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ABSTRACT 

Intercity travel has been on the rise in the last few decades, resulting in severe congestion on 

intercity freeway corridors. Existing modes such as air, rail, and bus services have respective 

limitations and have not been effective in alleviating the present and future intercity travel 

challenges. Our proposed solution is ‘Flexpress’, a flexible and express intercity transit 

service that is conceived and designed to accomplish three major operating characteristics: 

high speed, high capacity and high accessibility. Flexpress will offer service in tire-based 

low-profile transit vehicles, capable of cruising at up to 150 mph on a dedicated lane on 

freeways, and will have multiple terminals in urban areas to provide passengers with higher 

levels of accessibility to their origin and destination. In the urban area, the vehicles will be 

driven by a driver at regular traffic speeds while picking up/dropping off passengers at 

terminals, but once entering the dedicated lane, the driver initiates the auto-pilot mode and 

the vehicle will travel with maximum speed, until reaching the metro area, where the driver 

regains control. This dissertation is focused on planning and operational analyses for the 

proposed Flexpress service. As a case study, Flexpress is considered as an intercity transit 

service between the metropolitan areas of Tucson and Phoenix, in Arizona, USA. 

A demand analysis study is conducted to model the mode choice behavior of individuals 

when making intercity travel and to identify the significant factors influencing their mode 

choices. The feasibility and potential market of Flexpress is studied in competition with other 

intercity travel modes such as drive, rail, regular bus, and demand-responsive shuttle service. 

To collect the behavioral data, an interactive Stated Preference survey is employed that 

estimates the respondent-specific attribute values in a real-time manner, customized to the 

individual information provided by the respondents. Such a process helps present a choice 

set that reflects each individual’s travel context more realistically. The collected data showed 

that a transportation option with the characteristics of Flexpress has the potential to take up 

a considerable market share, even larger than driving. Having estimated a discrete choice 

model, the significant factors influencing the choice preference were recognized, and the 

analysis provided insightful findings toward intercity mode choice behavior and improving 

intercity transit services. As a side study, an analysis is conducted to investigate the effects 

of alternatives’ labels on people’s choice making behaviors and also to understand how and 
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why the respondents change their choices once they learn about alternatives’ labels.  

To design the Flexpress network, a network design problem formulation and solution 

procedure is presented for intercity transit services that have multiple routes and serve 

multiple terminals in the origin and destination cities. The proposed solution procedure 

consists of three steps: 1) a set of candidate terminals are selected; 2) candidate routes are 

generated between those terminals using a k-shortest path algorithm; 3) a mixed-integer 

linear optimization model finds the optimal routes, terminals, frequencies, fleet size and 

depot locations, given a set of constraints and the objective of minimizing total passenger 

travel time and vehicle deadheading time. The solution procedure was implemented for 

Flexpress service in the study corridor. The final routes found by the model looked 

reasonable, and the sensitivity analysis showed that the objective function is most sensitive 

to changes in the minimum demand satisfaction ratio and then to the maximum number of 

routes and the maximum fleet size.  

A solution framework is also proposed for operational analysis and financial assessment of 

transit services that considers the passenger behavior and the elasticity of transit demand to 

service characteristics. The proposed solution framework integrates a dynamic transit 

passenger assignment model with the intercity mode choice model and an adopted service 

design module, and iterates these methods until an equilibrium between fares and 

frequencies is reached. The transit assignment model, called Fast-Trips, is a schedule-based 

and capacity-constrained model that considers hyperpaths in transit route choice and 

captures passenger behavior at a high resolution. The solution framework was implemented 

for Flexpress service in the study corridor, and the system performance is studied for 

multiple fare policy and frequency design scenarios. The results showed that the scenarios 

with designed-oriented frequencies had lower ratios of revenue to operating cost (R/C ratio), 

compared to those where frequencies were set based on the passenger path choice behaviors 

and route usage. The R/C ratio increases with an increase in fares and a decrease in 

frequencies, but the sensitivity analysis indicated that there are multiple ways to achieve a 

certain R/C ratio. So, it would be the other objectives and the operator’s priorities that define 

the final design and service characteristics. Moreover, it was shown that if frequencies are 

designed efficiently, not only will the system be profitable, but also with an increase in fares, 

it may be possible to achieve high R/C ratios to account for the capital costs as well.  
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1.1. INTERCITY TRAVEL: CHALLENGES AND DEVELOPMENTS 

The ever-growing population and congestion in cities and intercity corridors make intercity 

travel a significant challenge for both the traveling public and transportation agencies, now 

and in the decades to come. Many metro areas in the US and around the world continue to 

expand due to increased population influx and intensified economic activities between the 

urban areas. These inter-connected metro areas result in emerging ‘mega-regions’ that are 

recognized to coordinate regional economic development strategies. Regional movement of 

goods, people and capital will increase substantially in the next few decades, and in turn, 

this growth will cause severe traffic congestion on intercity freeway corridors. Recently 

eleven mega-regions have been designed by the US Department of Transportation as the 

primary focus for innovative transportation system management solutions in order to cope 

with anticipated traffic congestion on the intercity/metro corridors (US Department of 

Transportation, 2017). So, meeting future intercity transportation demand in a cost-effective 

manner is an important challenge for planners and decision makers over the next decade or 

longer.  

Highways and freeways in many existing intercity corridors have already reached or 

will soon reach the design capacity. Air travel may not be a viable and/or sustainable option 

to accommodate much of the future demand either, because of the high fare, limited 

accessibility (due to necessary inter-modal transfers), and low reliability (due to increased 

airport congestion and also delays caused by more extreme weather conditions). Many 

governments are thinking of providing new or improved public transit services as a 

sustainable alternative to driving, and in this context, the two major competitors are rail and 

bus.  

The widely discussed rail-based solutions arguably deliver substantial benefits for the 

region's economy and quality of life (Vuchic, 1991); however, rail solutions are a great fiscal 

challenge for managing transportation agencies due to their high capital and operational 

costs. Intercity rail-based solutions require billions of dollars to buy the rights of way, lay 

the tracks and subsidize the operational costs, and may take years before being implemented. 

Namely, the per mile construction cost of high-speed rail (HSR) is reported to be 37-62 

million dollars in Europe, 82-143 million dollars in Japan, 27-34 million dollars in China, 

and about 89 million dollars for the yet-to-be-built HSR in California, US (US Government 
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Accountability Office, 2009; Ollivier et al., 2014). As a result, rail systems need high 

ridership (about 100,000 passengers on a daily basis) to be financially viable, but without a 

rigorous demand analysis for intercity rail travel, the decision could lead to a fiscal black 

hole due to overestimated ridership: Mackett and Edwards (1998) discussed multiple cases 

of developed rail-based systems in the US where actual ridership turned out to be 

significantly below the forecasted amount.  

Intercity buses, on the other hand, can be a cost-saving option and would be a welcome 

answer for cities where future demand will exceed existing freeway capacity but which lack 

infrastructure support for cost-prohibitive rail-based solutions. Having investigated several 

studies specifically in the urban context, Hensher et al. (2014) report that BRT-like systems 

can be delivered “at a fraction of the cost of a rail-based system, between 4 to 20 times less 

than a LRT system and 10 to 100 times less than a metro system for the equivalent level of 

service”.  

The public belief that rail systems are inherently more attractive than bus systems has 

been frequently argued over the past years. While some studies found a significant 

preference for rail over bus (Vuchic and Stanger, 1973; Edwards and Mackett, 1996; 

Creemers et al., 2012), others did not find such evident preference when service 

characteristics such as travel time and cost are equal, suggesting that high-performance bus 

service can be a good substitute for rail (Ben-Akiva and Morikawa, 2002; Yannes et al., 

2010).  

The intercity bus industry has been on the rise over the past decade. There are 

successful examples of curbside bus transit that are changing intercity transportation 

nationwide (Collins, 2013), and bus service has been reported as the fastest growing intercity 

transit mode for three consecutive years during 2008-2010 and in 2014, outpacing air and 

rail (Schwieterman and Fischer, 2010; Schwieterman et al., 2015). Moreover, studies have 

shown that bus services are one of the greenest options for intercity travel and are growing, 

in terms of sustainability indicators, as an environmentally-friendly, economically-viable, 

and socially-inclusive mode of long-distance travel (Union of Concerned Scientists, 2008; 

Woldeamanuel, 2012). 
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As of 2013, passenger loads handled by curbside bus services in the US reduced fuel 

consumption by about 11 million gallons annually and provided American travelers savings 

of $1.1 billion per year (Schwieterman et al., 2014). Services such as Megabus and BoltBus 

are considered as successful intercity bus transit, providing services in nearly 50 cities in the 

US and Canada. By embracing technology, providing on-board amenities, and offering 

quick, reliable and clean bus service, these companies are trying to freshen the not-so-good 

‘image’ of bus travel and acquire characteristics of premium transit service which were 

found to be significantly influencing mode choice (Outwater et al., 2011). Yet, intercity bus 

services have some limitations and cannot fully satisfy needs for high speed nor high 

accessibility.  

 

1.2. RESEARCH NEED AND PROBLEM DEFINITION 

All transportation modes can be viewed from the dimensions of mobility and accessibility. 

Accessibility describes how easy and convenient it is for passengers to access the mode in 

the entire door-to-door experience, and the literature has shown that accessibility is one of 

the important factors affecting people’s choice of travel mode (Hine and Scott, 2000; Givoni 

and Rietveld, 2007; Creemers et al., 2012).  

Most existing modes face significant trade-offs between mobility and accessibility, 

and, as shown in Figure 1.1, none is totally desirable from both standpoints, and there is an 

obvious service gap. Namely, those operating at a very high speed are of limited 

accessibility, and vice versa. Taking air travel as an example, planes operate at high speeds, 

but in order to board one, passengers need to go to an airport, which could be tens of miles 

away from their origins (and the same situation happens in the destination city). On the 

contrary, walking has the highest accessibility, as travelers can start walking almost any time 

and anywhere, but the fairly low speed makes walking the poorest from the mobility aspect. 

In order to accommodate future intercity travel demand, a high-speed, high-capacity and 

high-accessibility surface transportation mode is needed that will support the corridor 

economic growth and quality of life in a financially- and environmentally-sustainable 

manner.  
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Introducing any new transportation mode can influence society in many ways, ranging 

from modal choices and traffic flow to economic growth and environmental impacts. So, it 

is critical to understand and predict travelers’ behaviors before a new or improved 

transportation mode comes to the market. This becomes even more critical when the 

suggested transportation mode is a new concept, for which nothing or very little is known 

about how users will react in the market.  

 

Figure 1.1: A comparison between various transportation modes from the standpoints of mobility 

and accessibility (Edited from the original). Source: Meyer and Miller (2001). 

 
Moreover, the growing demand for intercity bus services intensifies the need for an 

efficient network design and service schedule, to provide a competitive public transportation 

service for travelers and to minimize operator costs. While intercity and typical urban bus 

services share a number of similarities, they have critical differences. The Transit Network 

Design Problem (TNDP) in an intercity context has differences with the urban TNDP and 

 

Tram/Funicular 

Helicopter 

Hydrofoil 

Commuter rail 

Rapid transit 

Walking 

Moped 

Bicycle 

Dial-a-

ride 

Streetcar 

Cable car 

Local 

bus 

High speed rail 

Door-to-Door Very Limited 

Accessibility 

Mobility 

High 

Low 

Carpool 

Vanpool 

pool 

(Uncongested) 
 

  

Auto 
 

  

(Congested) 

Express 

bus 

  

Light 

rail 

Ferry 

Air 



Chapter 1: INTRODUCTION 

 

 

18 

there are certain considerations that need to be taken into account; yet, there is no previous 

study dealing with network design for intercity bus services. 

The other critical issue that any new or improved transit service faces is its financial 

viability and ability to maintain an acceptable revenue/cost ratio. Transit operating costs are 

largely a function of transit routes’ travel time and their frequencies, and revenue is a 

function of fares and the total number of passengers. However, transit demand is innately 

elastic, meaning that any change in the service will be followed by a change in the demand. 

Service characteristics such as fares, travel time and frequencies influence the number of 

passengers attracted to the system; while the number of attracted passengers itself will 

influence the routes’ design and frequencies. In order to have a true assessment of the 

financial viability of a service, an equilibrium between fares and frequencies should be 

reached, and finding such an equilibrium could be challenging. 

 

1.3. STUDY OBJECTIVES 

The primary objective of this study is to develop a new transit service concept for intercity 

travel that can fill the present service gap and to do the planning and operational analyses 

for the proposed service concept. This primary objective can be divided into the following 

subordinate objectives: 

 To conceptualize a new intercity transit service that can provide satisfactory levels 

of mobility, accessibility and capacity, and can fill the present service gap. 

 To model the mode choice behavior of individuals for intercity travel and to identify 

the significant factors influencing their mode choices.  

 To study the feasibility and potential market of the proposed service. 

 To formulate and propose a solution procedure for the transit network design and 

frequency setting problem (TNDFSP) for an intercity transit service that has multiple 

routes and serves multiple terminals in the origin and destination cities. 

 To propose a solution framework for operational analysis and financial assessment 

of transit services considering the passenger behavior and the elasticity of transit 

demand to service characteristics. 
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1.4. FUNDAMENTAL ASSUMPTIONS 

The main assumptions considered in this dissertation are listed below. Any additional 

assumption considered for different phases of the study will be explained in the respective 

chapters. 

 The intercity network graph (including nodes and links) and traffic analysis zones 

(TAZs) information are given. 

 The total origin-destination (OD) intercity travel demand matrices are given.  

 Transit vehicle capacity is known. 

 Transit vehicle speeds in normal traffic within the urban area and on a dedicated 

freeway lane are known. 

 People are familiar with all existing travel options between their origin and 

destination cities. 

 People are aware of all the transit terminals within the walking and driving distances 

of their origin and destination. 

 People have perfect information about the transit vehicles’ arrival/departure time at 

each terminal and the services’ fares and frequencies, based on their experience or 

the information provided by websites, smartphones, etc.  

 People can access one of the transit terminals in the city and will choose the terminal 

closest to their origin/destination. 

 The proposed intercity transit service may have multiple terminals but only one depot 

in each city. 

 

1.5. STUDY SCOPE AND RESEARCH PROCESS 

This dissertation proposes a conceptual transit service for intercity travel and is focused on 

planning and operational analyses for the proposed service (and the similar urban or intercity 

transit services), including demand analysis and mode choice modeling, transit network 

design, operational analysis and financial assessment. Other research needs such as vehicle 

design and infrastructure, standards and regulations, operation management, and safety, are 

beyond the scope of this study and may be pursued in future research. Figure 1.2 shows the 

general research topics investigated in this study.  
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Figure 1.2: The general research topics investigated in this dissertation 

 

1.6. DISSERTATION STRUCTURE 

This dissertation is composed of six chapters. Following this introduction, the Flexpress 

concept and the case study considered for this dissertation are explained in Chapter 2. 

Chapter 3 focuses on intercity demand analysis and modeling the mode choice behavior of 

individuals in intercity travels and describes the survey design and data collection process. 

The problem formulation and the proposed solution procedure for designing the intercity 

transit network are presented in Chapter 4, along with the results from various designs for 

terminals, depots, routes and their corresponding frequencies. Chapter 5 proposes an 

integrated framework for operational analysis and financial assessment of the service and 

discusses the service performance under different demand and service scenarios. Finally, 

Chapter 6 summarizes the contributions and presents ideas for future research. 
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CHAPTER 2: CONCEPT DEVELOPMENT*

                                                      
* The contents of this chapter are largely taken from the following paper:  

Ranjbari, A., Y.C. Chiu, and M. Hickman (2016). “Flexpress: A Flexible and Express Intercity Transit 

Service”. In ASCE International Conference on Transportation and Development: 513–524. Houston, TX. 
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2.1.  EMERGING TECHNOLOGIES AND RELEVANT DEVELOPMENTS 

2.1.1. High-Speed Electric Passenger Vehicles  

Several projects can be found around the world that are devoted to developing all-electric 

high-speed vehicles. One example is Eliica, the Electric Lithium-Ion Battery Car, designed 

by a research team in Keio University in Tokyo, Japan in 2004, and built with the support of 

38 private companies (Archived Eliica Website, 2015). Eliica is an eight-wheel extended 

passenger vehicle that is capable of cruising at 370 km/h (230 mph), and can travel 300 km 

on a single charge (Figure 2.1(a)).  

Keio University later established a 30-partner consortium in 2009 on the commercial 

production of the developed electric vehicles, and started a company called SIM-Drive. The 

company continues to release various types of electric vehicles like the one shown in Figure 

2.1(b), but with a smaller form factor, lower operating speed and longer driving range (SIM-

Drive, 2015).  

 

  

(a)         (b) 

Figure 2.1: Sample high-speed electric vehicles: (a) Eliica (b) A SIM-Drive vehicle (Prototype 

No.1, called SIM-LEI) 

 

2.1.2. Superbus 

The first electric vehicle designed for a higher number of passengers, called Superbus, was 

designed and built by the Technical University of Delft in the Netherlands in 2010, and was 

field operated in Europe, Dubai and Abu Dhabi in 2012-2013 (Figure 2.2). The special 

Formula-1 tires and the aerodynamic design of the Superbus vehicle enable it to achieve a 

speed of up to 250 km/h (155 mph) (Superbus Project, 2014).  
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Figure 2.2: Superbus vehicle developed by TU-Delft 

 

2.1.3. Wireless Charging Technology 

For electric vehicles (EV) driving range is always a concern. Lack of electric charging 

stations and the amount of time required to charge a battery would limit the use of EVs. In 

recent years, however, there have been some developments in wireless charging technology 

that would overcome this limitation.  

In 2009, the Korean Advanced Institute of Science and Technology (KAIST) 

developed the On-Line Electric Vehicle (OLEV) system, where vehicles were equipped with 

a high-efficiency on-board device that enabled them -whether running or stopped- to pick 

up power from the electric cables installed under the road surface through a non-contact 

magnetic charging method (KAIST OLEV, 2016). OLEV technology was first used to power 

a tram at an amusement park in Seoul in 2010, and the first KAIST’s OLEV-powered buses 

hit the road in 2013 in Gumi, South Korea (Coxworth, 2013). In 2012, a research team at 

Stanford University designed a wireless charging system for highways that used magnetic 

fields to wirelessly transmit large electric currents between metal coils placed several feet 

apart. This underground-embedded technology could enable electric vehicles to get charged 

as they cruise down the road, and would significantly increase their driving range (Shwartz, 

2012). The wireless charging technology was also used to power shuttle buses on the campus 

of University of Utah in Salt Lake City, USA in 2014 (Knox, 2014), and was announced by 

Highways England in 2015 to be trialed in the UK (Robarts, 2015).  
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2.1.4. Hyperloop 

Hyperloop is a conceptual high-speed transportation system announced by entrepreneur 

Elon Musk in 2013. Hyperloop incorporates reduced-pressure tubes in which pressurized 

capsules ride on an air cushion driven by linear induction motors and air compressors.   

In the preliminary design document published in August 2013, Musk suggested a route 

running from Los Angeles to San Francisco for Hyperloop with most of its length paralleling 

the Interstate 5. Preliminary analysis indicated that such a route might obtain an expected 

travel time of 35 minutes, meaning that passengers would traverse the 354-mile route at an 

average speed of around 598 mph, with a top speed of 760 mph (Musk, 2013).  

 

2.1.5. Automated Vehicles 

Autopilot driving involves utilizing the sensors and the control system equipped in the car 

to automatically steer the vehicle in relatively simple driving conditions, typically on a well-

striped highway or freeway. For over three decades, various image processing and sensing 

technologies, such as LiDAR (Light Detection And Ranging), have been developed by 

academia and industry and have been used commercially by major automakers such as Tesla 

and Audi (Kumparak, 2015; Pozzebon, 2015). 

 

2.1.6. Connected Vehicles 

Vehicles equipped with wireless communication devices that are capable of communicating 

with each other (V2V) and the infrastructure (V2I) are entitled as connected vehicles. A fast, 

secure, and reliable technology that operates at the 5.9 GHz spectrum, called Dedicated 

Short-Range Communication (DSRC), plays the core role in this wireless communication 

world (Andrews and Cops, 2009). 

The Cooperative Adaptive Cruise Control (CACC) is a connected vehicles technology 

that enables longitudinal automated vehicle control. As an extension to the Adaptive Cruise 

Control (ACC) concept, which uses radar or LiDAR measurements and the feedback loop 

to derive the range to the vehicle in front, CACC also uses the preceding vehicle's 

acceleration in a feed-forward loop to communicate with the following vehicles. Obtaining 

http://techcrunch.com/2015/03/19/the-tesla-model-s-will-get-early-autopilot-mode-in-about-three-months/#.npv9n2:ua4A
http://www.businessinsider.com/audi-a7-drives-auto-pilot-to-vegas-2015-1
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the preceding vehicle's acceleration and communicating with the following vehicle is done 

via the cooperative awareness messages that are transmitted several times per second using 

DSRC or WAVE (Wireless Access in Vehicular Environments) technology. CACC allows 

a number of vehicles to be virtually chained up, forming a platoon where the vehicles are 

able to cruise with short headways. This platooning technology is now being used in Nevada, 

USA for trucks, and, in addition to improving safety and driver’s comfort, it is reported to 

significantly increase fuel efficiency (5.3% fuel savings for 3-truck platoon and 6% for 5-

truck platoon) (Freightliner, 2015). 

 

2.2. WHAT IS FLEXPRESS? 

Flexpress, with the name standing for a flexible and express transportation system, is an 

innovative intercity transit service, proposed in this dissertation, that is capable of achieving 

high speed, high capacity and high accessibility (Figure 2.3). 

 

Figure 2.3: The Flexpress logo 

 

High Speed 

Flexpress is conceived to offer service in tire-based low-profile electric transit vehicles, 

capable of cruising at high speeds (120-150 mph) on a dedicated guideway on freeways. In 

the urban area, the vehicles will be operated by a human driver at regular traffic speeds, 

while picking up/dropping off passengers at terminals, but once entering the dedicated 

guideway, the driver initiates the auto-pilot mode and the vehicle will travel with maximum 

speed, until reaching the metro area, where the driver regains control. 

 

High Accessibility 

Flexpress will have multiple terminals in both urban areas to provide passengers with higher 

levels of accessibility to their origin and destination. The pick-up/drop-off terminals can be 
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optimally located throughout urban areas, allowing passengers to access the service at 

locations much closer to their origins and final destinations. These terminals can also co-

locate with commercial developments and existing parking garages for multi-use park-and-

ride functions, and a seamless door-to-door service can be realized by integration with local 

mobility service providers.  

 

High Capacity 

Flexpress vehicles are conceived to be equipped with the CACC connected vehicles 

technology. Using CACC, several Flexpress vehicles can virtually chain up and form a high-

speed self-driving platoon on the dedicated guideway. Upon arriving in the destination urban 

area, the platoon breaks up into individual vehicles, each heading toward a different terminal.  

Should this virtually-chained platoon travel at a high speed, the combination of high 

speed and short headways between vehicles makes it possible to transport large amounts of 

passengers, comparable to those of a high-speed train, and thus high capacity will be 

accomplished. As an example, a platoon of 10 vehicles each carrying 20 passengers can 

transport 200 passengers, which is larger than the capacity of a Boeing 737 aircraft. If the 

guideway operates at capacity, say with a 10-vehicle platoon at every two miles traveling at 

the speed of 120 mph, then it can permit 12,000 passengers per hour per lane, which is five 

to six times higher than that of an existing freeway lane.  

 

2.3. FILLING THE SERVICE GAP 

Figure 2.4 shows an updated version of Figure 1.1, incorporating Flexpress and the emerging 

modes mentioned in section 2.1. All existing and emerging modes face significant trade-offs 

between mobility and accessibility, and none is totally desirable from both standpoints. In 

this comparison, Flexpress is the most desirable mode due to the improved mobility and 

accessibility at the frontier of travel options. 

Moreover, Table 2.1 shows a comparison of emerging modes from the standpoints of 

mobility, capacity and accessibility, and as can be seen none can provide high speed, high 

accessibility and high capacity, as Flexpress can. Overall, with the characteristics envisioned 
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for Flexpress, it is believed that it would create a breakthrough in the tradeoffs between 

mobility, capacity and accessibility, and could fill the present service gap. 

 

Table 2.1: Comparing emerging modes from the standpoints of mobility, capacity and accessibility 

Mode High Speed High Capacity High Accessibility 

High-Speed/Automated Cars      

Superbus      

High-Speed Rail      

Hyperloop      

Air      

 

 

Figure 2.4: The relative preference of Flexpress to other transportation modes from the standpoints 

of mobility and accessibility (Edited from the original). Source: Meyer and Miller (2001). 
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2.4. CASE STUDY 

In this dissertation, Flexpress service is studied as a future intercity travel mode between the 

two metropolitan areas of Tucson and Phoenix, in Arizona, USA. Phoenix has an area of 

518 mi2, a city population of 1.6M and a metro population of 4.6M. Tucson is a city with an 

area of 231 mi2 and a population of 530K, and its metro population is 1M (US Census 

Bureau, 2017a; US Census Bureau, 2017b). The Tucson-Phoenix “Sun Corridor” is 

Arizona's most heavily-traveled corridor and acts as the primary driver of the State’s 

economy. The studied corridor is about 120 miles long and runs along Interstate 10 (I-10) 

(Figure 2.5). Flexpress is envisioned to travel on a dedicated traffic lane built on the median 

of I-10 (Figure 2.6). 

 

Figure 2.5: The study corridor 
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Figure 2.6: Conceptual design of Flexpress cruising on a dedicated guideway built on the median 

of Interstate 10 between Tucson and Phoenix (Credit: Norris Design) 
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Over the past few decades, explosive population growth in Tucson and Phoenix has 

led the two cities growing increasingly interconnected, socially and economically. This 

consequently resulted in increasing traffic congestion problems, particularly on Interstate 10 

which connects the two cities (Gammage and Hunting, 2014).  

The current viable travel modes between the two cities include driving, regular bus 

(Greyhound) and demand-responsive service known as Arizona Shuttle which offers service 

in dedicated vans. The Greyhound service has one station in central Tucson and two stations 

in the Phoenix area. It operates every 3 hours from morning to late evening, and the fare is 

$1 for the first rider and increases up to $45 for additional passengers. The Arizona Shuttle 

service has three stations in Tucson and one at the Phoenix airport. The fare is $40-45, and 

the service is available every hour.  

As a new intercity transit option, the State of Arizona has been investigating the 

potential for passenger rail between Tucson and Phoenix as an intercity rail transit. Intercity 

rail typically serves longer-distance travel between metropolitan areas and can operate in 

freight railroad corridors. Passenger Rail will be powered by diesel or electric locomotives, 

with an expected maximum speed of 110 mph; however, depending on the number of 

stations, track condition and alignment, and local ordinances, the resulting average speed is 

55 mph. Stations could be spaced as frequently as every 20 to 30 miles for intercity rail 

(Passenger Rail Study: Tucson to Phoenix, 2015; Maricopa Association of Government, 

2008). The selected route alignment for Passenger Rail would serve the East Valley, sharing 

right-of-way with the Union Pacific (freight) Railroad, and would run along I-10 south of 

Eloy into Tucson (Arizona Department of Transportation, 2014).  

 

2.5. POTENTIAL MARKET 

To study the feasibility and potential market of Flexpress in competition with the other four 

intercity modes in the study corridor, a Stated Preference (SP) survey was employed. 

Respondents were presented with a hypothetical choice scenario where all five alternatives 

were available for intercity travel, and they were asked to choose their most preferred option 

given the attribute values assigned to each alternative. The details of survey design and data 
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collection process, as well as the sample distribution over various parameters, are presented 

in Chapter 3, and this section only focuses on the market share results obtained from the 

survey.  

The collected data showed that Flexpress would be the most preferred mode for travel 

between Tucson and Phoenix, with 45% of the market (Figure 2.7). Next are driving (28%), 

passenger rail (18%), Greyhound (7%) and at last Arizona Shuttle (2%). The high percentage 

for Flexpress market share implies that if there is a transportation option with the 

characteristics of Flexpress, it has the potential to take up a considerable part of the market, 

and more interestingly its market share could be twice as large as driving. This suggests that 

providing such an option can even change people’s travel habits and shift them to travel 

modes other than driving, which has been the dominant mode for many years in this corridor.  

There are more than 50 corridors in the US with characteristics similar to that of the 

studied corridor which shows how extensive the potential market for Flexpress is. These 

corridors, listed in Table 2.2, are all 80 to 250 miles long and connect two cities each with a 

population of at least 300,000. 

 

 

Figure 2.7: Market share results for the study corridor 
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Table 2.2: List of intercity corridors in the US with the potential for implementing Flexpress 

 No City 1 City 2 Distance (mi) 
Major Highway/Freeway 

Connection 

1 San Diego, CA Los Angeles, CA 120 I-5 

2 San Diego, CA Riverside, CA 99 I-15, I-215 

3 San Diego, CA Anaheim, CA 96 I-5 

4 Sacramento, CA San Francisco, CA 87 I-80 

5 Sacramento, CA Fresno, CA 194 I-5 

6 Sacramento, CA Oakland, CA 82 I-80 

7 San Jose, CA Bakersfield, CA 241 I-5 

8 Los Angeles, CA Bakersfield, CA 112 I-5 

9 Tucson, AZ Phoenix, AZ 116 I-10 

10 Portland, OR Seattle, WA 174 I-5 

11 Houston, TX San Antonio, TX 197 I-10 

12 Houston, TX Austin, TX 162 US-290 

13 Houston, TX Dallas, TX 239 I-45 

14 Houston, TX Corpus Christi, TX 210 US-59 

15 Austin, TX Dallas, TX 195 I-35 

16 Austin, TX Fort Worth, TX 190 I-35 

17 Austin, TX San Antonio, TX 80 I-35 

18 Dallas, TX Oklahoma City, OK 207 I-35 

19 Oklahoma City, OK Tulsa, OK 106 I-44 

20 Tulsa, OK Wichita, KS 176 I-35, US-412 

21 Oklahoma City, OK Wichita, KS 161 I-35 

22 Chicago, IL Milwaukee, WI 92 I-94 

23 Chicago, IL Indianapolis, IN 183 I-65 

24 Indianapolis, IN Louisville, KY 114 I-65 

25 Indianapolis, IN St Louis, MO 242 I-70 

26 Indianapolis Cincinnati, OH 112 I-74 

27 Indianapolis, IN Columbus, OH 175 I-70 

28 Columbus, OH Cleveland, OH 143 I-71 

29 Columbus, OH Cincinnati, OH 107 I-71 

30 Cleveland, OH Detroit, MI 170 I-75, I-90 

31 Columbus, OH Louisville, KY 206 I-71 

32 Columbus, OH Lexington, KY 189 I-75, I-71 

33 Cincinnati, OH Louisville, KY 100 I-71 

34 Cincinnati, OH Lexington, KY 83 I-75 

35 Lexington, KY Louisville, KY 78 I-64 

36 Kansas City, MO St Louis, MO 248 I-70 

37 Kansas City, KS Omaha, NE 185 I-29 

38 Kansas City, KS Wichita, KS 197 I-35, I-335, I-70 

39 Nashville, TN Memphis, TN 212 I-40 

40 Nashville, TN Louisville, KY 176 I-65 

41 Nashville, TN Atlanta, GA 250 I-24, I-75 
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42 Jacksonville, FL Orlando, FL 141 I-95, I-4 

43 Jacksonville, FL Tampa, FL 198 I-75, US-301 

44 Orlando, FL Tampa, FL 84 I-4 

45 Orlando, FL Miami, FL 245 I-95 

46 Charlotte, NC Raleigh, NC 166 I-85, I-40 

47 Raleigh, NC Virginia Beach, VA 202 I-95, US-58 

48 Pittsburgh, PA Columbus, OH 185 I-70 

49 Pittsburgh, PA Cleveland, OH 133 I-76, I-80 

50 Pittsburgh, PA Washington, DC 245 I-76, I-70 

51 Pittsburgh, PA Baltimore, MD 248 I-76, I-70 

52 Philadelphia, PA Baltimore, MD 105 I-95 

53 Philadelphia, PA Washington, DC 139 I-95 

54 New York, NY Philadelphia, PA 96 I-95 

55 New York, NY Baltimore, MD 192 I-95 

56 New York, NY Washington, DC 226 I-95 

57 New York, NY Boston, MA 220 I-84, I-90 

*City populations are obtained from US Census Bureau (2015).  
 
 



 

 

 

 

 

 

 

CHAPTER 3: DEMAND ANALYSIS*

                                                      
* The contents of this chapter are largely taken from the following papers:  

Ranjbari, A., Y.C. Chiu, and M. Hickman (2017). “Exploring Factors Affecting Demand for Possible Intercity 

Transit Options”. Public Transport 9(1): 463-481. 

Ranjbari, A., M. Hickman, and Y.C. Chiu (2018). “Labels or Actual Alternatives’ Attribute Values? A Study 

of Choice Decisions in a Stated Preference Experiment” (Under Review). 
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3.1. INTRODUCTION 

Introducing any new transportation service can influence society in many ways, ranging 

from modal choices and traffic flow to economic growth and also environmental impacts. 

So, it is critical to study people’s behaviors toward a new or improved transportation service 

prior to its introduction to the market, and also to predict its market share. This becomes 

even more critical when the suggested transportation service is a new concept, for which 

nothing or very little is known about how users will react in the market.  

The primary goal in this chapter is to model the mode choice behavior of individuals 

when making intercity travel and to identify the significant factors influencing their mode 

choices. A secondary interest is to study the feasibility and potential market of the proposed 

Flexpress service in competition with other intercity travel options in the study corridor.  

Since Flexpress does not yet exist, a Stated Preference (SP) survey method has been 

employed for collecting data on user acceptance and market share of the studied travel 

modes. The SP survey is one of the well-known data collection methods and is widely used 

to identify behavioral responses to choice situations that are not revealed in the market.  

An issue with SP data is that what people state as their choice in the survey is not 

necessarily consistent with their actual choice in the market. However, if the survey captures 

the respondent-specific attribute values more realistically, the respondent should provide a 

more truthful and reliable response, improving the validity of the SP data. So, in this 

dissertation an interactive SP survey has been developed that estimates the respondent-

specific attribute values in a real-time manner, customized to the information provided by 

the respondents. 

As a side study, an analysis is conducted to investigate the effects of alternatives’ labels 

on people’s choice making behaviors, and also to understand how and why the respondents 

change their choices once they learn alternatives’ labels.  
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3.2. STATED PREFERENCE SURVEY 

In cases such as the present study, where an alternative does not exist, hypothetical questions 

are employed for data collection, using an SP survey technique. In the SP method, 

alternatives are described in terms of combinations of different attributes, and respondents 

are asked to state their preferred alternative in the choice set, based on the given attribute 

values (Louviere et al., 2000). SP methods have been widely used in transportation studies 

to identify behavioral responses to hypothetical choice situations that are not revealed in the 

market (Bates, 1982; Louviere, 1988; Ben-Akiva and Morikawa, 2002; Hole, 2004; Shiftan 

et al., 2006; Correia and Viegas, 2011; Basu and Hunt, 2012; Creemers et al., 2012). 

The main issue with the SP data is that people’s actual behavior in the market is not 

always consistent with their stated preferences. This makes the reliability of SP data 

questionable and could result in an overestimated or underestimated demand (Ben-Akiva et 

al., 1992); however, when the concerned alternative does not yet exist, it is the only way to 

study and predict the choice behaviors. Despite this disadvantage, there is evidence that the 

SP approach is a good approximation of actual behavior and can be a reasonably accurate 

guide to true underlying preferences (Louviere et al., 2000). SP techniques also have 

advantages over Revealed Preference (RP) methods, which are based on actual choices, 

because information availability can be varied for a mode in the SP questionnaire and the 

individuals can be presented with trade-offs rather than dominated choices. Moreover, 

current travel demand forecasting models assume that travelers are aware of all the transit 

services within the walking and driving distances of their home; however, studies have 

shown that in reality, the transit awareness percentage is significantly lower (Outwater et al., 

2011). While this could affect people’s mode choice in RP, it is not a problem with SP; as 

in SP all of the respondents are presented with the same level of information, albeit the 

interpretations could still be partially subjective. 

 

3.3. LABELED VERSUS UNLABELED CHOICE EXPERIMENTS 

Stated choices can be conducted under ‘labeled’ or ‘unlabeled’ experiments. An unlabeled 

experiment is an experiment in which the titles of alternatives in the choice set are generic 
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(e.g., ‘alternative A’ and ‘alternative B’) and do not convey any information to the decision 

maker; yet, it is necessary that the decision maker knows that each alternative belongs to a 

general class of goods or services (Hensher et al., 2005). In a labeled experiment though, as 

the name implies, labels are assigned to alternatives that may intrinsically convey some 

information about the alternatives. 

Using generic labels leads to smaller degrees of freedom, and thus unlabeled 

experiments will require smaller experimental designs. Also, unlabeled experiments do not 

require the identification and use of all alternatives. Moreover, the IID (Independent and 

Identically Distributed) assumption, which is a key assumption in discrete choice modeling, 

is more likely to be met under unlabeled experiments than under labeled experiments 

(Hensher et al., 2005). Labels usually convey information regarding the tangible and/or 

intangible attributes of the alternatives which decision makers tend to associate with certain 

product characteristics or feelings. So, a potential advantage of the unlabeled approach is 

that respondents may be less inclined to base their choices on the labels, and as a 

consequence, this approach may provide better information regarding trade-offs among 

attributes (Blamey et al., 2000).  

The inclusion of alternatives’ labels reduces the attention respondents give to the 

attributes and shifts their attention from the attributes to the labels. Respondents may select 

an alternative based on what they perceive to be the most preferable label and with little 

consideration of the attribute values. Hensher has discussed this issue in his paper on “choice 

versus blind commitment” (Hensher and Waters, 1994) and in two follow-up papers 

(Hensher, 1999; Hensher, 2007), where he argued that the preference of rail over bus, in 

many cases, is not because rail actually provides a higher service quality, but rather because 

the public perceive rail to be superior compared to bus. Labels may also influence 

respondents’ choices by being associated with their past experiences or the image they have 

in mind. Wu et al. (2014) studied the influence of previous mode choice decisions on 

travelers’ current mode choices in terms of a ‘loyalty’ variable, and the results indicated that 

loyalty makes travelers less sensitive to the travel time and cost and more tolerant to the 

travel attributes of their favorite mode. In a similar context, Hensher and Waters (1994) state 

that although BRT (Bus Rapid Transit) provides high-quality services, travelers might 

associate BRT with the bus in mixed traffic - which is slow and unreliable - and so it is 
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possible that their experience of this sort of bus service contaminates their responses to BRT. 

Nevertheless, labeled experiments tend to be preferred for the purpose of realism; as in 

reality, decision makers do not choose among generic alternatives, but rather from a number 

of branded goods and services.  

Choosing a labeled versus an unlabeled approach for a choice experiment mainly 

depends on the objective of study. When the objective is to estimate attribute values or to 

establish willingness to pay (WTP) for specific attributes, the unlabeled approach tends to 

be preferred, for it has the potential to elicit more discerning trade-off information. On the 

other hand, when the objective is to predict the market share of a mode or a service, the 

labeled approach is preferable, because it depicts a choice situation for the preferences to be 

revealed that is closer to reality.  

Moreover, investigating both approaches in parallel could provide valuable insights 

for analyzing and interpreting the choice making behaviors. Huybers (2005) investigated the 

impact of labels on holiday destination choices of the residents of Melbourne, Australia by 

using the location names to label the alternatives and analyzing both labeled and unlabeled 

choice experiments. Blamey et al. (2000) compared labeled and unlabeled choice set 

configurations in modeling choices regarding different policies proposed for vegetation 

retention in Queensland, Australia. Studying two statistically equivalent samples of the 

population, each being presented with the same questionnaire but through a different 

approach, they showed that using the different approaches leads to a difference in the 

cognitive process generated by choice models. De Bekker-Grob et al. (2010) studied the 

labelling effect on individual choices in a medical study in the Netherlands concerning three 

test alternatives for cancer screening. They found that the inclusion of test labels played a 

significant role in individual choices and reduced the attention respondents gave to each 

test’s attributes. As a result, they concluded that unlabeled experiments may be more suitable 

to investigate trade-offs between attributes and also for patients who are not familiar with 

the alternative labels, whereas labeled experiments may be more suitable to explain real-life 

choices, such as uptake of cancer screening. In another study, an unlabeled stated choice 

experiment was carried out to investigate preferences between BRT and LRT (Light Rail 

Transit) under budget constraints (Hensher et al., 2015). The two travel options were first 

presented as unlabeled, being described by a couple of attributes. Once the choice was made, 
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alternatives were labeled to see whether individuals wish to revise their preferences in the 

light of that additional information. 

In the current study, an SP survey with both labeled and unlabeled approaches is 

conducted to study people’s choices of travel mode in intercity travel. Each respondent is 

presented with the same choice situation twice: once in an unlabeled setting and once when 

the alternatives are labeled. Comparing choices under the two experiments helps better 

understand travelers’ mode choice behaviors and what factors influence their decisions the 

most. Additional analysis is conducted to study how and why the respondents changed their 

choices once the alternatives’ labels were revealed. This helps understand what the attitude 

of different people is to certain alternatives’ labels and provides useful insights in predicting 

the market share of new travel options.  

 

3.4. DATA COLLECTION 

3.4.1. Survey Design 

In order to obtain more accurate results out of the SP experiment and increase the consistency 

between respondents’ stated choices and their in-market behaviors, an interactive SP survey 

is designed that estimates the respondent-specific attribute values in a real-time manner, 

customized to the individual information provided by the respondent. In this way, choice 

scenarios will be calibrated for each respondent individually, which results in a choice 

situation that is closer to reality and will lead to more accurate results. 

The survey questionnaire was designed to be conducted as a computer-assisted in-

person interview. First, the respondents were asked to conceptualize their most recent trip 

between the two cities and provide personal and trip-related information. Personal 

information includes gender, age, occupation, annual income, miles driven last year, the 

number of intercity bus rides in the past ten years, the percent of occurrences where they ran 

into delays on I-10, the average delay time, and the safety rating for each mode alternative. 

Trip-related information includes trip purpose, time of day, number of people traveling in 

the group, number of visited places, duration of stay at the destination city, home and 

ultimate destination districts, the selected nearest departure and arrival terminals, and the 
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local access mode for traveling to/from a terminal (in case of making the same trip with an 

alternative other than driving). In the survey, Flexpress was conceived to have seven 

terminals spread around the greater Phoenix area and four in the greater Tucson area. For 

the local access modes, respondents could choose one of driving, pick-up/drop-off, public 

transit (local bus in both Tucson and Phoenix, streetcar in Tucson, and LRT in Phoenix), 

taxi, walking, and biking. 

There were a set of predefined values and formulas embedded in the questionnaire 

code to estimate the alternatives’ attribute values based on the information provided by the 

respondents. Travel time and travel cost attributes were defined as functions of the origin 

and destination districts, the departure and arrival terminals/stations, and the local access 

mode(s), that were all selected by the respondents in the first section of the questionnaire. 

The questionnaire was coded such that once the respondents provided that information, 

travel time and travel cost for the complete door-to-door trip (origin to departure terminal, 

departure terminal to arrival terminal, and arrival terminal to ultimate destination) would be 

instantly calculated for each alternative. Headway values were either fixed or generated 

randomly within a certain range defined for the service. 

Table 3.1 describes the detailed procedure to generate the attribute values for the five 

alternatives in the questionnaire. The travel time, cost and headway of Greyhound and 

Arizona Shuttle services are generated based on the online information provided by the two 

service providers. Due to the Greyhound rule for ticket prices, in the survey, the Greyhound 

fare is randomly generated between $10-40. In case of Flexpress and Passenger Rail, since 

the transit fares and service frequencies are not yet determined and could be greatly affected 

by how the system will be designed and how the infrastructure will be built and paid for, the 

corresponding values in the choice set are generated randomly within a certain range: $20-

50 fare and 30-120 min headway for Passenger Rail, and $40-80 fare and 15-90 min headway 

for Flexpress. For Flexpress, the travel time on the main section of the trip (between 

departure and arrival terminals) is calculated based on the regular traffic speed in the urban 

area and maximum cruise speed (150 mph) on the dedicated freeway lane. The 

corresponding travel time for Passenger Rail (between departure and arrival stations) is 

based on the estimated travel times by the Arizona Department of Transportation (ADOT) 

for the Yellow alternative alignment (Arizona Department of Transportation, 2014). For the 
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four non-driving alternatives, the travel time from origin to departure terminal or from arrival 

terminal to ultimate destination is calculated based on the corresponding distance and the 

regular speed of the local access mode selected by the respondent. The cost for that section 

of the trip would be the determined flat fare for the public transit services, the distance-based 

fare for taxi, the fuel cost for driving, and zero for other modes. For the Drive alternative, 

the travel time is calculated based on the distance between the origin and destination and the 

regular traffic speed, assuming that current congestion levels do not change significantly 

with the introduction of new modes. Also, it is assumed that people who choose to drive 

already own a car and that they will not be charged for tolls or infrastructure in using the 

freeway corridor; hence, the cost associated with the Drive alternative is only the fuel cost. 

These assumptions are consistent with the case study context, but driving costs could be 

thought of very differently in other contexts. 

Table 3.1: Calculating alternatives’ attribute values in the survey for the complete door-to-door trip 

 

The main section of the trip between 

departure and arrival terminals 

Origin to departure terminal, or arrival 

terminal to ultimate destination Headway 

Time Cost Time Cost 

Flexpress 

Calculated based on 

the distance between 

the two terminals, the 

regular traffic speed in 

the urban area and 

maximum cruise speed 

(150 mph) on the 

dedicated freeway lane 

Randomly 

generated 

btw $40-80a 

Calculated based 

on the regular 

speed of the local 

access mode and 

the distance 

between 

origin/destination 

and the terminal 

The determined 

flat fare for the 

transit services, 

distance-based 

fare for taxi, fuel 

cost for driving, 

and $0 for other 

modes 

Randomly 

generated 

btw 15-90 

mina 

Passenger 

Rail 

Extracted from the 

estimated travel times 

by ADOT for the 

Yellow alternative 

alignment between the 

selected stations 

Randomly 

generated 

btw $20-50a 

Randomly 

generated 

btw 30-120 

mina 

Greyhound 

Extracted from the 

online information 

provided by the 

service provider 

Randomly 

generated 

btw $10-45b 

180 minc 

Arizona 

Shuttle 

Extracted from the online information 

provided by the service provider 
60 minc 

Drive 
Time is calculated based on the distance between the origin and destination and 

the regular traffic speed. Cost is only the fuel cost. 
NAd 

a The transit fares and service frequencies for Flexpress and Passenger Rail are not yet determined, so these 

values are generated randomly within a certain range. 
b Based on the Greyhound fare rule ($1 for the first rider and increases up to $45 for additional passengers) 
c Based on the information provided by the service provider 
d Not Applicable 
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Once the choice set was populated, the respondents were asked to choose their most 

preferred travel mode among the five alternatives based on the given values for total travel 

time, total travel cost, and headway associated with each alternative. The respondents were 

first presented with the unlabeled choice set, where the alternatives had generic labels of 1, 

2, 3, 4 and 5 (Figure 3.1(a)). Although presenting a service interval (headway) for driving is 

not meaningful, in order to be consistent in presenting the alternatives’ attributes, the 

headway of 1 minute was provided for the Drive alternative. Having completed the unlabeled 

experiment, the alternatives’ labels were revealed and the respondents were asked to state 

their preference for the same choice situation, this time knowing the actual mode 

corresponding to each alternative (Figure 3.1(b)).  

 

 
(a) 

 
(b) 

Figure 3.1: Snapshots of sample choice set tables in the survey form corresponding to the (a) 

unlabeled and (b) labeled choice experiments (In the survey, the proposed mode was not yet 

branded as Flexpress and was referred to as HSBT, standing for High Speed Bus Transit) 

 

The attribute values and the ordering of the alternatives were the same between the two 

experiments, but in the labeled experiment, the respondent’s answer to the unlabeled 

experiment was covered so that it would not directly influence his/her answer in the labeled 

experiment. Nevertheless, if the labeled experiment was conducted right after the unlabeled 

one, the respondents might still remember their stated choices. So, another question was 



Chapter 3: DEMAND ANALYSIS 

 

 

43 

designed between the two experiments to distract the respondents from the previous choice 

experiment. For that purpose, a list of factors including low travel time, travel time 

reliability, accessibility, the frequency of service, safety, environmental friendliness, and 

vehicle design was presented to the respondents, and they were asked to select their top two 

important factors in a travel mode decision.  

 

3.4.2. Survey Administration 

The special design of the survey and its computerized format could seem complicated to 

respondents; so, it was decided to conduct the data collection using in-person interviews. 

For this purpose, volunteer students from universities in Tucson and Phoenix were recruited 

and trained as interviewers. Each student had to interview four individuals of different 

gender, age and occupation categories. Students could interview random people, their non-

immediate relatives or their co-workers, but in order to avoid a biased sample, they were 

instructed not to interview their family members or their friends at school. The interviewers 

were paid for the training session and four interviews; however, if they were interested in 

doing more interviews, they could continue and earn more money.  

It was assumed that the respondents were already familiar with the three existing modes 

(Drive, Greyhound and Arizona Shuttle), and to ensure that they fully understood the two 

new services (Flexpress and Passenger Rail) and their features, a clear definition of those 

two services was presented to the respondents prior to starting the survey, both orally and 

via a survey description booklet which contained information about the alternatives, as well 

as pictures of the possible vehicle designs. 

The survey design and administration was approved by the Institutional Review Board 

(IRB) at the University of Arizona. The data collection was conducted between October 

2014 and February 2015, and in total about 600 responses were collected. Table 3.2 shows 

the sample distribution in terms of some basic information, and as can be seen for most 

parameters a good variety of characteristics were found.  

 

 



Chapter 3: DEMAND ANALYSIS 

 

 

44 

Table 3.2: The sample distribution in terms of some basic information 

Variable Sample Distribution Variable Sample Distribution 

Age 

(Continuous) 

18-25: 32% 

25-35: 30% 

35-45: 11% 

45-55: 20% 

55-65: 5% 

> 65: 2% 

Gender 

(Discretea) 

Male: 60% 

Female: 40% 

Occupationb 

(Discrete) 

Unemployed: 9% 

Group 1: 21% 

Group 2: 21% 

Group 3: 20% 

Group 4: 11% 

Group 5: 17% 

Retired: 2% 

Number of cars 

owned 

(Discrete) 

0: 5% 

1: 46% 

2: 26% 

3+: 23% 

Trip purpose 

(Discrete) 

Work: 18% 

Family/Friend Visit: 43% 

Event: 17% 

Vacation: 11% 

Flight: 4% 

Shopping: 7% 

Time of day 

(Discrete) 

6-9am: 28% 

9am-noon: 28% 

Noon-4pm: 25% 

4-7pm: 16% 

7pm-6am: 3% 

Number of parties 

(Discrete) 

Alone: 22% 

1: 25% 

2: 22% 

3: 19% 

4: 7% 

5+: 5% 

Number of TUS-

PHX trips per year 

(Discrete) 

1-2: 28% 

3-6: 35% 

Every other month: 22% 

At least once a month: 15% 

Number of visited 

places 

(Discrete) 

1: 37% 

2: 26% 

3: 15% 

4: 11% 

5+: 11% 

Number of days 

stayed 

(Discrete) 

0: 12% 

1: 58% 

2: 15% 

3: 9% 

4: 3% 

5: 3% 

Local access from 

origin to departure 

station/terminal 

(Discrete) 

Drive: 47% 

Drop-off: 27% 

PTc : 8% 

Taxi: 13% 

Bike: 2% 

Walk: 3% 

Local access from 

arrival 

station/terminal to 

ultimate destination 

(Discrete) 

Drive: 15% 

Pick-up: 44% 

PT: 10% 

Taxi: 24% 

Bike: 1% 

Walk: 6% 

Percent of 

occurrences 

previously ran into 

delays on I-10 

(Continuous) 

<10: 36% 

10-20: 22% 

20-50: 36% 

50-80: 3% 

80-100: 3% 

Average delay 

previously 

experienced on 1-10 

(min) 

(Continuous) 

<10: 29% 

10-30: 60% 

30-60: 8% 

>60: 3% 

Number of intercity 

bus rides in the past 

10 years 

(Discrete) 

0: 39% 

1-10: 29% 

10-100: 22% 

100-1000: 9% 

1000+ : 2% 

Most important 

factors to the 

traveler 

(Discrete) 

Low Travel Time: 34% 

Travel Time Reliability: 14% 

Accessibility: 11% 

Frequent Service: 11% 

Safety: 13% 

Environmental Friendliness: 6% 

Vehicle Design: 12% 
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Traveler’s 

impression of 

Flexpress safety 

(Discrete) 

Very Low: 1% 

Low: 5% 

Moderate: 11% 

High: 46% 

Very High: 37% 

Stated choice 

(Discrete) 

Drive: 28% 

Flexpress: 45% 

Passenger Rail: 18% 

Greyhound: 7% 

Arizona Shuttle: 2% 
a For most of the discrete variables, the respondent would choose from a drop-down list. 
b In the survey form 27 occupation categories were defined; however, in order to avoid a long report in this 

table, the similar categories are grouped together: Group 1: Accounting, Administrative, Education and 

Teaching, Insurance, Government; Group 2: Business, Executive, Sales, Marketing, Automotive, 

Manufacturing, Real estate; Group 3: Engineering, Planning, Design, IT, Media and Journalism; Group 4: 

Health care; Medicine, Biotech. Group 5: General labor, Construction, Food services, Transportation. 
c Public Transit (PT) includes local bus in both Tucson and Phoenix, streetcar in Tucson and LRT in Phoenix. 

 

3.5. ANALYSIS METHODS 

One of the well-known modeling approaches in the demand forecasting context is the 

discrete choice modeling, that can be used to analyze and predict a decision maker’s choice 

of one alternative from a finite set of alternatives. One common principle in discrete choice 

modeling is utility maximization, where utility is an indicator of alternative’s value to an 

individual and is generally defined as a linear weighted sum of the independent attributes 

associated with an alternative (Ben-Akiva and Lerman, 1985). 

Among discrete choice models, the Multi-Nomial Logit (MNL) model structure has 

been widely used in transportation mode choice studies, primarily due to its simple 

mathematical form, ease of estimation and interpretation, and the ability to add or remove 

choice alternatives. In the MNL model, the probability of individual 𝑖 choosing alternative 

𝑛 is defined as 𝑃𝑖𝑛 in equation (1), where 𝑉𝑖𝑛 is the utility of alternative 𝑛 for individual 𝑖. 

𝑃𝑖𝑛 =
exp(𝑉𝑖𝑛)

∑ exp(𝑉𝑖𝑗)𝑗
                                                               (1) 

However, the MNL model has been criticized for not adequately reflecting traveler 

behavior due to its Independence of Irrelevant Alternatives (IIA) property, which restricts 

the relative probability of choosing between any pair of existing alternatives to remain 

unchanged when other alternatives are introduced or changed (Koppelman and Bhat 2006). 

Other common logit models are Nested Logit (NL) and Random Parameters Logit (RPL) 

models.  
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The NL model provides a computationally feasible generalization to the MNL model, 

allowing specified groupings of modes to exhibit correlation. The NL model is characterized 

by grouping (or 'nesting') subsets of alternatives that are more similar to each other with 

respect to excluded characteristics. Since Flexpress, rail and Greyhound (and to some extent 

even Arizona Shuttle) are all transit modes and share some unobserved common 

characteristics, initially the NL model was employed for the choice analysis in this study. 

Surprisingly, all the NL models explored (with any possible nest structure) had a logsum 

value larger than 1, which means the NL structure should be rejected (Koppelman and Bhat 

2006). Since Flexpress is a new concept and a fairly innovative service, this could imply that 

people do not necessarily see Flexpress as a transit mode like the other existing services - 

which was an interesting finding. 

The RPL model (aka Mixed Logit (ML) model) is a logit model for which 

the parameters are assumed to vary from one individual to another, and thus it takes 

the heterogeneity of the population into account. It is highly flexible and allows for random 

taste variation, unrestricted substitution patterns, and correlation in unobserved factors over 

time. The RPL probability can be derived from utility-maximizing behavior in several ways; 

the most straightforward derivation and the most widely used in applications, is based on 

random coefficients that vary over decision-makers in the population (Train, 2002). 

It is often the case, especially with an SP survey, that there are repeated observations 

for the same individual, and the responses from the same person are not independent (they 

have an unobserved correlation). Data that represents repeated choices by each decision 

maker is called panel data. Panel data can be considered in the RPL model by considering 

the coefficients that enter the utility function as varying over different people but being 

constant over choice situations for each person. In this way, one probability will be computed 

for each individual, and this is the probability included in the log-likelihood function. If the 

given utility for individual 𝑖 is defined as 𝑉𝑖𝑘𝑛, the probability that individual 𝑖 chooses 

alternative 𝑛 under scenario 𝑘 is defined as 𝑃𝑖𝑘𝑛 in equation (2), and the joint probability of 

the individual will be 𝑃𝑖 in equation (3), where 𝑦𝑖𝑘𝑛 is an indicator variable which is 1 if the 

individual 𝑖 chooses alternative 𝑛 under scenario 𝑘, and 0 otherwise. 
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𝑃𝑖𝑘𝑛 =
exp(𝑉𝑖𝑘𝑛)

∑ exp(𝑉𝑖𝑘𝑙)𝑙
                                                             (2) 

𝑃𝑖 = ∏ ∏ 𝑃𝑖𝑘𝑛
𝑦𝑖𝑘𝑛

𝑛𝑘

                                                         (3) 

In this study, the labeled and unlabeled choices are modeled separately with two MNL 

models. The RPL model is also employed to supplement the results of the MNL model for 

the labeled choice data. All model estimations are conducted in the statistical software R, 

and the results are presented in section 3.6. For the ease of presentation, in the remainder of 

this chapter, the models built based on the data from the labeled and unlabeled choice 

experiments will be respectively referred to as the labeled and unlabeled models. 

 

3.6. RESULTS AND DISCUSSION 

3.6.1. Choice Analysis Results 

The analysis results for both the MNL and RPL models built on the labeled choice data are 

presented in Table 3.3. The estimation results from the two models show coefficients that 

are close and consistent with the same sign. However, there are a few parameters that showed 

significant influence in one model, but did not turn out to be significant in the other one. 

According to McFadden, “values of 0.2 to 0.4 for 𝜌2 represent an excellent fit” (McFadden, 

1979). The MNL model has a 𝜌2 value of 0.24, which lies in the ‘excellent fit’ margin, and 

the value of 0.18 for the RPL model’s 𝜌2 is also interpreted to show a reasonably good fit. 

However, since t-values for most of the variables are higher in the MNL model than in the 

RPL model and overall the MNL model showed a more satisfactory 𝜌2, the discussion 

presented in the following is based on the results of the MNL model.  

Variables of total travel time, total cost, and headway are employed as alternative-

specific variables with generic coefficients for cost and headway. The results showed that 

people are more likely to choose alternatives with lower cost and shorter headway. The total 

travel time variable in the MNL model turned out to be significant only for Flexpress. This 

is probably because of the considerable difference between the travel time of Flexpress and 

those of the other modes, implying that for intercity travel, travel time only becomes 
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significant to people when there is a considerable difference among the modes. However, 

this variable was found to be a generic variable in the RPL model, suggesting that when 

heterogeneity of the population is taken into account, total travel time will have the same 

effect on all the choice alternatives. 

The rest of the variables are employed as individual-specific variables with alternative-

specific coefficients. For demographic parameters, the results showed that females are more 

likely to choose Flexpress and less likely to choose Greyhound, perhaps because of security 

concerns. Young people (under age 35) showed a significant interest in driving, while seniors 

(older than 60) are less likely to drive. 

In terms of occupation, it was found that individuals with accounting, administration, 

education, insurance, and government professions are less likely to choose driving. The 

findings for the other job categories were less significant with borderline t-values; however, 

they provide some interesting insights. Curiously, it was found that people with business- 

and engineering-related jobs are more likely to take Flexpress, perhaps because their value 

of time was higher, or they are more willing to try new things. People in general labor, food 

services, construction, and transportation turned out to be more willing to ride Greyhound; 

and that can be explained because of the relatively low income of these jobs and the low cost 

of Greyhound. Moreover, people who own more cars showed a significantly higher tendency 

to drive, which is quite intuitive. 

When examining the trip purpose, the results showed that people who are traveling for 

a business purpose do not like to ride Greyhound and are more willing to take Flexpress, 

perhaps because they want to be on time and Greyhound is not that reliable, or because their 

value of time is high. For event purposes, people showed a high interest in Flexpress, which 

can be explained due to the fact that event travelers are often worried about the parking, 

speed, reliability and accessibility together. The same justification can be used for the results 

associated with the flight purpose. For visiting family/friends, people are likewise more 

likely to choose Flexpress, because in that case, a traveler may not need a car, and there may 

be a person who will pick him/her up at the terminal (especially if the terminal is nearby). 

An interesting point here is that t-values for all trip purpose variables are considerably lower 
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in the RPL model than in the MNL model, implying that the influence of trip purpose on 

travel mode choice shrinks as you consider the different tastes in the population. 

Analyzing the other trip-related characteristics, it was found that travelers who visit 

multiple places are more likely to drive and at the same time less likely to choose Greyhound, 

perhaps because a car allows more convenient access to multiple destinations. However, the 

result corresponding to the Greyhound choice seems to be much more significant.  

 

Table 3.3: Analysis results for the MNL and RPL models built for the labeled choice data 

Parameter Description (Unit) Alt.a 
MNL Model RPL Model 

Coeff. t-value Coeff. t-value 

Parameters with generic coefficients 

TotalCost Total travel cost ($)  -0.0386   -7.0720 -0.0942   -3.8408 

Hdwy Service headway (min)  -0.0106   -2.8129 -0.0260 -2.6372 

TotalTT  Total travel time (min)  NAb NA -0.0195 -1.7685 

Parameters with alternative-specific coefficients 

Constant  

Rail 2.0408 1.9762 6.9130 2.8694 

GH 4.5109 3.5239 11.644  3.3391 

Drive 2.1117 2.0025 5.7457 2.4807 

TotalTT  Total travel time (min) FLXP -0.0095   -2.0769 NA NA 

Gender 
(Binary)  

1: Female, 0: Male 

FLXP 0.2923 1.7093 1.1514 2.1904 

GH -1.2109 -2.6101 -2.5497 -1.6839 

Young (Binary) Age<35 Drive 0.4748 1.9511 1.8303 2.5694 

Senior (Binary) Age>60 Drive -1.4178 -1.7801 -6.0018 -1.8468 

Occ_grp1 

(Binary) Occupation is one of 

Accounting, Administrative, 

Education and Teaching, 

Insurance, or Government. 

Drive -0.7495   -2.7115 -1.2989 -1.7385 

Occ_grp2 

(Binary) Occupation is one of 

Business, Executive, Sales, 

Marketing, Automotive, 

Manufacturing, or Real estate. 

FLXP 0.4907 1.8407 1.1507 1.8518 

Occ_grp3 

(Binary) Occupation is one of 

Engineering, Planning, Design, IT, 

or Media and Journalism. 

FLXP 0.3892 1.7886 NA NA 

Occ_grp5 

(Binary) Occupation is one of 

General labor, Food services, 

Construction, or Transportation. 

GH 0.7637 1.8194 NA NA 

Drive NA NA -0.8868 -1.3255 

Cars Number of cars owned Drive 0.3544   3.4035 1.0799 3.1351 

Work (Binary) Trip purpose is work. 
GH -1.2394   -2.2048 -2.5582   -1.4523 

FLXP 0.4927 1.7399 NA NA 

Event (Binary) Trip Purpose is event. FLXP 0.7768   2.3212 1.0379 1.6448 

Flight  (Binary) Trip Purpose is flight. FLXP 0.9476   1.7057 2.9049 1.6229 
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FFvisit 
(Binary) Trip purpose is visiting 

family and/or friends. 
FLXP 0.7053 2.4987 0.6042 1.3242 

Places 
Number of visited places during 

the trip 

GH -0.8989 -3.8386 -2.2664 -2.4334 

Drive 0.0567   1.5923 NA NA 

Parties 
Number of people traveling with 

the traveler  
Rail NA NA -0.2750 -2.1059 

Ride_to_St 
Traveler drives to or being dropped 

off at the station/terminal. 
FLXP 1.7162 3.0150 4.2404 2.5932 

PT_to_St 
(Binary) Traveler takes public 

transitc to the station/terminal. 

FLXP 2.6952   4.1310 5.4691 2.9230 

GH 2.0998   3.9611 4.3723 2.4193 

PT_from_St 

(Binary) Traveler takes public 

transitc from station/terminal to the 

final destination. 

FLXP -0.8257   -2.8388 -1.9452 -2.7084 

Commuter 

(Binary) Traveler travels between 

the two cities 6 times or more per 

year. 

FLXP -0.6805   -3.3404 -0.9360 -2.0476 

ICbusRides 

Number of intercity bus rides the 

traveler has made in the past 10 

years. 

FLXP -0.0020 -2.8092 -0.0026 -2.1346 

DlyPrcnt 

Percent of occurrences the traveler 

previously ran into delays while 

driving between the two cities. 

GH -0.0360 -2.6313 -0.0712 -1.6769 

AvgDly  

Average delay the traveler 

previously experienced while 

driving between the two cities 

(min). 

FLXP 0.0209   2.6627 0.0302 1.7099 

FLXPsafetyRank 

Traveler’s impression of Flexpress 

safety:  

1: Very Low; 2: Low; 3. Moderate; 

4: High; 5: Very High 

FLXP 0.4103 2.7321 0.7486 2.4835 

Drive -0.5187 -3.7109 -1.0484 -2.8189 

AccessFactor 

(Binary) Accessibility of the 

service is one of the two most 

important factors to the traveler. 

FLXP 1.5851   2.3779 4.1916 1.5553 

Rail 1.5892 2.3286 4.0727 1.5396 

Drive 1.7057   2.5325 4.6700 1.6948 

FreqFactor 

(Binary) Frequency of the service 

is one of the two most important 

factors to the traveler. 

GH -3.5432 -3.1931 -7.3488 -2.1588 

Model Statistics 

sd.TotalCost                     -- 0.1106 3.0611 

sd.Hdwy                          -- 0.0302 2.2622 

sd.TotalTT                       -- 0.0306 1.5902 

Log Likelihood at Zero -692.84 -692.84 

Log Likelihood at Convergence -524.27 -565.36 

Adjusted 𝜌2 w.r.t. Zero 0.2433 0.1840 
a FLXP and GH represent Flexpress and Greyhound respectively. 
b NA: Not Applicable 
c Public transit includes local bus in both Tucson and Phoenix, streetcar in Tucson and LRT in Phoenix. 

 

The results associated with local access are also interesting, and all show high 

statistical significance. It appears that people who have a ride to the terminal or who can 
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drive there, are more likely to choose Flexpress. It was also found that if travelers choose to 

take public transit to the terminal, they are most likely to take Flexpress and secondly to 

choose Greyhound. On the other end of the trip, though, the results are different: it was 

indicated that the probability of choosing Flexpress shrinks if people have to take public 

transit for local access in the destination city. This contrary result can be explained by the 

familiarity issue and the fact that people are more willing to take public transit in their own 

city and in familiar neighborhoods, rather than in the destination city where they might not 

feel that familiar. 

It was also found that those who travel between Tucson and Phoenix at least every 

other month significantly prefer Flexpress less than the other modes. This can be explained 

because of the Flexpress high cost and suggests that in order to attract commuters to 

Flexpress, agencies may consider providing them with some discount in form of an annual 

pass or similar. 

One interesting result was that people who have traveled with intercity buses before 

are not likely to choose Flexpress; which indirectly implies that their previous experience of 

riding intercity buses was not that desirable and/or the ‘image’ of intercity bus service that 

they have in mind would negatively influence their responses to Flexpress. ‘Image’ in this 

context is defined as “the set of ideas and impressions, both rational and emotional” and “is 

not formed solely from the set of hard attributes conveyed directly by the entity” (Worldwide 

and CandN, 2000). There is some evidence in the literature suggesting that the ‘image’ of 

premium transit such as BRT  or in this case Flexpress  may have been tainted by its 

association with the bus in mixed traffic which is slow and unreliable (Hensher and Waters, 

1994; Hensher et al., 2015). This result can also be interpreted that those who have never 

used an intercity bus have no prejudice and are more likely to ride Flexpress. 

The analysis results also showed that the respondents' mode choice decisions are 

influenced by their previous experience of delay when traveling between Tucson and 

Phoenix, such that those who have gone through more delay are more likely to choose 

Flexpress and less likely to choose Greyhound. This shows that as the freeway traffic 

continues to worsen, the emerging transit modes with decreased travel time and increased 

reliability would have the potential to be gradually accepted by travelers as an alternative to 
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driving. However, the delay variables are not found as significant in the RPL model as in the 

MNL model, suggesting that experience of delay is a perceptual issue and varies from one 

individual to another.  

The impression of people about the safety of Flexpress, on the other hand, emerged as 

one of the most significant parameters influencing travelers’ choices, with high t-values in 

both the RPL and MNL models. The safer people feel Flexpress is, the higher is the 

probability of choosing Flexpress and the lower is the probability of choosing to drive. This 

shows that, should there be a safe option that takes people quickly to their desired location 

and is also reliable and frequent, travelers are willing to not drive. 

Finally, it appeared that if accessibility is deemed very important to people, their choice 

probabilities would respectively be Drive, Flexpress, Rail and Greyhound; which is in line 

with their levels of accessibility. It was also found that if frequency matters most to people, 

they are less likely to choose Greyhound. This is due to the traffic congestion and possible 

delays associated with traveling in mixed traffic which makes Drive and Greyhound not that 

reliable; however, while being stuck in traffic, people prefer to be in their own car rather 

than in a Greyhound bus. These parameters are both perceptual parameters and can vary 

extensively from one individual to another, which explains why they are represented by 

significantly lower t-values in the RPL model. 

It is worth mentioning that the model did not find many significant parameters 

associated with the Arizona Shuttle and, surprisingly, with the Rail alternative, and so most 

of the interpretations presented were concerned with Flexpress, Greyhound and Drive. 

 

3.6.2. Comparing the Labeled and Unlabeled Models 

Table 3.4 presents the analysis results for the MNL models built separately for the labeled 

and unlabeled choice data. Looking at the t-values, it can be seen that the alternative-specific 

parameters (travel cost, travel time and headway) exhibit a lower significance in the labeled 

model. This confirms the hypothesis that the inclusion of labels reduces the attention that 

respondents give to the alternatives’ attributes and shifts their attention from attributes to 

labels and label-based perceptions. A relevant observation is that some of the personal and 
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trip-related factors, that were insignificant in the unlabeled experiment, significantly 

influenced respondents’ choices when they had learned the alternatives’ labels. The 

alternatives’ attributes and their corresponding values were exactly the same in both 

experiments, and the only difference between the two choice sets was the alternatives’ labels, 

which represented the actual travel modes in one while being generic in the other one. So, 

this comparison shows how much information labels convey to decision makers and how 

influential they could be.  

It is worth mentioning that since alternative-specific constants (ASC) represent that 

part of the alternatives’ utilities that are not captured by the other parameters in the model, 

in an unlabeled experiment, where respondents have no information about the alternatives, 

ASCs are usually not used. However, in the estimation of the unlabeled model, ASCs were 

kept to find a model with reasonable goodness-of-fit statistics. A possible explanation for 

this is that, although in the unlabeled experiment alternatives had generic labels of 1 to 5, 

due to the survey description presented prior to the survey, the respondents knew that they 

were choosing from among the five modes of Flexpress, Rail, Greyhound, Shuttle and Drive. 

Hence, it is possible that they had related an alternative in the unlabeled experiment with 

one or more of those modes, which could create a small bias when choosing among 

alternatives. This would create utility values that are not otherwise captured by parameters 

in the model. 

More parameters were found for the labeled model, and it has a higher adjusted 𝜌2, 

indicating a better fit. To focus on the comparison of the labeled and unlabeled models, in 

the remainder of this section, only the similarities and differences between the two models 

will be presented. 

As expected, both results showed that people are more likely to choose alternatives 

with faster, cheaper and more frequent service. Albeit, travel time served as a generic 

parameter in the unlabeled model, while in the labeled model it turned out to be significant 

only for Flexpress. Moreover, t-values for the three alternative-specific parameters (total 

travel time, total cost and headway) are lower in the labeled model, which shows that labels 

reduce the attention that respondents give to the actual alternatives’ attributes.  
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Table 3.4: Analysis results for the MNL models built separately for the labeled and unlabeled data 

Parameter Description (Unit) Alt.a 
Unlabeled Modelb Labeled Model 

Coeff. t-value Coeff. t-value 

Parameters with generic coefficients 

TotalCost Total travel cost ($) 

NAc 

-0.0408   -7.9307 -0.0374  -6.8923 

TotalTT Total travel time (min) -0.0166   -4.7509 NA NA 

Hdwy Service headway (min) -0.0103   -2.7117 -0.0166 -2.0891   

Parameters with alternative-specific coefficients 

Constant  

Drive -1.8181   -4.3618 2.2200  2.1319 

Rail -1.2799 -3.9351 1.4548  1.4098 

GH 1.8749 2.5201   4.2757   3.3166 

TotalTT  Total travel time (min) FLXP NA NA -0.0094 -2.0618 

Gender 
(Binary)  

1: Female, 0: Male 

FLXP NA NA 0.3218   1.5447 

GH -0.6318   -2.7347 -1.2129   -2.5902 

Young (Binary) Age<35 FLXP -0.8229   -4.0179 -0.5966   -2.8491 

Senior (Binary) Age>35 Drive NA NA -1.4282   -1.7613 

Occ_grp1 

(Binary) Occupation is one of 

Accounting, Administrative, 

Education and Teaching, 

Insurance, or Government. 

Drive 

NA NA 

-0.6805   -2.4449 

Occ_grp2 

(Binary) Occupation is one of 

Business, Executive, Sales, 

Marketing, Automotive, 

Manufacturing, or Real estate. 

FLXP 0.3597 1.6333 

Occ_grp3 

(Binary) Occupation is one of 

Engineering, Planning, Design, IT, 

or Media and Journalism. 

FLXP 0.3273   1.5465 

Occ_grp5 

(Binary) Occupation is one of 

General labor, Food services, 

Construction, or Transportation. 

GH 0.6911   1.7396 

Employment 
(Binary)  

1: Employed; 0: Unemployed 
GH -1.3760 -4.2393 NA NA 

Cars Number of cars owned 
Drive NA NA 0.3353   3.5189 

GH -0.2535 -2.4117   NA NA 

Work (Binary) Trip purpose is work. GH 

NA NA 

-1.3833   -2.4860 

Event (Binary) Trip Purpose is event. FLXP 0.6375   2.1665 

Flight  (Binary) Trip Purpose is flight. FLXP 0.8820   1.7771 

FFvisit 
(Binary) Trip purpose is visiting 

family and/or friends. 
FLXP 0.4575   2.0569 

TripDirection 
(Binary) 1: TUS to PHX; 

0: PHX to TUS 
FLXP 0.4744 2.3455   NA NA 

Places 
Number of visited places during 

the trip 

GH 
NA NA 

-0.9534   -4.0587 

Drive NA NA 

Ride_to_St 
Traveler drives to or being dropped 

off at the station/terminal. 
FLXP NA NA 1.6252   2.8644 
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PT_to_St 
(Binary) Traveler takes public 

transita to the station/terminal. 

FLXP 
NA NA 

2.5549   3.9719 

GH 2.1033   3.9362 

PT_from_St 

(Binary) Traveler takes public 

transita from station/terminal to the 

final destination. 

FLXP NA NA -0.7794   -2.6752 

Commuter 

(Binary) Traveler travels between 

the two cities 6 times or more per 

year. 

FLXP -0.4265 -2.1389   -0.6228   -3.1101 

ICbusRides 

Number of intercity bus rides the 

traveler has made in the past 10 

years. 

FLXP -0.0020   -2.4926   -0.0022   -2.9646 

Rail -0.0011 -1.8189 NA NA 

DlyPrcnt 

Percent of occurrences the traveler 

previously ran into delays while 

driving between the two cities. 

FLXP 0.0134 2.6776   NA NA 

GH NA NA -0.0378   -2.6826 

AvgDly  

Average delay the traveler 

previously experienced while 

driving between the two cities 

(min). 

FLXP NA NA 0.0198   2.5296 

GH -0.0310 -3.2292   NA NA 

Drive -0.0379 -3.7813   NA NA 

FLXPsafetyRank 

Traveler’s impression of Flexpress 

safety:  

1: Very Low; 2: Low; 3. Moderate; 

4: High; 5: Very High 

FLXP 

NA NA 

0.4690   3.0730 

Drive -0.5121   -3.5982 

AccessFactor 

(Binary) Accessibility of the 

service is one of the two most 

important factors to the traveler. 

FLXP 

NA NA 

1.5594   2.3190 

Rail 1.5357   2.3318 

Drive 1.6141   2.3608 

ReliabilityFactor 

(Binary) Travel time reliability of 

the service is one of the two most 

important factors to the traveler. 

FLXP  0.6314   2.8918   NA NA 

FreqFactor 

(Binary) Frequency of the service 

is one of the two most important 

factors to the traveler. 

GH -0.6282   -2.2158 -3.7346  -3.3435 

EnvFrndFactor 

(Binary) Environmental 

friendliness is one of the two most 

important factors 

Drive NA NA -0.5292   -1.5285 

Model Statistics 

Log-Likelihood -687.140 -550.839 

Adjusted 𝜌2 0.12626 0.20738 

Chi-Sq (p-value = < 2.22e-16) 195.99 288.25 

Number of Cases 570 570 

Number of iterations 5 8 
a FLXP and GH respectively represent Flexpress and Greyhound. 
b Note that in the unlabeled experiment the alternatives were labeled as 1, 2, 3, 4 and 5. 
c NA: Not Applicable 

 

In both models, females were found to be less likely to choose Greyhound, which can 

be explained because of the security concerns. In the unlabeled model, the respondents did 

not know which alternative was Greyhound, but people generally see a direct relation 
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between price and the safety/security levels, and Greyhound usually has the lowest price. In 

the labeled model, females were also found to be more likely to choose Flexpress. 

In terms of age, in the labeled model it was found that seniors (older than 60) are less 

likely to drive. Also, in both models, young people (under age 35) were found to be less 

likely to take Flexpress, which could be because of the high cost of Flexpress and that most 

of these young people are students or people early in their career with low income or even 

no job who cannot afford the costly tickets, no matter whether they know the alternative’s 

title or not. 

With respect to occupation, the unlabeled model found that, on average, if people have 

a job, they are less likely to choose Greyhound, possibly because of the deemed direct 

relation between price and the service quality. In the labeled model though, more specific 

results were found regarding different occupation categories.  

For auto ownership, the labeled model showed that people who own more autos have 

a higher tendency to drive; which is quite intuitive. On the other hand, the unlabeled model 

indicated that people who own more autos are less likely to choose Greyhound. This can be 

explained by the fact that auto ownership can be an indication of income, and those with 

more autos owned probably have higher incomes and are not likely to choose the alternative 

with the lowest price, which is usually perceived to have a low quality of service. 

Parameters of trip purpose, the number of visited places, local access, and safety 

impression rank showed to have a significant influence on respondents’ decisions only when 

the actual mode corresponding to each alternative is known.  

The trip direction, on the other hand, was not a significant parameter in the labeled 

model; but in the unlabeled model, people going from Tucson to Phoenix were found to be 

more likely to take Flexpress compared to those traveling in the opposite direction. Phoenix 

is a major city and the fifth largest in the US, and Tucsonans frequently travel to Phoenix 

for a variety of purposes, such as work, shopping, events, and flights from Phoenix. In the 

unlabeled model, the respondents were not aware of the alternatives’ titles, but it makes 

sense that a transportation mode with lower travel time and frequent service seems more 

attractive to people in Tucson who would like to travel to Phoenix.  
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In both models, it was found that those who travel between Tucson and Phoenix at 

least every other month (commuters) are less likely to ride Flexpress, which can be explained 

because of the high cost of Flexpress. 

An interesting result that is consistent between the two models is that people who have 

traveled with intercity buses before are not likely to choose Flexpress. This indirectly implies 

that they probably were not satisfied with their previous experiences of riding intercity buses, 

and their image of a bus-based system (even Flexpress) might be tainted by associating it 

with that kind of service. This confirms the discussion in section 3.3 on the effects of labels 

on choices. Albeit, in the unlabeled model, in addition to Flexpress, this group was also 

found unlikely to choose Rail; perhaps because in the unlabeled experiment they did not 

exactly know which alternative represented Flexpress, but the high-cost ones representing 

Rail and Flexpress led them to think that one of those two should be Flexpress. 

The results in both models also indicated that the respondents' mode choice decisions 

are influenced by their previous experience of delay when traveling between the two cities. 

It was found that those who have gone through more delay are less likely to drive or ride 

Greyhound, and more likely to ride Flexpress; this is intuitive and can be explained by the 

travel times associated with the alternatives. 

Finally, the unlabeled model found that if reliability is one of the top two important 

factors to travelers, they are more likely to choose Flexpress, for which they could have 

sensed high reliability from the short service intervals. The labeled model, on the other hand, 

found that if accessibility was most important, people’s higher choice probabilities would 

respectively be Drive, Flexpress, Rail and Shuttle/Greyhound; which is in line with their 

levels of accessibility. It was also found in the labeled model that if people care about 

environmental friendliness, they are less likely to choose drive, which is perhaps intuitive 

and a very interesting result. Both models showed that if frequency is important to people, 

they are less likely to choose Greyhound, which is the alternative with the lowest frequency.  
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3.6.3. Choice Transition Analysis 

In addition to choice modeling, another analysis is performed in this study to understand 

how and why people change their choices once they learn the alternatives’ labels. Table 3.5 

shows the statistics on respondents’ choice transitions across the five alternatives.  

As can be seen, most of the people who had initially chosen Flexpress (Alternative 1) 

or Drive (Alternative 5) remained consistent with their choice after learning the alternatives’ 

labels. Those who did not, mostly shifted to Drive/Flexpress and secondly to Rail. A few 

also shifted to Greyhound and Shuttle from Drive, but almost no one did so from Flexpress. 

Unlike the Flexpress and Drive cases, only a low percentage of those who first selected 

Greyhound and Shuttle made the same choice in the labeled experiment, and most of them 

shifted to Flexpress, Drive, Rail and Shuttle/Greyhound respectively. 

For the Rail alternative, about half of the people who chose Alternative 2 stayed with 

their choice once they found out that it was Rail. Of the rest, 35% shifted to Flexpress, 12% 

shifted to Drive and 6.5% to Greyhound and Shuttle. 

Since the alternatives’ attribute values presented to respondents were the same for each 

individual’s labeled and unlabeled experiments, studying the personal and trip-related 

characteristics of the respondents would provide some insights on why the choice transitions 

happened. So, in the following an analysis is given for each transition group. Because the 

number of people who first chose Shuttle or then shifted to Shuttle was very low, their 

responses have been excluded from this analysis. 

 

Table 3.5: Respondents’ choice transition statistics after revealing the alternatives’ labels 

Labeled Choice 

 

Unlabeled Choice      

Flexpress  
Passenger 

Rail 
Greyhound Drive 

Arizona  

Shuttle 

Flexpress 152 (78%) 11 (5.5%) 0 31 (16%) 1 (0.5%) 

Passenger Rail 48 (35%) 63 (46.5%) 6 (4.5%) 16 (12%) 3 (2%) 

Greyhound 40 (30%) 21 (16%) 28 (21%) 41 (31%) 2 (2%) 

Drive 19 (18%) 9 (8%) 5 (5%) 70 (65%) 4 (4%) 

Arizona Shuttle 8 (44%) 3 (17%) 0 4 (22%) 3 (17%) 
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Switched to Drive 

Those who switched to Drive from either of the other four modes were mostly young or 

middle-aged males (62%). All of them owned at least one car, and more than half of them 

had two or more cars. They were mostly commuters who travel between the two cities at 

least every other month (58%) and who went to two or more places (65%). In terms of local 

access, a majority of them (93%) were limited to driving, being picked-up/dropped-off or 

taking a taxi. Most of these people did not have long or many experiences of delay, and more 

than half of them had never tried any sort of intercity bus or rail service.  

In this category, 80% of those who switched from Flexpress had chosen safety as the 

most important factor, while the majority (63%) had ranked the safety of Flexpress as either 

low or very low. Also, more than one-third of them were traveling for shopping or vacation 

purposes. Of those who switched from Rail, 50% had business-related jobs. 

 

Switched to Flexpress 

Those who switched to Flexpress were mostly people who do not travel much between the 

two cities, and only 17% were commuters. 60% of them were traveling for work or visiting 

family/friends, and three-fourth had no or minimal (less than once a year) experience of 

riding an intercity bus before. Compared to other groups, low travel time and frequent 

service were more important to these people, and they had gone through more delay along 

I-10. They were also more open to walking and taking public transit as their local access 

mode and showed less interest in driving to/from a station. 90% of this group had a high 

impression of Flexpress safety and ranked it as safe or very safe. 

In this group, those who shifted from Greyhound were mostly females (62%), and 

almost half of those who shifted from Drive had business- and engineering- related jobs and 

went to only one place in the destination city. 

 

Switched to Rail 

Only 8% of people who switched to Rail were commuters, and an interesting thing about 

this group is that overall 8% of them chose environmental friendliness of the vehicle as the 
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most important factor, which is remarkably high compared to other groups. Other than these, 

there was no specific characteristic that would stand out for this group.  

However, those who shifted from the same mode had some common characteristics 

that would lead to some insights on why they switched to Rail. For example, more than 80% 

of people who shifted from Flexpress had the experience of traveling with intercity buses 

before, and none of them was traveling for event or flight purposes. Of those who shifted 

from Greyhound, about 45% had business- or engineering-related jobs, and in terms of most 

important factors, 50% of them were concerned about travel time and frequency.  

 

Switched to Greyhound 

Finally, those who switched to Greyhound, although being only a few, shared some similar 

characteristics. Most of them were males (80%) and under 35 years old (67%), and almost 

one-third of them were unemployed. 10% of these people did not have a car, and 72% had 

only one car, which is rather different from other groups. Two-third of people in this group 

were not commuters and in their few travels between the two cities they barely experienced 

long delays. 



 

 

 

 

 

 

 

CHAPTER 4: NETWORK DESIGN*

                                                      
* The contents of this chapter are largely taken from the following paper:  

Ranjbari, A., M. Hickman, and Y.C. Chiu (2018). “A Network Design Problem Formulation and Solution 

Procedure for Intercity Transit Services” (Under Review). 
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4.1. INTRODUCTION 

The growing demand for intercity bus services intensifies the need for an efficient network 

design and service schedule, to provide a competitive public transportation service for 

travelers and to minimize operator costs. While there are critical differences between 

intercity and typical urban bus services, they share a number of similarities. Urban transit 

network planning is a complex process that comprises multiple steps and spans strategic, 

tactical, and operational decisions, such as network design, frequency setting and 

timetabling, vehicle scheduling and driver scheduling/rostering (Ceder, 2007; Desaulniers 

and Hickman, 2007). At the strategic level, the most common steps include network design, 

which defines transit routes as a sequence of links/nodes in the network between the origin 

and destination nodes; and frequency setting, which determines the number of trips per hour 

needed to satisfy the passenger demand (in each planning period) for a given transit route. 

The transit network design problem (TNDP) can be studied solely or, more realistically, in 

combination with frequency setting (called TNDFSP) or timetabling (called TNDTP) 

problems. 

Over the past five decades, there have been many studies devoted to solving TNDP, 

TNDFSP or TNDTP, and some reviews of these studies can be found in Desaulniers and 

Hickman (2007), Guihaire and Hao (2008), Kepaptsoglou and Karlaftis (2009), Farahani et 

al. (2013), and Ibarra-Rojas et al. (2015). However, these studies occur in the context of 

urban transit. For most intercity transit services that have a single terminal in each of the 

origin and destination cities, routes are usually found manually. That is because the bulk of 

the transit route falls along a highway or freeway that connects the two cities, and so the 

transit route follows the best (e.g. the fastest) path from the terminal in the origin city to the 

freeway entry point, runs along the freeway to the destination city, and again follows the 

best path from the freeway exit point to the terminal in the destination city. For some other 

services, a single route is designed to serve multiple pick-up/drop-off points in a row, and 

the network design problem is to find the optimal sequence of stops. Examples of this type 

of studies are network designs for shuttles or suburban feeder bus services such as Chien and 

Wang (2000), Shrivastana and O’Mahony (2007), Claffi et al. (2012), and Chen et al. (2017), 

which usually have a many-to-one nature and serve to access a major destination (e.g. 

airport, train station or city center).  
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In interurban areas, bus speeds are higher and more consistent compared to urban areas. 

Although the speed drops as the bus enters the urban area (due to speed limit, traffic lights, 

etc.), making frequent stops at terminals decreases the speed significantly, and therefore 

intercity services that provide direct trips are preferable. Hence, if a transit service is to serve 

multiple terminals in both cities (many-to-many), which may not necessarily be close to each 

other, serving those in a consecutive order would not be desirable. This necessitates having 

multiple routes for the transit network, and it becomes similar to an urban TNDP. However, 

the TNDP in an intercity context has differences with the urban TNDP and there are certain 

considerations that need to be taken into account.  

First difference is the nature of transit stops or terminals. For urban transit networks, 

the number of stops is usually not a constraint or a decision variable. Routes are defined as 

a sequence of nodes between origin and destination, and nodes with boarding/alighting 

demand or nodes that act as transfer stations are considered as a stop. In an intercity problem, 

though, the number of terminals to build and the locations in the cities to build them are 

important decision variables, especially if terminals are supposed to co-locate with other 

developments or parking facilities. The second difference is in the characteristics of the 

start/end terminals (origin/destination stops). In most urban TNDPs, the locations of start 

and end terminals in the city are given, and the question is how to design a new route between 

those two points or how to extend a previous route to connect those two points; while in an 

intercity TNDP, the locations of the origin and destination stops should also be decided 

within the model. A third difference is in regards to transfers. Most of the studies concerning 

urban TNDP include transfer trips along with direct trips in satisfying demand; however, in 

intercity problems, demand is usually covered only by direct trips from a terminal in the 

origin city to a terminal in the destination city. Excluding indirect trips reduces the options 

for satisfying the passenger demand in an intercity TNDP and in some cases makes it harder 

than an urban TNDP by limiting the feasible solution domain. 

There is no previous study dealing with network design for intercity bus services. The 

closest related study is Roco-Riu et al. (2012) that aims to find the optimal layout of 

interurban bus routes entering a city inside the city network and the location of transfer stops 

to the local transit services. The passenger paths originate from nodes that are located at the 

intersections of interurban lines with the border of city, and end at the centroids of the 
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transportation zones in the city. A bilevel formulation with the objective of minimizing both 

user and operator costs is proposed to solve the problem, and the solution methodology is 

based on the Tabu Search metaheuristic algorithm.  

This chapter presents a mathematical optimization model and a solution procedure for 

designing the transit routes and their frequencies for an intercity transit service, which would 

be an intercity TNDFSP. Several studies have been conducted over the past years to solve 

TNDFSP in an urban context (Pattnaik et al., 1998; Carrese and Gori, 2002; Wan and Lo, 

2003; Tom and Mohan, 2003; Fan and Machemehl, 2006; Schöbel and Scholl, 2006; Zhao 

and Zeng, 2007; Borndörfer et al., 2007; Szeto and Wu, 2011; Cipriani et al., 2012; Huang 

et al., 2018). The decision variables in all of these studies are routes and frequencies; 

however, not all of those construct routes from scratch. Some methods have predefined 

routes and choose from among them; in some others, stops/terminals are fixed, and solution 

methods look for a set of routes built on the possible links between stops, along which service 

could be offered; and there are only a few studies that actually construct routes from scratch. 

Examples of the latter approach include Schöbel and Scholl (2006), Borndörfer et al. (2007), 

and Cipriani et al. (2012), where first a set of candidate routes is constructed, and then the 

optimal final routes are chosen from among them based on the defined objective function 

and constraints. 

The TNDFSP solution methodology developed in this dissertation is a variant of the 

latter method with the considerations for intercity transit travel explained earlier. Moreover, 

the developed model considers almost all the important parameters for network design and 

frequency setting problems that have been considered in the previous studies. Table 4.1 

presents a list of parameters considered in the previous TNDFSP studies (in the objective 

function or in the constraints). As can be seen, except for area coverage, the present study 

considers all of those parameters, as far as they are relevant to the context of intercity travel. 
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Table 4.1: Parameters considered in the previous TNDFSP studies and their inclusion in this study 

Category Parameter 
Considered 

in this study? 
Notes 

Operator 

Costs 

Number of lines Yes  

Budget Yes 
The total capital cost is controlled by limiting the number 

of terminals and the fleet size. 

Fleet size Yes  

Empty-seat hours Yes 
Vehicle deadheading time (traveling empty between a 

depot and the first/last terminal on a route) is considered. 

Demand coverage Yes  

Unsatisfied demand Yes A minimum demand satisfaction ratio is considered. 

Area coverage No  

Vehicle costs Yes Deadheading costs are considered. 

Route length Yes 
Candidate routes are generated via a k-shortest path 

algorithm and so have the minimum length.  

User 

Costs 

Total travel time Yes  

Wait time NAa 
For intercity travel, passengers are assumed to show up at 

the terminals at the scheduled travel times. 

Number of transfers NA Intercity trips are considered to have zero transfers. 

Transfer time NA Intercity trips are considered to have zero transfers. 

Capacity 

and  

Service 

Load factor NA 
The number of passengers on an intercity transit vehicle 

cannot exceed the seating capacity. 

Vehicle capacity Yes  

Line capacity Yes 
Vehicle capacity and maximum frequency are 

considered. 

Frequency bounds Yes  
a NA: Not Applicable 

 

4.2. METHODOLOGY 

The intercity TNDFSP model is designed to find the optimal terminal locations, transit routes 

and their corresponding frequencies, the required number of vehicles, and the start/end depot 

locations. Given a certain budget, a minimum demand satisfaction ratio, and frequency 

bounds, the optimization model aims to minimize the total passenger travel time (user costs) 

and vehicle deadheading time (operator costs). Deadheading time occurs when a transit 

vehicle is traveling empty from a depot to the first terminal on a route, or from the last 

terminal on a route to a depot. The three-step solution procedure developed to solve this 

problem is depicted in Figure 4.1 and consists of two preparation steps and one main step. 

Each step is explained in detail in the following subsections. It is assumed that the street 

network graph and origin-destination (OD) passenger demands are given, and for each city, 

only one depot is considered. 
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Figure 4.1: The solution procedure proposed in this dissertation for the intercity TNDFSP  

 

4.2.1. Step 1 – Terminal Preparation 

In the first step of the solution procedure, particular locations (nodes) in each city are 

selected to serve as candidate terminals for the transit service. Candidate terminals could be 

nodes with high demand, major trip production and attraction points in cities and/or other 

locations to which the operator wishes to provide service. The number of candidate terminals 

should be reasonably larger than the expected number of final terminals in order to provide 

a proper search domain for the optimization model.  

Assuming that passengers will choose the starting terminal closest to their 

origin/destination, once the candidate terminals are selected, demand from nodes of the 
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network which are not selected as candidate terminals will be transferred to nearby candidate 

terminal nodes. In other words, the demand of the traffic analysis zones (TAZs) that are near 

a candidate terminal will be aggregated and transferred to that terminal. In this way, the 

demand matrix between each pair of candidate terminals (one terminal in city 1 and the other 

one in city 2) is calculated.  

 

4.2.2. Step 2 – Route Preparation 

Once candidate terminals are determined, a k-shortest path (KSP) algorithm is applied to 

find a set of candidate routes between each pair of candidate terminals, where one terminal 

is in city 1 and the other one in city 2. The reason to use a KSP algorithm is to create multiple 

route options between each terminal pair. The KSP algorithm used in the proposed solution 

procedure is based on the Dijkstra algorithm (Dijkstra, 1959), and every time the shortest 

path between a pair of terminals is found, the travel time for all links in that path is increased 

by some percentage, as a penalty. This in turn decreases the probability of the same links 

being selected for the next shortest path between that terminal pair. 

Having found the candidate routes, the following route-specific parameters will be 

calculated for each route to be used as input data for Step 3: a binary parameter that indicates 

whether a terminal is the first/last terminal on a certain route; a binary parameter that 

indicates whether two terminals are on the same route; and the travel time between two 

terminals on a certain route. The optimization model in Step 3 will then choose the optimal 

transit routes from the set of candidate routes.  

 

4.2.3. Step 3 – Optimization Model 

The third and main step of the proposed solution procedure is a mixed-integer optimization 

model that is designed to find the optimal terminal locations, depot locations, transit routes, 

frequencies and the required number of vehicles. The decision variables, data and model 

formulation are presented below, followed by an explanation of the objective function and 

constraints.  
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 Sets 

𝐼    Set of candidate terminals in city 1 

𝐽    Set of candidate terminals in city 2 

𝑅   Set of candidate routes 

 

 Decision Variables 

𝛿𝑟       If route r is selected; binary 

𝑆𝑖        If terminal i is the start depot;  binary 

𝐸𝑗        If terminal j is the end depot;  binary 

𝑂𝑟𝑔𝑖  If terminal i is selected in city 1;  binary 

𝐷𝑒𝑠𝑗    If terminal j is selected in city 2;  binary 

𝑓𝑟        Frequency of route r (𝑣𝑒ℎ/ℎ𝑟)  

𝐹𝑟        Fleet size for route  r (𝑣𝑒ℎ); 𝑖𝑛𝑡𝑒𝑔𝑒𝑟 

𝑚𝑖𝑗
𝑟      Ratio of demand between terminals i and j being served by route  r 

 

 Data 

𝜆        Ratio of per hour vehicle operating cost to passenger hourly value of time 

𝑤𝑖
𝑟     If i is the first terminal on route r;  binary 

𝑧𝑗
𝑟      If j is the last terminal on route r;  binary 

𝑦𝑖𝑗
𝑟      If terminals i and j are on route r;  binary 

𝑡𝑖𝑗
𝑟      Travel time between terminals i and j on route r (𝑚𝑖𝑛) 

𝐷𝑖𝑗     Demand between terminals i and j (𝑝𝑎𝑠𝑠/ℎ𝑟) 

𝑚      Minimum demand satisfaction ratio 

𝑙𝑖𝑗      Shortest travel time between terminals i and j in the same city (𝑚𝑖𝑛) 

𝑓𝑙        Lower bound frequency (𝑣𝑒ℎ/ℎ𝑟) 

𝑓𝑢      Upper bound frequency (𝑣𝑒ℎ/ℎ𝑟) 

𝐶𝑎𝑝  Transit vehicle capacity (𝑝𝑎𝑠𝑠/𝑣𝑒ℎ) 

𝑁      Maximum number of routes 

𝑇       Maximum number of terminals 

𝐹       Maximum fleet size 

 

 Model Formulation 

𝑀𝑖𝑛 ∑ ∑ ∑ 𝑚𝑖𝑗
𝑟 𝐷𝑖𝑗𝑡𝑖𝑗

𝑟

𝑖∈𝐼𝑗∈𝐽𝑟∈𝑅

+ 𝜆 ∑ ∑ ∑ 𝑆𝑖𝛿𝑟𝑤𝑘
𝑟𝑙𝑖𝑘

𝑖∈𝐼𝑘∈𝐼𝑟∈𝑅

+ 𝜆 ∑ ∑ ∑ 𝐸𝑗𝛿𝑟𝑧ℎ
𝑟𝑙𝑗ℎ

𝑗∈𝐽ℎ∈𝐽𝑟∈𝑅
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𝑠. 𝑡. 

∑ ∑ ∑ 𝑚𝑖𝑗
𝑟 𝐷𝑖𝑗

𝑖∈𝐼𝑗∈𝐽𝑟∈𝑅

≥ 𝑚 ∑ ∑ 𝐷𝑖𝑗

𝑖∈𝐼𝑗∈𝐽

                                                                                  (1) 

∀(𝑖, 𝑗);  ∑ 𝑚𝑖𝑗
𝑟

𝑟∈𝑅

≤ 1                                                                                                            (2) 

∀(𝑖, 𝑗, 𝑟);   0 ≤ 𝑚𝑖𝑗
𝑟 ≤ 𝛿𝑟𝑦𝑖𝑗

𝑟                                                                                                 (3) 

∑ 𝑆𝑖

𝑖∈𝐼

= 1                                                                                                                               (4) 

∑ 𝐸𝑗

𝑗∈𝐽

= 1                                                                                                                               (5) 

∀(𝑖, 𝑗, 𝑟);  𝛿𝑟𝑦𝑖𝑗
𝑟 ≤ 𝑂𝑟𝑔𝑖                                                                                                     (6) 

∀(𝑖, 𝑗, 𝑟);  𝛿𝑟𝑦𝑖𝑗
𝑟 ≤ 𝐷𝑒𝑠𝑗                                                                                                       (7) 

∀𝑟; ∑ ∑ 𝑚𝑖𝑗
𝑟 𝐷𝑖𝑗

𝑖∈𝐼𝑗∈𝐽

≤ 𝐶𝑎𝑝. 𝑓𝑟                                                                                            (8)  

∀𝑟;  𝛿𝑟𝑓𝑙 ≤ 𝑓𝑟 ≤ 𝛿𝑟𝑓𝑢                                                                                                         (9) 

∀(𝑖, 𝑗, 𝑟);  (2/60) 𝑡𝑖𝑗
𝑟  𝑓𝑟 ≤ 𝐹𝑟                                                                                           (10) 

∑ 𝛿𝑟

𝑟∈𝑅

≤ 𝑁                                                                                                                           (11) 

∑ 𝑂𝑟𝑔𝑖

𝑖∈𝐼

+ ∑ 𝐷𝑒𝑠𝑗

𝑗∈𝐽

≤ 𝑇                                                                                                  (12) 

∑ 𝐹𝑟

𝑟∈𝑅

≤ 𝐹                                                                                                                            (13) 

 

 Linearization of nonlinear terms  

∀(𝑖, 𝑟);  𝑆𝑖𝛿𝑟 = 𝑢𝑖𝑟          

∀(𝑖, 𝑟);  𝑆𝑖 + 𝛿𝑟 − 1 ≤ 𝑢𝑖𝑟 ≤ 0.5 (𝑆𝑖 + 𝛿𝑟)                                                                (14) 

𝑢𝑖𝑟 = {0,1}                                                                                                                          (15)

          

∀(𝑗, 𝑟);  𝐸𝑗𝛿𝑟 = 𝑣𝑗𝑟          

∀(𝑗, 𝑟);  𝐸𝑗 + 𝛿𝑟 − 1 ≤ 𝑣𝑗𝑟 ≤ 0.5 (𝐸𝑗 + 𝛿𝑟)                                                                (16) 

𝑣𝑗𝑟 = {0,1}                                                                                                                          (17)
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The objective function aims to minimize a weighted sum of user and operator costs, and 

consists of three terms. The first term represents the total passenger travel time (TPTT) in 

the system, and the second and third terms denote the deadheading time (DT) in the two 

cities. It is assumed that the deadheading time from/to the depot occurs only once at the 

beginning and once at the end of the time period, as vehicles will not need to return to the 

depot between revenue trips. The product of 𝑆𝑖 (or 𝐸𝑗) and 𝛿𝑟 creates nonlinear terms, and 

the additional set of constraints (14-17) show how this linearization is carried out. 

Constraint (1) is a demand coverage constraint and states that a minimum fraction of 

the total transit demand should be satisfied. The use of this so-called ‘minimum demand 

satisfaction ratio’ (𝑚) is based on the assumption that not all the transit demand has to be 

served by the service. What this ratio should be is a policy decision. 

Each terminal may be served by more than one route, and therefore different fractions 

of demand from one OD pair may be served by different routes. Constraint (2) makes sure 

that the total satisfied demand ratio for a certain OD pair does not exceed 1. Moreover, 

constraint (3) states that demand between an OD pair (all or in part) is served by route r only 

if route r is selected as a final route (𝛿𝑟 = 1) and terminals i and j are both on that route 

(𝑦𝑖𝑗
𝑟 = 1). 

The depots are selected from among the final terminals, and constraints (4) and (5) 

accommodate the assumption that there would only be one depot in each city. Constraints 

(6) and (7) state that terminal i in city 1 and terminal j in city 2 are selected as final terminals 

only if they are served by at least one of the final routes. This constraint prohibits the 

selection of stand-alone terminals not served by any route.  

Constraint (8) ensures that the frequency for each route will be sufficiently high to 

satisfy the projected demand along that route, in considering the vehicle capacity. Operators’ 

policies may require routes to maintain a minimum service frequency, even though there 

would not be sufficient demand. On the other hand, due to operational constraints, offering 

service at more than a particular frequency might not be possible. Constraint (9) sets the 

frequency bounds for the selected routes. 

The number of required vehicles for each route (𝐹𝑟) is found in constraint (10). 𝐹𝑟 is 

defined to be the route frequency times the round-trip travel time between the first and last 
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terminals of the route, which is the longest 𝑡𝑖𝑗
𝑟  on route 𝑟. For intercity travel wherein the 

largest part of the to-and-from trips between two terminals (in two cities) share the same 

links, the round-trip travel time can be considered to be twice the average travel time 

between the terminals. The 1/60 term is the minute-to-hour conversion factor.  

Constraints (11), (12) and (13) respectively limit the number of routes, the number of 

terminals, and the fleet size. As an alternate formulation, constraints (12) and (13) may be 

replaced by the following budget constraint, where 𝑐1 and 𝑐2 respectively denote the average 

cost of building a terminal and purchasing a transit vehicle, and 𝐵 represents the budget. 

This constraint dictates that the total capital cost, which is the sum of fleet purchase and 

terminal construction cost, should be within the given budget. 

𝑐1  (∑ 𝑂𝑟𝑔𝑖

𝑖∈𝐼

+ ∑ 𝐷𝑒𝑠𝑗

𝑗∈𝐽

) + 𝑐2 ∑ 𝐹𝑟

𝑟∈𝑅

≤ 𝐵 

 

4.3. DATA PREPARATION 

4.3.1. Candidate Terminals and OD Demand 

Overall, 51 locations were selected for candidate terminals: 29 in the greater Phoenix area, 

and 22 in the greater Tucson area. These locations include the major trip attraction and 

production points and are distributed throughout the metro areas, so that travelers from a 

variety of origins and destinations could access the service. Moreover, most of these 

locations are co-located with park-and-ride terminals and transit centers. Figure 4.2 shows 

an approximate location of these terminals in the networks of Tucson and Phoenix, along 

with their corresponding intercity transit demand levels (trip productions and attractions). 

Some of the major locations considered are colleges and universities, major shopping malls, 

transit centers, airports, stadiums, museums and recreation centers, and other important 

locations such as central business districts and convention centers. 

Next, for each candidate terminal, neighboring TAZs were determined. Assuming that 

passengers will choose the closest terminal to their origin/destination, the demand of TAZs 

adjacent to a candidate terminal were aggregated to calculate the corresponding demand 
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between each pair of candidate terminals. The aggregation algorithm is written in Python 

and produces a 51x51 OD matrix, where the demand between candidate terminals in the 

same city (intra-city demand) is set to zero.  

 

 

Figure 4.2: Locations of candidate terminals in the greater Tucson and Phoenix areas along with 

the corresponding intercity transit demand levels 

 

It is noteworthy that the OD matrices for vehicle demand were obtained from the 

Arizona Department of Transportation. The vehicle demand data was given for separate 
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travel modes of drive-alone (DA), shared-ride with two passengers (SR2), shared-ride with 

three or more passengers (SR3), and trucks (T). So, to calculate the passenger demand, the 

following equation was used: 

Passenger Demand = DA +  2 ∗ SR2 +  3.5 ∗ SR3 

 

4.3.2. Transit Routes and Route-Specific Parameters 

The Arizona Department of Transportation provided the statewide network encompassing 

hundreds of thousands of links, many of which were related to regions that were outside the 

geographical scope of this research. To simplify the network, the Tucson and Phoenix 

networks along with the I-10 links connecting the two cities were retained, but all the other 

parts, especially the Casa Grande region which is located along I-10 between the two cities, 

were removed. The simplified network had 16,161 nodes (including 2,319 centroids) and 

24,942 links (including 3,754 connectors). Figure 4.3 shows the original network of the two 

cities and the simplified version that is used for this study. 

  
(a)       (b) 

Figure 4.3: The (a) original and (b) simplified intercity network of the study corridor 

 

The network graph contained the length and speed of every link, from which the 

connectivity matrix for Tucson-Phoenix network and travel time on every link was 

calculated. Flexpress is envisioned to travel at maximum cruise speed on a dedicated lane 
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on I-10, so the speed on the I-10 links located on the part of the freeway that connects the 

two cities (114 links, ~90 miles) is considered to be 150 mph. 

Given the travel time matrix, the KSP algorithm, as explained in section 4.2.2, is 

applied to find the candidate routes between the candidate terminals. The KSP algorithm 

with k=3 only finds a few new routes compared to that with k=2 and does not add much to 

the candidate routes pool. Therefore, considering the size of the problem, k was set to 2, so 

that while allowing for different route options between each terminal pair, the computation 

burden would be kept as low as possible. Considering a penalty of 50% of each link travel 

time and setting k=2, a total of 1,276 candidate routes were generated.  

Once candidate routes were defined, a conversion algorithm was employed to calculate 

the route-specific parameters defined in section 4.2.2 for each route, to re-format the data 

and create the required inputs for running the optimization model. Both the KSP and 

conversion algorithms are written in Python. 

 

4.3.3. Constants and Constraint Values 

The total travel demand between Tucson and Phoenix for the AM peak period is 124,571 

person-trips. The transit demand is assumed to be 5% of the total travel demand for each 

OD, equalling 6,228 person-trips. Vehicle capacity (𝐶𝑎𝑝) is assumed to be 30 persons, and 

the upper and lower bounds of route frequency (𝑓𝑙  , 𝑓𝑢) are set to 60 and 4 (veh/hr) 

respectively. The model was run for different values of the demand satisfaction ratio (m=0.5-

0.7), the maximum number of routes (N=20-40), the maximum number of terminals (T=20-

30), and the maximum fleet size (F=400-600) constraints. The cost ratio (𝜆) is considered to 

be 1. 

As a note, a higher cost ratio value (𝜆=4.47) was tried, but since the TPTT term 

dominates over the DT term in the objective function, and the latter consists of a very small 

fraction of the objective function value, the solutions found with 𝜆=4.47 were mostly the 

same as when 𝜆=1. The value of 𝜆=4.47 was calculated as follows. Considering $30 per hour 

for labor cost (including wage and fringe benefits) (Kay et al., 2011), $0.7 per mile for energy 

and maintenance cost for battery electric buses (NREL, 2017), and an average speed of 78.5 

mph for Flexpress (150 mph on the dedicated freeway section and 20 mph in the urban 
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areas), the operating cost would be $85 per hour: 0.7 ∗ 78.5 + 30 = 85. Assuming a $19 

per hour value of time for passengers (US Department of Transportation, 2015 - Table 4), 

𝜆=85/19=4.47. The solution times with 𝜆=4.47 were higher than those with 𝜆=1, but the 

results were about the same. So, what is reported next in the result section are the outputs of 

model runs with 𝜆=1. 

 

4.4. RESULTS AND DISCUSSION 

4.4.1. Model Runs 

The optimization model was coded and run in the GLPK open-source optimization solver 

(GLPK, 2017). Table 4.2 shows the model results for various combinations of the demand 

satisfaction ratio (m), the maximum number of routes (N), the maximum number of terminals 

(T), and the maximum fleet size (F), along with the corresponding solution times. Since DT 

is very small compared to TPTT, the first term in the objective function), in addition to the 

objective function value, TPTT is also presented for each case. 

The results show that demand satisfaction is a binding constraint for all cases. In 

addition, the number of routes is also commonly a critical (binding) constraint. The fleet size 

and the number of terminals seem not to have much influence on the solution, and changing 

the values in these two constraints does not change the objective function value significantly, 

or in some cases even at all. For example, for m=0.5 and N=30, setting T=20 and F=400 

results in 20 terminals, 390 vehicles and an objective function value of 240,031 min. 

Loosening those constrains by 50% (T=30 and F=600) changes the results only slightly, 

resulting in 22 terminals, 390 vehicles and a minimal improvement in the objective function 

value (239,709 min). Also, for the case of m=0.6 and N=20, changing the maximum number 

of terminals and the maximum fleet size does not change the solution at all, and the objective 

function value remains the same. Alternately, since the demand satisfaction is found to be 

the most critical constraint, as the r demand satisfaction atio (m) increases, it becomes more 

challenging to find a solution: in some cases (e.g. m=0.7 and N=20), the model cannot find 

a feasible solution, regardless of values set for the maximum number of terminals and the 

maximum fleet size. 
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Table 4.2: Model results for various combinations of the constraint values 

m N F T 
TPTT 

(min) 

Objective 

Function 

Value (min) 

Route Frequencies 

(veh/hr) Solution 

Time (hr)† 
4-9 10-19 20-60 

0.5* 

20* 

400 (321) 
20* 244,116 244,614 17 2 1 3.04 

30 (20) 244,116 244,614 17 2 1 3.12 

600 (321) 
20* 244,116 244,614 17 2 1 3.04 

30 (20) 244,116 244,614 17 2 1 3.12 

30* 

400 (390) 
20* 239,238 240,031 28 1 1 3.42 

30 (22) 238,925 239,709 28 1 1 3.43 

600 (390) 
20* 239,238 240,074 28 1 1 3.42 

30 (22) 238,925 239,709 28 1 1 3.52 

40 (31) 400* 
20* 239,037 239,842 30 0 1 4.32 

30 (27) 238,689 239,480 30 0 1 6.57 

40* 
600 (479) 20* 237,518 238,478 39 0 1 6.59 

600 (478) 30 (22) 236,881 237,933 39 0 1 5.50 

0.6* 

20* 

400 (381) 
20* 303,710 304,257 17 1 2 4.39 

30 (20) 303,710 304,257 17 1 2 4.49 

600 (381) 
20* 303,710 304,257 17 1 2 4.22 

30 (20) 303,710 304,257 17 1 2 4.49 

30 (23) 400* 
20* 300,782 301,376 20 1 2 4.08 

30 (23) 300,782 301,376 20 1 2 5.86 

30* 600 (447) 
20* 297,974 298,620 27 1 2 3.80 

30 (22) 297,598 298,414 27 1 2 3.66 

40 (23) 400* 
20* 300,782 301,376 20 1 2 4.08 

30 (23) 300,782 301,376 20 1 2 5.86 

40* 
600 (528) 20* 295,347 296,496 37 2 1 5.72 

600 (519) 30 (23) 294,638 295,769 37 2 1 5.34 

0.7* 

20 

400 
20 No Feasible Solution 

30 No Feasible Solution 

600 
20 No Feasible Solution 

30 No Feasible Solution 

30* 

400 
20 No Feasible Solution 

30 No Feasible Solution 

600 (500) 20* 359,307 360,189 27 1 2 4.89 

600 (495) 30 (22) 358,601 359,496 27 1 2 3.63 

40* 

400 
20 No Feasible Solution 

30 No Feasible Solution 

600 (582) 20* 354,198 355,366 37 1 2 4.19 

600 (586) 30 (25) 353,252 354,460 37 1 2 5.04 

* Denotes a binding constraint; otherwise, the value in parentheses is that found by the model. 

† Solution times are based on a computer system with the Intel Core i7 CPU 2.5 GHz and an 8 GB memory. 
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Looking at Table 4.2, it can also be seen that as the demand satisfaction ratio (m) goes up, 

the objective function value increases, because higher demand satisfaction ratios result in 

more passengers being served and consequently increased TPTT. For the route, terminal, 

and fleet size constraints, on the other hand, as they increase, the objective function 

decreases, because loosening these constraints broadens the search domain and helps the 

model find a better solution. For instance, for m=0.5, N=30 and F=600, when the maximum 

number of terminals (T) increases from 20 to 30, the objective function value drops from 

240,074 to 239,709, because two new terminals will be added to the system that generate 

shorter routes and consequently lower TPTT. The objective function for the same case 

(m=0.5, N=30, F=600, and T=20), also decreases to 238,478 when N loosens to 40, resulting 

in more short routes to serve the demand. For the fleet size, in the latter case (m=0.5, N=40, 

F=600, and T=20) the optimal solution finds the required number of vehicles to be 479; so, 

when the fleet size was limited to 400 (m=0.5, N=40, F=400 and T=20), vehicles on shorter 

routes reached capacity, and the model had to assign passengers to vehicles serving longer 

routes, and the objective function value increased to 239,842.  

For cases where m=0.7, higher capacity is required to serve that many passengers. 

Higher capacity calls both for more vehicles and for more routes, because there is a limit on 

the route capacity, as at most 60 vehicles per hour can be dispatched along each route. So in 

scenarios with fewer than 30 routes and 500 vehicles, the model was not able to find a primal 

feasible LP solution, and therefore no feasible solution was available. 

 

4.4.2. Sensitivity Analysis 

The sensitivity of the objective function to the changes in the four aforementioned 

constraints is exhibited in Figure 4.4. Considering m={0.5, 0.6, 0.7}, N={20, 30, 40}, T={20, 

25, 30} and F={400, 500, 600}, a baseline scenario is created by the combination of mean 

values for each parameter (m=0.6, N=30, T=25 and F=500). Other scenarios are built by 

varying one parameter at a time (±16.67% for m, ±20% for T and F, and ±33.33 for N), while 

other parameters are held constant at their baseline values.  

Figure 4.4 shows how much effect the variation of each parameter has on the objective 

function. From the slope of the lines, it can easily be seen that the constraint which has the 

greatest effect on the objective function is demand satisfaction, as a larger change in the 
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objective function value (bigger slope) is observed for the same percentage changes in the 

demand satisfaction ratio compared with the maximum number of routes or the maximum 

fleet size. On the other hand, changes in the maximum number of terminals seem to have the 

least effect on the objective function (the smallest slope). The graph also shows that the 

demand satisfaction ratio has a direct influence on the objective function (positive slope), 

while the other three constraints inversely affect the objective function (negative slope); i.e., 

loosening the route, terminal, and fleet size constraints (raising their upper bounds) will 

decrease the objective function value. 

 

 

Figure 4.4: The sensitivity of the objective function to the changes in constraint values considering 

a baseline scenario (m=0.6, N=30, T=25 and F=500) 

 

Given that the demand satisfaction ratio affects the objective function considerably 

more than the other constraints, a comparison between the results of different combinations 

of the route, terminal, and fleet size constraints is presented in Figure 4.5 for each of the 

three ratios of demand satisfaction. As can be seen from the charts, for the same 

combinations of N, F and T, more changes are observed for m=0.6 than for m=0.5 and m=0.7, 

implying that at m=0.6, there would be different ways to satisfy the demand. That is because  
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Figure 4.5: Model results for various combinations of the constraint values 
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at m=0.5, in most cases, 22 terminals, 30 routes and 390 vehicles would be enough to satisfy 

the demand, and therefore all parameters were close to their lower bounds. At m=0.7, on the 

other hand, no feasible solution was found for N<30 and F<500, which limits the search 

domain for possible solutions. Moreover, the charts show that after demand satisfaction, the 

next constraints to affect the objective function and TPTT are respectively the number of 

routes, the fleet size, and the number of terminals. 

Looking at the deadheading times in Figure 4.5, it can be seen that DT increases with 

an increase in the maximum number of routes (N). Loosening this constraint results in more 

routes found, and as the number of routes increases, more vehicles will be in service, 

traveling to/from the depot in each city, which increases DT. For m=0.5 and m=0.6, as the 

maximum number of terminals (T) increases, DT decreases, while for m=0.7 it slightly 

increases. That is because in the former two cases, the new terminals found are located a bit 

farther from the depots compared to the existing terminals, which results in more 

deadheading time; while for m=0.7, it is the opposite case. As can be seen, the fleet size 

constraint does not affect DT much, because in most cases the required number of vehicles 

found for the optimal solution is close to the lower bound, and raising the maximum fleet 

size value does not change it much. However, in cases where raising the upper bound for F 

results in more vehicles (m=0.6), DT intuitively increases, as there will be more vehicles in 

service which produces more time traveling to/from the depot in each city.  

 

4.4.3. Final Routes and Frequencies 

A visual representation of the paths found for the final routes in the baseline scenario is 

shown in Figure 4.6. As can be seen, most of the routes are between the terminals in the 

southern/central parts of Phoenix and the northern/central parts of Tucson, which seems 

reasonable, as the shorter the routes, the less the total passenger travel time, and consequently 

the less the objective function value. However, as the demand satisfaction ratio increases, 

demand cannot be satisfied only by those routes, and more distant terminals are served as 

well, resulting in longer routes. Therefore, if we simply divide the total passenger travel time 

by the satisfied demand, the average travel time for passengers is 76-78 minutes in cases 

with 50% demand satisfaction, while this number increases to 81-82 minutes for cases with 

demand satisfaction of 70%. 
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The final routes found serve most of the important trip production/attraction locations 

in both cities. As shown in Table 4.2, most of these routes have a frequency of 4-10 buses 

per hour (6-15 min headways), and there are only one or two routes which are required to 

operate at high frequencies of at least 20 bus/hr (headways of 3 minutes or less).  

For the baseline scenario, the depots are located in downtown Phoenix and on Ina Rd 

in Tucson (shown in Figure 4.6), which makes sense, as those locations are situated at the 

center of route networks and traveling from/to them creates minimum deadheading time. 

Based on the terminals found, the depot locations vary in different scenarios.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Figure 4.6: Final routes found for the baseline scenario (m=0.6, N=30, T=25 and F=500) 
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CHAPTER 5: OPERATIONAL ANALYSIS AND 

FINANCIAL ASSESSMENT* 

                                                      
* The contents of this chapter are largely taken from the following paper:  

Ranjbari, A., M. Hickman, and Y.C. Chiu (2018). “A Dynamic Modeling Framework for Operational Analysis 

and Financial Assessment of Transit Services” (Under Review). 
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5.1. INTRODUCTION 

Transit operators face questions such as, “How much should the fare be to make the system 

profitable?”; or, “How frequently should the service operate so that we do not lose 

passengers while controlling expenses?”; or, “What are the trade-offs between fares and 

frequencies to achieve a certain net revenue?”. Although most public transit systems are not 

profitable, it is very important for a system to be financially viable and to maintain an 

acceptable ratio of revenue-to-operating cost.  

Transit operating costs are largely a function of transit routes’ travel time and their 

frequencies, which reflect operating costs per vehicle-hour of travel. On the other hand, 

revenue is a function of fares and the total number of passengers attracted to the system. 

However, transit demand is innately elastic, meaning that any change in the service will be 

followed by a change in the demand, and vice versa. In other words, service characteristics 

such as fares, travel time, and frequencies influence the number of passengers attracted to 

the system; while, the number of attracted passengers itself will influence the routes’ design 

and frequencies. This makes it even more challenging to answer the above questions and to 

assess the financial viability of a transit service. So, in order to have a more accurate financial 

assessment, it is critical to consider the elasticity of transit demand to service frequencies 

and fare policies in designing a transit service. 

The elasticity of transit demand to routes and their frequencies and its effect on transit 

network design have been studied by many researchers, such as Lee and Vuchic (2005), Fan 

and Machemehl (2006), and Ranjbari et al. (2012). However, these studies only focus on the 

network design, and they do not consider fares, which is a critical factor in travel choice 

behavior and directly influences the number of passengers attracted to the system. Moreover, 

the passenger assignment to routes in these studies is the ‘all-or-nothing’ or another simple 

static assignment; while in order to truly capture the passenger behaviors, it is important to 

have a dynamic and passenger-level assignment model. 

Dynamic transit assignment models are relatively new in the literature and started by 

the introduction of schedule-based models in the past two decades (Nuzzolo and Russo, 

1996; Nielsen and Jovicic, 1999; Hamdouch and Lawphongpanich, 2008; Hickman and 

Bernstein, 1997; Nuzzolo et al., 2001). As opposed to frequency-based transit assignment 
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models, schedule-based models can capture the dynamics of the system within time periods 

by modeling every transit vehicle trip separately, and more information about the transit 

system makes it possible to consider analytic route choice behavior for the transit users. 

Another significant improvement in transit modeling has been the introduction of strategy-

based (Spiess and Florian, 1989) or hyperpath-based (Nguyen and Pallotino, 1988; De Cea 

and Fernandez, 1989) models as a new class of transit route choice models, where a set of 

attractive routes for the transit users is considered, and they can choose a route from among 

this set that would minimize their overall travel time. The adaptation of the hyperpath 

approach to schedule-based modeling was studied by Nguyen et al. (1998), Nguyen et al. 

(2001), Noh et al. (2012), and Khani et al. (2015). In these cases, a set of ‘attractive’ vehicle 

trips can be determined for transit users according to the schedule.  

This chapter proposes a solution framework for operational analysis and financial 

assessment of transit services. In contrast to previous studies, it considers the elastic transit 

demand by integrating a dynamic transit passenger assignment model with a mode choice 

model and a service design module, in an iterative approach as shown in Figure 5.1. The 

mode choice model should be sensitive to service characteristics, such as travel time, travel 

cost, and service frequencies, so that every time these characteristics change, transit demand 

will be updated. The transit assignment model considered for this study is a schedule-based 

and capacity-constrained model that considers hyperpaths in transit route choice, called Fast-

Trips (Moving Fast-Trips from Research to Practice, 2018). It has high resolution to capture 

passenger behavior, which makes it possible to consider the route(s) that each passenger has 

taken and the fare that he/she has paid. The service design module modifies fares and/or 

route frequencies in every iteration based on the passenger assignment results. The solution 

framework iterates the aforementioned steps until an equilibrium between fares and 

frequencies can be reached.  

The proposed framework is implemented for Flexpress service in the study corridor, 

and the system performance is studied for multiple fare policy and frequency design 

scenarios. The mode choice model is derived from the demand analysis study in Chapter 3, 

and the Flexpress network is designed through the TNDFSP model explained in Chapter 4. 
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Figure 5.1: The general framework proposed in this dissertation for operational analysis and 

financial assessment of transit services 

 

5.2. FAST-TRIPS: A DYNAMIC PASSENGER ASSIGNMENT MODEL  

5.2.1. What is Fast-Trips? 

Fast-Trips, standing for Flexible Assignment and Simulation Tool for Transit and 

Intermodal Passengers, is an open-source modeling tool for dynamic transit passenger 

assignment, originally developed at the University of Arizona and the University of Texas 

at Austin (Khani, 2013; Khani et al., 2015). It utilizes a trip-based hyperpath (TBHP) model 

to generate a set of paths with low generalized cost. TBHP is a stochastic path set generation 

algorithm, as each hyperlink represents a number of actual links which are chosen 

probabilistically when paths are enumerated. TBHP can be formulated as a frequency-based 

or schedule-based model, but the current version of Fast-Trips applies the TBHP only to a 

schedule-based network. 
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In 2014, three agencies, the Metropolitan Transportation Commission (MTC), the San 

Francisco County Transportation Authority (SFCTA), and the Puget Sound Regional 

Council (PSRC), received a grant to extend this research to develop and implement Fast-

Trips for travel demand forecasting and analyzing transportation investments (Moving Fast-

Trips from Research to Practice, 2018). This enhanced version of Fast-Trips incorporates 

fares, considers heterogeneity of passenger demographics, captures the effect of boardings, 

alightings and crowding on transit vehicle dwell times, measures the effect of transit service 

on the passenger experience (e.g., waiting longer to get a seat, or riding a few stops in the 

wrong direction to get a seat on a crowded line), and considers the effect of missed transfers 

and travel time reliability on people’s perceptions of the quality of transit (Zorn and Sall, 

2016). This project implements a production-ready and calibrated person-based dynamic 

transit assignment component to a regional transportation planning model, which will help 

to improve many regional transit-related projects. Fast-Trips is referenced as FT in the 

remainder of this chapter, and its data requirements are explained in the following section.  

 

5.2.2. Fast-Trips Data Requirements 

The input to Fast-Trips consists of: 

1. A transit network directory -- specified by the GTFS-Plus data standards  

2. A transit demand directory -- specified by the Dyno-Demand data standards  

3. Fast-Trips configuration 

The GTFS-Plus is a transit network data standard that is suitable for dynamic transit 

modeling (GTFS-Plus Network Data Standards, 2018) and is based on Google’s General 

Transit Feed Specification (GTFS). GTFS is a standard text-based format for transit network 

data provided by transit agencies and shared publicly by Google in many metropolitan areas 

(GTFS, 2018). It contains very detailed information about the network, where each route has 

a set of vehicle trips, and for each vehicle trip, there is a list showing the stops as well as the 

scheduled arrival and departure times for each stop. For each stop, there exists information 

about the location and the type of stop, and the calendar shows the service provided on each 

day of the week.  
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The Dyno-Demand is a travel demand data standard that is suitable for dynamic transit 

modeling and contains information about passenger trips to be assigned, as well as person-

level and household-level information about passengers (Dyno-Demand Demand Data 

Standards, 2018). 

The required and optional files for the two aforementioned data standards as well as 

the configuration files are listed in Table 5.1. 

 

Table 5.1: Inputs to Fast-Trips 

 File Name Description 
Required/

Optional 

Considered in 

this Study? 

N
et

w
o

rk
 F

il
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(G
T
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S
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s 
D
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S
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n
d
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d
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agency.txt 
Contains a record for each transit agency, 

including name, URL, timezone 
Required Yes 

calendar.txt 

Contains a record for each service 

category used in trips.txt, including 

start/end date, and days of the week 

Required Yes 

walk_access_ft.txt 

Contains a record for each transit stop 

that can be accessed from a TAZ on foot, 

including TAZ, stop id, direction 

(access/egress), distance 

Required Yes 

bike_access_ft.txt 

Contains a record for each transit stop 

that can be biked to from each TAZ, 

including TAZ, stop id, distance 

Optional No 

drive_access_ft.txt 

Contains a record for each PNR/KNR 

that can be driven to from each TAZ, 

including TAZ, lot id, travel time, 

distance, direction (access/egress), cost  

Optional Yes 

drive_access_points_ft.txt 

Contains a record for each drive access 

point (e.g. PNR lots, KNR drop-off 

areas), including lot id, lot lat/lon 

Optional* Yes 

transfers.txt 

Contains a record for each pair of transit 

stops that can be transferred between on 

foot, including from/to stop id, transfer 

type 

Required Yes 

transfers_ft.txt 

Contains a record for each pair of transit 

stops, or each pair of PNR/KNR and 

transit stop that can be transferred 

between on foot, including from/to stop 

id, distance 

Optional* Yes 

vehicles_ft.txt 

Contains a record for each vehicle type, 

including vehicle name, seated and 

standing capacity, max speed 

Required Yes 

routes.txt 
Contains a record for each transit route, 

including route id, service type 
Required Yes 
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routes_ft.txt 
Contains a record for each transit route, 

including route id, mode 
Required Yes 

trips.txt 
Contains a record for each transit vehicle 

trip, including trip id, route id, service id 
Required Yes 

trips_ft.txt 
Contains a record for each transit vehicle 

trip, including trip id, vehicle name 
Required Yes 

stops.txt 
Contains a record for each transit stop, 

including stop id, stop name, stop lat/lon 
Required Yes 

stop_times.txt 

Contains a record for every scheduled 

stop within a trip, including trip id, 

arrival/departure time, stop id, stop 

sequence 

Required Yes 

fare_attributes_ft.txt 

Contains a record for each fare type, 

including fare period, price, currency 

type, payment method, transfer 

information 

Optional Yes 

fare_rules.txt 

Specifies how fares in the 

fare_attributes_ft.txt apply to an itinerary 

based on origin/destination stop, zones, 

or route, and includes fare id, route id 

Optional Yes 

fare_periods_ft.txt 

Adds start and end times to fare rules, and 

includes fare id, fare period, start/end 

time 

Optional Yes 
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trip_list.txt 

Contains a record for each passenger trip 

to be assigned, including purpose,  

origin/destination TAZs, mode, 

departure/arrival time, time target, value 

of time 

Required Yes 

person.txt 

Contains a record for persons taking a 

trip, including person-level variables 

such as age, gender, worker status, transit 

pass  

Optional No 

household.txt 

Contains a record for households with a 

person taking a trip, including household-

level variables such as income, vehicles, 

number of people, number of workers 

Optional No 

F
T
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 pathweight_ft.txt 

Tells FT how much to value each 

attribute of a path, and includes user 

class, purpose, demand mode, supply 

mode, weight value  

Required Yes 

config_ft.txt 
Determines configuration settings for FT 

run and path-finding 
Required Yes 

config_ft.py 

Contains functions that are evaluated to 

ascertain items such as user classes and 

could be used to define user classes based 

on person, household and/or trip 

attributes 

Optional No 

*Required if drive_access_ft.txt is there. 

 



Chapter 5: OPERATIONAL ANALYSIS AND FINANCIAL ASSESSMENT 

 

 

89 

5.3. DATA PREPARATION 

5.3.1. Mode Choice Data 

The mode choice model and utility functions are derived from the demand analysis study in 

Chapter 3 and are based on the MNL model explained in section 3.6.1. The derived utility 

functions are presented in the following, and the parameters used in the functions along with 

their descriptions and units have been described in Table 3.3.  

Table 5.2 presents how the value for each of the parameters used in the utility functions 

is generated for this study. The alternative-specific parameters are generated either randomly 

or based on the information provided by the service providers. For the personal and trip-

related parameters, the data distributions from the SP survey explained in section 3.4 are 

used to generate the values.  

 

𝑼𝑭𝑳𝑿𝑷 =  − 0.0095 ∗ FLXP_TotalTT −  0.0386 ∗ FLXP_TotalCost −  0.0106

∗ FLXP_Hdwy +  0.2923 ∗ Gender +  0.4907 ∗ Occ_grp2 +  0.3892

∗ Occ_grp3 +  0.4927 ∗ Work +  0.7768 ∗ Event +  0.9476 ∗ Flight 

+  0.7053 ∗ FFvisit +  1.7162 ∗ Ride_to_St +  2.6952 ∗ PT_to_St 

−  0.8257 ∗ PT_from_St −  0.6805 ∗ Commuter −  0.0020 ∗ ICbusRides 

+  0.0209 ∗ DlyAvg +  0.4103 ∗ FLXPsafetyRank +  1.5851

∗ AccessFactor  

𝑼𝑹𝒂𝒊𝒍 = 2.0408 −  0.0386 ∗ Rail_TotalCost −  0.0106 ∗ Rail_Hdwy +  1.5892

∗ AccessFactor 

𝑼𝑮𝑯 = 4.5109 −  0.0386 ∗ GH_TotalCost −  0.0106 ∗ GH_Hdwy −  1.2109 ∗ Gender 

+  0.7637 ∗ Occ_grp5 −  1.2394 ∗ Work − 0.8989 ∗ Places +  2.0998

∗ PT_to_St −  0.0360 ∗ DlyPrcnt −  3.5432 ∗ FreqFactor 

𝑼𝑫𝒓𝒊𝒗𝒆 = 2.1117 − 0.0386 ∗ Drive_TotalCost + 0.4748 ∗ Young − 1.4178 ∗ Senior 

− 0.7495 ∗ Occ_grp1 + 0.3544 ∗ Cars + 0.0567 ∗ Places − 0.5187

∗ FLXPsafetyRank + 1.7057 ∗ AccessFactor 
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Table 5.2: Parameters used in the mode choice utility functions and their derivation in this study 

Parameter Derivation 

FLXP_TotalTT 

In-vehicle time will be calculated based on the selected route. Access/egress time is 

calculated based on the selected mode and the distance between the boarding/alighting 

Flexpress terminal and trip’s origin/destination.  

FLXP_TotalCost   

Fare is based on the selected route and will be changed in every iteration. Access/egress 

cost is based on the selected mode and the distance between the boarding/alighting 

Flexpress terminal and trip’s origin/destination. 

Rail_TotalCost 

Fare is randomly generated between $20-50a. Access/egress cost will be based on the 

selected mode and the distance between the boarding/alighting rail station and trip’s 

origin/destination. 

GH_TotalCost 

Fare is randomly generated between $10-45b. Access/egress cost will be based on the 

selected mode and the distance between the boarding/alighting Greyhound terminal and 

trip’s origin/destination. 

Drive_TotalCost 

Used ADOT street network to find the shortest path between every trip’s origin and 

destination, and considered a 1.2 travel time factor for peak periods. The cost is only the 

fuel cost, and an average cost of 17 cents per mile is considered. 

FLXP_Hdwy Headway is based on the selected route and will be changed in every iteration.  

Rail_Hdwy Randomly generated between 30-120 mina 

GH_Hdwy 180 minc 

Gender 

Generated based on the distributions driven from the SP survey for each combination of 

OD and trip purpose.  

Young 

Senior 

Occ_grp1  

Occ_grp2  

Occ_grp3 

Occ_grp5 

Ride_to_St 

PT_to_St 

PT_from_St 

Places 

Work 

Generated based on the distributions driven from the SP survey for each OD. 

Event 

Flight 

FFvisit 

Commuter 

ICbusRides 

AvgDly 

DlyPrcnt 

Cars 

FLXPsafetyRank 

AccessFactor 

FreqFactor 
a The transit fares and service frequencies for Passenger Rail are not yet determined, so these values are 

generated randomly within a certain range. 
b Due to the Greyhound fare policy ($1 for the first rider and increases up to $45 for additional passengers) 
c Based on the information provided by Greyhound. 
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5.3.2. GTFS-Plus Network Files for Flexpress 

The Flexpress network, including routes, terminals and frequencies, is derived from the 

TNDFSP model explained in Chapter 4 and is designed for the baseline scenario, which has 

22 terminals, 30 routes, and serves 60% of the total transit demand, equaling 3737 person-

trips. From the baseline network of 30 routes, 21 routes have the minimum frequency of 4 

bus/hr, 7 have a frequency in the range of 5-10 bus/hr, and 2 have a frequency of at least 20 

bus/hr.  

The agency.txt, calendar.txt, routes.txt, routes_ft.txt, stops.txt and vehicles_ft.txt files 

are created using Flexpress service characteristics and the outputs of the TNDFSP model. 

The trips.txt, trips_ft.txt, and stop_times.txt files are created using the route frequencies and 

travel time between every two terminals along a route, which are also outputs of the 

TNDFSP model.  

Fare-related files (fare_periods.txt, fare_attributes_ft.txt, and fare_rules.txt) are 

created based on the price and the fare policy considered for Flexpress (See Table 5.3), but 

as fares change in every iteration, these files will be updated.  

The access/egress modes considered in this study are walking, driving (Park-and-Ride, 

or PNR) and pick-up/drop-off (Kiss-and-Ride, or KNR), and the corresponding access files 

(walk_access_ft.txt, drive_access_ft.txt, and drive_access_points_ft.txt) are created using 

the distance between traffic analysis zones (TAZs) and Flexpress terminals in the street 

network. It is assumed that all the Flexpress terminals have a park-and-ride facility and 

travelers can drive to any terminal in the city. However, a terminal is considered to be 

accessible from/to a TAZ on foot, only if the distance between the terminal and the TAZ is 

0.8 miles or less.  

It is worth mentioning that since Flexpress is an intercity service with no transfer 

between routes, the required transfers.txt is an empty file, but transfer links between PNR 

lots and Flexpress terminals are accounted for in transfers_ft.txt. 

 



Chapter 5: OPERATIONAL ANALYSIS AND FINANCIAL ASSESSMENT 

 

 

92 

5.3.3. Dyno-Demand Demand Files 

Since the Flexpress network is designed using the demand for AM peak period, the demand 

applied for the operational analysis and financial assessment in this chapter is also for that 

period. The total demand between Tucson and Phoenix for the AM peak period is 124,571 

person-trips. For each of these person-trips, a record is generated that includes all the 

required parameters for mode choice utility functions, as well as all the required parameters 

for the FT trip_list.txt file. These 124,571 records are stored in a demand file named 

demand_list.txt. 

The derivation of the required parameters for mode choice utility functions is explained 

earlier in section 5.3.1. The required parameters for trip_list.txt include origin and 

destination TAZs, travel mode, purpose, departure and arrival times, time target, and value 

of time. The purpose and travel mode are mutual with the utility functions parameters and 

are derived as described in Table 5.2; however, travel mode in trip_list.txt is a combination 

of access mode, transit mode and egress mode (e.g. KNR-Rapid_Bus-Walk). The departure 

and arrival times are randomly generated within the specified time period, and for all the 

trips, time target is set to ‘departure’. Value of time is obtained from Table 4 of the USDOT 

report on the value of travel time savings (US Department of Transportation, 2015), which 

presents average values of time for different trip purposes for intercity surface travel modes. 

Once mode choice is conducted, trip_list.txt is created by copying the records from 

demand_list.txt that are assigned to Flexpress to a new file, and by excluding all the 

parameters related to mode choice utility functions. The other two Dyno-Demand files 

(person.txt and household.txt) are optional and not considered in this study. 

 

5.4. SOLUTION FRAMEWORK 

The solution framework proposed for operational analysis and financial assessment in this 

dissertation is shown in Figure 5.2 and is composed of the following steps: 

1. Create demand_list.txt as explained in section 5.3.3.  

2. Convert the transit network and service characteristics to GTFS-Plus files 



Chapter 5: OPERATIONAL ANALYSIS AND FINANCIAL ASSESSMENT 

 

 

93 

(agency.txt, calendar.txt, transfers.txt, vehicles_ft.txt, routes.txt, routes_ft.txt, 

trips.txt, trips_ft.txt, stops.txt, stop_times.txt, fare_periods.txt, fare_attributes_ft.txt, 

and fare_rules.txt), as explained in section 5.3.2. 

3. Set weights for every component of a transit trip, considering different trip purposes 

(pathweight_ft.txt). 

4. Generate access files (walk_access_ft.txt, drive_access_ft.txt, and 

drive_access_points_ft.txt), as explained in section 5.3.2. 

5. Calculate operating costs based on the total vehicle hours traveled in the system and 

the operating cost of $85 per hour (See section 4.3.3). 

6. Assign the available OD travel demands to modes using the mode choice model and 

the utility functions presented in section 5.3.1. It is assumed that the total travel 

demand and the attributes of competing modes (Passenger Rail, Greyhound and 

Drive) remain the same in every iteration. 

7. Create trip_list.txt from demand_list.txt, as explained in section 5.3.3. 

8. Run Fast-Trips to assign Flexpress trips to the different routes in the network. 

9. Calculate revenue based on the Fast-Trips results (the route(s) that each passenger 

has taken and the fare that he/she has paid) for passengers who successfully boarded 

the service. 

10. If the ratio of revenue to operating cost (R/C ratio) reaches the desired value, go to 

step 13. 

11. Change the service frequencies and/or fares based on the route usage in the Fast-

Trips results (See section 5.5.1). 

12. Update fare-related files (fare_periods.txt, fare_attributes_ft.txt, and fare_rules.txt) 

based on the new fares, and update vehicle-trip-related files (trips.txt, trips_ft.txt, and 

stop_times.txt) based on the new frequencies and the resulted service schedules. Then 

go back to Step 5. 

13. Stop. 

 

 

 



Chapter 5: OPERATIONAL ANALYSIS AND FINANCIAL ASSESSMENT 

 

 

94 

 

 

 

  

F
ig

u
re

 5
.2

: 
T

h
e 

d
et

ai
le

d
 s

o
lu

ti
o
n

 f
ra

m
ew

o
rk

 p
ro

p
o
se

d
 i

n
 t

h
is

 d
is

se
rt

at
io

n
 f

o
r 

o
p
er

at
io

n
al

 a
n
al

y
si

s 
an

d
 f

in
an

ci
al

 a
ss

es
sm

en
t 

o
f 

tr
an

si
t 

se
rv

ic
es

 



Chapter 5: OPERATIONAL ANALYSIS AND FINANCIAL ASSESSMENT 

 

 

95 

5.5. RESULTS AND DISCUSSION 

5.5.1. Scenarios and Model Results 

To study the effects of different fares and frequencies on the system performance, four 

frequency designs and two fare policies, as described in Table 5.3, are considered. First, the 

frequencies obtained from the TNDFSP model are used, which are referred to as ‘design-

oriented’ frequencies. Then, a scenario where the minimum frequency (freq=4) is considered 

for all routes, and two scenarios where routes with high or moderate demand are assigned 

higher frequencies are tested. High-demand routes in this context are routes for which many 

passengers could not board the bus in the previous iteration, and moderate-demand routes 

are those for which transit vehicles reached their capacity. The frequencies in the latter two 

scenarios, which are determined based on the system usage and ridership, are referred to as 

‘service-oriented’ frequencies. Also, two fare policies are considered: one with a flat fare for 

all routes, and the other where routes with high frequencies (freq10) have a higher fare.  

 

Table 5.3: Scenarios considered for different frequency designs and fare policies 

Category Scenario Description Notion 

Frequency 

Design 

D1 
Frequencies obtained from the network design model 

are used, which are a set of {4,5,6,8,10,21,26}. 
freq=design-oriented 

D2 The minimum frequency is considered for all routes. freq=4 

D3 
freq=10 for high-demand routes; 

freq=4 for the rest 
freq={4,10} 

D4 

freq=12 for high-demand routes; 

freq=6 for moderate-demand routes; 

freq=4 for the rest 

freq={4,6,12} 

Fare Policy 

P1 A flat fare is considered for all routes. fare=10, 15, 20, 25, 30 

P2 
Regular fare ($10 or $20) for routes with freq<10; 

Increased fare ($20 or $30) for routes with freq10 

fare={10,20}; 

fare={20,30} 

 

The solution method described in section 5.4 was run for various combinations of fares 

and frequencies for Flexpress service, and the results are presented in Table 5.4. As can be 

seen, Flexpress market share and demand decrease with an increase in fares and a decrease 

in frequencies, which is intuitive. The total Flexpress demand is very sensitive to fares, while 

the number of boarded passengers on Flexpress routes shows a low sensitivity to fares. This 
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occurs because there is no competing mode in the assignment model (Fast-Trips), and the 

model assigns passengers to the path with the least generalized cost. Conversely, in the mode 

choice model, there is a competition between modes to get a higher portion of demand, and 

travel cost is one of the highly influential factors. 

 

Table 5.4: Flexpress system performance for various combinations of frequency designs and fare 

policies 

Frequency Fare 
FLXP 

share 

FLXP 

Demand 

Boarded 

Passengers 

Satisfied 

FLXP 

Demand 

Ratio 

Revenue 

($) 

Operating 

Cost ($) 

R/C 

Ratio 

Design-

oriented 

10 7.73 9,630 5,737 0.60 57,370 

60,527 

0.948 

15 7.69 9,580 5,738 0.60 86,070 1.422 

20 7.59 9,454 5,732 0.61 114,640 1.894 

{10,20} 7.73 9,630 5,737 0.60 57,370 0.948 

25 7.43 9,249 5,722 0.62 143,050 2.363 

30 7.12 8,868 5,687 0.64 170,610 2.819 

{20,30} 7.59 9,454 5,732 0.61 114,640 1.894 

4 

10 7.73 9,630 5,667 0.59 56,670 

40,876 

1.386 

15 7.69 9,576 5,668 0.59 85,020 2.080 

20 7.58 9,445 5,667 0.60 113,340 2.773 

25 7.41 9,229 5,657 0.61 141,425 3.460 

30 7.09 8,828 5,620 0.64 168,600 4.125 

{4,10} 

10 7.73 9,630 6,423 0.67 64,230 

46,551 

1.380 

15 7.7 9,593 6,434 0.67 96,510 2.073 

20 7.6 9,460 6,425 0.68 128,500 2.760 

{10,20} 7.69 9,576 6,421 0.67 64,210 1.379 

25 7.43 9,252 6,423 0.69 160,575 3.449 

30 7.1 8,848 6,371 0.72 191,130 4.106 

{20,30} 7.52 9,370 6,423 0.69 128,460 2.760 

{4,6,12} 

10 7.73 9,633 7,417 0.77 74,210 

53,737 

1.381 

15 7.71 9,598 7,445 0.78 111,675 2.078 

20 7.61 9,473 7,435 0.78 148,700 2.767 

{10,20} 7.73 9,633 7,417 0.77 74,210 1.381 

25 7.45 9,283 7,378 0.79 184,450 3.432 

30 7.18 8,943 7,334 0.82 221,550 4.123 

{20,30} 7.61 9,473 7,435 0.78 148,700 2.767 

 

The sensitivity of model in terms of various service performance measures is further 

discussed in section 5.5.2, but a general observation from the results is that the scenarios 

with designed-oriented frequencies (D1) have lower R/C ratios, compared to those where 

frequencies are set based on route usage (D3 and D4). The assignment results showed that 

in the TNDFSP model, demand was overestimated for some routes, and that those high 
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frequencies are not required. On the contrary, demand was underestimated for some other 

routes, and low frequencies and the resulted limited capacity resulted in many passengers 

being unable to board their chosen services. These differences in the route assignment 

occurred because the Flexpress network was designed based on a transit demand matrix that 

was formed from 5% of total travel demand for each OD; but in the current framework, the 

transit demand is derived from the mode choice model which has no constraint for area or 

OD coverage. As a result, some people traveling between certain ODs (e.g., ODs with shorter 

distances, or those where one of the origin or destination is not close enough to a Flexpress 

terminal) may choose another mode, and so the usage of routes will be different from the 

one predicted in the network design model.  

As shown in Table 5.4, for all scenarios, a portion of transit demand is not served. Part 

of it, as explained earlier, is because of the limited capacity that is resulted from insufficient 

frequencies. As can be seen, scenarios with service-oriented frequencies (freq={4,10} and 

freq={4,6,12}) have higher numbers of boarded passengers and satisfied demand ratios than 

scenarios with designed-oriented frequencies. The second reason for unsatisfied transit 

demand is due to the limited time period (the 3 hours of AM peak) considered for the 

assignment, which results in passengers at the end of the period being unserved, rather than 

assigned to a later service. For example, if the last bus for the route that a passenger has 

chosen leaves at 8:50, and the passenger’s departure time is 8:45 but it takes him/her 7 

minutes to get to the terminal, he/she would miss the bus and will not be served. The third 

reason is related to access/egress modes. People know how they would get from home to the 

boarding terminal (e.g., walk, drive, taxi, etc.), and from the alighting stop/terminal to their 

ultimate destination; therefore, passengers’ access/egress modes in Fast-Trips are pre-

determined for each trips. However, not all terminals are accessible on foot from a TAZ. So, 

if a passenger is limited to walking for the access or egress mode, and there is no accessible 

terminal at one or both of his/her trips ends (farther than 0.8 miles), he/she will not be served. 

This limitation goes back to the mode choice model, which does not consider access to transit 

in the utility functions. In other words, ignoring the accessibility in the mode choice model 

results in passengers being assigned to Flexpress, while due to long access distances, they 

cannot actually be served by Flexpress. 
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The R/C ratio increases with an increase in fares and a decrease in frequencies. The 

sensitivity of revenue and R/C ratio to fares and frequencies are further discussed in section 

5.5.2, but a general observation is that if frequencies are designed efficiently (service-

oriented frequencies), the system will be profitable, and with an increase in fares, operators 

can achieve even higher R/C ratios. The capital costs such as building terminals and 

purchasing transit vehicles are not considered explicitly in this study; however, there are 

cases with R/C ratios of 3 or 4, which implies that it may be possible for the service to 

account for the capital costs as well.  

 

5.5.2. Sensitivity Analysis 

Figure 5.3 shows the sensitivity of the model to various combinations of fares and 

frequencies, in terms of demand, boarded passengers, revenue, and the R/C ratio. 

As can be seen from Figure 5.3(a), Flexpress demand decreases with an increase in 

fares and a decrease in frequencies; however, while the demand sensitivity to fares is 

significant, the change due to frequency changes are very minor. This is because the 

Flexpress utility function in mode choice model is about four times more sensitive to cost 

than to headways.  

The number of boarded passengers on Flexpress routes, however, is quite the opposite, 

with low sensitivity to fares and high sensitivity to frequencies (Figure 5.3(b)). As mentioned 

earlier in section 5.5.1, the insensitivity to fares is due to the absence of competing modes 

in the assignment model. Regarding frequencies, it is shown that systems with service-

oriented frequencies do a better job in satisfying the demand compared to those with design-

oriented frequencies. This indicates that the system does not always perform as planned, and 

it is important to modify the frequencies (and generally the design) based on the system 

usage and ridership. Figure 5.3(b) also shows that, among systems with service-oriented 

frequencies, those with the frequency set of {4,6,12} serve higher demand than those with 

the frequency set of {4,10}, which indicates that more careful frequency determination in 

response to system ridership would result in a better performance. 
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Figure 5.3(c) shows that revenue increases with an increase in frequencies, which is 

due to the direct influence of service frequency on ridership. It also shows that revenue 

increases with an increase in fares, which is intuitive.  

  
(a)       (b) 

  
(c)       (d) 

Figure 5.3: The results of various combinations of frequency designs and the flat-fare policy on 

Flexpress service performance 

 

Figure 5.3(d) exhibits the results on R/C ratio. Revenue increases with an increase in 

frequencies, but so does the operating cost, and as a result, the R/C ratio does not change 

much for different frequencies. This implies that there are multiple ways to achieve a certain 

R/C ratio, and so it is the other objectives that define the final design and service 

characteristics. For example, the minimum-frequency scenario (D2) and the two scenarios 
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with service-oriented frequencies (D3 and D4) result in about the same R/C ratios across 

different fares. If an operator wishes to serve more passengers, the D4 scenario 

(freq={4,6,12}) would be the best one, while if the objective is to minimize the operating 

costs, the D2 scenario (freq=4) should be selected. Another interesting result shown in 

Figure 5.3(d) is that, in terms of R/C ratio, the scenarios with service-oriented frequencies 

significantly outperform the one with design-oriented frequencies. This emphasizes the 

importance of considering elastic demand in a transit network design, and how we may end 

up in a less efficient system if the elasticity of transit demand to service characteristics is not 

considered.  

The effect of the two fare policies (P1 and P2) on the system performance is shown in 

Figure 5.4. Since the number of high-frequency routes (for which a higher fare is applied in 

the P2 scenario) is limited (1-5 out of 30 routes), and the assignment is not very sensitive to 

fares, not much change is observed between the two fare policies across different frequency 

designs. In most cases, the results of the P2 scenario are similar to those of the P1 scenario 

where the P1 flat fare is equal to the P2 regular fare (e.g. P1 with fare=10 and P2 with 

fare={10,20}).  

Due to the limited number of high-frequency routes, even demand (which is the most 

sensitive performance measure to fares) remains almost the same between the two fare 

policies in most cases. The only case where an obvious change is observed in demand 

between P1 and P2 scenarios is the case with freq={4,10} (scenario D3), wherein the number 

of high-frequency routes (freq10), and consequently the number of routes with an increased 

fare, are higher than the other cases (Figure 5.4(a)). As a result, demand in the D3+P2 cases 

is lower than that in the corresponding D3+P1 cases, where the P1 flat fare is equal to the 

P2 regular fare. However, due to the average increased fare, even in these cases, the revenue 

and consequently the R/C ratio are the same between the corresponding P1 and P2 cases. 
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(a)       (b) 

  
(c)       (d) 

Figure 5.4: The results of various combinations of frequency designs and fare policies on Flexpress 

service performance 
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6.1. CONTRIBUTIONS 

In this dissertation, an innovative intercity transit service is proposed, called Flexpress, that 

is conceived to provide a high-speed, high-capacity and high-accessibility intercity 

transportation service and to fill the present service gap. The collected data showed that 

Flexpress has the potential to take up a significant part of the market and even take a market 

share larger than driving. It should be noted that the market share analysis results are based 

on the data collected for the study corridor, and other data from different corridors may lead 

to different results. However, it is believed that transportation options with the characteristics 

of Flexpress, that provide high-speed, high-accessibility and high-capacity service, could be 

a welcome answer for intercity corridors where future demand will exceed existing freeway 

capacity but which lack infrastructure support for the expensive capital cost of rail. 

An interactive Stated Preference (SP) survey accompanied by a discrete choice 

analysis was conducted to model the mode choice behavior of individuals when making 

intercity travel, and to identify the significant factors influencing their mode choices. The 

model estimation results confirmed the fact that people tend to choose modes with lower 

travel time, travel cost, and headway. Females, people in business- and engineering-related 

jobs, people traveling for work, events, family/friend visits and flights, and those with few 

or no experiences of riding intercity buses, are more likely to use Flexpress. Young people 

are more willing to drive, and people with no or a low-income job are more likely to take 

Greyhound bus. Owning more vehicles or planning to go to multiple places would increase 

the likelihood of traveling by car. It was also indicated that ensuring people of Flexpress 

safety, providing commuters with passes or discounted prices, finding accessible locations 

for stations, providing attractive and comfortable local access at the arrival station, and 

improving the ‘image’, could be some opportunities to attract passengers to Flexpress-like 

services. The findings from this research provide useful insights for researchers and policy 

makers to improve intercity transit services.  

The interactive SP survey that was designed for this study is a novel approach that 

estimates the respondent-specific attribute values in a real-time manner, customized to the 

individual information provided by the respondent. Such a process helps present a choice set 

that reflects each individual’s travel context more realistically. This type of design alleviates 
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the main problem of SP methods which is the inconsistency of one’s actual in-market 

behavior with his/her stated preference. As a result, such SP surveys will result in a choice 

analysis model with more accurate results and will help better understand the choice 

behaviors in the studied market. The more individual details can be considered in the 

calculation of the attributes, the more realistically the choice situations can be depicted, and 

consequently the more accurate the prediction results may be. 

The SP survey was also employed to investigate the effects of alternatives’ labels on 

choice making behaviors. Separate choice models were built for the labeled and unlabeled 

choice data. The alternative-specific parameters exhibited a lower significance in the labeled 

model, which confirms that labels reduce the attention that respondents give to the 

alternatives’ attributes. Moreover, some factors that were found insignificant in the 

unlabeled experiment turned out to significantly influence respondents’ choices in the 

labeled experiment. Comparing the two models also provided valuable insights for better 

understanding of the travelers’ choice behaviors and what personal and trip-related factors 

influence their decisions. A further analysis was also conducted on how and why the 

respondents changed their choices once they learned alternatives’ labels, by studying the 

personal and trip-related characteristics of the individuals in choice-transition groups. The 

results helped understand what the attitude of different people is to certain alternatives’ 

labels and how they react in labeled versus unlabeled choice situations. These findings can 

be used by researchers and policy makers to better understand people’s mode choice 

behaviors and to improve transit services in the intercity travel context.  

This dissertation, for the first time, presents a solution procedure for the transit network 

design and frequency setting problem (TNDFSP) in an intercity context, where a transit 

service has multiple routes and serves multiple terminals in the origin and destination cities. 

While intercity and typical urban bus services share a number of similarities, they have 

critical differences. The transit network design problem (TNDP) in an intercity context has 

differences with the urban TNDP, and there are certain considerations that need to be taken 

into account. The proposed solution procedure combines local knowledge and policy 

decisions with a mathematical optimization model that leads to reasonable results. It was 

also shown that the proposed solution methodology could successfully be implemented on a 

real-life large-scale network. Moreover, the developed model considers almost all the 
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important parameters for the TNDFSP that have been considered in the previous studies, as 

far as they are relevant to the context of intercity travel. 

Satisfying more passenger demand requires more terminals, more routes and more 

vehicles. While it is important to the transit providers to serve more passengers, they also 

face service and budget constraints, and increasing the above three parameters results in 

higher operation costs. So, realizing the effect of each parameter on user and operator costs 

is critical to decision making. The proposed network design model was run for various 

combinations of these parameters as constraint values to find the most critical parameters 

and to discover the effect of each parameter on the objective function. These results provide 

the transit providers with a better understanding of the trade-offs between serving more 

demand, offering a better service to passengers, and lowering operating expenses.  

Finally, this dissertation presents a solution framework for re-optimizing the service 

design (fares and frequencies) considering the elastic transit demand, by integrating a 

dynamic transit passenger assignment model with a mode choice model and a transit service 

design module in an iterative approach. The proposed solution framework captures 

passenger behavior at a high resolution and provides a powerful tool for operational analysis 

and financial assessment of transit services that can be applied to any transit service, whether 

urban or intercity.  

 

6.2. FUTURE WORK 

The timing for Flexpress is right with the convergence of technology, needs, and mindset. 

Recent studies have shown that driving is less likely to be the most favored travel mode for 

Millennials, and financially- and environmentally-sustainable travel options are becoming 

more preferred by the traveling public. Most of the elemental technologies needed for 

Flexpress have been developed by various universities, research institutes and corporations 

in the past two decades, and there has been an accelerated pace in the last five years. Yet, 

substantial technical research and managerial insights are needed to bring the Flexpress 

concept into reality. The research and development needs encompass the following major 

areas:  
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• Vehicle Design – Chassis and body design; Battery development and power management; 

Wireless charging technologies; Autopilot control, CACC technology, platoon 

maneuvering, etc. 

• Infrastructure – Vehicle-roadway interaction and roadway/bridge design for high-speed 

traffic; Embedded sensors network (in structure and roadside); Sensing system and 

road/structure condition monitoring; Real-time detection of critical faults; Wireless 

charging pavement embedding, etc. 

• Planning and Operation – Scheduling and capacity planning; Battery swapping/charging 

locations; Inter-modal services integration; Multi-operator fleet management, etc. 

• Standards and Regulations – Federal, State and local authorities’ design and operation 

standards; Regulatory and legal issues and resolutions, etc. 

• Safety – Vehicle monitoring and proactive response; Weather resiliency; Long-range and 

short-range sensing and intrusion detection; Emergency response and operating 

procedure management; Centralized traffic management, etc. 

 

The demand analysis and market share results presented in this study are based on a 

relatively small-sized sample dataset from the selected study corridor. A larger sample of 

respondents could result in more accurate results. Moreover, investigating more corridors 

with different characteristics and possibly with different types of intercity travel options 

could lead into more robust and transferable findings.  

The interactive SP survey method used in this dissertation can be applied to similar 

surveys, where respondent-specific attribute values provide the respondents with more 

realistic choice situations, and can lead to a choice analysis model with more accurate results. 

In cases where the research goal is to study an improved travel option or a change in a service 

that already exists, a combination of this survey method and a Revealed Preference (RP) 

survey could lead into interesting research and possibly more realistic results. The interactive 

survey method and the combined labeled-unlabeled approach used in this study can also be 

employed for similar SP surveys and will help better understand the choice behaviors in the 

studied market. 

The proposed network design model in Chapter 4 can be improved and extended by 

including the revenues in the optimization model, and modifying the objective function to 
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maximize revenues. The other possible direction for future research in this regard, would be 

to consider the access to transit more explicitly. Currently, access is not considered in the 

optimization model; instead, in the creation of the OD transit matrix, it is assumed that 

passengers can access one of the terminals in the city and that they will choose the terminal 

closest to their origin/destination. In this way, if a candidate terminal is not selected, its 

demand will not be served; while in reality passengers might be willing to use the service 

from a farther terminal. Another interesting topic to explore is the freeway capacity. This 

dissertation was conducted for Flexpress service that operates on an exclusive right of way 

on freeways and transit vehicles are equipped with a connected vehicle technology that 

enables them to platoon with very short headways. So, it was assumed that high frequencies 

and consequently a large number of vehicles on a freeway lane would not exceed capacity. 

However, for services that travel in mixed traffic (or even those operating on an exclusive 

right of way but with limited lane capacity), the total number of vehicles could reach the 

capacity of the freeway lane, and so the combined frequency over the intercity section of the 

trip should be controlled. 

The integrated solution framework proposed for the operational analysis and financial 

assessment of transit services in Chapter 5 can be employed to study the effect of different 

fare structures (such as time-based, distance-based, or zone-based fares) or different fare 

policies (such as offering certain discounts for transit-pass holders, or applying an integrated 

fare system where the method of payment would be the same for all modes and services and 

passengers can easily transfer between services) on the system performance. In another 

application, the passenger assignment model (Fast-Trips) can be linked with a traffic 

simulation tool or an operation algorithm that models the operation of autonomous vehicles 

(AVs) and/or shared-mobility services (Transportation Network Companies, or TNCs), such 

as Lyft and Uber, to integrate them as access/egress modes for public transit (PT) and to 

assess the financial and operational performance of the integrated AV+PT and/or TNC+PT 

systems, which are believed to dominate the future of transportation. 

There are also certain options for improving and extending the aforementioned solution 

framework. The operational analysis and financial assessment solution framework proposed 

in this dissertation was focused on the ratio of revenue to operating cost (R/C ratio) as the 

design objective, but this criterion does not consider equity and area coverage, which are 
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very important for public transportation services. As an alternate study, the proposed 

solution framework can be applied to other design objectives, such as providing enough area 

coverage or a desirable equity, achieving a certain level of ridership, or even a weighted sum 

of these and the R/C ratio. This study can also be extended by expanding the service period 

to a full day, which provides basis for interesting future research. For example, one can 

consider various service plans and time-based fares for the peak and off-peak periods to 

determine the likely ridership and revenue of the system. Another possible extension would 

be to model the first/last mile more accurately. In this study, only walking and drive-based 

modes were considered as access and egress modes for intercity transit, but this can be 

expanded by incorporating the local transit (bus, streetcar, LRT) as well. This would be easy 

to model because Fast-Trips reads transit network specifications in a GTFS-based format, 

and the GTFS files are available for most of the metropolitan areas. Once that integration 

will be in place, in addition to the characteristics of the intercity service, one can also study 

the effect of local services’ fares and frequencies as well as the inter-modal fare policies and 

operation management (e.g. transfer coordination) on the system ridership and revenue.  

Moreover, the results of this study showed that if the transit network is designed 

separately, the design-oriented frequencies may not work well in the actual operation. This 

emphasizes the importance of considering elastic transit demand and that to achieve a more 

efficient system, it is better to modify service characteristics (fares, frequencies, etc.) based 

on the passenger path choice behaviors and route usage. The same situation may hold for 

other aspects of network design, such as the number and location of terminals and the 

number and configuration of routes. So, an interesting future research direction would be to 

incorporate the network design model in the iterative process as well, such that, under elastic 

demand considerations, the network (routes, terminals, and frequencies) will be designed 

based on the R/C ratio or any other objective. 
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