∀𝑚 ∈ 𝑀, ∀𝑡 ∈ 𝑇 

10.58   

Where �̈�𝑘,𝑚
𝑡 , �̇�𝑘

𝑡 , and 𝑏0  represent the user class-specific parking price, parking capacity 

coefficients, and intercept coefficients. In addition, 𝑌1𝑖𝑡𝑒𝑟 = {�̇�𝑘,ς̅
𝑡 |�̇�𝑘,ς̅

𝑡,𝑖𝑡𝑒𝑟 = 1}, 

𝑌0𝑖𝑡𝑒𝑟 = {�̇�𝑘,ς̅
𝑡 |�̇�𝑘,ς̅

𝑡,𝑖𝑡𝑒𝑟 = 0}, 𝑌⏞1𝑖𝑡𝑒𝑟 = {�̇�𝑘,𝑚,ϱ̅
𝑡 |�̇�𝑘,𝑚,ϱ̅

𝑡,𝑖𝑡𝑒𝑟 = 1}, and 𝑌⏞0𝑖𝑡𝑒𝑟 = {�̇�𝑘,𝑚,ϱ̅
𝑡 |�̇�𝑘,𝑚,ϱ̅

𝑡,𝑖𝑡𝑒𝑟 = 0}.  

Equation 10.51 represents the minimization multi-variate regression function, which has 

an objective function 𝑍
𝑈

. In the developed approximation function, a modified form of the 

decision variables is used. In this regard, decision variables 𝑄𝑘
𝑡  and 𝐻𝑘,𝑚

𝑡  are converted to binary 

variables �̇�𝑘,ς̅
𝑡  (ς̅ = 0,1, … , ς) and �̇�𝑘,𝑚,ϱ̅

𝑡  (ϱ̅ = 0,1, … , ϱ ), respectively. Equations 10.52 and 10.53 

conduct the conversion of 𝑄𝑘
𝑡  (as integer variables) to binary variables (�̇�𝑘,ς̅

𝑡 ). More specifically, if 

�̇�𝑘,ς1̅̅ ̅
𝑡 = 1, 𝑄𝑘

𝑡  will be equal to ς1̅. 

Besides, �̇�𝑘,ς1̅̅ ̅
𝑡 = 0 for ∀ϱ̅ ≠ ς1̅. Similarly, equations (54) and (55) convert (𝐻𝑘,𝑚

𝑡 ) to binary 

variables (�̇�𝑘,𝑚,ϱ̅
𝑡 ). To prevent the development of repetitive solutions, we include equation 10.56 
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based on the converted forms of the decision variable. Last, equations 10.57 and 10.58 ensure that 

�̇�𝑘,ς̅
𝑡  and �̇�𝑘,𝑚,ϱ̅

𝑡  are binary. 

One of the main constraints included in the upper-level model is the equity constraint 

equation 10.5-10.6. In the reformulated form of the upper-level model, this constraint is not 

considered explicitly. To capture this constraint in the reformulated form of upper-level, the 

violation of the equity constraint by each resulting solution is evaluated. The violation level of the 

equity constraint is added to the corresponding objective function value of the resulting solution 

after scaling up by a large �̅�  value (�̅� ∙ ∑ ∑ max (0,(𝑟,𝑠)𝑡 𝑢𝑟,𝑠,1
𝑡 − 𝜑𝑡 ∙ 𝑢𝑟,𝑠,2

𝑡 ) ).  This way, a 

violating solution does not get considered as a potential feasible solution to the bi-level problem. 

Figure 10.4 represents the solution algorithm flowchart. In the first step, the iteration 

counter and the maximum number of iterations are set. Next, a feasible solution is generated and 

then evaluated on the basis of the objective function at the upper level and the penalty for an equity 

constraint violation. In the next step, a multi-variate regression function is calibrated if there are 

enough observations (feasible solutions and their corresponding objective function values). If not, 

a set of random coefficients (�̈�𝑘,𝑚
𝑡 , �̇�𝑘

𝑡 , and 𝑏0) are generated to produce a regression function.  
 

 
 

Figure 10.4 Solution algorithm 
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The a set of random coefficients (�̈�𝑘,𝑚
𝑡 , �̇�𝑘

𝑡 , and 𝑏0) are generated to produce a regression 

function. This serves as the feasible observations (i.e., decision variables and their corresponding 

objective values) generator stage to provide a sufficient number of observations to calibrate the 

multi-variate regression function. This process is done only in the initial iterations. After 

generating enough observations, an updated regression function is calibrated and then solved to 

generate a new solution. This iterative process keeps going until the difference between the 

modified upper-level objective value (𝑍𝑖𝑡𝑒𝑟
𝑈

) in two iterations is less than 1% or the algorithm 

reaches the maximum number of iterations. 

 

10.5 Numerical Experiment 

10.5.1 Problem Setting 

The Sioux-Falls city network of (Figure 10.5) with 76 links and 24 nodes (Leblanc et al. (1975)), 

is used as the case study road network for demonstrating the proposed bi-level framework. GAMS 

and MATLAB 2018 are used as the coding platforms for implementing the solution algorithm. 

More specifically, two main solvers, CONOPT 4 and CPLEX, are used to solve the problems in 

GAMS. The planning horizon is assumed to comprise 6 planning periods, each with a duration of 

5 years. Also, the planning horizon has two planning phases: construction and evaluation. The 

construction phase is periods 1-4 where the road agency conducts the planning of parking facilities.  

 

 
 

Figure 10.5 locations of available and potential parking facilities on Sioux-Falls network 
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Next, the evaluation phase refers to periods 5-6, in which there is no change in the parking 

facility configuration and the city road agency evaluates the implemented changes during the 

periods 1-4. In the test-bed network (Sioux-Falls), there exist 4 parking facilities (#1 to 4). These 

parking facilities have the same operation capacity of level 3. Parking facilities #1-3 are located in 

the CBD area, while parking facility #4 is outside the CBD area. Figure 10.5 presents the 

approximate locations of the available parking facilities. The locations of the available parking 

facilities approximately represent their corresponding locations on the real network. Besides, the 

city road agency has 6 potential locations for constructing new parking facilities (# 5-10). 

At the construction phase, the road agency considers three levels of operational capacities 

for the new facilities (ς=3). The cost of construction and the capacity of a level 1 parking facility 

in the first period are $20 million and 1,000 vehicles, respectively (Rowland (2019)). Also, a level 

2 parking facility has a $30 million construction cost and a 2,000-vehicle capacity in the first period. 

Parking facility level 3 has a $40 million construction cost and a capacity of 3,000 vehicles. 

Moreover, it is shown in the literature that the required parking space for AVs is 65% less than 

that of HDVs (Nourinejad et al. (2018)). Therefore, this study assumes the required space for AVs 

drops by (ℵ=3), relative to the required space for HDVs. Each parking facility is capable of 

operating at different fee levels. Also, the parking fees are assumed to increase with each planning 

period. In this regard, this study assumes three levels of parking fees that increase by $1 per period. 

The possible parking fees at the first planning period are assumed as $10, $20, and $30. 

As discussed in the Methodology section, two classes of travelers exist in the network: 

travelers of subclass (𝑔⏞ = 1) who do not have access to any parking spots at their destinations, 

which are inside the CBD area, and travelers of subclass (𝑔⏞ = 2) who have available parking spots 

at their destinations, which are outside of CBD. In this study, it is assumed that 80% of travelers 

belong to the sub-class (𝑔⏞ = 1) and the rest of the travelers, 20% of total travelers, belong to the 

sub-class (𝑔⏞ = 2). The travel demand assumed for this study inherits the same pattern as that 

reported in Leblanc et al. (1975). However, it is scaled up by a factor 2 as the travel demand has 

grown during the last almost 50 years. The scaled-up travel demand is considered for the first 

planning period. This travel demand growths by 5% every period.  

It is assumed that the values of time for AV and HDV travelers are different. More 

specifically, a lower value of time is assumed for AV travelers. This is due to the fact that AV 

users can use their in-vehicle time to do some other activities (e.g., working, reading, etc.) as they 

do not need to drive any more during the trips (van den Berg & Verhoef, 2016; Tian et al., 2019; 

Correia et al., 2019; Zhong et al., 2020). In the first planning period, AV and HDV travelers’ values 

of time are $10 and $20, respectively. The value of time increases by $1 per period. A 5% discount 

rate is also applied to the captured monetary costs and benefits of the presented bi-level framework. 

Last, it is assumed that walking is three times more uncomfortable compared to driving (𝑔 = 3), 

for HDV travelers. 

 

10.6 Assumptions, Analysis, and Discussion 

To have a benchmark for evaluating the performance of the solution algorithm and comparing 

different parking planning scenarios with each other, a base parking planning scenario is defined. 

In such base scenario, the city road agency has a $40 million budget (Bt) for parking facility 

construction in each of the planning periods 1 to 4. A set of sensitivity analyses is conducted on 

the available parking facility construction budget. Further, if the city road agency repurposes or 

decommissions an existing parking facility, it will receive prospective monetary benefits. The 

prospective monetary benefits are equal to $54 million in Period 1. This value is calculated based 
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on the revenue gained from a parking facility of level 3 (which has a $20 parking fee and a 3,000-

vehicle capacity) in each period if half of its capacity is utilized. Also, the market penetration rate 

of AVs starts at 10% in the first planning period and increases by 10% every period.  

Figure 10.6 presents, for each iteration, the objective function’s best values, for the base 

planning scenario. As shown in Figure 10.6, the improvements in the objective function values are 

not considerable during the first 150 iterations. This is because the algorithm is still identifying 

sufficient initial solutions to develop a multi-variate regression function. On the other hand, 

considerable improvements happen after iteration 150 until iteration 200.  

 

 
Figure 10.6 Best objective values over iterations 

 

First, the effects of parking fee levels on parking facility planning are analyzed. Figure 10.7 

presents the optimal configuration for the parking facilities (construction year, location, and 

capacity) for the base planning scenario. According to this optimal parking plan, two level 1 

parking facilities, #6 and #8, are constructed in the first planning period. In the next period, parking 

facility #9 with a level 1 capacity is constructed. Besides, the city road agency should repurpose 

and decommission parking facility #4 during this planning period. In the next two planning periods, 

3 and 4, level 1 parking facilities #5 and #10 are constructed, respectively. Next, parking facility 

#2 should be repurposed in period 5.  

Table 10.2 presents the parking fee at each parking facility at each planning period. 

According to the results reported in Table 10.2, the determined parking fees follow different 

patterns for HDVs and AVs. For example, parking facilities #1-3 at the CBD operate at the 

maximum fee levels for both AVs and HDVs. However, the parking fee at these parking facilities 

for HDVs starts to decrease in periods 5 and 6. These fee decreases are due to the 

repurposing/decommissioning of parking facility #4. By repurposing parking facility #2 in 

planning period 5, HDV travelers chose parking facilities #1 and #3 for parking their vehicles. As 

these locations are not preferable for HDV travelers, the bi-level framework decreased the parking 

fees at parking facilities #1 and #3 to satisfy the equity constraints. Moreover, the suggested 

parking fee at facility #8 is higher for AVs, relative to HDVs. This motivates AVs to use facilities 

#5, #9, and #10, which have lower parking fees and are located at areas distant-from the city center. 
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Figure 10.7 Optimal parking configuration under the base planning scenario 

 

 

The effects of the prospective benefits of parking facility decommissioning are also 

investigated. To do this, three prospective decommissioning benefit levels—$5 million, $10 

million, and $100 million—are considered besides the benchmark value of $54 million. The 

construction budget at each period is considered to be $40 million dollars in this set of analyses. 

Also, the initial penetration rate of AVs is 5%, and growth occurs periodically at 10% until it 

reaches 55% in the last planning period. 

Table 10.3 summarizes the results of different prospective decommissioning benefit values. 

Increasing the prospective decommissioning benefit values has positive effects on the total 

decommissioning benefits and improves them. For example, by increasing the prospective 

decommissioning benefit from $10 million to $100 million, the total decommissioning benefit 

increases from $58.02 to $829.37 million dollars. This effect is not significant on overall system 

travel cost and overall parking revenue. More specifically, the overall travel costs and parking 

revenues increase by increasing the prospective decommissioning benefit from $5 million to $10 

million. However, the overall system travel costs and parking revenues of $10 million, $54 million, 

and $100 million remain the same, despite the different prospective decommissioning benefits. 

This is due to the same configurations of constructed or decommissioned parking facilities in the 

$10 million, $54 million, and $100 million cases (figure 10.8). The solution algorithm was run on 

a computer system with a RAM of 8 GB and CPU of 2.6 GHz (Core i7). The mean time of 

computation was 140 minutes. 
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(a) $5 Million 

 

 
(b) ≥ $10 Million 

 

Figure 10.8 Configuration of parking facility planning under different budgets 
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10.7 Final Remarks 

This chapter provides a comprehensive bi-level framework to design an optimal configuration 

(locations, schedules, and capacities) of new parking infrastructure and the repurposing or 

decommissioning of existing parking infrastructure in a mixed (HDV and AV) environment. At 

the upper level, the city road agency has two main goals: (1) minimize the overall system travel 

cost; and (2) maximize the overall revenues from parking fees and the monetary benefits of 

repurposing or decommissioning existing parking infrastructures in the city. At the lower level, 

AV and HDV travelers seek to minimize their overall costs of travel. 

 It is worth mentioning that at the current time, some parking lots are underground and 

parking garages are designed in ways that shield out communication signals such as GPS. 

Therefore, these garages may not provide full support to AVs operations. It has been suggested in 

the literature to use Bluetooth and near field communications to support AV operations at parking 

lots and garages (Othman, 2021; UK Autodrive, 2021). 

Numerical experiments yielded results that suggest the feasibility of the proposed bi-level 

framework and the efficiency of the solution algorithm. The numerical experiments generated an 

optimal schedule of parking facility locations at various parts of the city network over the analysis 

period, with parking fees differentiated by vehicle mode (HDV and AV). The study results also 

shed light on the impacts of parking fee levels on the configuration (locations, timings, and 

capacities) associated with the optimal solution. The numerical results showed the parking 

facilities in the CBD area have the highest parking fees for both HDVs and AVs in the first 4 

periods of the planning horizon. The HDVs’ parking fees at these locations decreased in the last 

period due to the decommissioning of parking facilities; these decreases are designed to 

compensate for the HDV’s the increase in travel costs, thereby satisfying the equity constraint. 

The results also shed light on the sensitivity of the total system travel costs, decommissioning 

benefits, and parking revenues to the prospective decommissioning benefit levels.The overall 

system travel costs and parking revenue, on the other hand, do not increase considerably due to 

the similar configurations of constructed and decommissioned parking facilities. 

There exist several directions for extending this research further. The first is to address the 

uncertainty associated with AV market penetration in the long term and travel demand by using a 

robust framework. The second is the inclusion of on-street parking in the planning framework to 

capture the potential benefits of repurposing on-street parking land to other uses (such as capacity 

expansion of road lanes or transit lines). Third, parking construction costs and decommissioning 

benefits should be considered spatially variable over a city network: in practice, the purchase of 

spaces near downtown and the decommissioning benefits of downtown parking facilities are 

higher than those in the suburbs. If spatially-variable purchase costs and benefits are considered 

the economic impact predictions of parking infrastructure management becomes more realistic. 

Finally, there is a need for a solution algorithm that is capable of solving this problem for large 

city road networks. 
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10.8 Appending Information Part 1 

This section presents the proof of equivalency of the original lower-level model and its 

reformulated form. Note that 𝜆
𝑖,𝑔⏞
𝑠,𝑡,1

, 𝜆𝑖,1
𝑑2
𝑠 ,𝑡,2

, 𝜋
𝑖,𝑔⏞
𝑠,𝑡

, 𝜌𝑘
𝑡 , 𝜓

𝑖,𝑗,𝑔⏞
𝑠,𝑡

, �̇�𝑖,𝑗
𝑠,𝑡

, and �̈�
𝑖,𝑗,𝑔⏞
𝑠,𝑡

 are the dual variables 

associated with constraints 10.60-10.67, respectively. 

Min 𝑍𝐿 = ∑ ∑ ∫ 𝜎𝑖,𝑗
𝑡 (𝜔)𝑑𝜔

𝑣𝑖,𝑗
𝑡

0
(𝑖,𝑗)∈𝐴𝑡∈𝑇  

 
    

10.59  

∑ 𝑦
𝑗,𝑖,𝑔⏞
𝑠,𝑡,1

𝑗:(𝑗,𝑖)∈𝐴

− ∑ 𝑦
𝑖,𝑗,𝑔⏞
𝑠,𝑡,1

𝑗:(𝑖,𝑗)∈𝐴

− �̅�
𝑖,𝑔⏞
𝑠,𝑡 = 0 

∀𝑖, ∀𝑠, ∀ 𝑔⏞ , ∀𝑡 𝜆
𝑖,𝑔⏞
𝑠,𝑡,1 10.60  

∑ 𝑦𝑗,𝑖,2
𝑑2
𝑠 ,𝑡,2

𝑗:(𝑗,𝑖)∈𝐴

− ∑ 𝑦𝑖,𝑗,2
𝑑2
𝑠 ,𝑡,2

𝑗:(𝑖,𝑗)∈𝐴

− �̿�𝑖
𝑑2
𝑠 ,𝑡
= 0 

∀𝑖, ∀𝑠, ∀𝑡 𝜆𝑖,1
𝑑2
𝑠 ,𝑡,2

 10.61  

∑ 𝑥
𝑗,𝑖,𝑔⏞
𝑠,𝑡

𝑗:(𝑗,𝑖)∈𝐴

− ∑ 𝑥
𝑖,𝑗,𝑔⏞
𝑠,𝑡

𝑗:(𝑖,𝑗)∈𝐴

− 𝑏
𝑖,𝑔⏞
𝑠,𝑡 = 0 

∀𝑖, ∀𝑠, ∀ 𝑔⏞ , ∀𝑡 𝜋
𝑖,𝑔⏞
𝑠,𝑡 10.62  

𝑄 𝑘
𝑡 ∙ 𝛾𝑘

𝑡 −∑𝑥𝑘,𝑑1𝑠 ,1
𝑠,𝑡

𝑠∈𝑆

−
1

ℵ
∙∑𝑦

𝑘,𝑑2
𝑠 ,1

𝑑2
𝑠 ,𝑡,2

𝑠∈𝑆

≥ 0 
∀𝑘, ∀𝑡 𝜌𝑘

𝑡  10.63  

𝑥𝑖,𝑗
𝑡 −∑∑𝑥

𝑖,𝑗,𝑔⏞
𝑠,𝑡

𝑠∈𝑆𝑔⏞∈𝐺⏞

−∑∑𝑦
𝑖,𝑗,𝑔⏞
𝑠,𝑡,1

𝑠∈𝑆𝑔⏞∈𝐺⏞

−∑𝑦𝑖,𝑗,2
𝑑2
𝑠 ,𝑡,2

𝑠∈𝑆

= 0 

∀(𝑖, 𝑗) ∈ 𝐴, ∀𝑡  10.64  

𝑦
𝑖,𝑗,𝑔⏞
𝑠,𝑡,1 ≥ 0 

∀(𝑖, 𝑗)

∈ 𝐴, ∀𝑔⏞ , ∀𝑠, ∀𝑡 
𝜓
𝑖,𝑗,𝑔⏞
𝑠,𝑡  10.65  

𝑦𝑖,𝑗,1
𝑑2
𝑠 ,𝑡,2

≥ 0 
∀(𝑖, 𝑗)

∈ 𝐴, ∀𝑠, ∀𝑡 
�̇�𝑖,𝑗
𝑠,𝑡 10.66  

𝑥
𝑖,𝑗,𝑔⏞
𝑠,𝑡 ≥ 0 

∀(𝑖, 𝑗)

∈ 𝐴, ∀𝑔⏞ , ∀𝑠, ∀𝑡 �̈�
𝑖,𝑗,𝑔⏞
𝑠,𝑡  10.67  

The KKT conditions, or the first-order conditions, of this problem are used to prove the 

equivalency. Since 𝑍𝐿 is a function of 𝑥
𝑖,𝑗,𝑔⏞
𝑠,𝑡

, 𝑦
𝑖,𝑗,𝑔⏞
𝑠,𝑡,1

, and 𝑦𝑖,𝑗,1
𝑑2
𝑠 ,𝑡,2

, the KKT conditions are thus 

represented based on each of these variables.  

 

1. 𝒙
𝒊,𝒋,𝑔⏞
𝒔,𝒕

 

Based on 𝑥
𝑖,𝑗,𝑔⏞
𝑠,𝑡

, the existing links of the network (𝑖, 𝑗) ∈ 𝐴 are categorized either as regular links 

(∀(𝑖, 𝑗) ∈ (𝐴 − 𝐴𝐷)) or dummy links (∀(𝑘, 𝑑1
𝑠) ∈ 𝐴𝐷): 
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• ∀(𝒊, 𝒋) ∈ (𝑨 − 𝑨𝑫), ∀𝑔⏞ , ∀𝒔, ∀𝒕: 

𝜕 (∑ ∑ ∫ 𝜎𝑖,𝑗
𝑡 (𝜔)𝑑𝜔

𝑣𝑖,𝑗
𝑡

0
(𝑖,𝑗)∈𝐴𝑡∈𝑇 )

𝜕𝑥
𝑖,𝑗,𝑔⏞
𝑠,𝑡 − 𝜋

𝑖,𝑔⏞
𝑠,𝑡 ∙ (

𝜕 (∑ 𝑥
𝑗,𝑖,𝑔⏞
𝑠,𝑡

𝑗:(𝑗,𝑖)∈𝐴 − ∑ 𝑥
𝑖,𝑗,𝑔⏞
𝑠,𝑡

𝑗:(𝑖,𝑗)∈𝐴 − 𝑏
𝑖,𝑔⏞
𝑠,𝑡)

𝜕𝑥
𝑖,𝑗,𝑔⏞
𝑠,𝑡 ) 

−𝜋
𝑗,𝑔⏞
𝑠,𝑡 ∙ (

𝜕 (∑ 𝑥
𝑗′ ,𝑗,𝑔⏞
𝑠,𝑡

𝑗′:(𝑗′,𝑗)∈𝐴 −∑ 𝑥
𝑗,𝑗′,𝑔⏞
𝑠,𝑡

𝑗′:(𝑗,𝑗′)∈𝐴 − 𝑏
𝑗,𝑔⏞
𝑠,𝑡)

𝜕𝑥
𝑖,𝑗,𝑔⏞
𝑠,𝑡 ) − �̈�

𝑖,𝑗,𝑔⏞
𝑠,𝑡 = 0 

=> 𝜎𝑖,𝑗
𝑡 (𝑣𝑖,𝑗

𝑡 ) − 𝜋
𝑖,𝑔⏞
𝑠,𝑡 + 𝜋

𝑗,𝑔⏞
𝑠,𝑡 − �̈�

𝑖,𝑗,𝑔⏞
𝑠,𝑡 = 0 

 

We also have 𝑥
𝑖,𝑗,𝑔⏞
𝑠,𝑡 ∙ �̈�

𝑖,𝑗,𝑔⏞
𝑠,𝑡 = 0. This results in: 

𝑥
𝑖,𝑗,𝑔⏞
𝑠,𝑡 ∙ (𝜎𝑖,𝑗

𝑡 (𝑣𝑖,𝑗
𝑡 ) − 𝜋

𝑖,𝑔⏞
𝑠,𝑡 + 𝜋

𝑗,𝑔⏞
𝑠,𝑡) = 0 

∀(𝑖, 𝑗)

∈ (𝐴 − 𝐴𝐷), ∀𝑔⏞ , ∀𝑠, ∀𝑡 
10.68    

 

• ∀(𝒌, 𝒅𝟏
𝒔) ∈ 𝑨𝑫, ∀𝒕: 

𝜕 (∑ ∑ ∫ 𝜎𝑖,𝑗
𝑡 (𝜔)𝑑𝜔

𝑣𝑖,𝑗
𝑡

0
(𝑖,𝑗)∈𝐴𝑡∈𝑇 )

𝜕𝑥
𝑘,𝑑1

𝑠 ,1
𝑠,𝑡 − 𝜋

𝑖,𝑔⏞
𝑠,𝑡 ∙ (

𝜕 (∑ 𝑥
𝑗,𝑖,𝑔⏞
𝑠,𝑡

𝑗:(𝑗,𝑖)∈𝐴 − ∑ 𝑥
𝑖,𝑗,𝑔⏞
𝑠,𝑡

𝑗:(𝑖,𝑗)∈𝐴 − 𝑏
𝑖,𝑔⏞
𝑠,𝑡)

𝜕𝑥
𝑘,𝑑1

𝑠 ,1
𝑠,𝑡 ) 

−𝜋
𝑗,𝑔⏞
𝑠,𝑡 ∙ (

𝜕 (∑ 𝑥
𝑗′ ,𝑗,𝑔⏞
𝑠,𝑡

𝑗′:(𝑗′,𝑗)∈𝐴 −∑ 𝑥
𝑗,𝑗′,𝑔⏞
𝑠,𝑡

𝑗′:(𝑗,𝑗′)∈𝐴 − 𝑏
𝑗,𝑔⏞
𝑠,𝑡)

𝜕𝑥
𝑘,𝑑1

𝑠 ,1
𝑠,𝑡 ) 

−𝜌𝑘
𝑡 ∙ (

𝑄 𝑘
𝑡 ∙ 𝛾𝑘

𝑡 − ∑ 𝑥𝑘,𝑑1𝑠 ,1
𝑠,𝑡

𝑠∈𝑆 −
1
ℵ ∙
∑ 𝑦

𝑘,𝑑2
𝑠 ,1

𝑑2
𝑠 ,𝑡,2

𝑠∈𝑆

𝜕𝑥
𝑘,𝑑1

𝑠 ,1
𝑠,𝑡 ) − �̈�𝑘,𝑑1𝑠 ,1

𝑠,𝑡 = 0 

• 𝜎𝑘,𝑑1𝑠
𝑡 (𝑥𝑘,𝑑1𝑠 ,1

𝑠,𝑡 ) − 𝜋𝑘,1
𝑠,𝑡 + 𝜋𝑑1𝑠 ,1

𝑠,𝑡 + 𝜌𝑘
𝑡 − �̈�𝑘,𝑑1𝑠 ,1

𝑠,𝑡 = 0 

Since 𝑥𝑘,𝑑1𝑠 ,1
𝑠,𝑡 ∙ �̈�𝑘,𝑑1𝑠 ,1

𝑠,𝑡 = 0, it results in: 

𝑥𝑘,𝑑1𝑠 ,1
𝑠,𝑡 ∙ (𝜎𝑘,𝑑1𝑠

𝑡 (𝑥𝑘,𝑑1𝑠 ,1
𝑠,𝑡 ) − 𝜋𝑘,1

𝑠,𝑡 + 𝜋𝑑1𝑠 ,1
𝑠,𝑡 + 𝜌𝑘

𝑡 ) = 0. 

We also know that 𝜎𝑘,𝑑1𝑠
𝑡 (𝑥𝑘,𝑑1𝑠 ,1

𝑠,𝑡 ) =
1

𝜃1
𝑡𝛹

𝑡𝐻𝑘,1
𝑡 + 𝑔𝑘

𝑠,𝑡
. Therefore, 

𝑥𝑘,𝑑1𝑠 ,1
𝑠,𝑡 ∙ (

1

𝜃1
𝑡𝛹

𝑡𝐻𝑘,1
𝑡 + 𝑔𝑘

𝑠,𝑡 − 𝜋𝑘,1
𝑠,𝑡 + 𝜋𝑑1𝑠 ,1

𝑠,𝑡 + 𝜌𝑘
𝑡 ) = 0 ∀(𝑘, 𝑑1

𝑠) ∈ 𝐴𝐷 , ∀𝑡              10.69    
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2. 𝒚
𝒊,𝒋,𝑔⏞
𝒔,𝒕,𝟏

 

𝑦
𝑖,𝑗,𝑔⏞
𝑠,𝑡,1

 represents the traffic volume of AVs in the first phase of their travels.  

𝜕 (∑ ∑ ∫ 𝜎𝑖,𝑗
𝑡 (𝜔)𝑑𝜔

𝑣𝑖,𝑗
𝑡

0
(𝑖,𝑗)∈𝐴𝑡∈𝑇 )

𝜕𝑦
𝑖,𝑗,𝑔⏞
𝑠,𝑡,1 − 𝜆

𝑖,𝑔⏞
𝑠,𝑡,1 ∙ (

𝜕 (∑ 𝑦
𝑗,𝑖,𝑔⏞
𝑠,𝑡,1

𝑗:(𝑗,𝑖)∈𝐴 −∑ 𝑦
𝑖,𝑗,𝑔⏞
𝑠,𝑡,1

𝑗:(𝑖,𝑗)∈𝐴 − �̅�
𝑖,𝑔⏞
𝑠,𝑡)

𝜕𝑦
𝑖,𝑗,𝑔⏞
𝑠,𝑡,1 ) 

−𝜆
𝑗,𝑔⏞
𝑠,𝑡,1 ∙ (

𝜕 (∑ 𝑦
𝑗′,𝑗,𝑔⏞
𝑠,𝑡,1

𝑗′:(𝑗′,𝑗)∈𝐴 − ∑ 𝑦
𝑗,𝑗′,𝑔⏞
𝑠,𝑡,1

𝑗′:(𝑗,𝑗′)∈𝐴 − �̅�
𝑗,𝑔⏞
𝑠,𝑡)

𝜕𝑦
𝑗,𝑗′,𝑔⏞
𝑠,𝑡,1 ) − 𝜓

𝑖,𝑗,𝑔⏞
𝑠,𝑡 = 0 

• 𝜎𝑖,𝑗
𝑡 (𝑣𝑖,𝑗

𝑡 ) − 𝜆
𝑖,𝑔⏞
𝑠,𝑡,1 + 𝜆

𝑗,𝑔⏞
𝑠,𝑡,1 − 𝜓

𝑖,𝑗,𝑔⏞
𝑠,𝑡 = 0 

Since 𝑦
𝑖,𝑗,𝑔⏞
𝑠,𝑡,1 ∙ 𝜓

𝑖,𝑗,𝑔⏞
𝑠,𝑡 = 0, we will have: 

𝑦
𝑖,𝑗,𝑔⏞
𝑠,𝑡,1 ∙ (𝜎𝑖,𝑗

𝑡 (𝑣𝑖,𝑗
𝑡 ) − 𝜆

𝑖,𝑔⏞
𝑠,𝑡,1 + 𝜆

𝑗,𝑔⏞
𝑠,𝑡,1) = 0 ∀(𝑖, 𝑗) ∈ (𝐴 − 𝐴𝐷), ∀𝑔⏞ , ∀𝑠, ∀𝑡 

       

10.70    

 

3. 𝒚𝒊,𝒋,𝟏
𝒅𝟐
𝒔 ,𝒕,𝟐

 

Last, the first-order conditions with regard to 𝑦𝑖,𝑗,1
𝑑2
𝑠 ,𝑡,2

, which is the traffic flow of AVs in the second 

phase of their travel, is required. Similar to 𝑥
𝑖,𝑗,𝑔⏞
𝑠,𝑡

, each link of the network (𝑖, 𝑗) ∈ 𝐴 is classified 

as either regular links (∀(𝑖, 𝑗) ∈ (𝐴 − 𝐴𝐷)) or dummy links (∀(𝑘, 𝑑2
𝑠) ∈ 𝐴𝐷): 

 

• ∀(𝒊, 𝒋) ∈ (𝑨 − 𝑨𝑫), ∀𝒔, ∀𝒕: 

𝜕 (∑ ∑ ∫ 𝜎𝑖,𝑗
𝑡 (𝜔)𝑑𝜔

𝑣𝑖,𝑗
𝑡

0
(𝑖,𝑗)∈𝐴𝑡∈𝑇 )

𝜕𝑦
𝑖,𝑗,1

𝑑2
𝑠 ,𝑡,2

− 𝜆𝑖,1
𝑑2
𝑠 ,𝑡,2

∙ (
𝜕 (∑ 𝑦𝑗,𝑖,1

𝑑2
𝑠 ,𝑡,2

𝑗:(𝑗,𝑖)∈𝐴 − ∑ 𝑦𝑖,𝑗,1
𝑑2
𝑠 ,𝑡,2

𝑗:(𝑖,𝑗)∈𝐴 − �̿�𝑖
𝑑2
𝑠 ,𝑡
)

𝜕𝑦
𝑖,𝑗,1

𝑑2
𝑠 ,𝑡,2

) 

−𝜆𝑗,1
𝑑2
𝑠 ,𝑡,2

∙ (
𝜕 (∑ 𝑦

𝑗′,𝑗,1

𝑑2
𝑠 ,𝑡,2

𝑗′:(𝑗′,𝑗)∈𝐴 − ∑ 𝑦
𝑗,𝑗′,1

𝑑2
𝑠 ,𝑡,2

𝑗′:(𝑗,𝑗′)∈𝐴 − �̿�𝑖
𝑑2
𝑠 ,𝑡
)

𝜕𝑦
𝑖,𝑗,1

𝑑2
𝑠 ,𝑡,2

) − �̇�𝑖,𝑗
𝑑2
𝑠 ,𝑡
= 0 

 𝜎𝑖,𝑗
𝑡 (𝑣𝑖,𝑗

𝑡 ) − 𝜆𝑖,1
𝑑2
𝑠 ,𝑡,2

+ 𝜆𝑗,1
𝑑2
𝑠 ,𝑡,2

− �̇�𝑖,𝑗
𝑑2
𝑠 ,𝑡
= 0 

Since 𝑦𝑖,𝑗,1
𝑑2
𝑠 ,𝑡,2

∙ �̇�𝑖,𝑗
𝑑2
𝑠 ,𝑡
= 0, we will have: 

𝑦𝑖,𝑗,1
𝑑2
𝑠 ,𝑡,2

∙ (𝜎𝑖,𝑗
𝑡 (𝑣𝑖,𝑗

𝑡 ) − 𝜆𝑖,1
𝑑2
𝑠 ,𝑡,2

+ 𝜆𝑗,1
𝑑2
𝑠 ,𝑡,2

) = 0 ∀(𝑖, 𝑗) ∈ (𝐴 − 𝐴𝐷), ∀𝑠, ∀𝑡 10.71    
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• ∀(𝒌, 𝒅𝟐
𝒔) ∈ 𝑨𝑫, ∀𝒕: 

𝜕 (∑ ∑ ∫ 𝜎𝑖,𝑗
𝑡 (𝜔)𝑑𝜔

𝑣𝑖,𝑗
𝑡

0
(𝑖,𝑗)∈𝐴𝑡∈𝑇 )

𝜕𝑦
𝑘,𝑑2

𝑠 ,1

𝑑2
𝑠 ,𝑡,2

− 𝜆𝑘,1
𝑑2
𝑠 ,𝑡,2

∙ (
𝜕 (∑ 𝑦𝑗,𝑖,1

𝑑2
𝑠 ,𝑡,2

𝑗:(𝑗,𝑖)∈𝐴 − ∑ 𝑦𝑖,𝑗,1
𝑑2
𝑠 ,𝑡,2

𝑗:(𝑖,𝑗)∈𝐴 − �̿�𝑖
𝑑2
𝑠 ,𝑡
)

𝜕𝑦
𝑘,𝑑2

𝑠 ,1

𝑑2
𝑠 ,𝑡,2

) 

−𝜆
𝑑2
𝑠 ,1

𝑑2
𝑠 ,𝑡,2

∙ (
𝜕 (∑ 𝑦

𝑗′,𝑗,1

𝑑2
𝑠 ,𝑡,2

𝑗′:(𝑗′,𝑗)∈𝐴 − ∑ 𝑦
𝑗,𝑗′,1

𝑑2
𝑠 ,𝑡,2

𝑗′:(𝑗,𝑗′)∈𝐴 − �̿�𝑖
𝑑2
𝑠 ,𝑡
)

𝜕𝑦
𝑘,𝑑2

𝑠 ,1

𝑑2
𝑠 ,𝑡,2

) 

−𝜌𝑘
𝑡 ∙ (

𝑄 𝑘
𝑡 ∙ 𝛾𝑘

𝑡 − ∑ 𝑥𝑘,𝑑1𝑠 ,1
𝑠,𝑡

𝑠∈𝑆 −
1
ℵ ∙
∑ 𝑦

𝑘,𝑑2
𝑠 ,1

𝑑2
𝑠 ,𝑡,2

𝑠∈𝑆

𝜕𝑦
𝑘,𝑑2

𝑠 ,1

𝑑2
𝑠 ,𝑡,2

) − �̇�
𝑘,𝑑2

𝑠
𝑑2
𝑠 ,𝑡
= 0 

• 𝜎𝑘,𝑑2𝑠
𝑡 (𝑦

𝑘,𝑑2
𝑠 ,1

𝑑2
𝑠 ,𝑡,2

) − 𝜆𝑘,1
𝑑2
𝑠 ,𝑡,2

+ 𝜆
𝑑2
𝑠 ,1

𝑑2
𝑠 ,𝑡,2

+
1

ℵ
∙ 𝜌𝑘

𝑡 − �̇�
𝑘,𝑑2

𝑠
𝑑2
𝑠 ,𝑡
= 0 

Since 𝑦
𝑘,𝑑2

𝑠 ,1

𝑑2
𝑠 ,𝑡,2

∙ �̇�
𝑘,𝑑2

𝑠
𝑑2
𝑠 ,𝑡
= 0, hence, we will have: 

𝑦
𝑘,𝑑2

𝑠 ,1

𝑑2
𝑠 ,𝑡,2

∙ (𝜎𝑘,𝑑2𝑠
𝑡 (𝑦

𝑘,𝑑2
𝑠 ,1

𝑑2
𝑠 ,𝑡,2

) − 𝜆𝑘,1
𝑑2
𝑠 ,𝑡,2

+ 𝜆
𝑑2
𝑠 ,1

𝑑2
𝑠 ,𝑡,2

+
1

ℵ
∙ 𝜌𝑘

𝑡 ) = 0. 

We also know that 𝜎𝑘,𝑑2𝑠
𝑡 (𝑦

𝑘,𝑑2
𝑠 ,1

𝑑2
𝑠 ,𝑡,2

) = 𝜃 
1

𝜃2
𝑡𝛹

𝑡𝐻𝑘,2
𝑡 . Therefore, 

𝑦
𝑘,𝑑2

𝑠 ,1

𝑑2
𝑠 ,𝑡,2

∙ (𝜃 
1

𝜃2
𝑡 𝛹

𝑡𝐻𝑘,2
𝑡 − 𝜆𝑘,1

𝑑2
𝑠 ,𝑡,2

+ 𝜆
𝑑2
𝑠 ,1

𝑑2
𝑠 ,𝑡,2

+
1

ℵ
∙ 𝜌𝑘

𝑡 ) = 0 ∀(𝑘, 𝑑2
𝑠) ∈ 𝐴𝐷 , ∀𝑡 10.72     

 

Also, the equity constraints should be presented as complementarity constraints, as follows: 

(𝑄 𝑘
𝑡 ∙ 𝛾𝑘

𝑡 −∑𝑥𝑘,𝑑1𝑠 ,1
𝑠,𝑡

𝑠∈𝑆

−
1

ℵ
∙∑𝑦

𝑘,𝑑2
𝑠 ,1

𝑑2
𝑠 ,𝑡,2

𝑠∈𝑆

) ∙ 𝜌𝑘
𝑡 = 0 

 

∀𝑘, ∀𝑡 10.73     

 

This set of model (equations (60)-(73)) is the same as the lower-level model presented in the 

main part of this chapter. 
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10.9 Appending Information Part 2 

Table 10.1 presents a summary of the notations used in the Chapter. 

 

Table 10.1 - Summary of Notations 

Sets 

𝑵 Set of network nodes 

𝑨 Set of network links ((𝑖, 𝑗) ∈ 𝐴) 
𝑺 Destination set (𝑠 ∈ 𝑆) 
𝑻 Time periods set (𝑡 ∈ 𝑇) 

𝑹 Set of origins of the network (𝑟 ∈ 𝑅) 

𝑵𝑫 Dummy nodes set 

𝑨𝑫 Dummy links set 

𝑴 Set of user class 𝑴 = {𝐻𝐷𝑉, 𝐴𝑉} 
𝑲 Set of candidate locations for provision of parking facilities 

𝑮⏞ Set of user sub-class ( 𝑔⏞ = 2 if user do not require parking, 𝑔⏞ = 1 otherwise) 

𝑾 Set of origin-destinations (O-D) of the network (𝑤 = (𝑟, 𝑠) ∈ 𝑊) 

𝑲′ Existing parking facility set  

Parameters 

𝝃𝟏 Weight of system travel time cost 

𝝃𝟐 Weight of parking fee revenue 

𝝃𝟑 Weight of monetary benefits of decommissioning the current parking facilities  

∆𝒕 Factor of present value of a cost considering the period duration 𝑡 

𝝌𝒊,𝒋
𝒕  Capacity of link (𝑖, 𝑗) in a given period 𝑡 

𝝈𝟎,𝒊,𝒋
𝒕  Free-flow travel time of link (𝑖, 𝑗) in period 𝑡 

𝝋𝒕 Maximum acceptable ratio for HDV-AV travel cost 

𝝊𝒕 Maximum acceptable ratio for HDV travel cost 

𝜽𝒎
𝒕  User class 𝑚 value of time in a given period 𝑡  

�̅� Relative value of AV in-vehicle cost of travel in comparison to operation cost  

𝝔 Maximum parking facility fee level 

𝜳𝒕 Fee for parking level 1 in a given period 𝑡 ($) 

𝝇 Parking facility maximum capacity level 

𝒒𝒓,𝒔,𝒎
𝒕,𝒈⏞

 Travel demand of user sub-class 𝑔 (of user class 𝑚) of O-D pair (𝑟, 𝑠) in a given period 𝑡 

𝜽𝒎
𝒕  Value of time for user class 𝑚, in a given period 𝑡 ($/hr). 

𝒈𝒌
𝒔,𝒕

 Parking facility 𝑘 to destination 𝑠 last-mile travel time in a given period 𝑡 

𝒇𝒌
𝒕  Level 1 parking facility 𝑘 construction cost in a given period 𝑡 

�̅�𝒌
𝒕  Parking facility 𝑘 decommissioning cost in a given period 𝑡 

𝝎𝒌
𝒕  Decommissioning monetary gain associated with parking facility 𝑘, in a given period 𝑡  

𝜸𝒌
𝒕  Level 1 capacity of parking facility 𝑘 in a given period 𝑡 

𝜾𝟏 Factor representing Construction-capacity 

𝑩𝒕 Construction budget in a given period 𝑡 

𝒅𝟐
𝒔  Dummy node for destination 𝑠, for sub-class 1 of AV travelers 

𝒅𝟏
𝒔  Dummy node for destination 𝑠, for sub-class 1 of HDV travelers 

ℵ AV Parking space requirement factor compared to HDV  
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Variables 

𝒁𝑼 Objective function of the upper-level problem  

𝚼𝟏 System travel cost 

𝚼𝟐 Parking fee revenues 

𝚼𝟑 Decommissioning monetary benefits for parking facilities 

𝝈𝒊,𝒋
𝒕  Link (𝑖, 𝑗) travel time in period 𝑡 

𝒙𝒊,𝒋
𝒕  Link (𝑖, 𝑗) HDV traffic flow in period 𝑡 

𝒗𝒊,𝒋
𝒕  Link (𝑖, 𝑗) traffic flow in period 𝑡 

𝒚𝒊,𝒋
𝒕  Link (𝑖, 𝑗) AV traffic flow, period 𝑡, phase 1 

𝒚𝒊,𝒋,𝒈
𝒔,𝒕,𝟏

 
User sub-class 𝑔 AV travelers flow on link (𝑖, 𝑗) that have destination 𝑠 in phase 1 travel, in 

period t 

𝒚𝒊,𝒋,𝟏
𝒅𝟐
𝒔 ,𝒕,𝟐

 AV traffic flow of link (𝑖, 𝑗) which dropped off occupants, for destination 𝑠, in phase 2, period 𝑡 

𝒙
𝒊,𝒋,𝒈⏞
𝒔,𝒕

 User sub-class 𝑔 HDV traffic flow of link (𝑖, 𝑗) having destination 𝑠 in period 𝑡 

𝒁𝑳 Reformulated lower-level problem objective function 

𝜞𝒌
𝒕  Revenues of parking facility 𝑘 in period 𝑡 

𝒖𝒓,𝒔,𝒎
𝒕,𝒈⏞

 Sub-class 𝑔 of travel class 𝑚 cost for O-D pair (𝑟, 𝑠) in a given period 𝑡 

𝝀𝒊,𝒈
𝒔,𝒕,𝟏

 Node 𝑖 to destination 𝑠 travel time in period 𝑡 for a sub-class 𝑔 AV traveler  

𝝀𝒊,𝟏
𝒅𝟐
𝒔 ,𝒕,𝟐

 Node 𝑖 to the dummy node 𝑑2
𝑠 travel time for AVs in period 𝑡 which dropped off their travelers at 

destination 𝑠  

𝝅
𝒊,𝒈⏞
𝒔,𝒕

 Node 𝑖 to destination 𝑠 travel time in period 𝑡 for sub-class 𝑔 HDV travelers  

𝜹𝒌
𝒕  = 0 if traveler cannot patronize parking facility 𝑘 in a given period 𝑡; = 1 otherwise. 

𝑸𝒌
𝒕  Capacity level of parking facility 𝑘 in a given period 𝑡  

𝑯𝒌,𝒎
𝒕  Fee level at parking facility 𝑘, in a given period 𝑡, user class 𝑚  

𝒃𝒊,𝒎
𝒔,𝒕

  Flow conservation constraint auxiliary variable for HDVs 

�̅�𝒊,𝒈
𝒔,𝒕

  Flow conservation constraint auxiliary variable for of AVs (phase 1) 

�̿�𝒊,𝟐
𝒅𝟐
𝒔 ,𝒕

  Flow conservation constraint auxiliary variable for of AVs (phase 2) 

𝝆𝒌
𝒕  Extra perceived cost that prevents users in period 𝑡 from parking facility 𝑘  

Table 10.2 – Parking fee levels under the base planning scenario 

Parking 

facility 

Period 

1 2 3 4 5 6 

HDV AV HDV AV HDV AV HDV AV HDV AV HDV AV 

1 3 3 3 3 3 3 3 3 2 3 2 3 

2 3 3 3 3 3 3 3 3 - - - - 

3 3 3 3 3 3 3 3 3 2 3 2 3 

4 3 1 - - - - - - - - -  

5 - - - - 2 1 2 1 2 1 2 1 

6 2 3 2 3 2 3 2 3 2 3 2 3 

7 - - - - - - - - - - - - 

8 2 3 1 3 1 3 1 3 1 3 1 3 

9 - - 2 1 2 1 2 1 2 1 2 1 

10 - - - - - - 2 1 2 1 2 1 
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Table 10.3 – Performance of different prospective parking facility decommissioning benefit 

levels (in $M) 
Prospective benefit of parking 

facility decommissioning 
System travel time cost 

Decommissioning 

benefits 

Parking 

revenues 

5 265.02 18.25 1,173.84 

10 301.98 58.02 1,179.13 

54 301.98 447.86 1,179.13 

100 301.98 829.37 1,179.13 
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CHAPTER 11. SUMMARY AND CONCLUSIONS 
 

11.1 Prelude 

This chapter presents a summary of the conclusions, policy recommendations regarding AV- 

related infrastructure investments, the main contributions of the report, and recommendations for 

future work. 

 

11.2 A Synopsis of the Research 

The report started with a presentation of the study background, problem statement, study objectives, 

the key elements of the study. The starting chapter recognized the limited nature of current research 

regarding preparations of the road infrastructure to accommodate AV operations, and the need to 

examine feedback relationships (and the need for collaboration) among AV stakeholders (road 

users, IOOs, OEMs, and government regulations and policy makers) including infrastructure 

providers, and the types of infrastructure readiness required for transitioning to the prospective era 

of autonomous mobility.  

The report then discusses some background information that is critical in efforts towards 

road infrastructure adequacy and needs to support AV operations. This information includes AV 

issues and concepts in the context of roadway infrastructure. The report also identifies specific 

infrastructure-related roles of the key stakeholders. The study also presents the results of a 

nationwide questionnaire survey of highway agencies, which helped identify the types of 

infrastructure readiness that may be needed to support AV operations. Through the survey, AV 

technology developers provided information on the timing of AV technology deployments for 

public use. 

Infrastructure preparations hinge on demand forecasts, and therefore, the study also 

touched on AV demand forecasts. These forecasts are those that were made by past researchers 

and are published in the literature. The study carried out a nationwide questionnaire survey of 

stakeholders regarding AV demand. The survey was diagnostic in nature and therefore threw more 

light on the factors that are expected to influence AV demand. The responses from road users 

provided a measure of the level of potential future adoption of AV technology as self-owned 

vehicles, shared vehicles, or a hired service and hence, helped assess the potential AV adoption. 

In addition, the results of an interview that provided aggregate levels of AV market penetration for 

each level of autonomy, was provided. 

No discussion on infrastructure readiness can be made without explicit identification of the 

issue at the phases of infrastructure planning, design, traffic operations. The report identifies 

elements of road planning, roadway design, traffic operations, infrastructure maintenance, and 

monitoring of infrastructure usage and condition, which will be impacted in the AV era. Most of 

this discussion focuses on the different classes of infrastructure that will be impacted: new 

infrastructure classes, modification of existing infrastructure (design elements), and infrastructure 

that will gradually become obsolete.  

Highway agencies continue to seek guidance on evaluation of their prospective investments 

in infrastructure to enhance their readiness for AVs. The report presents a framework on how 

agencies could do this and demonstrates these frameworks using case studies. The first framework 

is project level and addresses uncertainty using a flexibility-based real options approach (ROA). 

Volatility was expressed in terms of the AV market penetration. The framework was implemented 
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for a case study involving an Indiana Interstate corridor. The case study results showed how ROA 

captures the latent value of proposed AV-related infrastructure investment and therefore is superior 

to the traditional net present value (NPV) approach. The second framework is for network level 

AV-related infrastructure project evaluations and addresses holistic effects of the planned 

investments. Such holism was studied in terms of user equilibrium on a traffic network where 

driver route choices are influenced by investments. The bi-level parking infrastructure locational 

design and management framework was implemented for a case study involving parking garages 

in a city road system. The numerical experiment yielded results that demonstrate the feasibility of 

the framework and the efficiency of the solution algorithm. The numerical experiments generated 

an optimal schedule of parking facility locations at various parts of the network over the analysis 

period, with parking fees differentiated by vehicle mode. The study results also shed light on the 

impacts of parking fee levels on the configuration (locations, timings, and capacities) associated 

with the optimal solution. Finally, the report provides a number of guidelines that could be helpful 

to road agencies seeking to further enhance their infrastructure preparations for the AV era.  

 

11.3 Discussion and Policy Recommendations 

In the United States, federal, state, and local agencies mostly constitute the IOOs that are 

responsible for the oversight or implementation of construction and maintenance projects for the 

road infrastructure. In the context of AV-related infrastructure preparedness, the role of federal 

agencies is expected to become particularly critical to ensure the consistency and uniformity of 

roadway infrastructure across jurisdictions. To help achieve this, this report recommends that IOOs 

should make explicit efforts to (a) document and disseminate evaluation results of their AV-related 

infrastructure, (b) promote design standardization with neighboring states and ultimately all states, 

thereby, fostering consistency and uniformity in road design and operational standards, and (c) 

support the establishment of supporting policies and regulations, as discussed below. 

 

11.3.1 Considerations for infrastructure evaluation 

The existing road infrastructure was designed and constructed to accommodate human driver 

capabilities (or lack thereof) and their information needs. For example, road signs are located, 

installed, and sized based on human perception capabilities relative to the traffic environment. 

AVs, on the other hand, have sensors that provide sensing accuracy and range far in excess of 

those of the human driver. In addition, unlike human drivers that have limited exchange of roadway 

environment information with other human drivers, AVs are capable of acquiring such information 

from thousands of vehicles via V2V communication and thereby carry out more efficient and 

accurate navigation and planning (Harrington et al., 2018). On the flip side, prospective AV design 

is predicated on the need for the AV to be able to operate with little or no support from the 

infrastructure, and it has been postulated that AVs will ultimately be capable of operating in the 

same road infrastructure environment used by HDVs currently. As such, in line with Harrington 

et al. (2018), this report argues that to keep abreast with AV technological advancements, IOOs 

should continually carry out AV-related road audits, and update their design policies are 

retrofitting projects to enable their infrastructure to evolve in ways that: 

• reflect prevailing technological trends, 

• account for AV sensing capabilities,  

• supplement the AVs sensing capabilities, and  

• adapt to the needs of emerging modes of transport that are enabled by AVs.  
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Deeper integration of vehicles and infrastructure will decrease AV vulnerability to adverse 

infrastructure conditions and inconsistencies, and can help build greater robustness, making AVs 

safer in anomalous infrastructure conditions. 

Furthermore, it is important to identify and distinguish between the short- and long-term 

impacts of AV technology on road infrastructure. In light of these impacts, IOO’s should lay out 

a clear plan for infrastructure readiness in both the short and long term while maintaining a long-

term vision. To keep pace with rapidly evolving AV technology, the first action required for the 

readiness of road infrastructure is to ensure that the roadway environment is easily recognizable 

by the machine vision systems of AVs. Moreover, during the transition phase, the road 

infrastructure is expected to support a mixed traffic stream, different transportation modes, and 

different driving behaviors (those of traditional, automated, and autonomous vehicles). As such, it 

is important to clearly discern the short- and long-term infrastructure needs. The short-term needs 

may include punctual maintenance of lane markings, quick-response and enhanced repairs of road 

pavements, and improvements to road signs to increase their visibility in all weather conditions. 

Moreover, increased vehicle electrification in the AV era may also necessitate the promotion of an 

extensive trans-jurisdictional network of electric vehicle charging infrastructure. 

It is also important for IOOs to recognize that the path to full market penetration of AVs 

will be gradual and fraught with uncertainty. As stated in the literature, autonomous mobility may 

not be an immediate concern for IOOs and other public officials who are already straining under 

severe budgetary constraints, and AV market penetration is miniscule at the current time. 

Nevertheless, it is important for IOOs to realize that investing in certain types of AV-related 

infrastructure at the current time, could be less costly than acting later to respond to an exigency 

or emerging need. Therefore, the limitations and needs of the current technology should reflect in 

I00’s planning process well into the future. Given the continuous evolution of AV technology, it 

is rather difficult to predict long-term infrastructure needs. This difficulty is further exacerbated 

by the uncertainty in infrastructure funding. To this end, as such, planning paradigms including 

Flexibility in Design, and Designing and Planning for Changeability, are proposed for 

consideration by the IOOs. The infrastructure preparations in the short term must be compatible 

with vehicle technologies at all NHTSA levels and support both short- and long-term mobility 

options. Therefore, the IOOs need to continue collaboration with the OEMs to ensure the former’s 

cognizance of the emerging needs of latter.  

 

11.3.2 Infrastructure design and policy standardization 

Roadways within different jurisdictional boundaries and built environments (city centers and urban, 

suburban, and rural areas) together constitute an interconnected network. Vehicles drive on these 

shared roadways that traverse administrative boundaries. Similarly, AVs are expected to drive 

across all regions of the built environment and over different classes of highways (freeways, 

arterials, collectors/distributors, and local roads). If some jurisdictions have infrastructure and 

roadways ready to support AV operations while others do not, this inconsistency will bring only 

partial benefits to AV adopters and only for a portion of their travel, which could ultimately impede 

the widespread public adoption of AVs. Therefore, to successfully integrate these vehicles into the 

transportation system, policymakers, transportation planners, service providers, IOOs, OEMs, and 

all other stakeholders collaborate to standardize AV related infrastructure across all forms of the 

built environment including city centers and rural areas. This could be accomplished in part by 

updating the FHWA’s Manual on Uniform Traffic Control Devices. 
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11.3.3 Coordination among road infrastructure agencies 

There exists a need for coordination among IOOs at the federal, state, and local levels to ensure 

that the new priorities and policies related to AVs are cohesive in nature. To offer the most uniform 

and consistent driving environment for AVs in terms of roadway infrastructure, IOOs could be 

encouraged to depart from their silos and move toward uniform nationwide regulations. However, 

this shift will involve major challenges due to the differing perspectives, priorities, and financial 

standings among the states. Also, this would require rigorous supervision and stronger leadership 

from national bodies, such as the FHWA (inside the U.S.), and close coordination among the IOOs 

to promote infrastructure design consistency and uniformity. This will be key to the successful 

implementation of AV operations and the full realization of its associated safety and efficiency 

benefits. 

 

11.3.4 Formal and regular coordination between stakeholders  

This report recommends that to address the challenges posed by AVs, bodies such as the 

FHWA (in the U.S.) and similar bodies in other countries, should maintain or adopt a strong 

leadership role in convening various stakeholders (IOOs, OEMs, interest groups) to discuss issues 

including: 

• Infrastructure needs 

• Potential impacts of AVs on safety, policy, operations, regulations, and planning 

• Prioritization of actions and steps to incrementally integrate AV technology into existing 

policies and current agency programs. 

• Truck platooning applications and automated truck freight delivery 

• Potential impacts of truck platooning and automated truck freight delivery on infrastructure 

needs 

• Travel demand changes due to AVs 

• Land use implications 

• Infrastructure funding 

• Right-of-way use 

• Inter-agency collaboration 

 

As such, it is recommended that various groups be formed comprising representatives from 

federal, state, and local transportation agencies; the American Association of State Highway and 

Transportation Officials (AASHTO); infrastructure owners and operators; the American Planning 

Association (APA); the Association of Metropolitan Planning Organizations (AMPO); original 

equipment manufacturers; the National League of Cities (NLC); the Consumer Federation of 

America; the American Trucking Association (ATA); the Institute of Transportation Engineers 

(ITE); the Intelligent Transportation Society of America (ITS); the Society of Automotive 

Engineers (SAE); the National Highway Traffic Safety Administration (NHTSA); the American 

Association of Motor Vehicle Administrators (AAMVA); the American Automobile Association 

(AAA); the Transportation and Development Institute (T&DI) of the American Society of Civil 

Engineers (ASCE); the American Public Transportation Association (APTA); the Federal Transit 

Administration (FTA); legal institutions; service providers; vehicle manufacturers; technology 

developers; the freight community; and research organizations. Such a rigorous effort will help 

catalyze nationwide engagement and resolve many complex issues related to infrastructure 

requirements, standardization of infrastructure design, land use planning, economic impacts, 

equity issues, the current and evolving state of AV technology, legislation and regulations, and 
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policy development and planning. This effort will also facilitate the mutual sharing of information 

to help stakeholders make necessary preparations in their respective domains.  

 

11.3.5 Develop mechanisms for information sharing between IOOs and other stakeholders. 

A clearly defined mechanism is needed for regular information sharing and the formation of new 

strategic partnerships among stakeholders. For example, OEMs and IOOs could together identify 

and plan for areas where the existing roadway environment, design features, roadway 

infrastructure, and other operational design features could create obstacles to the successful 

deployment of AVs. More importantly, the perspectives of and insights from highway users must 

be sought continuously, both indirectly through advocacy groups and directly through survey tools. 

Infrastructure agencies need to enhance their processes for data management including sharing 

among infrastructure, vehicles, and other entities, due to the huge quantity of traffic data that will 

accompany AV deployment. Also, road corridors with the AV deployment, roadways with smart 

infrastructure installations are expected to generate massive information transferred between the 

infrastructure and vehicles. As such, the roadway infrastructure needs to serve as a distributed 

sensor network using an Internet-of-Things approach for sharing data and information with 

vehicles. In this regard, IOOs need not only data housing infrastructure but also the capability to 

evaluate their capacity and readiness to provide the soft computing skills required for the oversight 

of high-tech cyber- physical infrastructure elements and to fulfill the data needs of AV technology 

(for example, digital work zone maps or road closure information). IOOs will place themselves in 

a good position if they start considering strategies for the wider integration of sensing, 

communications, analytics, and decision support technologies and systems into their operations. 

 

11.3.6 Recognition of the role of infrastructure as a holistic issue not standalone   

As discussed in Chapter 1, road infrastructure needs for AVs will influence (and also will be 

influenced by) three other major forces: AV technology level (OEMs), AV customer demand 

(travelers and the general public) and supporting legislation and policy (governments). Harrington 

et al (2018) aptly recognized the quadripartite nature of these relationships and argued that the 

current infrastructure decisions will impact and define AV operation for decades to come, and 

therefore communication and coordination among the automotive, technology development, and 

infrastructure communities will be essential. As such, consistent with their recommendations, this 

report argues that to develop solutions that are robust and holistic, infrastructure agencies must:   

• be aware of advancements in AV technology to identify and measure the extent to which 

their current infrastructure may foster or inhibit the efficacy of AV sensors and the safety 

of AV operations. 

• need to track AV customer demand over time in order to make timely provisions for new 

or retrofitted infrastructure (such as AV-dedicated lanes (Ramzi Rad et al., 2020) and 

PUDOs) to serve AVs. 

• encourage, through regular dialogue, the OEMs to duly consider to some extent, the 

existing (and possibly, the prospective) road plans, funding, designs, and maintenance in 

the design of their automated systems. 

• recognize that AVs will evolve not independently but together with other sibling 

technologies – electric vehicles, ride-sharing, and connected vehicles, and therefore, it is 

important to plan for new infrastructure for not only AVs but also these other elements of 

next generation transportation. 
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11.4 Contributions of the Report 

The main contributions of this report are as follows: 

a) Documented stakeholder roles. The study documented the existing and prospective 

relationships among the key AV stakeholders (road users, IOOs, OEMs, and government 

policy makers). These include the direct and feedback relationships among the stakeholders 

and how these relationships could help foster infrastructure readiness for the imminent era 

of autonomous mobility.  

b) Presented insights into AV market penetration forecasts (combined, and for each level of 

automation) over the next few decades, and the factors that will potentially drive market 

penetration. 

c) Identified the types of infrastructure preparedness (from perspectives of planning, design, 

and operations) that will be needed to support AV operations. This was done using a 

literature review, examination of the AASHTO design policies, and a questionnaire survey. 

The elements of preparedness include identification of new infrastructure classes, existing 

infrastructure (design elements) that will need to be modified, and infrastructure that will 

gradually become obsolete. 

d) Provided guidance to IOOs for planning and evaluating their prospective investments in 

infrastructure to enhance AV readiness. The first guidance was a corridor-level framework 

that addresses uncertainty. The second is network-level framework that considered holistic 

effects associated with drivers’ route choices in response to the investments at various parts 

of the network. To demonstrate the framework, the study used parking garages as the 

infrastructure type. However, with slight medication to the problem setting, the framework 

could be applied to most types of infrastructure. 

e) Provided AV-related road infrastructure policy guidelines to guide road agencies that seek 

to further enhance their infrastructure preparation for AVs. 

 

11.5 Recommendations for Future Work 

a) The results of the survey of road users presented in this report capture the current 

preferences of road users. However, today’s perspectives may not reflect how preferences 

may change in the future. Since AVs are a new technolog concept, public perceptions about 

them are likely to be unstable. Consequently, periodic surveys should be conducted to 

gauge the fluctuating pulse of the market and capture consumers’ preferences at different 

instants for use in decision-making at the agency level. Moreover, different IOOs (state 

DOTs and other local agencies) should conduct similar surveys (of a representative random 

sample) in their administrative jurisdictions to acquire more updated and relevant input 

from road users. 

b) OEM’s forecasts of AV market penetration, presented in this report, will need periodic 

updates due to the continuous evolution and maturation of AV technology. The market 

penetration trends presented in this report may change as the state of the AV technology 

and the deployment schedules and models become clearer and more certain with time. 

c) For quantifying user benefits in Chapter, Scenario I considered crash and travel time cost 

savings, whereas Scenario II considered crash, travel time, and fuel cost savings. Future 

research could consider a broader range of agency, user, and non-user impacts and extend 

the problem using multi-criteria analysis. For the agency cost/benefit component, one such 

impact could be the revenue generated from tolling the dedicated AV lanes (maybe only 
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during certain times of the day and only for certain types of AVs, for example, self-owned 

AVs, to incentivize the use of shared AVs). For the user and non-user impacts of AV-

related infrastructure change, future research could consider emissions and other social and 

environmental impacts. 

d) This report addressed the economic evaluation of AV-related infrastructure changes from 

a project-level perspective (specifically, for a freeway corridor). However, it might be 

useful to consider a network-level problem, which could include a statewide network of all 

types of roads (arterials, collectors, and access roads). Such a network-level problem could 

help highway agencies discern the systemwide economic tradeoffs (costs and benefits) of 

the infrastructure investments required for transitioning to AV operations. 

e) Regarding the network level case study, future research could address the uncertainty 

associated with AV market penetration in the long term and travel demand by using a 

robust framework. The second is the inclusion of on-street parking in the planning 

framework to capture the potential benefits of repurposing on-street parking land to other 

uses (such as capacity expansion of road lanes or transit lines). Third, parking construction 

costs and decommissioning benefits should be considered spatially variable over a city 

network. In practice, the purchase of spaces near downtown and the decommissioning 

benefits of parking facilities are higher than those in the suburbs. Considering the spatially 

variable purchase costs and benefits, the economic aspect of parking infrastructure 

management becomes more realistic. Finally, there is a need for a solution algorithm that 

is capable of solving this problem for large city road networks. 
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CHAPTER 12 SYNOPSIS OF PERFORMANCE INDICATORS 

 
12.1 USDOT Performance Indicators Part I 

Seven (7) transportation-related courses were offered during the 2018-2019 study period and were 

taught by the PIs:  

• Smart mobility (taught a module), CE 299 

• Civil engineering systems design, CE 398 

• Highway asset management systems, CE 568 

• Transportation systems evaluation, CE 561 

• Congestion pricing and its application in the era of smart mobility, CE 597 

 

Five of these were newly developed graduate courses inspired and directly associated with 

CCAT research. Two graduate students and three post-doctoral researchers (one was subsequently 

designated a Visiting Assistant Professor) participated in the research project during the study 

period. Two (2) transportation-related advanced degree programs (masters and doctoral) utilized 

the CCAT grant funds from this research project, during the study period to support graduate 

students. This research project was leveraged to obtain the following: 

• $210,000 in additional funding from the Indiana DOT on project titled “Integrating 

Transformative Technologies in Indiana’s Transportation Operations” (with: PI’s Ananth 

Iyer and Steve Dunlop).  

• $100,000 in additional funding from the Indiana DOT on project titled “Cost and benefit 

analysis of installing fiber optics on INDOT projects”. (with: PI’s Kumares Sinha, Jon 

Fricker, Nadia Gkritza). 

 

12.2 USDOT Performance Indicators Part II 

Research Performance Indicators: Seven (7) journal articles and twenty-four (24) conference 

presentations were produced from this project. The research from this research project was 

disseminated to over 740 people from industry, government, and academia, through the 24 

conference presentations. These include the 2020 Purdue Road School, the 2019 and 2020 Next 

Generation Transportation Systems Conference (NGTS), the 2019 ITE (Purdue Chapter) Annual 

Dinner, the 2019-2022 TRB annual meetings, the 2020-2021 INFORMS Annual Meeting, and the 

2022 ASCE International Conference on Transportation and Development.  Two (2) other related 

research projects were funded by a source other than UTC and matching fund sources. At the time 

of writing, there are no new technologies, procedures/policies, and standards/design practices that 

were produced by this research project. 
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Leadership Development Performance Indicators: This research project generated 5 academic 

engagements and 2 industry engagements. The PI held positions in 2 national organizations that 

address issues related to this research project. One of the CCAT students who worked on this 

project held a leadership position. The project motivated the PI to establish a series of student-run 

and student-organized annual conferences “Next Generation Transportation Systems” which has 

been held in 2019 (West Lafayette), 2020 (online), and 2023 (West Lafayette) that has had 

international participation and a growing audience. This series has gained adequate momentum 

and will continue even after the expiry of the USDOT grant. 

Education and Workforce Development Performance Indicators: The methods, data and/or 

results from this study were incorporated in the course syllabi for the following courses at Purdue 

University: (a) CE 561: Transportation Systems Evaluation, a mandatory graduate level course at 

Purdue’s transportation engineering M.S. and Ph.D. programs, (b) CE 568: Highway Infrastructure 

Management Systems, an elective graduate level course at Purdue’s transportation engineering 

M.S. and Ph.D. programs, (c) CE 299: Smart Mobility, an elective undergraduate level course at 

Purdue’ civil engineering B.S. program, (d) CE 398: Introduction to Civil Engineering Systems, a 

mandatory undergraduate level course at Purdue University’s civil engineering program. Most of 

these students have entered the workforce. Thereby, the research helped enlarge the pool of people 

trained to develop knowledge and utilize at least a part of the technologies developed in this 

research, and to put them to use when they enter the workforce. 

Collaboration Performance Indicators: There was collaboration with other agencies, and one 

agency provided matching funds. 

The outputs, outcomes, and impacts are described in Chapter 13 below. 
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CHAPTER 13 STUDY OUTCOMES AND OUTPUTS 
 

13.1 Outputs 

13.1.1 Publications, conference papers, and presentations 

 

(a) Journal Publications 

i. Seilabi, S., Tabesh, M., Davatgari, A., Miralinaghi, M., Labi, S. (2020). Promoting          

autonomous vehicles using travel demand and lane management strategies, Frontiers in 

the Built Environment, doi.org/10.3389/fbuil.2020.560116 (awarded the Joe Sussman 

best paper prize, by the Journal, 2020]  

ii. Saeed, T.U., Burris, M., Labi, S., Sinha, K.C. (2020). An empirical discourse on forecasting 

the use of autonomous vehicles using consumers’ preferences, Technological Forecasting 

and Social Change, Volume 158, 120130. 

iii. Labi, S. (2021). Measuring the benefits of civil systems connectivity and automation–a 

discussion in the context of highway transport, Civil Engineering & Environmental 

Systems, 1-21, 

iv. Saeed, T.U., Alabi, B.N.T., Labi, S., Sinha, K.C. (2021). Preparing road infrastructure to 

accommodate connected and automated vehicles: System-level perspective, Journal of 

Infrastructure Systems, Volume 27, Issue 1, doi/full/10.1061/%28ASCE%29IS.1943-

555X.0000593. [Recognized as the Editor’s Choice Collection, 2021] 

v. Feng, J., Chen, S., Ye, Z., Miralinaghi, M., Labi, S., Chai, J. (2021). Repositioning shared 

urban personal transport units: considerations of travel cost and demand uncertainty, 

Journal of Infrastructure Systems 27 (3), 04021011 

vi. Labi, S., Sinha, K.C. (2022). Emerging transportation innovations: Promises and pitfalls, 

Innovation and Emerging Technologies, 1-9, 2240001-1 – 2240001-9. 

vii. Labi, S., Saneii, M., Tabesh, M.T., Pourgholamali, M., Miralinaghi, M. (2023). Parking 

infrastructure location design and user pricing in the prospective era of autonomous vehicle 

operations, Journal of Infrastructure Systems 29(4). 04023025. 

viii. Chen, S., Zong, S., Chen, T., Huang, Z., Chen, Y., Labi, S. (2023). A taxonomy for 

autonomous vehicles considering ambient road infrastructure, Sustainability 15 (14), 

11258. 

 

(b) Conference Presentations 

i. Saeed, T., Alabi, B., Alinizzi, M., Labi, S., Sinha, K. (2018). Preparing our highways to 

accommodate CAVs: Research Progress Update, 2018 Global Symposium on Connected 

& Automated Transportation, Ann Arbor, MI, March 7–8, 2018. 

ii. Ghahari, S., Labi, S., Ghotbi, S., Alinizzi, M. (2018). Leveraging advanced technologies 

for fighting corruption in infrastructure project delivery, ASCE International Conference 

on Transportation & Development (ICTD), Pittsburgh, PA, July 15–18, 2018. 
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iii. Ha, Y.J., Ghahari, S., Marfo, A., Labi, S. (2018). Evaluation of automated transit systems:  

Assessment criteria, Lectern presentation, ASCE International Conference on Automated 

People Movers and Automated Transit Systems, Tampa, FL, April 29 – May 2, 2018. 

iv. Ha, Y.J., Ghahari, S., Marfo, A., Labi, S. (2018). Evaluation of automated transit systems:  

Assessment criteria, Poster presentation, ASCE International Conference on Automated 

People Movers and Automated Transit Systems, Tampa, FL, April 29 – May 2, 2018. 

v. Ha, Y. J., Ghahari, S., Marfo, A., Labi, S. (2018). Hyperloop systems: An ex ante 

evaluation, ASCE International Conference on Automated People Movers and Automated 

Transit Systems, Tampa, FL, April 29 – May 2, 2018. 

vi. Nafakh, A., Chen, S., Saeed, T., Labi, S., Ha, Y.J., (2018). Evaluation of an automated 

people mover in downtown Indianapolis, ASCE International Conference on Automated 

People Movers and Automated Transit Systems, Tampa, FL, April 29 – May 2, 2018. 

vii. Saeed, T., Labi, S., Sinha, K.C. (2018). Roadway infrastructure preparedness for 

autonomous vehicle operations, 2018 Automated Vehicles Symposium, San Francisco, CA. 

viii. Sinha, K.C. (2019). Road Infrastructure Preparedness for Autonomous Mobility, 2019 

Global Symposium on Connected & Automated Transportation, Washtenaw Community 

College, Ann Arbor, MI, February 27, 2019. 

ix. Chen, Y., Saeed, T., Volovski, M., Labi, S. (2019), Emergence of big data in smart 

transportation: big reasons, big challenges, and bigger opportunities, 1st Next Generation 

Transportation Systems (NGTS-1) Conference, W. Lafayette, IN, May 31, 2019. 

x. Li., Y., Saeed, T., Alinizzi, M., Chen, S., Labi, S. (2019). Sustainability-related 

performance measures – Relevance in an era of smart transportation, 2nd Next Generation 

Transportation Systems (NGTS-1) Conference, W. Lafayette, IN, May 31, 2019. 

xi. Ghahari, S., Queiroz, C., Ghotbi, S., Alinizzi, M., Labi, S. (2019). Anti-corruption 

activities in infrastructure project delivery using advanced technology, ASCE International 

Conference on Transportation & Development (ICTD), Alexandria VA, June 9–12, 2019. 

xii. Saeed, T.U., Alabi, B.N.T., Labi, S., Miralinaghi, M., Sinha, K.C. (2019). Preparing 

highway infrastructure for the emerging era of CAVs, ASCE International Conference on 

Transportation & Development (ICTD), Alexandria VA, June 9–12, 2019. 

xiii. Ha, Y.J., Miralinaghi, M., Chen, S., Labi, S. (2019). Sustainability considerations in AV-

exclusive lane deployment, ASCE International Conference on Transportation & 

Development (ICTD), Alexandria VA, June 9–12, 2019. 

xiv. Tabesh, M., Miralinaghi, M., Labi, S. (2019). Parking facility location in the era of 

autonomous vehicles, ASCE International Conference on Transportation & Development 

(ICTD), Alexandria VA, June 9–12, 2019. 

xv. Ha, Y.J., Miralinaghi, M., Labi, S. (2019). Sustainability Considerations in AV Exclusive 

Lane Deployment, 2019 INFORMS Annual Meeting, Seattle, WA, Oct 20–23, 2019. 

xvi. Tabesh, M., Miralinaghi, M., Labi, S. (2020). Parking facility location and user pricing in 

the era of autonomous vehicles, ITE Seminar, West Lafayette, IN, Oct 13, 2020. 
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xvii. Tabesh, M., Miralinaghi, M., Labi, S. (2020). Design of parking facility locations and 

equitable parking fee structures in the era of autonomous vehicles, 2020 INFORMS Annual 

Meeting, Virtual. Nov 7–13, 2020. 

xviii. Pourgholamali, M., Ha, P. Miralinaghi, M., Seilabi, S.E., Labi, S. (2022). Sustainability 

considerations in AV-exclusive lane deployment. Transportation Research Board 101st 

Annual Meeting, Washington, DC. 

13.1.2 Other products 

Other products of this research are as follows: 

 

(a) Course Material 

 

Evaluation methods that can be incorporated in the course syllabi for courses at various universities 

nationwide that address the subject of CAVs in general and road infrastructure readiness for CAV 

in particular. Such courses (which may have different titles at the other universities), include: 

• Evaluation of transportation systems, projects, programs, and policies 

• Highway infrastructure management systems 

• Smart mobility or Next-generation transport systems 

(b) Editorials co-authored with research partners   

Labi, S., Anastasopoulos, P., Miralinaghi, M., Ong, G.P., Zhu, F. (2021). Advances in 

Planning for Emerging Transportation Technologies: Towards Automation, Connectivity, 

and Electric Propulsion, Editorial, Frontiers in the Built Environment, Transportation and 

Transit Systems Volume 7, https://doi.org/10.3389/fbuil.2021.666246 

Labi, S. (2021). An influential journal elevating the civil engineering profession and raising 

its image in the engineering league, Editorial, Computer‐Aided Civil and Infrastructure 

Engineering Volume 36, Issue 10, https://dl.acm.org/doi/abs/10.1111/mice.12751 

Labi, S., Lee, H., Derrible, S. (2022). Smart Cities: Infrastructure, Air Quality, Disaster 

Response, and Data Management, Journal of Infrastructure Systems, Volume 28, Issue 4, 

DOI: 10.1061/(ASCE)IS.1943-555X.0000723 

(c) Student Dissertations and Theses   

Tariq U. Saeed, Road infrastructure readiness for autonomous vehicles, PhD Dissertation, 

Purdue University, 2019, https://doi.org/10.25394/PGS.8949011.v1 

Mohammadhosein Pourgholamali, Robust design of electric charging infrastructure 

locations under travel demand, M.S. Thesis, Purdue University, 2023,  
https://hammer.purdue.edu/authors/Mohammadhosein_Pourgholamali_Davarani/17683734 

Mahmood Tarighati Tabesh, parking facility location and user pricing in the era of 

autonomous vehicle operations, M.S. Thesis, Purdue University, 2021. 

https://docs.lib.purdue.edu/dissertations/AAI30504256/ 

https://doi.org/10.3389/fbuil.2021.666246
https://dl.acm.org/doi/abs/10.1111/mice.12751
https://doi.org/10.25394/PGS.8949011.v1
https://hammer.purdue.edu/authors/Mohammadhosein_Pourgholamali_Davarani/17683734
https://docs.lib.purdue.edu/dissertations/AAI30504256/
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13.2 Outcomes  

The outcomes of this project are the prospective changes that can be made to the transportation 

system, or its regulatory, legislative, or policy framework, resulting from research and 

development outputs. These are: 

• Increased understanding and awareness of the need for the four key AV stakeholders to 

collaborate towards a smooth path to an autonomous future. 

• Greater understanding of AV issues and concepts in the context of roadway infrastructure, 

and awareness of the infrastructure-related roles of the key stakeholders 

• More reliable prognostications of AV demand and better understanding of the factors that 

will influence AV demand. 

• Enhanced understanding of road agencies of the ways to consider AV issues at the various 

phases of their road infrastructure development – road planning, roadway design, and 

operations-maintenance-monitoring. 

• Awareness of how agencies could address AV-related infrastructure investment evaluation 

at a project level (considering uncertainty) and at a network level (considering network 

traffic holistic effects) 

• Policy guidelines for road agencies to enhance infrastructure preparation for AVs. 

The various frameworks and guidelines presented in this report could serve as planning 

roadmaps that transportation agencies may use as a point of reference for initiating or promoting 

AV-related infrastructure investments. 

13.3 Impacts  

The impacts of this project are the effects of outcomes on the transportation system, or society in 

general, such as reduced fatalities, decreased capital or operating costs, community impacts, or 

environmental benefits. This includes how the research outcomes can potentially improves the 

operation and safety of the transportation system, increase the body of knowledge and technologies, 

enlarges the pool of people trained to develop knowledge and utilize new technologies and put 

them to use, and improve the physical, institutional, and information resources that enable people 

to have access to training and new technologies. A list of specific impacts from this research 

project, are as follows: 

a) Impact on stakeholders: each of the key AV stakeholders (road users, IOOs, OEMs, and 

government policy makers) will gain further awareness of not only their roles and the 

impact of their functions on the actions of other stakeholders, and ultimately, AV demand 

and deployment.  

b) Greater awareness of AV market penetration forecasts for each level of automation over 

the next few decades, and appreciation of the factors that will potentially drive AV market 

penetration. This will help guide policy development geared toward enhancing AV demand. 

c) Impact of road agencies: Road agencies will gain greater awareness of the needed changes 

in agency planning, design, and operational functions to support autonomous mobility and 

its sibling technologies (ride sharing and electric propulsion). This includes changes in the 

design elements of existing infrastructure, new infrastructure classes spawned by AV 

operations, and obsolescence and retirement of certain classes of infrastructure. Also, 

agencies will be better positioned to carry out project-level or network-level evaluation of 

their prospective investments to support traffic operations that includes AV.  
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APPENDIX 
 

CCAT Project: Design and Management of Highway Infrastructure to 

Accommodate CAVs 

 

Published Related Work 

 

Paper 1: Seilabi, S., Tabesh, M., Davatgari, A., Miralinaghi, M., Labi, S. (2020). Promoting          

autonomous vehicles using travel demand and lane management strategies, Frontiers in the Built 

Environment, doi.org/10.3389/fbuil., Vol. ,6 560116 (awarded the Joe Sussman best paper prize, 

by the Journal, 2020] 

 

Abstract 

 

A key challenge facing cities of today is the persistent and growing urban congestion that has 

significant adverse effects on economic productivity, emissions, driver frustration, and quality of 

life. The concept of smart cities, which can revolutionize the management of metropolitan 

transportation operations and infrastructure, shows great promise in mitigating this problem. 

Specifically, the automation and connectedness (A&C) of smart city entities such as its 

infrastructure, services, and vehicles, can be helpful. In this regard, this paper focuses on the 

potential of autonomous vehicles (AVs) and AV infrastructure, particularly during prospective 

transition era where there will be mixed streams of AVs and human driven vehicles (HDVs). The 

paper considers two aspects of this potential: connectivity-enabled travel demand management and 

travel infrastructure supply through lane management. To demonstrate the opportunity associated 

with this potential, this paper first presents an AV-enabled tradable credit scheme (TCS) to manage 

travel demand. Here, the transportation authority distributes travel credits to travelers directly and 

instantaneously using the AV's A&C features. Travelers use their A&C features to pay these 

credits for travel at specific locations or times-of-day according to their choices of lane types and 

links. With regard to supply, this paper considers that the road network consists of two lane types: 

AV-dedicated, and mixed traffic lanes, and develops a scheme for travel demand and lane 

management strategies in the AV transition era (TLMAV). Firstly, the paper models the expected 

travel choices based on user equilibrium concepts, at different levels of AV market penetration. 

Then, the existence of the optimal solution in terms of link flows and the prevailing travel credit 

price is demonstrated. Then the paper establishes the optimal TLMAV that minimizes total travel 

time subject to user equity constraints. The results demonstrate the extent to which HDV users will 

suffer an increase in travel cost if equity is not considered in the model. The results also show how 

the transportation agency can use TLMAV to keep HDV travel costs to acceptable levels, 

particularly during the early stages of the AV transition period. Further, the paper shows how 

TLMAV could be designed to gradually diminish inequity effects so that travelers, in the long 

term, are motivated to shift to AVs. 
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Paper 2: Saeed, T.U., Burris, M., Labi, S., Sinha, K.C. (2020). An empirical discourse on 

forecasting the use of autonomous vehicles using consumers’ preferences.  

Technological Forecasting and Social Change Volume 158, September 2020, 120130, 

https://doi.org/10.1016/j.techfore.2020.120130 

 

Abstract 

Given many known and unknown uncertainties, it is hard to forecast reliably the mode choices, 

expected to prevail with autonomous vehicle (AV) technology; however, the key to getting some 

idea lies in understanding the preferences of end users. In this vein, a random parameters logit 

model is employed to study the consumers’ preferences in small- and medium-sized metropolitan 

areas, based on their travel behavior and household characteristics, socio-demographic features, 

awareness about AV technology and new travel choices, psychological factors, and built 

environment features. Most of the past studies hypothesize that due to a wide range of anticipated 

benefits, there would be increased use of AVs especially as a shared service where multiple 

travelers use the same AV concomitantly. However, the results from this study do not support the 

hypothesis that vehicle ownership will be an obsolete model at least during the early phase of 

transitioning to the self-driving era (when roads are expected to contain vehicles with and without 

human drivers). The findings of this study reveal key factors influencing consumer preferences 

and offer important insights to technology developers and service providers in understanding the 

ways consumers would like to use this technology and hence, defining the business model. 
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Paper 3: Labi, S. (2021). Measuring the benefits of civil systems connectivity and automation – 

A discussion in the context of highway transport, Civil Engineering & Environmental Systems, 

1-21, https://doi.org/10.1080/10286608.2021.2013474 

 

Abstract 

 

Connectivity refers to the ability of civil engineering system components to transmit/receive data 

for making strategic, tactical and operational decisions towards enhanced efficiency, effectiveness, 

and lower costs to the system stakeholders. Automation is the capability of a system or its 

component to carry out control functions or decisions that are traditionally done by humans. As 

the benefits of these two technologies become increasingly apparent in various civil engineering 

disciplines, it seems useful to measure such impacts to generate information for evaluating the 

feasibility of past or prospective future applications related to connectivity and automation (C/A) 

or for comparing alternative C/A applications. This paper discusses some constructs for measuring 

the benefits or effectiveness (MOEs) of C/A applications. An MOE expressed in terms of an 

appropriate system performance indicator (SPI) can help ascertain the extent to which a C/A 

application has accomplished or is expected to accomplish its specified goals or to compare the 

efficacy of alternative C/A applications. This paper identifies a number of SPIs and establishes a 

number of MOEs for measuring the effectiveness of C/A applications in terms of the relevant SPIs. 

The paper provides illustrations to the concepts discussed in the context of highway transport. 
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Paper 4: Saeed, T.U., Alabi, B.N.T., Labi, S., Sinha, K.C. (2021). Preparing Road Infrastructure 

to Accommodate Connected and Automated Vehicles: System-Level Perspective, Journal of 

Infrastructure Systems, Volume 27, Issue 1,  

https://doi.org/10.1061/(ASCE)IS.1943-555X.0000593 

 

Abstract 

 

Highway agencies seek knowledge of the changes in infrastructure design and management 

necessary for connected and automated vehicle (CAV) operations. This technical note presents 

preliminary and partial results of ongoing research. The note establishes a classification of 

roadway infrastructure, and discusses the challenges and opportunities associated with 

infrastructure preparation for CAVs. The technical note also identifies stakeholder roles regarding 

CAV infrastructure provision and discusses uncertainties regarding CAV market penetration and 

level of autonomy during the CAV transition period. 
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Paper 5: Feng, J., Chen, S., Ye, Z., Miralinaghi, M., Labi, S., Chai, J. (2021). Repositioning 

shared urban personal transport units: considerations of travel cost and demand uncertainty, 

Journal of Infrastructure Systems 27 (3), 04021011,  

https://doi.org/10.1061/(ASCE)IS.1943-555X.0000619 

 

Abstract 

 

Operators of personal transport units (PTUs) face the challenge of intelligently balancing the 

locational demand and supply of PTUs in order to mitigate surpluses or deficits at PTU pickup 

stations. To accomplish this goal, operators need to be able to reliably predict the spatial 

distribution of PTU demand and to optimize the distributional allocation of resources to meet this 

demand. This paper proposes a three-step mathematical programming approach that addresses 

PTU supply vehicle routing and PTU repositioning that minimize the weighted total travel costs 

and unmet user demand. The methodology combines discrete wavelet transform (DWT) and 

artificial neural network (ANN) techniques to predict the demand at PTU stations, considers travel 

cost and unmet user demand in a multiobjective model and solves it with a multiobjective 

coevolutionary algorithm (MOCA), and incorporates the demand uncertainty to ensure robustness 

of the optimal repositioning and routing strategy for all the PTU stations. The paper demonstrated 

the proposed approach using real-world bicycle-sharing data from Nanjing, China, and showed 

that the proposed approaches for demand prediction (DWT-ANN) and optimization (MOCA) 

significantly produce superior results compared with traditional methods. Sensitivity analysis 

demonstrated the robustness of the proposed approaches. 
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Paper 6: Labi, S., Sinha, K.C. (2022). Emerging transportation innovations: Promises and 

pitfalls, Innovation and Emerging Technologies, 1-9, 2240001, 1–9. 

https://doi.org/10.1142/S2737599422400011 

 

Abstract 

 

Rapid growth in information and communication technologies has spawned a number of major 

innovations in transportation area, including automation and connectivity. At the same time, the 

advancement in battery technology has accelerated the electrification of transportation vehicle 

propulsion. This paper, focusing on highway-oriented surface transportation, examines the current 

development of these innovations, along with their synergies, benefits, pitfalls, trends, possible 

barriers to deployment, and wider impacts. 
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Paper 7: Labi, S., Saneii, M., Tabesh, M.T., Pourgholamali, M., Miralinaghi, M. (2023). Parking 

Infrastructure Location Design and User Pricing in the Prospective Era of Autonomous Vehicle 

Operations, Journal of Infrastructure Systems 29(4), DOI: 10.1061/JITSE4.ISENG-2232 

 

Abstract 

 

The lack of parking infrastructure continues to pose a problem for urban commuters, as parking 

demand in most cities outstrips supply and significant driver time is expended searching for 

parking. The emergence of vehicle automation offers an opportunity to help mitigate this issue. In 

the autonomous vehicle (AV) era, it is expected that after dropping off its passengers at their 

destinations, the AV will park at a relatively inexpensive parking facility located outside the 

downtown area instead of the existing, higher-priced facilities in the central business district 

(CBD). This is expected to decrease CBD parking demand, ultimately leading to the possible 

decommissioning and repurposing of some existing parking infrastructure in the CBD and the 

construction of new infrastructure in the city’s outlying areas. What is needed, therefore, is a 

framework for city road agencies for decommissioning/relocating/locating and user pricing of 

parking infrastructure to serve human-driven vehicles (HDVs) and AVs. To address this issue, this 

study presents a bi-level framework. The road agency (at the upper level) seeks to: (1) minimize 

travelers’ cost systemwide, and (2) maximize monetary benefits of infrastructure 

decommissioning and parking fee revenue at the upper level. Travelers (at the lower level) seek to 

reduce their costs of travel in response to the road agency’s decisions made at the upper level. A 

hybridized solution approach (optimization heuristics and machine learning) is implemented for 

this mixed-integer nonlinear problem. The numerical experiments provided a number of insights 

regarding parking infrastructure location design and user pricing in the prospective AV era. 
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Paper 8: Chen, S., Zong, S., Chen, T., Huang, Z., Chen, Y., Labi, S. (2023). A Taxonomy for 

Autonomous Vehicles Considering Ambient Road Infrastructure. Sustainability 15, 11258. 

https://doi.org/10.3390/su151411258 

 

Abstract 

 

To standardize definitions and guide the design, regulation, and policy related to automated 

transportation, the Society of Automotive Engineers (SAE) has established a taxonomy consisting 

of six levels of vehicle automation. The SAE taxonomy defines each level based on the capabilities 

of the automated system. It does not fully consider the infrastructure support required for each 

level. This can be considered a critical gap in the practice because the existing taxonomy does not 

account for the fact that the operational design domain (ODD) of any system must describe the 

specific conditions, including infrastructure, under which the system can function. In this paper, 

we argue that the ambient road infrastructure plays a critical role in characterizing the capabilities 

of autonomous vehicles (AVs) including mapping, perception, and motion planning, and therefore, 

the current taxonomy needs enhancement. To throw more light and stimulate discussion on this 

issue, this paper reviews, analyzes, and proposes a supplement to the existing SAE levels of 

automation from a road infrastructure perspective, considering the infrastructure support required 

for automated driving at each level of automation. Specifically, we focus on Level 4 because it is 

expected to be the most likely level of automation that will be deployed soon. Through an analysis 

of driving scenarios and state-of-the-art infrastructure technologies, we propose five sub-levels for 

Level 4 automated driving systems: Level 4-A (Dedicated Guideway Level), Level 4-B 

(Expressway Level), Level 4-C (Well-Structured Road Level), Level 4-D (Limited-Structured 

road Level), and Level 4-E (Disorganized Area Level). These sublevels reflect a progression from 

highly structured environments with robust infrastructure support to less structured environments 

with limited or no infrastructure support. The proposed supplement to the SAE taxonomy is 

expected to benefit both potential AV consumers and manufacturers through defining clear 

expectations of AV performance in different environments and infrastructure settings. In addition, 

transportation agencies may gain insights from this research towards their planning regarding 

future infrastructure improvements needed to support the emerging era of driving automation. 
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