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ABSTRACT 
 

 
 
A GEOGRAPHICAL ANALYSIS OF OPTIMAL QUEUE LOCATIONS FOR 
AUTONOMOUS VEHICLES 
 
Jeffrey R. Heuwinkel 
 
George Mason University, 2020 
 
Thesis Director: Dr. Matt Rice 
 
 

 As autonomous vehicles (AVs) get introduced in urban areas, the problem of 

effectively and efficiently serving the population needs to be addressed.  This thesis 

explores AV introduction into cities, population density and demand dynamics, queueing 

strategies, and a streetscape analysis to analyze needed modifications to the streetscape.  

This research study focuses on the geographic region of Washington D.C. with a 

temporal scope of morning rush hour.  Current ridesharing methods have been shown to 

cause traffic congestion in densely populated urban areas where demand would be high.  

The coordinated introduction of AV service in urban areas, including planned queue 

locations, may replace current ridesharing services.  The planned AV queues would 

facilitate efficient entrance and egress from vehicles using existing curbside locations, 

with the AV queue replacing AVs as needed through modeled population demand.  To 

determine the optimal AV queue locations, high demand areas are identified through an 



 
 

analysis of population density, and specific locations for AV queues are determined 

through location-allocation analysis using barriers, demand points, and distance 

thresholds from previous research.  Finally, the current and potential future streetscapes 

are analyzed with examples presented. 
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1. INTRODUCTION AND RESEARCH QUESTION 

 
 
 

The introduction of automated vehicles (AVs) will come in stages but ultimately 

may become the dominate form of transportation within urban areas and potentially form 

its own mass transit system.  With proper government intervention on the state, federal, 

and especially the local level, AVs will become a part of the current transportation 

system in the near future.  How AVs are introduced into the current transportation 

network is still being debated.  Until a fully connected system, one where all the vehicles 

on the road are autonomous, AVs will share the road with non-AVs.  Changing 

transportation infrastructure takes planning, money, and ultimately time.  AVs will be on 

the road before transportation infrastructure can catch up and therefore using existing 

infrastructure is vital to providing a solution for AVs as a part of the current 

transportation network. 

While comprehensive details about the implementation of AVs is a future topic, 

setting a scope for this research is important, and that scope includes some decisions 

about which elements to focus on for the larger research domain.  For this research study, 

the geographic scope is limited to the political boundary of Washington D.C. with the 

temporal scope limited to morning rush hour, which is between the hours of 7:00am and 

9:30am.  One of the main visions for AVs is to move mass amounts of people while also 
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reducing overall traffic congestion and improve traffic flow.  In a dense urban area, it is 

impractical to have individual AVs for each person or a couple of people.  This research 

study explores the use of AV minibuses that can transport 6 – 10 people.  While 

individual AV pods might be used in other areas of the city where demand is low enough, 

for high demand areas during peak transit times, a larger vehicle will be needed.  In 

addition, the final destinations of the people using the AV service from a high demand 

location will likely be similar enough that 6 – 10 people could use one AV that can 

generate a very efficient route for all passengers without increasing total travel time as a 

current bus would with very frequent stops.  The vision is a user would enter their final 

destination into an application and the central system controlling all AVs would then 

calculate all the final destinations from one AV queue location and tell the user to get into 

a specific AV minibus.  Some AVs would go straight to existing mass transit, such as a 

metro station entrance, while others would generate custom routes to serve all people on 

board.  These details would have to be further studied and addressed in future research.  

To make these AV minibuses even more efficient, transportation infrastructure and traffic 

laws could be changed for a more efficient network. 

In Washington D.C., certain roads switch to one-way traffic in all lanes during 

peak transit times, including the Rock Creek Parkway and Canal Road.  This is done to 

efficiently move people to the downtown area, the main destination, as well as to meet 

the demand.  With AVs, a similar solution could be done where lanes could be designated 

for AV use only and then the AVs could travel at higher rates of speed and closer to each 

other since each AV would know what all the other AVs are going to do in real time.  
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Often, most areas of a given city will have all lanes be mixed use, where AVs and non-

AVs share the road equally.  In the vision of smart cities, AVs are in a fully connected 

system with no non-autonomous vehicles on the roadway, revolutionizing transportation 

infrastructure and networks as well as eliminating key infrastructure such as traffic lights 

and doubling of the intersection capacity (Sun et al., 2018). 

AVs will offer a service similar to the current ridesharing practices but will be 

more efficient as well as provide the user more benefits.  Since AVs will be connected to 

a central system, AVs could use current traffic conditions to determine the fastest route to 

a destination.  Alternatively, the user could request a more scenic route or one that avoids 

traffic lights as much as possible as a personal preference and the AV could produce an 

optimal route that meets these needs.  In addition, AVs may be allowed to travel at higher 

rates of speed on certain roads or at certain times of the day.  If multiple people enter an 

AV, the AV could use current traffic and alternate routes to determine the most efficient 

travel plan for all passengers.  Similar to current ridesharing, AVs would also be able to 

know people’s destinations ahead of time but instead of a driver deciding whether or not 

to pick up an additional passenger, the most optimal AV in the area could be selected 

where the new passenger is along their current route, has a similar destination, or both 

which would reduce diversion time and loading time.  AVs could also choose different 

routes to spread out the cars on roads that have a similar total travel time to spread out 

overall traffic and therefore make the entire traffic network more efficient.  Current 

ridesharing services appear to generate similar routes and not utilize alternative routes.  
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The main difference is how AVs would compute all available data to provide the most 

efficient and effective route, which could change on-the-fly based upon multiple factors. 

In the predominantly residential areas withing a city that are composed of mainly 

single-family detached homes, for example the neighborhood of Chevy Chase or 

Palisades in Washington D.C., there would be no need for an AV queue because the 

demand is spread out relatively evenly throughout the entire area.  In these areas, almost 

all of the roads could be blocked by a car for a couple minutes for loading and unloading 

without impacting the overall traffic system.  One of the major problems with current 

ridesharing and delivery vehicles is congestion of the curbside.  In a city like Washington 

D.C., the curbside is typically fully occupied by parked vehicles which typically results in 

the ridesharing and delivery vehicles usually stop on an active roadway dramatically 

disrupting traffic.  Despite this practice being illegal, enforcement is difficult and often 

not a priority which therefore does not provide enough of a deterrent for this behavior to 

stop.  Descant (2018) explains how curbside space needs to be rethought and potentially 

redesigned since there are numerous curbside functions in a smart city, including space 

for delivery vehicles, smart parking, electronic charging ports, bike-share docking 

stations, pedestrians, and now AVs.  How the increasingly valuable curbside real estate is 

used in a smart city needs to be thought about carefully and with strategic planning. 

In the areas that are mainly comprised of residential single-family detached 

homes the curbside space would not need to be altered dramatically due to a stopped 

vehicle in the roadway for loading and unloading not impacting the overall traffic system.  

These areas would be serviced by AVs similar to current ridesharing and taxi services but 
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with the added benefit of the capabilities of AVs to reduce overall travel time and traffic 

network efficiency.  Basu et al. (2018) explains describes this as an Automated Mobility-

on-Demand (AMoD) system where driverless cars, AVs, would replace the current ride 

sharing and taxi vehicles.  Basu et al. (2018) expects this AMoD system to appeal to a 

large percentage of people in an urban environment that currently use mass transit or 

private vehicles and suggests that an AMoD system will have a disruptive effect on urban 

transportation.  This AMoD type of system would be in conjunction with the AV queues 

where the AV queues would service the highest demand areas within a city and the 

AMoD system would service all other areas outside of current mass transit and AV queue 

regions. 

A smart city is one where large amounts of data from a connected wireless system 

are used to improve transportation, energy distribution, emergency response, all forms of 

mobility, and infrastructure maintenance, among others, with optimization methods 

(Cassandras, 2017).  While current cities strive to achieve these goals, a smart city 

connects all these different systems together into one system.  With current technology, it 

is difficult to view all the different aspects of a city all at once and understand how one 

system affects another system.  In addition, if all the aspects of a city were connected, 

one system could easily and quickly be altered to accommodate an event or an increase in 

demand for another system.  For example, emergency response time could be decreased 

if the system were to stop all pedestrians, make all the lights green, and have traffic part 

to the sides of the roads, effectively making a direct route for the emergency vehicles to 

pass through.  Once the emergency vehicle is through a certain point, all traffic and 
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traffic signals resume as normal.  This could only be achieved through a very 

sophisticated system to account for the traffic this may cause in other areas impacted by 

the temporary slowdown. 

Infrastructure maintenance could be dramatically more efficient with the 

introduction of AVs in a smart city.  Sensors could be placed on all AVs to effectively 

map the road conditions, such as roughness, as well as pothole locations, using sensors on 

the suspension.  This data could be uploaded into the system so AVs could avoid certain 

obstacles which would reduce the impact on the AVs and reduce overall maintenance on 

the vehicles.  Accurate vehicle counts could be done in real time at for any bridge, 

overpass, road, or intersection.  This could produce an accurate traffic count map for an 

entire city or region, which could yield a more efficient plan for major infrastructure 

maintenance or improvements. 

While smart cities seem far off into the future, they are closer than many may 

think.  Sidewalk Labs, Google’s urban technology division, is in the final stages of 

approval to build a smart city in the Toronto Eastern Waterfront development area 

(Tierney, 2019).  While this has resulted in a heated debate about technology, privacy, 

and control within new urban smart cities, this is the first large-scale example of a smart 

city and a potential glimpse into the future.  Even closer on the horizon is the use of AVs 

as a mass transit system.  This mass transit system would be like no other since the areas 

it could service would only be limited by the available roads, which would yield a service 

area of an entire city, not portions of a city as metro stations and bus circulators currently 

serve.  How AVs are spread throughout a city or given area will be based on demand.  
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This research looks closely at the following questions.  Can the areas of highest demand 

for the morning rush hour be identified using nighttime population data and other inputs?  

Can locations for optimal AV queues be identified using nighttime population data and 

other inputs?  How would the streetscapes of the selected locations change with the 

addition of an AV queue?  The answers to these questions will be derived from data, 

analysis, and observation, and will be the primary focus of the chapters that follow. 

This research focuses on the peak time of mass movement of morning rush hour 

where the majority of people are going to work from their residence.  The study area of 

this research is the administrative boundary of Washington D.C.  In order for AVs to be 

an efficient and effective form of mass transit, one has to determine where AVs should 

queue in order to serve the highest demand areas and move those people as fast and 

efficiently as possible.  This research will determine the high demand areas where AV 

queues will be needed in order to effectively serve mass amounts of people as well as 

how the roadway and roadway adjacent areas will change with these developments. 

Specific queueing locations in high demand areas will be identified using 

nighttime population data and a resulting population density analysis, with additional 

information from land use data and other inputs.  Hot spot analysis will be performed to 

identify the statistically significant hot spots throughout Washington, D.C.   Location-

allocation analysis will be used to look at the aggregation of demand to queueing 

locations, resulting in an efficient distribution of queueing points, and significantly, 

knowledge about the dynamics and behavior of the underlying AV system, functioning 

within the context of a developing smart city.  Understanding where AVs will be needed 
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the most within an existing transportation network and how to accommodate this change 

in transportation infrastructure is a key component to the future introduction of AVs, the 

eventual fully connected AV transportation network, and the smart cities of the future. 
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2. LITERATURE REVIEW 

 
 
 

What follows is an overview of the academic research on autonomous vehicles 

(AVs).  This academic research explores the various problems associated with AVs 

including integrations into an existing network, a fully connected autonomous vehicle 

system, how these systems would work and interact with each other, as well as visions of 

the smart cities of the near future.  Proposed language for differentiating the various 

levels of AVs are discussed which is crucial for planning AV integration and how 

proposed ideas are discussed in the professional, governmental, and academic 

communities.  The dynamic use of an AV system and the redeployment of AVs in real-

time is an important area of research, but is not included in this thesis, which looks 

primarily at a method for characterizing elements of demand, and the establishment of 

queueing locations for an AV system in Washington DC. 

2.1. Overview of Autonomous Vehicle Potential in Smart Cities 

AVs are often associated with smart cities.  A smart city is one where large 

amounts of data from a connected wireless system are used to improve transportation, 

energy distribution, emergency response, all forms of mobility, and infrastructure 

maintenance, among others, with optimization methods (Cassandras, 2017).  A smart city 

also uses geographic data, models, and analytical procedures and novel data collection 
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methods to optimize the maintenance of infrastructure (Goodchild et al. 2005, Qin et al. 

2018).  Modern cities currently attempt to achieve similar goals, but the difference in a 

smart city is that all the pieces that make up a city are connected to one system.  This 

allows a smart city to see how all the different forms of infrastructure, networks, and 

services interact with each other.  AVs would be a piece of this system making up a large 

percentage, if not all, of the transportation network within a smart city. 

In order to plan for the integration and the eventual fully connected autonomous 

vehicle system, it is useful to designate the levels or types of AVs.  The designation of 

the different levels allows municipalities, companies, and academics to more effectively 

communicate ideas and determine stages of development.  The Society of Automotive 

Engineers (SAE) has developed language and definitions of six different levels of AVs, 

as seen in Table 1.  A Level 0 vehicle is one where the driver is in control of the entire 

vehicle at all times, even when enhanced by active safety systems.  A Level 5 vehicle is a 

fully automated vehicle that has no interaction with the vehicle while driving unless a 

request to intervene is executed (SAE International, 2018). 

 
 
 
 
 
 
 
 
 
 
 
 
 



11 
 

Table 1:  Summary of levels of driving automation (SAE International, 2018). 

 
 
 
 

As shown in Table 1, the various levels of vehicles are dependent on specific 

criteria.  The Automated Driving System (ADS) is an automated system that performs the 

entire dynamic driving task (DDT) on a sustained basis, regardless of whether it is 

limited to a specific operational design domain (ODD).  ADS only apply to AV levels 3, 

4, and 5.  The DDT consists of the actions or tasks required to drive the vehicle and 
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perform maneuvers.  DDT fallback is where the passenger or other agency takes over the 

DDT role if the ADS system fails.  Object and event detection and response (OEDR) is 

the detection of an object or event followed by tasks and maneuvers to respond to the 

object or event.  The operational design domain (ODD) is the scope in which an 

automated function or system is designed to properly operate.  This includes, but is not 

limited to, road types, speed range, environmental conditions, and other constraints. (US 

Department of Transportation, 2016).  For the purposes of this research study, all AVs 

are considered to be Level 5 AVs where no driver interaction is needed with the vehicle.  

Non-AVs are vehicles of Level 2 or below where the majority of the driving tasks are 

executed by the driver with little or no interaction from the vehicle. 

In order for an AV system of any kind to be implemented, the desire or demand 

for an AV system must exist.  While companies are investing billions of dollars into 

autonomous vehicles research and development, the general public needs to be on board 

as well when an AV system starts to appear.  Becker & Axhausen (2017) conducted the 

first literature review on surveys with regards to AVs which concluded that an AV 

system is popular among younger people in urban environments.  People who already 

own a vehicle with some driver assistance, a Level 1 or Level 2 vehicle, as well as people 

that have been following the latest news and developments related to AV technology are 

even more positive with regards to using and relying on an AV system (Becker & 

Axhausen, 2017).  One area that needs to be further researched is the willingness of 

seniors to use an AV system when they no longer have the ability to legally drive or if 

they physically cannot drive and need to rely on others or public transit for mobility 
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throughout the city.  AVs could dramatically increase the quality of life for seniors that 

are unable to drive by bringing them to places across the city that are not serviced by 

current public transit, especially if they are unable to walk long or even short distances.  

AVs could also effectively shuttle seniors to existing mass transit more efficiently than 

current methods that rely on semi-accessible buses and infrastructure.  Additional 

accessibility enhancements geared toward navigation and wayfinding, such as those 

explored by Rice et al. (2011, 2013) and Golledge et al. (2006), could be used from a 

fully connected AV and would significantly enhance the experience for seniors, and 

individuals with vision or mobility impairments. 

The potential of AVs and an AV system within an urban environment is massive 

as it would dramatically change how people move throughout the city.  An AV system 

could provide access to those who are unable to drive, which include not only seniors but 

also the physically and mentally handicapped, as well as young people under the legal 

driving age.  A smart city without AVs is a smart city that is not reaching its full 

potential. 

2.1.1. Fully Connected Autonomous Vehicle System 

AVs that make up the entire transportation network, and are all Level 5 AVs, is 

considered a fully connected system.  This fully connected system would consist of an 

entire geographic area only containing Level 5 AVs.  All AVs within a fully connected 

system are connected wirelessly to each other, simultaneously communicating with each 

other allowing all AVs know where all the other AVs are located as well as their routes 

and future movements.  This type of connection would eliminate the need for traffic 



14 
 

lights (Cassandras, 2017) since crossings at an intersection would be timed by the 

vehicles themselves so that no vehicle hits another vehicle or pedestrian.  If the AVs need 

to stop at an intersection as non-AVs do today at red lights, the AVs will make that 

choice and execute the procedure.  Sun et al. (2018) discusses how in a fully connected 

system, intersections could double in maximum capacity which would dramatically 

improve overall movement of vehicles throughout an urban environment in a smart city.  

Goodchild et al. (2005) develop a concept of this sort of spatially distributed, inter-

connected information sharing system, and describe it as a “spatial web”.  Qin et al. 

(2016) highlight the way that crowdsourcing can be used in novel ways to add 

information to a transportation-related decision-making process. 

One of the main challenges for cities today is the dramatic increase in 

urbanization and the impact that has had on the transportation infrastructure and network 

as a whole.  Land constraints and financial reasons prevent most cities from traditional 

solutions of building more infrastructure to meet the demand, including the significant 

infrastructure for the public use of automobiles (Shoup 1997, 2017).  Transportation is a 

vital resource for connection people, goods, and services which has a direct impact on the 

economic output of a city (Zhuhadar et al., 2017).  In a fully connected system, a central 

“system of systems” would be operating and monitoring all aspects of the transportation 

network.  Zhuhadar et al. (2017) discusses a “system of systems” developed by IBM 

called the IBM Intelligent Operation Center (IOC) which is not a tool that replaces 

physical transportation infrastructure but rather a tool that gathers the necessary data to 

optimize the operations.  This type of optimization based upon real-time data is key for a 
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fully connected system to work properly as well as increasing existing efficiency of the 

current transportation network. 

One of the key features of a fully connected system is the vehicles would decide 

which route to take to get to their destination.  Often times, especially in an urban 

environment where streets are often in a grid pattern, multiple routes can be taken from 

destination to destination with only a couple minutes of difference in overall travel time.  

The data generated by all the AVs currently on the road network can be used by other 

AVs to make alternate route choices, ones that might not be commonly chosen by 

individuals, to reduce not only that AV’s travel time, but reducing overall congestion 

which increases the flow on more congested roadways (Davis, 2017).  Curtin et al. (2014) 

note the difficulty and computational complexity of the navigation and routing decisions 

formulated by geographic information systems software and suggest improvements that 

may be part of a future smart city and network of autonomous vehicles.  Potentially, users 

of an AV system could select route preferences, such as a scenic route or one with fewer 

traffic lights or stops, if time is not as much of a concern.  Local knowledge of areas 

would also play a strong role in route selection, and routes could be shared, as explored in 

Kulyukin et al. (2008).  Information sharing networks and geocrowdsourcing, reviewed 

by Rice et al. (2012), would certainly be part of such a system.  Two AVs might have the 

same starting and ending points but take different routes and arrive at the same 

destination within a couple minutes of each other.  This route selection could 

dramatically alter overall vehicle movement and flow throughout an urban environment 

and would me most efficient in a fully connected system. 
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 This research study focuses on where AVs will queue within cities in order to 

meet high demand during peak transit times.  These queue locations will be present in a 

mixed-use scenario, where Level 5 AVs are mixed in with all other AV levels, including 

Level 0 AVs, but will also be key in a fully connected system.  In a fully connected 

system, all vehicles can move themselves to create space on any street at any time since 

personal parking is not necessary but knowing where AVs need to queue will still be a 

major need.  Until a fully connected system occurs, adjustments to the streetscape and/or 

parking regulations would need to occur to accommodate AV queue locations.  One city 

that is actively working with Google’s sister company, Sidewalk Labs, to develop a fully 

connected system is Toronto (Flynn & Valverde, 2019).  The waterfront district of 

Toronto, Waterfront Toronto, is a development area where a proposed smart city will be 

built and only Level 3 AVs or higher, preferably Level 5 AVs would be allowed within 

the district limits.  Tierney (2019) discusses how this agreement between the potential 

residents and the major corporation of Google might not be the best environment, but 

Waterfront Toronto, if built, would be the world’s first smart city with a fully connected 

system. 

 The transition from the current transportation system to a fully connected system 

will take time, but not nearly as long as it took to convert from horse and buggy to 

motorized vehicles.  Most of the infrastructure needed for a fully connected system 

already exists, only the AVs and a system of systems are needed.  Planning for the 

transportation network of the future will require understanding how systems work, where 

the demands are, and how to meet those demands. 
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2.1.2. Mixed-Use Autonomous Vehicle System 

Before a fully connected autonomous vehicle system emerges, a mixed-use 

scenario will exist with the presence of AVs increasing over time.  A mixed-use 

autonomous vehicle system is a transportation network where Level 5 AVs are among all 

other AV levels on the same road network.  AVs will have to be able to perform 

independently without knowing what all other vehicles are going to do at all times.  This 

is the first step towards a fully connected system and even though the roadways would be 

mixed, traffic efficiency and movement of people could be improved upon given the 

current systems.  One of the main issues in a mixed-use system is how AVs would be 

integrated into the existing network. 

One advantage of AVs is they can space themselves closer together on the 

roadway since they know what the other AVs are going to do and when they are going to 

do it, such as braking.  Chen et al. (2017) discuss how in a mixed-use scenario, different 

lane policies could be employed in order to utilize this spacing advantage, higher speeds, 

and allow for a larger number of AVs to be present in the network.  Currently, 

Washington D.C. has numerous roadways that change to one-way only or switch from 

two lanes either direction to three lanes one direction and one lane the other direction.  

These changes in roadway patterns are posted by signage but also commonly known and 

understood by residents in the area, since much of these changes occur during peak 

transit times of morning and evening rush hours.  As demand on the roadways increase, 

the options for AVs decrease which could result in AVs being equivalent to a Level 0, or 

regular vehicle.  Making a single lane AV-only would allow for AVs to travel at higher 
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rates of speed as well as more vehicles on that single lane due to the close proximity AVs 

can achieve.  Speed lanes may be a solution needed for specific times if the infrastructure 

allows speed lanes. 

In a mixed-use system, an AV will have to be able to monitor the nearby vehicles 

and objects while making the necessary decisions to properly and safely navigate the road 

network.  Without the use of speed lanes, decisions of when to overtake a vehicle will 

play a significant role in how effective AVs are in a mixed-use scenario (Kala & 

Warwick, 2013).  AVs will have to follow the same rules as all other vehicles unless they 

have their own network or partitioned lanes. 

One mixed-use scenario would include a transportation network within a 

transportation network.  Using existing infrastructure, a system similar to speed lanes 

could be employed.  Using the smaller roads that parallel major avenues, those roads 

could be made into AV-only roads.  On the AV-only roads, traffic lights could be 

reduced as well as the road turning from a two-way road to a one-way road without any 

effort since only AVs would be on the roadway.  This would allow express lanes to exist 

alongside the current transportation network but allow of a very efficient and effective 

system to emerge.  If one were to know where the high demand areas are, one could 

determine optimal routes that could be used in an AV-only road network as described. 

The combination of the AV system analyzing traffic patterns and routes with the 

potential traffic infrastructure changes for AV specific traffic laws, the travel time using 

an AV would be faster and more efficient than current ridesharing or personal driving.  
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Even without custom traffic signage or infrastructure, having a system to analyze traffic 

patterns and adjust routes on-the-fly would yield a quicker average travel time.  Sun et al. 

(2020) states that more than 75 percent of car-based commuters have a one-way 

commuting time of less than 30 minutes with the average one-way commuting time 

across the greater urban area of Boston, Massachusetts being 20 minutes.  Either way, 

AVs in a mixed-use system would be able to produce routes and alter routes on-the-fly 

using a centralized system which would reduce commuting time overall.  In addition, the 

short commute time for such a large urban area provides evidence that AVs could be 

prevalent enough to changeover AV queues without overloading the overall traffic 

system. 

2.1.3. Government Involvement 

Whether a municipality decides to begin transforming its city into a smart city 

with a fully connected system or a smart city with a mixed-use system, or a plan to scale 

up to a fully connected system, major government involvement on all levels will be 

necessary, as well as involvement from the private sector.  Major changes to an existing 

transportation infrastructure or even lane directional changes cannot occur without 

government involvement.  In the United States, local and State governments will play the 

most significant role in how AVs are integrated into modern cities while developing the 

smart cities of the near future. 

Cohen & Cavoli (2019) describe how a “laissez-faire” government approach is 

likely to produce undesirable outcomes as well as slow or prevent the mass uptake of 

AVs where a well-planned set of government interventions would yield a smoother 
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transition and integration to a mixed-use AV system.  There are five main categories of 

government intervention that would need to occur; planning/land-use; regulation/policy; 

infrastructure/technology; service provision; and economic instruments (Cohen & Cavoli, 

2019).  Planning/land-use and infrastructure/technology are the two crucial pieces needed 

in order to appropriately allow AVs to exist in the transportation network efficiently and 

effectively.  This research study focuses on both of these categories with attempting to 

solve where AVs will be able to queue and whether changes in planning/land-use and/or 

infrastructure need to occur in order to accommodate AV queues. 

Most cities have streets lined with parked cars, as the average car is parked for 95 

percent of the time (Snyder, 2016).  A major attraction for governments to be actively 

involved in the integration of AVs is the amount of space would be freed for new use by 

a municipality since the need for parking would be drastically reduce if not almost 

eliminated, an idea explored by Wolfenstein (2019), who found, consistent with Shoup 

(1997, 2017) that a reduction of land dedicated to parking facilities provides a potential 

financial benefit to a city.  Parking structures could be used to house AVs but many, if 

not all, parking structures could be converted into a different use freeing extremely 

valuable real estate (Snyder, 2016).  The streetscapes of a city could be dramatically 

altered, or certain roads could use the lanes that are normally used for parking for normal 

traffic which could yield lanes for AVs only. 

An additional option for governments to consider when thinking of AVs is the 

type of vehicle that could be used.  Many cities are currently experimenting with small 

AV shuttles which appear as small buses about the size of a large van.  These vehicles 
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could not only have a higher passenger occupancy but can also access any existing street 

since their sized does not constrain them to larger roads and intersections as current buses 

experience.  With a new map of detailed high demand areas, AV minibuses could be used 

as the main form of transit revolutionizing public transit.  Within the current proposals in 

various cities, stakeholders include city departments, state transit agencies, county 

departments, metropolitan planning organizations, community organizations, non-profits, 

utilities, airports, ports, special event venues, software companies, and other agencies and 

companies (Bhide, 2017).  This shows how cooperation and interest in AV investment is 

present not only in the private sector, but especially in the government sector as well. 

Government intervention and participation in the integration of AVs into the 

existing transportation network is vital for the smart cities of the near future to develop.  

Without government intervention, AVs and smart cities will be delayed.  As the research 

shows, there is very little downside for local, state, and federal governments to facilitate 

and encourage the integration of AVs and begin the stages of developing a smart city.  

2.2. Location-Allocation Analysis 

Integrating AVs into a city takes careful planning and one of the most important 

toolsets for such planning are found in location-allocation analysis.  Location-allocation 

analysis is used in geographic information systems to determine optimal facility locations 

based on set parameters and a set of demand points.  This type of analysis is often used to 

determine the optimal locations for emergency services, transit stations or bus stops, 

bike-share locations, police patrol districts (Curtin et al. 2010), and other services where 

the goal is to service the most people effectively and efficiently.  While those are 
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common, location-allocation is used to determine the most optimal locations for 

numerous applications across a wide range of different types of sciences.  The methods 

used are similar, if not the same, while the subject matter is different.  For this research 

study, location-allocation is used to determine the optimal locations for AV queues that 

would service the most people.  This general approach for modeling locations through 

location-allocation analysis is helpfully reviewed by Curtin and Church (2006) and Tong 

and Murray (2012). 
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3. DATA 

 
 
 

All data in this research is sourced from Washington D.C.’s open data portal 

called Open Data DC (“Open Data DC,” 2019).  For reference purposes, base layers were 

added.  The basemap includes the political boundary of Washington D.C. and the water 

bodies.  The two main datasets used for the analysis in this study are building footprints 

and the road network of Washington D.C.  The population data is 2010 U.S. Census 

population data on the Census block level derived from Open Data DC (“Open Data 

DC,” 2019).  These data were used for all calculations and analysis for this research 

study.  The data used in this research study is the most current and up-to-date data one 

can obtain through open data resources and is generally internally consistent (with the 

exception of land use data noted in section 3.3).   Since the data is generally within the 

same decade, problems have been minimized.  For cities without a large open data portal, 

the collection process described in this chapter would be much more challenging.  Such 

observations will be captured in the final section of this thesis, titled “Future Work”. 
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3.1. Building Footprints 

 
 
 

 
Figure 1:  Sample map of the building footprints dataset, displayed as light grey polygons. 

 
 
 

The building footprints data from Open Data DC includes all building footprints 

within the Washington D.C. political boundary.  A sample of the building footprints 

dataset is shown in Figure 1.  Each building footprint is labeled in the attribute table as 

either “building”, “parking garage, “memorial”, “fountain”, or “bleacher” in the dataset.  

For this research study, the memorials, fountains, and bleachers are not relevant and 
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therefore were removed from the dataset.  The resulting dataset includes all buildings and 

parking garages for Washington D.C. in a layer called “Buildings”. 

 
 
 

 
Figure 2:  Sample map of the building footprints dataset featuring the small buildings, garages, sheds, and 

other small buildings (yellow) that are directly adjacent to the alleys (purple). 
 
 
 

One issue with this building footprint data are the garages, sheds, and other small 

buildings are not differentiated from buildings used as dwelling units or commercial 

purposes in the building footprints dataset attributes.  A sample of these small buildings 
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can be seen Figure 2 highlighted in yellow.  All of these small building footprints remain 

in the data since they cannot be easily removed. 

Methods to remove the small building would result in known dwelling buildings 

being selected in the process and the resulting data would be more inaccurate than to 

leaving the small buildings in the dataset.  One approach would be to select the building 

footprints within a certain distance threshold from the Alleys layer.  The small buildings 

are typically adjacent to the alleys, highlighted in purple in Figure 2, but not always.  

This method would select many known dwelling buildings as one can see numerous large 

building footprints known to be dwelling buildings are closer to the alleys than many of 

the small buildings.  This method would also result in numerous known dwelling 

buildings to be selected due to many of the garages in Washington D.C. being larger in 

footprint area than some of the residential dwelling building footprints in Washington 

D.C., such as in the Capitol Hill area. 

If building heights were included in the data, the building volume could be 

calculated which could be used to remove the small buildings with higher accuracy.  

Another issue beyond these methods is throughout Washington D.C., buildings originally 

used as garages have been converted into dwelling units.  Without each building being 

classified properly, knowing which small buildings to keep and which ones to remove 

would be a guess at best.  Therefore, these small buildings remain in the building 

footprints dataset and are small enough that do not affect the analysis in a significant 

way.  In future data collection, building heights as well as a more detailed dataset of 
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building use would be desired.  The building footprints used in this research study are 

accurate to 2017. 

3.2. Road Network 

 
 
 

 
Figure 3:  Sample map of the street centerlines road network. 

 
 
 

The road network used in this research study is developed from the street 

centerlines dataset from the Open Data DC portal and is accurate to 2019.  This layer is 

called “Street Centerlines” and is displayed in Figure 3.  For this research study, the road 

network is assumed to be barrier-free as well as bi-directional on all roads.  The purpose 
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of this study is to determine the optimal locations for AV queues without the restrictions 

of one-way roads or other road hazards and limitations.  This is due to understanding that 

minor and major changes in the road network and road infrastructure can be made if there 

is a need to do so.  As shown in Figure 3, all street centerlines with the attribute of 

“Alley”, “Driveway”, or “Service Road” were removed leaving only the street centerlines 

with the attribute of “Street” or “Ramp”.  This is necessary since service roads and 

driveways are likely to not be used for AV queues.  While alleys may be used for AV 

queues in certain locations at certain times, all alleys in Washington D.C. are used by 

waste services and often by residents for residential parking.  Residential parking in 

alleys will be even more prevalent if curb space, as suggested in this research, is used for 

AV queuing.  Alleys are not a reliable source for an AV queue and therefore were 

removed for the purposes of this research study.  Within the Street Centerlines layer, 

nodes are positioned at each line segment junction, displayed by the yellow circles in 

Figure 3.  These nodes are used as the points in which the analyses will identify as the 

optimal location for an AV queue which will then identify the associated street segment. 
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Figure 4:  Sample map of the road polygon network. 

 
 
 

The other road layer used in this research study is a polygon dataset that 

accurately depicts the true size and location of each road segment, displayed in blue in 

Figure 4.  This layer is called “Roads”.  The road polygon dataset includes all roads, 

alleys, intersections, and driveways within the Washington D.C. political boundary.  Each 

polygon is labeled accordingly in the attributes of the data.  Since this is a polygon 

dataset and not street centerlines, the road polygon dataset is already laid out to include 

all triangles and medians that currently exist in the road polygon dataset via a void.  

Therefore, there is no need to add the triangles and medians to the data except for 

visualization purposes only.  This is also true for curbs.  The curbs dataset lines up with 
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the edges of the road polygons and therefore is not needed in this analysis.  The road 

network used in this research study are accurate to 2017.  The Roads layer is used in this 

study for visualization purposes in order to properly assess where within a selected 

location an AV queue might be located within a selected city block.  

3.3. Land Use 

For this research, the residential buildings needed to be identified and separated 

from the rest of the data into its own layer.  To do this, the Common Ownership Lots 

dataset was used which was found through Open Data DC.  The “Current Land Use” 

dataset found through Open Data DC is from 2004 and very inaccurate to current times 

and therefore will not be used in this research study.  The Common Ownership Lots layer 

dataset includes an attribute field of “Use Code”, which defines the way the land parcel is 

being used, as well as “PROPTYPE”, or property type, which defines the use for each 

land parcel into categories, such as commercial, residential, mixed, federal, hotels/motels, 

etc.  The Common Ownership Lots data is accurate to 2019 and will be used in this 

research study for land use purposes. 

Using the property type and use code information, a new attribute field was 

created to group each land parcel into small groups consisting of “Residential”, “Mixed”, 

“Commercial”, “Recreation”, “Federal”, “Museum”, “Institutional”, “Religious”, 

“Industrial”, “Other”, and “Vacant”.  This was done using the Field Calculator in 

ArcGIS.  This data was then joined to the building footprints dataset to add a land use 

attribute to all building footprints. 
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The Common Ownership Lots data is displayed on the bottom half of Figure 5 

while the top half of Figure 5 displays the same area with the building footprints as semi-

transparent.  When joining the Common Ownership Lots land use data to the building 

footprints data, the centroid of each building footprint was used ensuring that only the 

land use that is directly beneath the building footprint would be joined to each individual 

building footprint. 

 
 
 

 
Figure 5:  Sample map of the Common Ownership Lots data (land use) displaying the raw data (bottom) 

and the semi-transparent building footprints on top of the raw data (top). 
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One issue with the current Common Ownership Lots data are null values.  The 

null values contain no data, but the land parcel does exist and has buildings within them.  

When the land use attribute was joined to each building footprint whose centroid fell 

within the associated land parcel, those building footprints were assigned a null value and 

therefore did not have a land use attribute.  There were 2,378 null values, or buildings 

with a null value for the land use attribute, based upon the data that was downloaded.  All 

the null values were each checked individually via Google Street View using the GPS 

coordinates for each building footprint.  To do this, the GPS coordinates were found 

using the Identify tool in ArcMap of the building in question.  This GPS coordinate is 

then copied into Google Maps and the building in question is confirmed visually to 

double-check the accuracy of the coordinates.  Google Street View is then used to view 

the building in question from multiple angles on from the street level.  Viewing the 

building from the front and sometimes the sides easily confirm whether or not the 

building is a dwelling building or not.  The only concern for this research study is 

whether or not people dwell in the building.  For residential only buildings, this was very 

easy to conclude.  For mixed use buildings, with commercial or office space on the 

ground floor, typically dwelling units have a ground-level main entrance.  This entrance 

often has a visible building name, which was searched online for confirmation that 

dwellings exist in the building.  Many of the mixed-use buildings were also listed as 

apartment buildings or condo buildings on Google Maps itself which further confirmed 

the presence of dwelling units.  For buildings that were obviously not dwelling units, only 

offices, churches, etc., those buildings were classified as “Non-Residential”.  If dwelling 
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units were present in a building, those buildings were either classified as “Residential: or 

“Mixed”.  There were no instances where it was not obvious the building had or did not 

have dwelling units present.  Once complete, each building footprint in the dataset had an 

associated attribute for land use. 

3.4. Point Data 

The point data used in this research study consists of the metro station entrances, 

police stations, fire stations, and hospitals.  This data is used to create the necessary 

barriers for the location-allocation analysis, which recognizes the practical reality that 

within Washington D.C., certain locations should be eliminated from consideration as 

queuing locations due to their status, sensitivity, or potential for conflict.  These issues 

are addressed again in section 4.4.2.  All point data was obtained through Open Data DC. 

The metro station entrances are induvial points located at each entrance to the 

Washington D.C. metro train public transit system.  The entrances were used instead of 

the metro station points since the metro station points are general locations and not 

specific location where people would enter or exit the metro stations.  This data is current 

and last updated in January 2020. 

The police and fire stations are both individual points for each station.  Both 

datasets were reviewed but not altered and the data does not contain any locations that 

should not be included.  The police stations dataset was last updated in June of 2019.  

The fire stations dataset was last updated in May of 2019. 
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The hospitals data are individual points located at the centroid of the hospital 

buildings.  All types of hospitals are included in this dataset and no altercations were 

made to this dataset.  The hospitals data was last updated in June of 2019.  
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4. METHODS 

 
 
 

The methods employed in this research study to prepare data for analysis are 

followed by implementation of various analysis tools within ESRI ArcGIS upon the data.  

The methods used in this research study are designed to be repeated with updated data or 

for a different geographical area yielding the desired results of a detailed population 

density map, high demand/high population hot spots, and optimal AV queue locations.  

These methods are enumerated in the subsections below.  All methods were conducted on 

ArcGIS ArcMap 10.6.1 on a Dell XPS 15 9579 Intel® Core™ i7-8750H CPU @ 

2.20GHz 2.21GHz CPU running Windows 10. 

4.1. Preparing the Buildings Dataset 

In the previous “Data” section (3.1), procedures are discussed in removing 

unnecessary building footprints from the dataset including all buildings labeled in the 

attributes as “memorial”, “fountain”, or “bleacher”.  All remaining building footprints in 

the dataset are now either “building” or “parking garage”.  As previously stated, this 

includes all garages, sheds, and other small buildings.  These small buildings are not 

differentiated from buildings in the attributes of the available data and therefore cannot 

be determined as a dwelling or non-dwelling building.  All of these small building 

footprints remain in the building footprints dataset.  In context for the much larger square 
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footage of the main buildings located in a block, the error in assigning small populations 

to these building footprints is likely less than errors caused through unintentionally 

removing actual dwelling units. 

In this research study, only the dwelling buildings will be analyzed as only the 

peak transit time of morning rush hour is being analyzed.  The dwelling buildings include 

all buildings whose centroid is within a land parcel in the Common Ownership Lots data 

labeled as “Residential” or “Mixed”.  Mixed-use buildings are included in the analysis 

since these buildings often have a high percentage of the building being used for 

residential purposes.  Most often, the ground floor is the only floor used for commercial 

space but in future research and data collection, knowing the number of floors for each 

building and what each floor’s primary use is would be desirable. 

In order to separate all the dwelling buildings, the Select by Attribute tool within 

ArcGIS was used to only select the land parcels within the Common Ownership Lots 

dataset with the attribute of “Residential” or “Mixed”.  These selected features were then 

used in the Select by Location tool within ArcGIS where the building footprints would be 

selected if the building footprint’s centroid fell within one of the selected features.  The 

resulting set of selected features are all the building footprints that have a land use of 

residential or mixed-use.  These selected building footprints were exported to a new layer 

called “Residential Buildings”, as seen in Figure 6 where the “Residential Buildings” 

layer is displayed in green and all other non-residential buildings are displayed in purple. 
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Figure 6:  Sample map of the Residential Buildings layer, displayed in green. 

 
 
 

4.2. Adding Population Data to the Building Footprints 

The 2010 Census population data is the “nighttime” population, or the residential 

population of a given area.  The 2010 Census population dataset layer is named “Census 

Blocks Population”.  The attribute field labeled as “P0010001” in the “Census Blocks 

Population” data is the total population for a given census block.  This population value 

was used in all calculations. 
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Using the previously created layer “Residential Buildings”, a spatial join was 

performed between “Residential Buildings” and the “Census Blocks Population” layers.  

All building footprints whose center fell within a given census block was assigned the 

total population value, “P0010001”, for the given census block.  The resulting layer, 

“Residential Total Population” now contains all the dwelling buildings with the 

associated total population for the census block that their center falls within.  For 

example, if a census block has a population of 1000 and there are 20 building footprints 

within that census block, each building now has the attribute of 1000 for the total 

population.  In Table 2, this is shown as “P0010001”, which is a given name by the U.S. 

Census for the total population of a given area. 

 In order to properly divide the total population for a given census block between 

the building footprints whose center falls within the given census block; a percentage 

needs to be calculated based upon the areas of the building footprints.  To do this, the 

areas of all the building footprints within each individual census block were totaled to 

yield a total building footprint area within a census block.  For example, if there are 10 

buildings whose center falls within a single census block, the sum of the areas for all 10 

building footprints would be added to the attributes for that census block.  This was 

performed using the Dissolve tool within ArcGIS.  The resulting layer is each census 

block with a new attribute of the sum of all the building footprints whose center falls 

within the boundary of the associated census block.  This layer is called ““Residential 

Total Population Dissolve”. 
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The layer ““Residential Total Population Dissolve” was then spatially joined 

using the spatial join tool within ArcGIS with the previous layer, “Residential Total 

Population”, resulting in a layer called “Residential Buildings Final” which contains all 

individual dwelling buildings, the total population of a given census block that buildings 

falls within, and the sum of the areas of all the buildings within a given census block.  

With this data, a new field labeled “AREA_Pct” is added to the attribute table of 

“Residential Buildings Final” where using field calculator the individual building 

footprint area (SHAPE_Area) is divided by the sum of all the buildings within the census 

block (SUM_SHAPE_) yielding the percentage of the total area that that individual 

building makes up (AREA_Pct).  A new attribute field is added labeled “POP_Pct” which 

is the population percentage for that individual building based upon the building footprint 

area within the census block it falls within.  The population percentage (POP_Pct) was 

calculated using the Field Calculator by multiplying the AREA_Pct by the total 

population for the associated census block, P0010001.  These fields and resulting 

calculations can be seen in Table 2. 

 
 
 

Table 2:  Sample of the attribute table for “RES_Buildings_AREA_SUM_02” 

 



40 
 

Each individual building now has an estimated population based upon its footprint 

area.  Using building volumes would provide a more accurate result but the ratios 

between the buildings within a given census block would be similar, particularly in 

context of the unusual relative uniformity of neighborhood building heights in 

Washington D.C.  This representation of the population data is more detailed than using 

census blocks alone as now higher populations can be seen within a census block versus 

all the buildings within a census block having the same value which while be beneficial 

in further analysis to determine which individual road segment is optimal for an AV 

queue based upon demand, in this case a higher residential population. 
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Figure 7:  Sample map of population by population percentage and by census block. 

 
 
 

As shown in Figure 7, dividing the census block population based upon building 

footprint area provides a more detailed population density map.  With the Census Block 

Population map, entire city blocks are given a population value making it more difficult 

to determine where the higher demand areas are within a given city block.  One cannot 

determine whether the demand area is on the north, south, east, or west side of the city 

block, or both sides.  When looking at the more detailed Population Percentage map, one 

can visually decipher where the higher demand areas are as well as on which side of the 

city block those high demand areas are located, and it fundamentally changes the 
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resolution of the data being used in this analysis and the conclusions that can be drawn 

from it. 

Using the “Residential Buildings Final” layer, all building footprint polygons 

were converted into points, which is the centroid location of each individual polygon.  

This new layer is called “Building Points”.  All attribute data remained the same.  In 

order for analysis tools to run on this data, all points within the “Building Points” layer 

with a population of zero needed to be removed.  This will not influence the results in any 

way since these building would have no effect on how the data is analyzed.  

4.3. Residential Population Hot Spot Analysis 

Using the ArcGIS tool Optimized Hot Spot Analysis, population hot spots were 

able to be identified.  The Optimized Hot Spot Analysis tool identifies hot and cold spots 

that are statistically significant given a set of weighted features, in this case population 

via the POP_Pct attribute of the Residential Buildings Final layer.  This cluster analysis 

uses the Getis-Ord Gi* statistic to determine the statistically significant hot and cold 

spots of the data. 

The goal of this Getis-Ord Gi* hot spot analysis is to determine where the clusters 

of statistically significant higher populations are within Washington D.C. using the 

previously generated population data (POP_Pct of the Residential Buildings Final layer).  

These population hot spots will aid in determining where AV queues should be located 

after further analysis.  This analysis is also useful for visual analysis to see how the 

Location-Allocation analysis lines up to the population hot spots. 
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The output of the Getis-Ord Gi* Optimized Hot Spot Analysis is a z-score, p-

value, and confidence level bin for each feature, in this case for each building footprint, 

as seen in Figure 8, which highlights a section of interest in northwest Washington D.C.  

The confidence level bin identifies the statistically significant hot and cold spots where 

each hot and cold spot consists of 99 percent and 95 percent confidence values.  The 

statistically insignificant values are shown in white in in Figure 8.  This result provides an 

excellent visual of the high demand areas based upon population density. 

 
 
 

 
Figure 8:  Sample map of Getis-Ord Gi* Hot Spot Analysis result in NW Washington D.C. 
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 Figure 9 displays an area near downtown Washington D.C. which is more densely 

populated with residential and non-residential buildings.  The hot spots are not as broken 

up as seen in Figure 8, but still are significant enough to influence the final decision of 

where an AV queue should be located.  Understanding the distribution of the population 

hot spots is crucial in understanding how the population is distributed, and therefore the 

demand, across the area of interest.  Figure 9 also shows how often the statistically 

significant hot spot can be one side of a single city block and other hot spots are entire 

city blocks.  This is an important distinction when considering where on a specific block 

to locate an AV queue.  There are also large areas that are not statistically significant 

which indicates an area that could be serviced by normal ride sharing methods.  

Understanding the hot spot patterns is key to selecting the final placement of an AV 

queue location. 
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Figure 9:  Sample map of Getis-Ord Gi* Hot Spot Analysis result in downtown Washington D.C. 

 
 
 

4.4. Location-Allocation Analysis for Optimal AV Queue Locations 

In order to determine the optimal location for an AV queue, the ArcGIS tool 

Location-Allocation is used.  Location-allocation is a spatial analysis method that uses 

algorithms within a geographic information system (GIS) in order to determine the 

optimal locations for one or more facilities, or points, that will service a demand within a 

set area using a separate dataset of demand points.  For this research study, the facilities 
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are the individual nodes within the street centerline network dataset and the demand 

points are the centroid locations of their associated building footprint that also contain 

that building’s population value.  The number of facilities and search distance or 

impedance cutoff is selected by the user which will affect which facilities gets selected.  

The result of the location-allocation analysis is a set of facilities, or points, that service 

the highest population possible within the given impedance cutoff and therefore would be 

the optimal location for an AV queue.  This point can then be used to identify the street 

segment that is the most optimal based upon the location-allocation and hot spot analysis 

results. 

According to O’Sullivan & Morrall (1996), for transit stations in the central 

business district (CBD), 326 meters is the average distance a person is willing to walk 

while 419 meters (0.26 miles) is the 75th-percentile distance a person is willing to walk to 

transit.  For this research study, the 419-meter distance is used for the threshold of the 

metro station entrances barriers as well as the location allocation analysis.  Biba et al., 

(2010) uses a 400-meter distance which is just under 0.25 miles as the threshold distance.  

The 419-meter distance was determined specifically for a CBD and therefore will be used 

for this research study. 

4.4.1. Facilities and Demand Points 

In order to run the Location-Allocation tool, a network dataset is created.  This 

network dataset is based upon the street centerlines layer.  The network dataset is 

assumed to be barrier-free as well as bi-directional on all street centerline segments.  

Nodes are generated at the junctions of each street centerline segment.  The facilities for 
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the location-allocation analysis are the nodes of the street centerlines network dataset.  

The demand points are the points of the “Building Points” layer, where each building 

footprint has an associated point with all of its attributes.  In this analysis of the area 

within the political boundary of Washington D.C., there are 17,073 facilities and 143,865 

demand points, which is the total number of residential or mixed-use buildings.  The 

location-allocation analysis will identify the top 100 nodes within the Street Centerlines 

Network that service the highest population within a 419-meter threshold search area 

within Washington D.C.  These selected nodes are the locations determined to be the 

optimal location for AV queues in order to service the highest demand areas. 

The location-allocation tool analyses all facilities (nodes), or candidates, 

individually while analyzing all demand points within a 419-meter threshold from a given 

facility using the street centerline network dataset and sums the total demand weight, 

which in this case is the population of the buildings within the 419 meters threshold.  The 

location-allocation analysis tool uses the 419-meter threshold as a search distance from 

each node for demand points which yield values for each node and therefore the most 

optimal nodes, or AV queue locations, are determined based upon this analysis.  Once the 

analysis of all the nodes, or facilities, are complete, the top 100 facilities are selected, 

labeled as “chosen”, which are the 100 optimal locations for AV queues withing the 

research area of Washington D.C. 

4.4.2. Barriers 

Within a given city, various locations are predetermined to not be suitable for a 

service location.  These barriers need to be set prior to the location-allocation analysis.  
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The barriers play an important role by determining an area where the facilities and 

demand points will be excluded from the analysis.  For this research study, the barriers 

include metro station entrances, fire stations, police stations, and hospitals, initially 

discussed in section 3.4.  For each barrier, a threshold is determined as to the service area 

for each barrier. 

All threshold distances use the street centerlines network dataset which accurately 

simulate the distance one would walk versus a straight-line distance or “as the crow 

flies”.  The threshold for the metro station entrances is the same threshold used in the 

search area for the location-allocation analysis of 419 meters, which according to 

O’Sullivan & Morrall (1996) is the distance one is willing to travel for public transit 

within a CBD.  People who live within the 419-meter threshold would most likely use 

metro as their primary public transit and would likely not use an AV to get to their 

destination.  Therefore, these areas are excluded from the analysis. 

Fire and police stations have a threshold of 100 meters which is approximately 

half of one city block.  These thresholds are necessary since a line of vehicles should not 

impede the flow of emergency vehicles from their stations.  Similarly, hospitals should 

not have lines of vehicles impeding the movements of ambulances and other personal 

vehicles from entering the vicinity of a hospital location.  While AVs could be used to 

transport an individual to a hospital for visitation or non-emergency situations, an AV 

queue would disrupt the operations and access to the hospital facility and therefore a 

barrier is necessary for hospital locations.  The threshold is determined to be 250 meters 

which provides an adequate area around a hospital location where AV queues will not 
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interfere with traffic flow to and from hospital locations.  If hospitals would like an AV 

queue at their location to service the people visiting and hospital staff, the hospitals can 

determine where an AV queue is best suited for their needs.  This is a unique case that 

would have to be determined on a case-by-case basis for each individual hospital and 

therefore these areas are not included in the analysis.  Similarly, the effect of facility size 

and complexity could be used to determine the appropriate barrier distance on a case-by-

case basis.  Figure 10 displays a sample of the barriers area that is used in this research 

analysis. 

 
 
 

 
Figure 10:  Sample map the barriers area used in this research analysis. 
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The pink areas are the metro station entrances barriers which are a 419-meter barrier 

length, blue areas for fire and police stations at 100-meter barrier length, and hospitals in 

yellow at a 250-meter barrier length shown in green, all using the road network to create 

the barrier areas. 

4.4.3. Maximize Attendance Problem 

Within ArcGIS, the location-allocation tool has seven different problem types to 

choose from.  The maximize attendance problem was determined to be the best fit for the 

type of problem this research presents.  The maximize attendance problem chooses 

facilities that service the highest demand weight within a set threshold and each demand 

point’s demand weight decreases with distance away from the facility, or in this case a 

node on the street centerlines network.  The demand points beyond the impedance cutoff 

or distance threshold, which is 419 meters for this study, are not allocated to any facility.  

The demand points within the impedance cutoff, 419 meters, each demand point is given 

a weight based upon its distance from the facility being analyzed.  Therefore, a demand 

point further away from a facility has less weight or influence than a demand point closer 

to the facility that is being analyzed, as shown in Figure 11. 
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Figure 11:  Graphic illustrating how demand points further away from the facility have less weight or 

influence on the total demand weight for the associated facility’s total demand weight (Location-allocation 
analysis—Help | Documentation, n.d.). 

 
 
 

Each facility, or in this case each node of the street centerlines network, is then 

assigned a total demand weight based upon the location-allocation analysis using the 

maximize attendance problem.  The value used for the demand points is the population 

for their associated building and therefore the total demand weight for a facility is the 

population that facility would serve given the parameters set.  Figure 12 shows a sample 

location with its demand points selected for that facility, shown by the yellow lines.  Each 

yellow line connects to the associated building or demand point, to which that building’s 

population percentage is used as the weight. 
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Figure 12:  Sample location, or facility, with its associated demand points shown by the yellow lines. 

 
 
 
4.4.4. Choosing Facilities 

Using the maximize attendance problem within the location-allocation tool results 

in a set number of chosen facilities.  The total number of facilities that would be chosen 

for this study is 100 facilities.  These facilities are the top 100 locations within 

Washington D.C. that would service the most people and therefore are the 100 most 

optimal locations for an AV queue.  All nodes, or facilities, are analyzed and assigned a 

demand weight, the population that facility would serve, and the top 100 locations are 

chosen.  If the total number of facilities were changed to 200, the original 100 chosen 
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facilities would remain the same and the next 100 top facilities would be added to the 

map.  The same process would be true if the total number of facilities would be reduced 

to 50, the 50 facilities chosen would remain the same but the bottom 50 facilities of the 

100 facilities would be removed.  Ultimately, the number of selected facilities is likely be 

determined by dynamic demand, as well as by budgetary constraints, as in Qin et al. 

(2018).  No actual data or policy recommendations could be found to identify the optimal 

number of facilities, but 100 represents an estimate that seemed sustainable and practical 

to the researchers. 

Due to areas that are primarily residential single-family detached homes are 

predetermined to not be serviced with an AV queue since those streets could use current 

ridesharing pick-up and drop-off techniques, having a total number of facilities over 100 

begin to add chosen facilities to these areas.  The goal of AV queues is not to service the 

entire population but rather just the areas with the highest demand.  Therefore the 100 

facilities with the most demand are chosen, and further analysis can be done to view the 

top 25 or top 10 facilities within the top 100.  The locations would not change if an 

analysis with fewer facilities were conducted. 
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5. RESULTS 

 
 
 

5.1. Residential Population Hot Spot Analysis 

By distributing the population given from the 2010 Census blocks into the 

associated buildings within the census block, a detailed population density map was 

created.  This density map has symbology that shows areas of higher and lower 

population.  Visually, this population density map appears to display population hot 

spots.  In order to determine whether the apparent hot spots seen visually on the 

population density map are justified, a statistical analysis was conducted to find the 

statistically significant hot spots based on the population of the buildings using the Getis-

Ord Gi* Optimized Hot Spot Analysis tool. 

Comparing the population density map to the Getis-Ord Gi* hot spot analysis, the 

statistically significant population hot spots line up fairly well with the population density 

map, with the given symbology, as seen in Figure 13.  The symbology selected for the 

residential population density map is a color gradient with 10 breaks using the natural 

breaks in the data.  The symbology used for the Getis-Ord Gi* hot spot analysis uses the 

three different confidence levels, 90 percent, 95 percent, and 99 percent for both the hot 

and cold spots.  Each building is put into one of the confidence level bins based upon the 

z-score and p-value for that individual building.  The buildings that are not statistically 
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significant are in white.  For both maps, all non-residential buildings are symbolized with 

grey fill as those non-residential buildings are not included in the analyses. 

 
 
 

 
Figure 13:  Sample map comparison between residential population density (left) and Getis-Ord Gi* Hot 

Spot analysis (right) results. 
 
 
 
 As seen in Figure 13, the Getis-Ord Gi* hot spot analysis generated hot spots 

similar to the visual hot spots seen in the residential population density map.  Figure 14 

shows a close up of an area within Figure 13 for better comparison.  Looking at the 

residential population density map, it is easy to determine some of the hot spots, but there 

are groups of buildings that have a medium-level population where it would solely 

depend on how the symbology was chosen as to whether or not those groups are hot spots 

or insignificant.  Looking that the Getis-Ord Gi* hot spot analysis, one can see how those 
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many of those medium-level population groupings were determined statistically 

insignificant.  A clear example of this is in the bottom-left corner of each map in Figure 

14.  The bottom-left quadrant of the residential population density map is difficult to 

determine where, if any, population hot spot is located and therefore where would be an 

optimal location for an AV queue or whether or not an AV queue should be located in 

this area at all.  While the Getis-Ord Gi* hot spot analysis makes it very clear where the 

hot spot is located and narrows down the area to a small location making it much easier 

to determine where an AV queue would be located if this area was selected for an AV 

queue.  The main negative aspect of the residential population map is the data will appear 

differently based upon how the symbology is chosen and how many classes are chosen.  

Conclusions drawn from the residential population map alone would not have any 

statistical significance behind the selections as well as potential user-bias depending on 

how the data is visualized.  Decisions in this study are, and in future studies should be 

based on statistical considerations, not on simple visual inspection. 
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Figure 14:  Close-up comparison between residential population density (left) and Getis-Ord Gi* Hot Spot 

analysis results (right) from Figure 13. 
 
 
 
 The Getis-Ord Gi* hot spot analysis in Figure 15 displays all the statistically 

significant residential population hot spots.  Determining which hot spots are the most 

optimal for an AV queue as well as where specifically to put an AV queue within a given 

hot spot requires further analysis.  Using location-allocation, one can determine 

specifically where the most optimal location for an AV queue should be located that 

would serve the most people within a given distance.  These locations can then be 

compared to the Getis-Ord Gi* hot spot analysis to aid in making the final decision of 

where an AV queue should be located. 

5.2. Location-Allocation Analysis for Optimal AV Queue Locations 

Identifying the residential population hot spots is important to identify where the 

high-density areas are located.  In order to service the most people with an AV queue, all 
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buildings, or populations, must be included in the analysis.  In order to do this effectively, 

location-allocation is used where all buildings, and their populations, are included in the 

analysis.  The location-allocation tool analyses all the building points, that contain the 

individual population values, within a 419-meter radius using the Street Centerlines 

Network for each point or node on the Street Centerlines Network.  The top 100 nodes 

that service the highest total population within that 419-meter radius excluding barrier 

areas are selected as the optimal location for an AV queue.  These node locations are then 

used to identify the particular road segment(s) that are associated with those nodes as the 

optimal road segments for an AV queue location. 

As seen in Figure 15, the selected nodes are not restricted by the Getis-Ord Gi* 

hot spot analysis as many locations are not centered around a statistically significant 

residential population hot spot.  The selected nodes associated with a hot spot would be 

higher in demand than the nodes outside a hot spot, but both selected nodes would service 

a high volume of people. 
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Figure 15:  Sample map displaying Getis-Ord Gi* hot spot analysis and location-allocation analysis results 
 
 
 
 Each chosen location from the location-allocation analysis has a demand weight 

based upon the maximize attendance problem which represents the number of residents 

that location serves.  Figure 16 displays the distribution of the 100 locations for their 

associated population that they serve.  The majority of locations serve between 801 – 

1200 people, per location.  The lowest number of residents served is 818 residents while 

the largest population served at a single location is 2,580 residents.  If all 100 AV 

locations were present, they would serve a combined population of 121,838 people with 
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the average location serving 1,218 people.  The examples shown in Section 5.3 range in 

population served from 999 people to 1,730 people, which represents a stratified 

qualitative sample of locations given the distribution of all 100 locations. 

 
 
 

 
Figure 16:  Histogram displaying the distribution of all 100 chosen locations from the location-allocation 

analysis for the resident population. 
 
 
 

5.3. Changes in Streetscape, Optimal AV Queue Locations, and Servicing the 
Demand 

The streetscape within a given city will vary from neighborhood to neighborhood.  

While many of the locations will have similar streetscapes, solutions for each location 

may vary.  With the 100 optimal AV queue locations chosen using location-allocation 

and hot spot analysis, the streetscape of these locations needs to be analyzed as well.  
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Several of these locations were visited in 2020 to photograph the current streetscape 

conditions.  Four locations were selected for closer analysis.  These four locations were 

chosen in order to represent the major aspects of Washington D.C. through stratified 

qualitative sampling.  The selections were based upon many factors.  One is their location 

in the city and their associated neighborhood since many neighborhoods in Washington 

D.C. are similar in housing style and density, streetscape, and population distribution.  

Each of the four locations selected represent a common neighborhood theme that is seen 

throughout Washington D.C.  Another factor was the population served.  With the 

average location serving 1,218 people, each of the selected locations needed to be near or 

above this mark to have a good representation of the average demand for an AV queue 

location.  For the four locations selected, they serve 999, 1,240, 1,464, and 1,730.  The 

final factor in the selection process is their proximity to current mass transit, in this case 

metro station entrances.  The locations needed to be far away from current mass transit in 

order to effectively represent a “worst case scenario” versus only representing locations 

that are near current mass transit.  All locations are beyond the walkability threshold of 

419 meters to current mass transit but many locations are much further away and need to 

be included in the detailed analysis.  The resulting four locations depict a good 

representation of all the different major neighborhood types, streetscapes, and challenges 

for Washington D.C. 

The demand of these locations was determined by the location-allocation analysis 

and are the population that would be served by a particular AV queue location.  The total 

number of people within the 419-meter area around a location would not all use the AV 
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queue service due to many factors.  Some people may not need to travel during that time, 

others may use different forms of transit such as a bicycle, while other may drive their 

personal vehicles, or some may decide they cannot afford the AV service and choose to 

rely on existing mass transit.  The American Community Survey (ACS) one-year 

estimates for 2018 Washington D.C. commuting patterns, reported by census tract, finds 

that 2.5% of residents commute by taxi/motorcycle/other, 5% carpool, and 34% use 

public transit (bus, metro) (Census—Table Results, 2018).  While no estimate exists for 

the proportion of general ridership that would revert to an AV system, estimates that span 

the range between 5% and 20% AV ridership seem reasonable, and the workflow 

presented in this thesis accommodates changes in these proportions and re-analysis.  For 

this research, it is expected that 5 – 20 percent of the total population within a service 

area of an AV queue location would use the service during peak morning rush hour 

between the hours of 7:00am and 9:30am.  This time period is the same time period used 

for the major avenues within Washington D.C. where parking lanes must be clear in order 

for that lane to be used by normal traffic. 

5.3.1. Street Adjacent Area Changes 

Several streetscape changes would be consistent for all locations, mainly on the 

street adjacent areas.  Due to the gathering of people, CCTV cameras would have to be 

installed in order to have a record of any incidents that might occur at these locations, just 

as bus stops and other transit locations presently have CCTV coverage.  Trash cans 

would need to be placed at all locations.  Adequate lighting would also need to be 

present, especially if the AV queues are used for other times of the day when the Sun is 
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not present.  Most, if not all, city blocks within Washington D.C. are already equipped 

with adequate lighting so lighting would not need to be added at most locations.  Curbs at 

either end of the block where an AV queue is located would have to be compliant with 

the Americans with Disabilities Act (ADA).  The AV vehicles themselves would have to 

be ADA compliant as well where a ramp could be extended from the vehicle to the curb 

to accommodate wheelchairs or other disabilities.  Boulevards, the strip of land in 

between the sidewalk and the curb, would have to be paved or have walkways, which 

would also need to be ADA compliant.  Most curbs at the end of each city block already 

meets ADA standards and would likely not need to be changed.  The most common 

changes would be paving the boulevard, adding CCTV cameras, and adding trash cans.  

The following sections look at the detailed analysis and streetscapes of selected queuing 

locations. 
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5.3.2. Tunlaw Rd. NW, Glover Park Neighborhood, Washington D.C. Location 

 
 
 

 
Figure 17:  Sample map displaying the feature chosen facility in the Glover Park neighborhood in 

Washington D.C near the intersection of Tunlaw Rd. NW & Fulton St. NW. 
 
 
 
 As shown in Figure 17, the featured chosen facility, with its demand point lines 

highlighted in blue, is located in a residential neighborhood accompanied by many large 

multi-story condominiums and apartment buildings.  This location is in the Glover Park 

neighborhood of Washington D.C. located near the National Cathedral in the upper 

northwest quadrant.  The quadrants of Washington D.C. converge on the Capitol 
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Building with the northwest quadrant being the largest and encompassing the majority of 

Washington D.C.  The barrier area on the right of Figure 17 is the barrier around the 

Woodley Park-Zoo/Adams Morgan Metro Station entrances.  This is the closest metro to 

this location with a driving distance of 2735.88 meters or 1.7 miles.  The quickest route 

to the Woodley Park-Zoo/Adams Morgan Metro Station entrances using the current 

public transit is to walk 1287.48 meters or 0.8 miles to the nearest bus station and then 

ride the bus eight stops, followed by walking 160.93 meters (0.1 miles) to the Woodley 

Park-Zoo/Adams Morgan Metro Station entrance.  The total trip in average traffic 

conditions would take approximately 26 minutes, with 20 of those minutes used for 

walking.  If an AV queue was present, an AV would be able to take you to the Woodley 

Park-Zoo/Adams Morgan Metro Station entrance in eight minutes in average traffic 

conditions on a 2735.88-meter (1.7 miles) route with the only walking to and from your 

building which in this study would be a maximum of 419 meters (0.26 miles), which 

would take an average person approximately 5 minutes. 
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Figure 18:  Side-by-side comparison between the chosen location of Tunlaw Rd. NW, Washington D.C. 

between the population density (left) and hot spot analysis (right). 
 
 
 
 Figure 18 displays a side-by-side comparison between the population density and 

hot spot analysis results for the Tunlaw Rd. NW chosen location.  Based upon the 

demand points selected, as seen in Figure 17, the physical location of the AV queue could 

be moved slightly to the right on Tunlaw Rd. NW if need be.  This move would not lose 

that many demand points, if any, and potentially would add more demand points of larger 

value.  The hot spot analysis indicates the location chosen by the location-allocation 

analysis is an appropriate selection as well as provides a decent length of road to fit an 
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AV queue while still remaining within a hot spot.  The main population used for the 

location-allocation analysis is within short distance of the chosen location so those 

locations would not be lost if the end result is an AV queue location further to the right of 

the specific location chosen by the location-allocation analysis.  Moving the location to 

the left would result in losing too many population demand points and therefore would 

not be an option for an AV queue location. 

 
 
 

 
Figure 19:  Current streetscape of the chosen location of Tunlaw Rd. NW, Washington D.C. 
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 As seen in Figure 19, the streetscape of Tunlaw Rd. NW is a two-lane road with a 

median and a bike path on either side.  There is a boulevard of grass with trees, followed 

by a sidewalk.  The Washington D.C. city property ends at the outer edge of the 

sidewalks.  The bike paths on this location are only present for a short distance of 

approximately 321.87 meters (0.2 miles) where both bike paths on either side of the road 

merge with the existing road and cars and bicycles have to share the road.  Many of the 

“bike paths” in Washington D.C. are like this where they share the same space as the road 

and are not separate.  In the case of Tunlaw Rd. NW, the median could be eliminated as it 

ends within 200 meters of this location and the bike paths could be eliminated as well.  

These streetscape changes would provide ample room for an AV queue to accommodate 

10 vehicles.  Each AV would be similar to a minibus and could transport 6-10 people, 

depending on the size of the vehicle, which would service a minimum of 60 – 100 people 

at this location.  The AVs would replace one another as one departs providing a 

continuous supply of AVs during peak transit times. 

 The total demand weight, or population, for the Tunlaw Rd. NW location is 1,240 

people.  Not all of these people will use the AV queue at one time due to people using 

personal vehicles, not leaving their location, using other modes of transit such as biking 

or walking, as well as other factors.  If five percent of the people used the AV service, 

that would be 62 people, 10 percent would be 124 people.  Even is 20 percent of the 

people, 248 people, used the service in the morning rush hour time period from 7:00am to 

9:30am, that would only be a total of a minimum of 25 AVs and a maximum of 41, 
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depending on how many persons an AV can transport.  The AV queue would only have 

to replace itself two to four times to accommodate the demand for this location. 

5.3.3. 13th St. NE & C St. NE, Capitol Hill Neighborhood, Washington D.C. 
Location 

 
 
 

 
Figure 20:  Sample map displaying the feature chosen facility in the Capitol Hill neighborhood in 

Washington D.C near the intersection of 13th St. NE & C St. NE. 
 
 
 
 As shown in Figure 20, the featured chosen facility, with its demand point lines 

highlighted in blue, is located in the heart of Capitol Hill which is primary composed of 



70 
 

residential housing, typically dense townhouses.  The Capitol Hill neighborhood is 

located directly east of the Capitol Building with the border of the northeast and southeast 

quadrants dividing the neighborhood with most of the neighborhood in the northeast 

quadrant  The nearest metro entrance is in the bottom-right corner, Stadium-Armory 

Station, which is 1448.41 meters or 0.90 miles walking distance from the chosen 

location.  To walk to the Stadium-Armory Station would take an average person 19 

minutes, while driving would take only 6 minutes.  The issue with driving is the lack of 

available parking, making an AV an excellent option as an AV does not have to park.  

The next closest metro entrance is Union Station directly to the left of the featured 

facility which is 1770.28 meters or 1.1 miles walking distance from the chosen location.  

Walking to Union Station would take and average person 23 minutes and only 8 minutes 

to drive.  The same issue arises with driving as parking is extremely limited.  Both metro 

entrances are well outside the 419-meter walking distance. 
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Figure 21:  Side-by-side comparison between the chosen location of 13th St. NE & C St. NE, Washington 

D.C. between the population density (left) and hot spot analysis (right). 
 
 
 
 Figure 21 displays a side-by-side comparison between the population density and 

hot spot analysis results for the 13th St. NE & C St. NE chosen location.  Based upon the 

demand points selected, as seen in Figure 20, the physical location of the AV queue could 

be moved on any of the adjacent city blocks of the chosen location.  Due to this area 

being very homogeneous in population density, moving the AV queue location to either 

of the four adjacent city blocks would not dramatically affect the total population served 

for this location.  As shown in the hot spot analysis, there are no significant hot spots in 
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this area.  This is due to the homogeneous distribution of the population.  Despite this, 

this area would be an ideal area to be serviced by an AV queue due to the overall 

population that an AV queue could serve.  In addition, the neighborhood of Capitol Hill 

is known to be far from metro services and one must rely on other modes of transit to get 

to and from desired locations, especially places of work.  The majority of the other 

chosen locations displayed in yellow on Figure 20 are very similar to the conditions in 

this featured location of 13th St. NE & C St. NE.  Having multiple AV locations in the 

Capitol Hill neighborhood could provide a much-needed swift transit service that the area 

current lacks. 

 
 
 

 
Figure 22:  Current streetscape of the chosen location of 13th St. NE & C St. NE, Washington D.C. 

 
 
 
 Figure 22 displays the streetscape of 13th St. NE & C St. NE which is a one-lane 

road with a bike lane on one side.  Trees are present on both boulevards and therefore 
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preference would be to not remove the boulevard area to make room for an AV queue.  

Although, on the right side of Figure 22, one can see only one tree would need to be 

removed to provide ample space for an AV queue of at least six vehicles.  Even leaving 

the boulevards and trees intact, parking regulations could be changed in order to provide 

room on one side of the road, most likely the side without a bike lane present. 

 The total demand weight, or population, for the 13th St. NE & C St. NE location 

is 999 people.  Again, not all of these people will use the AV queue at one time due to 

factors previously discussed.  If five percent of the people used the AV service, that 

would be 50 people, 10 percent would be 100 people.  Even if 20 percent of the people, 

200 people, used the service in the morning rush hour time period from 7:00am to 

9:30am, that would only be a total of a minimum of 20 AVs and a maximum of 33, 

depending on how many persons an AV can transport.  With providing enough space for 

six AVs, the AV queue would only have to replace itself three to six times to 

accommodate the demand for this location. 
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5.3.4. 19th St. NW & Kalorama Rd. NW, Adams Morgan Neighborhood, 
Washington D.C. Location 

 
 
 

 
Figure 23:  Sample map displaying the feature chosen facility in the Adams Morgan neighborhood in 

Washington D.C near the intersection of 19th St. NW & Kalorama Rd. NW. 
 
 
 
 As shown in Figure 23, the featured chosen facility, with its demand point lines 

highlighted in blue, is located in the middle of Adams Morgan neighborhood which is 

composed of mixed dense residential housing and retail.  Adams Morgan neighborhood is 

located north of Dupont Circle and west of Meridian Hill Park in the northwest quadrant 
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of Washington D.C.  The residential housing in this area is primarily dense townhouses 

with apartment and condo buildings spread throughout the area.  The nearest metro 

entrance is in the top-left corner, Woodley Park-Zoo/Adams Morgan Station, which is 

1126.54 meters or 0.7 miles walking distance from the chosen location.  To walk to the 

Woodley Park-Zoo/Adams Morgan Station would take an average person 13 minutes, 

while driving would take only 3 minutes.  The little to non-existent long-term parking at 

the Woodley Park-Zoo/Adams Morgan Station area results in an unreliable source for 

daily parking, especially for the demand in this area. 

 The metro station in the bottom-center of Figure 23 is Dupont Circle Station 

which is 965.61 meters or 0.6 miles walking distance which would take an average 

person 13 minutes or only 4 minutes driving.  Both Woodley Park-Zoo/Adams Morgan 

and Dupont Circle stations are on the Red Line, which runs from Rockville, Maryland 

through downtown Washington D.C. then to Wheaton-Glenmont, Maryland.  Having an 

AV queue at the 19th St. NW & Kalorama Rd. NW location would provide AVs with two 

metro station options of similar travel time and distance which are on the same metro 

line.  Having two options with nearly the same travel time is an advantage as the AVs 

could change their route based upon current traffic conditions and even how busy a 

particular metro station is at the present moment.  This would provide the fastest and 

most efficient route for their passengers. 

 The other metro station in Figure 23 to the right of the map is Shaw-Howard 

University Station which is 2414.02 meters or 1.5 miles away with a walking travel time 

of 31 minutes and a driving time of 11 minutes in average traffic.  While this destination 
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is not ideal for walking due to being well outside the walkability range, for AV service 

this station becomes a feasible destination with only an 11-minute drive.  The Shaw-

Howard University Station services the Yellow Line and Green Line of Washington 

D.C.’s metro.  These lines run north-south through Washington D.C. with the Yellow 

Line traveling into Virginia with a termination in Huntington, Virginia while the Green 

Line terminates in Camp Springs, Maryland which is near Andrews Air Force Base.  

Both lines terminate north at Greenbelt, Maryland.  Using AVs to access the Shaw-

Howard University Station would provide new transit options for residents that might not 

have been an easy option prior to the introduction of AVs. 

 The 19th St. NW & Kalorama Rd. NW location would be an excellent location for 

an AV queue as all metro options are well outside the 419-meter walking distance.  This 

location would also easily provide access to three metro stations servicing three different 

metro lines.  In addition, AVs could easily travel throughout Washington D.C. on their 

own given this location’s proximity to downtown as well as ease of access out of 

Washington D.C. to Maryland or Virginia. 
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Figure 24:  Side-by-side comparison between the chosen location of 19th St. NW & Kalorama Rd. NW, 

Washington D.C. between the population density (left) and hot spot analysis (right). 
 
 
 
 Figure 24 displays a side-by-side comparison between the population density and 

hot spot analysis results for the 19th St. NW & Kalorama Rd. NW chosen location.  Based 

upon the demand points selected, as seen in Figure 23, the physical location of the AV 

queue could be moved on any of the adjacent city blocks of the chosen location.  Since 

this location is located next to a park and the surrounding area of this location is all 

residential housing, changing the parking regulations on the blocks adjacent to the park 

would probably be easier and more welcome to the residents rather than directly in front 
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of the residential buildings, while that still remains a very feasible option.  The selection 

of any of the blocks adjacent to the park would not impact the total population served for 

this location. 

 As shown in the hot spot analysis in Figure 24, the chosen location is on the 

corner of a hot spot.  Figure 23 shows the demand points, or buildings, selected for this 

location which includes the entirety of the hotspot shown directly next to the chosen 

location in Figure 24.  There is a main avenue that traverses directly through the middle 

of the hot spot in question which would need to remain clear during peak transit times.  

Choosing one of the side streets adjacent to the park would still service the entire hot spot 

by being within the 419-meter threshold as well as servicing the most people in this 

immediate area.  The Adams Morgan neighborhood is generally viewed as being in 

between two metro stations and by adding an AV queue to this area would allow 

residents to have alternative modes of transit during peak transit times that would be 

equivalent or faster than their current commute. 
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Figure 25:  Current streetscape of the chosen location of 19th St. NW & Kalorama Rd. NW, Washington 

D.C. in between the park and triangle. 
 
 
 
 Figure 25 displays the streetscape of 19th St. NW & Kalorama Rd. NW in 

between the park and triangle where no residential buildings are directly present.  This 

roadway is a two-lane road with residential zoned parking on either side.  As seen in 

Figure 25, eight vehicles can be present on either side of this road segment without 

having to make any changes to the existing streetscape.  If desired, the sidewalk, 

boulevard, and trees within the boulevard on the right-side of Figure 25 could be moved 

further to the right in order to make even more room of an AV queue.  Even without any 

changes, eight AVs could service this location presently. 

 The total demand weight, or population, for the 19th St. NW & Kalorama Rd. NW 

location is 1,730 people.  Again, not all of these people will use the AV queue at one time 
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due to factors previously discussed.  If five percent of the people used the AV service, 

that would be 87 people, 10 percent would be 173 people.  If 20 percent of the people, 

346 people, used the service in the morning rush hour time period from 7:00am to 

9:30am, that would be a total of a minimum of 35 AVs and a maximum of 57, depending 

on how many persons an AV can transport.  With enough space for eight AVs, the AV 

queue would only have to replace itself four to seven times to accommodate the demand 

for this location. 
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5.3.5. 35th St. NW & N St. NW, Georgetown Neighborhood, Washington D.C. 
Location 

 
 
 

 
Figure 26:  Sample map displaying the feature chosen facility in the Georgetown neighborhood in 

Washington D.C at the intersection of 35th St. NW & N St. NW. 
 
 
 
 As shown in Figure 26, the featured chosen facility, with its demand point lines 

highlighted in blue, is located in the heart of the Georgetown neighborhood which is 

composed of dense residential housing with the main avenues lined with retail and 

commercial spaces.  The Georgetown Neighborhood is a dense part of southern 
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northwest Washington D.C. directly east of Georgetown University and along the 

Potomac River.  The residential housing in this area is primarily dense townhouses.  The 

nearest metro entrance is across the bridge, Key Bridge, in the bottom-left corner of 

Figure 26 into Virginia to the Rosslyn Station 1448.41 meters or 0.9 miles away by foot.  

This would take the average person 20 minutes walking or 6 minutes driving in average 

traffic conditions.  Rosslyn Station services the Orange, Silver, and Blue lines that run 

through southern Washington D.C. and into Virginia and Maryland on either side.  The 

other option from this Georgetown location to access the Orange, Silver, or Blue metro 

lines is to travel to the Foggy Bottom – GWU Station, seen in the bottom-right corner of 

Figure 26, which is 2092.15 meters or 1.3 miles and would take 25 minutes walking or 9 

minutes driving.  These stations could be taken to Metro Center to transfer to the Red 

Line, a common metro line used by many commuters and others to travel within 

Washington D.C.  The only other option to access the Red Line is to travel to Dupont 

Circle Station, as seen in the upper right corner of Figure 26, which is located 2414.02 

meters or 1.5 miles away by foot.  This would take an average person 31 minutes to walk 

or 10 minutes to drive. 

 As with most of the metro station locations in Washington D.C., parking is 

extremely limited and long-term parking is non-existent.  AVs do not have to park and 

could transport residents to metro services with ease.  Georgetown is known for high 

traffic and lack of metro since there are no metro stations in or near the Georgetown 

neighborhood.  Having an AV queue would provide a much-needed service of quick and 

efficient transport to metro stations.  In addition, AVs can analyze the current traffic 
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conditions and travel to the metro station that would be the quickest route, as well as 

using alternative routes that are not commonly used by commuters.  The Washington 

D.C. government could also intervene and make certain roadways AV-only during peak 

transit times which would create a high-speed route directly to metro stations or even just 

out of the Georgetown neighborhood.  This AV-only route could utilize the side streets 

that run parallel to the main avenues which are typically congested.  Given that Key 

Bridge is often very congested during peak times, transporting residents to the Foggy 

Bottom – GWU Station or Dupont Circle Station would likely be faster and more 

efficient. 

 The 35th St. NW & N St. NW location would be an excellent location for an AV 

queue as all metro options are well outside the 419-meter walking distance.  This location 

would also easily provide access to three metro stations servicing three different metro 

lines as well as travel throughout Washington D.C. given this location’s proximity to 

downtown.  Georgetown is notorious for lack of parking mainly due to residents’ vehicles 

parked on residential streets due to lack of garages.  With an effective AV queue and AV 

system throughout the day, many residents would no longer need a vehicle and could rely 

on AVs for regular transport which would clear even more areas for more AV queues or 

parking for visitors in the Georgetown neighborhood and surrounding area. 

 
 
 



84 
 

 
Figure 27:  Side-by-side comparison between the chosen location of 35th St. NW & N St. NW, Washington 

D.C. between the population density (left) and hot spot analysis (right). 
 
 
 
 Figure 27 displays a side-by-side comparison between the population density and 

hot spot analysis results for the 35th St. NW & N St. NW chosen location.  Based upon 

the demand points selected, as seen in Figure 27, the physical location of the AV queue 

could be moved further up without affecting the total demand this location services.  The 

Georgetown neighborhood’s homogeneous population density yields options for an AV 

queue to be placed on either of the four adjacent blocks to the chosen point of 35th St. 

NW & N St. NW without affecting the total population served for this location. 
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As shown in the hot spot analysis, there are no significant hot spots in this area.  

This is due to the homogeneous distribution of the population.  Lack of a hot spot does 

not mean there is not sufficient demand for an AV queue in this area.  As previously 

stated, this area is in great need for efficient and swift transport to metro stations well 

outside the 419-meter threshold as well as other transit options furthering into 

Washington DC and Virginia. 

 
 
 

 
Figure 28:  Current streetscape of the chosen location of 35th St. NW & N St. NW, Washington D.C. 

 
 
 
 Figure 28 displays the streetscape of 35th St. NW & N St. NW on one of the 

adjacent residential streets.  Both sides do not have a boulevard and only consist of 

sidewalks with the residential buildings having a short setback from the roadway.  This 
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type of streetscape can be found throughout the Georgetown neighborhood.  Zoned 

residential parking is on either side and mainly occupied by the vehicles of the local 

residents.  The roadway is a two-lane road.  If an AV queue was located on this 

residential street, changes in parking regulations could occur to make room for an AV 

queue during peak transit times.  Alternately, as seen in Figure 29, the other adjacent 

block has non-residential buildings on either side with parking areas that could be more 

easily used for an AV queue. 

 
 
 

 
Figure 29:  Current streetscape of the chosen location of 35th St. NW & N St. NW, Washington D.C. 

 
 
 
 Figure 29 has the same streetscape as seen in Figure 28, but due to the presence of 

non-residential buildings, parking spots are often available on this block.  There is 
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enough room on this block to accommodate 10 or more AVs.  An entire side of the block 

could be cleared for AVs only which would be 20+ AVs.  For this example, 10 AVs is 

very feasible and will be used for this analysis.  The total demand weight, or population, 

for the 35th St. NW & N St. NW location is 1,464 people.  If five percent of the people 

used the AV service, that would be 73 people, 10 percent would be 146 people.  If 20 

percent of the people, 293 people, used the service in the morning rush hour time period 

from 7:00am to 9:30am, that would be a total of a minimum of 29 AVs and a maximum 

of 49, depending on how many persons an AV can transport.  With providing enough 

space for 10 AVs, the AV queue would only have to replace itself three to five times to 

accommodate the demand for this location.  If this location utilized the entire block, the 

AV queue would only have to replace itself 1.5 – 2.5 times to accommodate the demand. 
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6. CONCLUSIONS 

 
 
 
 The combination of hot spot analysis and location-allocation analysis yielded a 

result of optimal AV queue locations.  These analyses would not have been nearly as 

accurate nor effective without the population density map created using the block-level 

population data from the U.S. Census Bureau.  The methodology used in this research 

can be duplicated for any urban area, given the appropriate data.  The analysis can be 

customized to meet the needs of a particular company or government based upon 

available budget, policy, or determined overall demand.  Using the hot spot analysis in 

conjunction with the population density map, the highest demand areas for the morning 

rush hour were identified.  Within those highest demand areas, the specific locations for 

optimal AV queue locations were identified using location-allocation.  By visiting these 

locations, the potential streetscape changes were analyzed and determined to be feasible.  

With the data and methods in this research, the optimal locations for AV queues were 

determined with great precision. 

 The first key to this research is the generation of a detailed population density 

map.  Since this research was only dealing with the nighttime population, all non-

residential buildings had to be removed from the dataset in order for the detailed 

population density map to be accurate.  If one were to apply these same methods to 
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analyze the evening rush hour using daytime population, the opposite would have to 

occur where eliminating all residential buildings would have to occur.  Obtaining and 

regularly updating a detailed, building by building or lot by lot, land use dataset is crucial 

for this type of data separation. 

The second important aspect of this research was to develop a detailed population 

density map broken down to the building footprints of only the dwelling units.  The 

population data from the U.S. Census Bureau only gets as detailed as the block-level, 

which is approximately one to two city blocks, no relation in the name.  While this level 

of detail is more than enough for many other problems in GIS, for determining specific 

point locations of AV queues using population data, the population data must be more 

detailed by breaking down this population data to the level of individual building 

footprints.  This level of detail for the population data shows the distribution of the 

population across one city block where the census block-level data would have one 

population value for that entire block.  The building footprint-level data shows population 

hot spots within a given city block, if present.  This can sway the selection of the specific 

point chosen for the optimal location of an AV queue. 

Conducting a statistical analysis of the detailed building footprint-level population 

data using Getis-Ord Gi* Optimized Hot Spot analysis, the statistically significant 

hotspots were determined.  Visually, the results of this analysis were very useful.  The 

population density map symbology can be adjusted to display the detailed population data 

in a way where the hot spots are apparent, but one cannot determine if those hot spots are 

present due to symbology settings or due to them being significant.  The Getis-Ord Gi* 
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Optimized Hot Spot analysis removes all doubts and highlights the statistically 

significant hot spots. 

While the hot spot analysis is very useful for determining the statistically 

significant high demand areas, determine where to place an AV queue based solely on the 

hot spot analysis would not be accurate.  While this data would provide a more educated 

guess than using census block-level data or even the detailed population data with 

customized symbology, the specific points selected would be a highly educated guess.  

Choosing a point for an AV queue using the hot spot analysis alone would not guarantee 

that one is serving the most people possible, which would not be the most optimal 

location.  Other factors of walking distance one is willing to walk as well as factoring in 

barriers such as proximity to existing mass transit or avoiding interference with 

emergency services would not be considered by using the hot spot analysis alone. 

Location-allocation allows for all factors to be considered in the analysis while 

providing a result of an individual point.  The barriers for this research were determined 

distances using the street centerlines network dataset for metro station entrances, fire 

stations, police stations, and hospitals.  By using location-allocation, more barriers could 

be added if deemed necessary and the analysis could be run again.  The locations 

generated by the location-allocation analysis are the optimal location given the set of 

barriers and the search distance threshold of 419 meters using the street centerlines 

network dataset which service the most people possible, given the inputs. 
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The location-allocation results also generate an attribute table where one can 

know the specific demand, or population served, for that individual point.  Knowing the 

population served for an individual point is helpful in determining the number of AVs 

needed for that particular location.  Not all of this population is going to use the AV 

queue at once, only a certain percentage of the service population of an AV queue 

location will use the service.  This percentage can be estimated ahead of time which 

influences the total number of AVs needed for a given location, which affects the total 

amount of curbside space needed for a given location.  Once AVs are introduced and data 

is gathered in real-time, the true number of people using a given AV queue location will 

be known and the number of AVs servicing a given AV queue can be adjusted. 

When the hot spot analysis and location-allocation results are analyzed in 

conjunction with one another, the point location selected by the location-allocation 

analysis can be confirmed or adjusted to be better placed within a hot spot.  One factor 

that cannot be easily accounted for in the location-allocation analysis is streetscapes.  

While the point selected may be the most optimal on paper, in the real world that location 

might not be feasible due to potential space available, street design, it being on a main 

avenue that cannot be blocked, the point being located in the middle of an intersection, 

and other factors.  Since the point selected by the location-allocation would need to be 

moved slightly to accommodate these factors, which direction it moves can be 

determined by the hot spot analysis and current streetscapes. 

Many of the points selected by the location-allocation analysis are intersections.  

This is due to the points or nodes that make up the street centerlines network dataset.  The 
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nodes are located at the end of each junction of a street segment.  All intersections have a 

node as at least one, if not all, street segments end at a given intersection.  The number of 

nodes within the street centerlines network dataset is not the issue but where they are 

placed could be.  If more nodes were present in the street centerlines network dataset, the 

location-allocation analysis would have more points to choose from.  If nodes were added 

at each third of a given city block and eliminated at all intersections, the resulting chosen 

locations by the location-allocation analysis would be more true to a real world location 

of an AV queue which would reduce the amount of human input needed in the final 

selection process. 

In well-established urban areas, the streetscapes often provide little options for 

future altercations for AV queues.  The majority of the streetscapes in Washington D.C. 

are buildings on either side, narrow sidewalks, a boulevard with large trees present, 

parking on either side, with a tight two-lane road in between.  The tight two-lane road is 

typically one and a half car lengths which provide enough room for two cars to pass each 

other but not enough for two cars to pass each other at speed.  This type of streetscape 

provides little options for altercations since the sidewalks cannot be removed and most 

residents would not be happy with eliminating trees, especially since Washington D.C. is 

nicknamed “Arbor City” and takes pride in the amount of trees that are present within the 

city.  Utilizing the existing parking areas seems to be the only feasible option for creating 

space for an AV queue without disrupting any traffic flow.  One advantage of this is the 

relative low cost.  Street signs would need to be added or installed, CCTV and trash cans 
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would need to be added as well.  This is a relatively low cost in contrast to reshaping the 

streetscape. 

Long-term planning for the city would mainly involve changing the streetscape of 

the major avenues where the sidewalks are larger, and trees are more spread-out on the 

boulevards.  There is potential for creating a pull-off for an AV queue on major avenues, 

similar to a bus stop area.  By reducing the sidewalk and eliminating the boulevard, space 

for an AV queue could be generated.  In many areas, just eliminating the boulevard could 

be enough.  City planners and officials will have to determine what long-term streetscape 

changes need to occur with the optimal locations from the location-allocation results 

influencing those decisions. 

One advantage of the methods and techniques used in this research is future 

population data could be generated allowing for a projection of the city and where the 

demand areas will be in the future, which would alter the existing chosen locations via 

the location-allocation analysis.  With city planners often planning land use changes 

years or even decades in the future, knowing those building populations and combining 

those figures to the existing populations, the development of a optimal AV queue analysis 

could occur generating future AV queue locations which could provide enough advance 

planning to change the necessary streetscapes allowing space for an AV queue when 

needed. 

Viewing data visually and spatially is crucial for cities planning for the future.  By 

generating detailed population density data, one can identify population hot spots 
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throughout an entire urban area.  Using this detailed data, analyses can be performed to 

generate precise results, eliminated guesswork as much as possible.  Utilizing the power 

of GIS, results are of higher accuracy which yields servicing the public more efficiently 

and effectively.  The combination of a highly detailed population density map, statistical 

hot spot analysis, location-allocation analysis, and streetscape considerations, result in 

precise optimal AV queue locations throughout Washington D.C. 
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7. FUTURE RESEARCH OPPORTUNITIES 

 
 
 

7.1. Geographic Scope 

Several research opportunities present themselves to further this research as well 

as expand the scope of this research.  The geographic scope should be expanded to the 

metro region or beyond.  In the Washington D.C. metro area, several daily traffic issues 

may be able to be improved by AVs and are also potential roadblocks for an AV network.  

American Legion Bridge creates a bottle neck traffic jam daily for morning and 

especially evening rush hours.  Interstate 270 has daily gridlock from people traveling 

from as far out as Frederick, Maryland or beyond who are trying to get into Washington 

D.C. or over to Interstate 95 to the Baltimore, Maryland metro region.  The geographic 

scope should be further expanded to include multiple metro regions, especially on the 

east coast of the United States of America, such as Washington D.C. and Baltimore, 

Maryland or San Francisco, California and San Jose, California, as well as other metro 

regions within commuting distance.  New problems will arise as the geographic scope 

changes. 

For urban and geographic areas outside the United States of America, the distance 

thresholds for walkability and other barriers would need to be analyzed separately and 

possibly changed.  This should be done for all geographic areas of study as this can 
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change based upon culture and other factors.  Mass transit dynamics are different outside 

of the U.S. where many locations have a very efficient mass transit system in place with 

numerous entrance points.  The abundance or lack of a mass transit system will impact 

the analysis and results which may change the necessity or desirability of an AV 

queueing system.  Even with a presence of an existing abundant mass transit network, 

there still may be enough demand or desire to implement and AV queue network.  The 

same methodologies in this research study can be applied to any area but location-

specific and specialized data collection may be needed.  For urban areas with large 

skyscrapers next to smaller buildings or even smaller skyscrapers, building heights will 

be needed in order to accurately portray the population density.  For urban areas with a 

more uniform building heights, only building footprints are needed while building heights 

would result in a more accurate depiction. 

The problems at all geographic scales need to be factored into an AV network and 

the AVs need to be programed to adjust their behavior depending on where they are on 

their route.  As the geographic scope changes, the needs for AV queues, the queue size, 

and their locations change.  How the problems are addressed on the different geographic 

scales will vary and may include AV-only high-speed lanes that might not be an option 

within a dense city. 

7.2. Temporal Scope and Tourism 

In addition to the geographic scope, the temporal scope needs to be expanded as 

well.  The mass transit needs during typical working hours are less but still present and 

need to be addressed.  Underserviced areas change during working hours, especially in 
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cities with heavy tourism.  Research on tourist movements, not only throughout the day 

but also the year, need to be researched.  Tourists also have different destinations, usually 

in a relatively concentrated area, within a city.  The patterns and routes needed to 

accommodate a large volume of tourists in conjunction with non-tourist activity will be 

different than commuting patterns and routes.  The same methodology can be applied to 

research tourist challenges with different inputs for population and destinations, such as 

hotels, museums, and memorials, among others.  While tourist movement throughout the 

city will be one challenge, adding in movement to and from airport(s) will provide an 

additional challenge and factor in this research.  Tourism level vary throughout the year 

for most cities, which would have to be analyzed and adjusted for in an AV network and 

system.  Use of AV buses specifically for tourists could be a potential piece of the 

solution.  Since tourist movement is generally during non-rush hour times, AVs could 

easily switch to a “daytime mode” until the evening rush hours begin.  The locations of 

AV queues are dictated by demand and will change not only for tourists throughout the 

day, but also as exhibits or events change. 

7.3. Sporting, Music, and Social Events and Daily Routines 

Sporting, music, and of social events also need to be researched as to how the 

movement and patterns change when these events occur.  Often time, current mass transit 

cannot effectively accommodate social events since the fixed mass transit location can 

only take a person so far.  The use of AVs will be heavily used for these events.  Properly 

planning where AV queues need to be to accommodate the mass amount of people 

attending the event is essential as well as making space for the necessary AV queues.  



98 
 

The events can occur at any time throughout the day and any day of the week.  Rush hour 

queues may be affected by a social event since people may be headed to the even rather 

than their usual destination.  Having queues for when an event ends will be easier than 

determining where the queues need to be prior to the event. 

In addition to social events, daily routines need to be researched.  After work, 

many people’s destinations vary throughout the week.  Happy hours, evening small-scale 

social events, private social events, grocery store visits, and other errands interfere with 

the normal destination of home.  AV queues will be needed at some of the common 

locations, such as grocery stores.  Research needs to be done on which of these common 

non-home locations need AV queues and during what hours as well as on which days.  

Some days may present a higher demand for grocery stores while others a particular 

street block with many restaurants, bars, or other venues.  The factors need to be 

considered for an effective AV network.  The same methods could be used to determine 

where AV queues need to be located.  Analysis of taxi-cab data in New York City, and 

the quirks of workday, workweek, holiday, and weather-anticipating variation in travel 

behavior is well-documented and should be included in future analysis for purposes of 

gaining insight and predicting demand. 

7.4. Unknown Dynamics and Future Cultural Changes 

As an AV system develops and AV queues are deployed and used, data collection 

will be crucial for further research and adjustments to methodologies.  Not having enough 

people at the same time choose similar enough final destinations could cause the 

deployment of too many AVs in a given area.  If this was a common problem in certain 
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areas, different types of vehicles could be deployed which are smaller or current 

ridesharing techniques could be used for that area while shifting the AV queue location to 

better serve the higher volume of people going to similar destinations.  How users will 

interact with AVs and their route patterns will have to be analyzed as the system unfolds 

with constant adjustments to ensure an efficient and effective system. 

Currently, most workers in the Washington D.C. area commute to work to a physical 

office or workplace.  With the emergence of teleworking becoming common for many 

companies and agencies, if teleworking became predominate, commuting patterns and 

demand may shift dramatically.  Cultural behaviors, such as regular teleworking, would 

impact the overall usership of a given AV queue location.  This data would need to be 

gathered and inputted into the analysis to accommodate for these factors.  Different 

locations throughout the world have different needs and customs.  With the use of 

location-allocation, all of these factors could be accounted for if the data exists. 

Despite current trends of a high level of telework, there is great value to meeting in 

person as well as having a physical workplace separate from one’s personal life.  The 

future may look drastically different than current times but the future will still have 

people commuting to a workplace on a regular basis as the separation of work and life is 

very important for many people’s mental health and overall life experience. 

7.5. Data Improvement 

Municipalities need to begin to update or generate data in order to effectively 

develop a successful and efficient AV network.  Desired data include as detailed as 
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possible population data.  Block level Census data is currently the most precise 

population data.  Collecting population data by building would be ideal, especially for 

daytime population.  Having businesses report to the city on an annual basis the total 

number of workers for their office could create a highly accurate daytime population 

dataset.  If the addresses of zip codes of the worker’s origin were included, the patterns of 

movement during rush hours, especially the morning rush hours, could be predicted with 

high accuracy.  AVs could more effectively work together to plan and adjust routes if the 

start and end destinations were known on a building to building basis. 

For tourism, understanding the movements of tourism would aid in the 

effectiveness of locating AV queues.  Common hotels used by tourists may be used for 

augmenting nighttime population estimates.  Throughout the day, tracking number of 

entrances into museums or other tourist destinations would aid in accurately tracking 

tourist movements and patterns.  Having tourist destinations report to the municipality 

daily number of visitors, potentially even by the hour, would provide a detailed demand 

map for tourists that AVs could use to determine where queues are needed.  This type of 

data could generate different queue locations throughout the day, the week, and the year 

to properly accommodate the tourist population which would not only improve traffic 

flow and movement of people, but also aid in the enjoyment of the tourist experience. 

A municipality should have building data by not only footprint, but also by 

building height.  A building dataset that includes building heights and even number of 

floors would be ideal to further normalize the any population data being used.  A building 

may have a small footprint but could be several stories high, which would alter the 
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potential population for that building.  Having building heights would aid in eliminating 

the non-dwelling buildings, such as garages, sheds, or other small buildings.  A garage in 

Chevy Chase, Washington D.C. can have a footprint larger than a row house in Capitol 

Hill, Washington D.C., but the garage will have a much smaller volume than the row 

house.  Knowing which floors are used for what purpose, a vertical land use map, would 

also be ideal.  In a mixed-use building, the bottom floor may be as tall as two floors but 

only serves for commercial space while the remaining floors are all residential space.  Or 

a mixed-use building may have one floor of commercial space, several floors of office 

space, and several floors of residential space.  Knowing the volumes of each land use for 

the mixed-use buildings or even mixed-use commercial-only buildings would yield a 

level of detail that could further fine tune where AV queues need to be, when they need 

to be there, and especially the size of the queue needed for each queue location. 

In order to better understand and more accurately predict where AV queues will 

be needed, as well as the demand for each queue, further research and enhanced data 

collection needs to occur.  As the data improves, the results from the analysis will 

improve.  The methods and data used in this research is a base foundation to show that 

AV queue locations can be determined with existing data but further research will be 

needed before a complete AV network can be effective, especially in a mixed-use 

scenario with AVs and non-AVs sharing the road network.  With further research and 

enhanced data collection, an effective and efficient methodology for predicting AV queue 

locations and the demand for each AV queue location could be developed.  This 

methodology could be used in future systems where AV queue locations and the demand 
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associated with each location could be updated on a day-to-day or even hour-by-hour 

basis with the understanding of future movements of people for work, school, and social 

events throughout a given area. 
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