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This thesis approaches the topic of value of time calculation and route choice behavior 

with a new and innovative methodology using a survey dataset that was uniquely 

designed and implemented for this purpose. The survey is a 70 day, 218 participant GPS 

travel survey used to track individual location constantly at one minute intervals. Using a 

positive behavior theory framework, an in depth knowledge database for each user is 

created that iteratively updates the learned behavior and experienced travel conditions for 

each trip the user takes. A new approach for calculating value of time is presented; using 

the cost and trip duration of previous trips. The bounds (or caps and floors) are averaged 

to achieve the individual’s value of time based upon their route (and therefore cost) 

decisions. Also using this updating knowledge base, route decision rules are derived 

using machine learning algorithms to tell why a user has decided to take the toll road 

option for certain days, and under what conditions the user will not take the toll road 

option. The final contribution is a model that fully takes advantage of longitudinal GPS 

data to create an adaptive system for value of time calculation and positive route decision 

making.  
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Chapter 1: Introduction 

A user of the transportation network has a basic knowledge and understanding of the 

network around them. This knowledge is constantly evolving on a day to day and 

route by route basis. The interesting aspect of the individual’s knowledge is that this 

knowledge and belief system is entirely subjective and dependent upon historic 

interaction with the network. By using an individual agents’ interaction data with the 

network (GPS data), it is possible to derive sets of rules that these agents use in order 

to determine on what days, which route should be taken. The agent’s route choice is 

very much an indicator of the daily value of time, as well as being true vice versa. 

This is why it is important to have a single theoretical framework that calculates value 

of time on a day-to-day and agent-by-agent basis based on their real world interaction 

with the network and route decisions made in the past, as well as base their route 

choice rules on the calculation of value of time and other travel behavior aspects such 

as time, cost, and other route characteristics.  

 

The theoretical framework for how these aspects are integrated is shown below 

followed by a step by step explanation of each module. 
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Figure 1: VOT calculation and route choice modeling framework 

First, the user has pre-existing knowledge of the surrounding network and route 

structure. This includes basic knowledge of time and cost for the routes on their 

network. This information does not have to be accurate, as it may very well be biased 

and incorrect information derived from limited knowledge.  This basic level of 

knowledge is an important aspect of this research in relation to the data used.  It was 

important to acquire data at the beginning of the opening of a new facility so that the 
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pre-existing knowledge of the individual is minimal and the learning behavior can be 

viewed longitudinally starting from this limited knowledge. The minimal level of 

knowledge that each individual begins with is that there is a new toll road in the area, 

and its location. All other aspects of the roadway and its’ effects on travel behavior 

were assumed on the individual level. This includes how much time will be saved 

dependent upon the location of the origin and destination (this will be explained in 

depth in the VOT calculation module later in the thesis). The first module in the 

theoretical framework is the searching for alternative routes from the standard route 

for a set of Origin/Destination pairs. The individual user needs to determine if 

searching for routes is even a viable option for them. At the start of the travel survey, 

all users should at least be considering the alternate toll road as an option, even if they 

decide not to take the route. For this work, only the users that at least search for the 

toll road are included in the analysis. Of the 218 individuals in the dataset, only 58 of 

them consider the ICC toll road as a viable option. The remainder of the 160 

individuals in the survey were excluded. The search rules are based upon every aspect 

of the user’s information. While each user initially is searching for the ICC toll road 

option, the rule set uses the information from the individual to determine when they 

are satisfied with their route choice and when to stop searching (Again, this will be 

explained in depth in the Searching Module portion of the thesis). Once this initial 

searching for the alternative route is done, the decision rules come into play. The user 

determines via a set of rules which route to take if they have indeed decided to search 

in the previous step. This rule set is dependent upon true route characteristics and 

how the different routes match up against one another. Due to the relatively limited 
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knowledge that the user currently has, the information available to them at the start of 

the decision process is minimal, and primarily consists of the perceived advantages of 

the new route and the real world knowledge of the previous route. In the results 

section of the route choice decision rules, it can be seen that much of the user’s 

decisions are based upon perceived savings of the toll road route. Over a longer 

survey trial, or one whose rules are broken up dependent upon increasing survey time, 

it may show that the user’s decision factors are different from the beginning of the 

trial when they had limited knowledge.  

After this decision is made on whether or not to search for alternative routes and the 

user decides on which trip route to take, the user finally experiences their travel. The 

key components to their travel experience are cost and time for that particular route, 

but a wide range of other factors are also recorded including: average speed, distance, 

percent of trip (distance) that occurred on the toll road, number of segments traveled 

on toll road, and time of day traveled. Based on these data calculated for each trip, 

another set of variables is calculated by person, by OD, and by route. These statistics 

include: average time, change in distance from previous days, change in travel time 

from previous days, change in value of time calculated from previous days, change in 

cost, change in speed, etc... This set of variables is basically used to see how the most 

recent route taken compares to others taken by the same person from the same OD.  

Once this experience is internalized, the individual’s knowledge of the network and 

route is more robust. This process is then repeated, with each step the knowledge of 

the information is slightly more complete (subjectively) and hence their searching and 

decision behavior is constantly improving.  
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Once knowledge is updated from that travel experience, after the search and route 

choice modules, the calculation of value of time is calculated from this knowledge 

base. The way that this is done, is that the knowledge of each user is stored and 

compared to the decision made by that user for the previous day. The start of each 

user’s knowledge is the simple time and cost for their normal route for the 

origin/destination sets. After each iteration, that trip’s behavior experience is recorded 

in the route category, such that during the information and knowledge step, the user 

has a database including characteristics of each origin/destination pair route. The 

knowledge database used for the VOT calculation for each user after roughly 10 days 

of travel may look something like: 

Table 1: Example user knowledge base 

 OD1 route 1 OD1 route 2 OD2 route 1 OD 2 route 2 

Day 1 15 (min), $0    

Day 2 17 min, $0    

Day 3  12 min, $2   

Day 4 14 min, $0    

Day 5   42 min,$0  

Day 6   44 min,$0  

Day 7  13 min, $2   

Day 8    32 min, $1.2 

Day 9 18 min,$0    

Day 10   39 min,$0  
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After this value of time is calculated, the result is put back in the user’s knowledge 

database to be used for deriving subsequent rules for searching and route decision 

making. Finally, one cycle is complete, and the search module can begin with fully 

updated knowledge.  

1.1 Summary of Contributions  

The results achieved through this research advance the field in a number of 

dimensions. First, the calculation of value of time gains a brand new approach using 

longitudinal GPS survey data. Most importantly, this estimation for value of time is 

the first to be able to adapt to daily changes in intra- and inter-personal value of time. 

Never before has the estimation for value of time been calculable on the daily and trip 

by trip basis. Additionally, the positive route choice behavior rules are the first of its 

kind to derive heuristics starting from a true limited knowledge base case and expand 

to a larger knowledge base. Since the GPS survey acquires data prior to the toll road 

opening and continues through the first 10 weeks of its use, the GPS data, and hence 

the heuristics describing their behavior, are able to describe truly learned behavior as 

travel is experienced and knowledge is gained on the toll road. The combination of 

these advances result in a model that accurately estimates route choice based upon 

constantly updated interpersonal value of time and other learned travel characteristics. 

1.2 Thesis Structure 

The remainder of the thesis is structured in this manner: Previous work will be 

explained via an in depth literature review of previous methodologies on learning 

route choice models and approaches for calculating value of time as well as other 

GPS travel surveys. The toll road that is so essential to this research will be described 
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including the aspects that necessitated its use. The GPS survey that was implemented 

will be explained in depth from the inception of the pilot survey, to participant 

acquisition and selection, GPS specification, calibration, data management and finally 

coding measures used for analysis. This includes a walk-through of the website 

created to gain information on all participants as well as implement an independent 

traditional travel diary throughout the GPS survey. The calculation of value of time 

will be thoroughly examined and results on the average value of time including 

variations of value of time will be given. Changes of value of time will be shown 

within person and across person. The search and decision rules derived from machine 

learning algorithms and their impact on why users decide to change route are 

explained. Finally, the thesis is concluded with a summary of research done and what 

future work can be done using these approaches.  
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Chapter 2: Literature Review 

This literature review covers three general fields related to this work: the positive 

behavior route choice modeling approach used in the search and decision modules, 

the value of time calculation needed for the VOT module, and finally a review of 

other GPS survey data and how they have been used in positive behavior modeling 

and VOT calculation.  

2.1 Learning Route Choice Modeling: 

The route choice learning model began with Horowitz (1984) using the assumption 

that perceived travel time was a function of the travel times in the past. The work was 

based on a two link system, much like the one explored in this work, where the two 

routes are the toll and non-toll route option. In general, three scenarios were 

developed from this work: 1) the perceived travel time is an average of real travel 

time on both routes, 2) perceived travel time (real time plus an error) average on both 

routes and 3) perceived travel time on the chosen route only. The problem with this 

approach however, is that in circumstances 1 and 2, a pre-existing knowledge of the 

network and actual travel times (whether perceived or true), must be known. Scenario 

number 3 is difficult to use however, seeing as it is difficult to estimate a perceived 

travel time for individuals.  

Simulation models have used learning models similar to those derived in Horowitz 

(1984) to simulate individuals. Ben-Akiva (1991) and Emmerink (1995) have lead 

this research in route learning models under the assumption that users update their 
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knowledge based upon travel experience. Both use a form of utility maximization for 

the selection of route based on previous knowledge.  

Nakayema (2001) simulated this learning process as well, but with a different set of 

rules. The route choice is either based upon experience based on a limited number of 

past days, or experience based on all past trips. This is the first research done in the 

field that showed that the user’s route choice is not rational and an imperfect choice 

can be made based upon past experiences. Arentze and Timmermans (2005) make 

further contributions by showing that individuals make observations about their 

current trip that will increase their knowledge of the environment and subsequently 

have an impact on later trips.   

Finally, the upcoming work is based off of a system derived by Zhang (2006) in 

which search rules are represented via a decision tree generated from survey data (in 

this work, based on real world GPS data), which determines what alternative is 

considered. If another alternative is considered, another decision tree is implemented 

in order to decide whether the user will use this alternative.  

2.2 Value of Time Estimation Review: 

Traditionally, value of time determinations are computed using some form of 

multinomial logit model. Using the utility model V, the calculated value of time is 

shown as: 

 

                                                                      (1) 
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Where TT is travel time, and TC is travel cost. This value will be reduced to the cost 

and time coefficients ( / ), which gives the marginal utility of increase by one 

unit in travel-time and cost. Recently work has been done to further the calculation of 

value of time through more complex models such as nested logit and generalized 

extreme value models. This work chooses to move away from these models to form a 

day-to-day calculation of value of time.  

Traditional value of time calculations are performed not with GPS data, but with 

some combination of RP and SP datasets. Small et al. (2005) has looked at similar 

issues of calculating value of time dependent upon toll road use but with revealed and 

stated preference data as opposed to the GPS data used in this study. Like his 

previous work, the calculation of value of time is derived through mixed logit 

modeling through the division of the time coefficient by the cost coefficient. Cirillo & 

Axhausen (2006) looked into the possibility of a negative value of travel time savings 

using the German Mobidrive study (including 160 households and 360 individuals) in 

a 6 week period. The Mobidrive study included an extensive daily travel diary that 

focused on every aspect of an individual and household’s travel. Hess, Bierlaire, and  

Polak (2005) have extensively research current issues in discrete choice modeling of 

travel-time savings. Including in the issues is the non-zero probability of positive 

travel-time coefficients.  

 The advantage of using longitudinal GPS data is that it is possible to easily isolate 

the individual user’s value of time, as well as see the progression of the estimation as 

more travel behavior is taken into account, trip routes stabilize, and route information 
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is learned by the user. Also, since all data is real world, it would not be possible to 

generate a negative value of time using the longitudinal value of time cap method.  

Value of time calculations have existed for several decades, starting with traditional 

logit models. GPS based surveys have begun to replace more traditional phone or 

paper travel surveys, with their advantages clearly noted. However, GPS data has not 

been used for the calculation of individual user’s value of time.  

2.3 GPS Survey Review: 

Similar GPS studies to the Maryland study have looked into the idea of commute 

route choice. In phase I the Commute Atlanta project collected data on 182 drivers for 

a period of ten days and attempted to describe real world travel via a binary logit 

model of commuter’s route choice. Findings showed an increase in multiple routes 

from increased arrival time flexibility. Also, an increase in idle stops may increase 

number of routes, with average speed increases reducing trip routes. (Li et al, 2005). 

In Phase II, 130 participants had car chips installed in their car for one year to track 

time, speed, distance, but is unable to track vehicle location. Using this dataset an in 

depth research was done on VMT changes due to a distance-based congestion pricing 

scheme. Changes to demographics such as income, household structure, work status, 

home location, and vehicle ownership changes were recorded and their impact to 

VMT was measured. While advancing the state of the art practice in GPS longitudinal 

study, the Commute Atlanta datasets have yet to be used in a value of time 

calculation.  

The Microsoft Company has also looked into using real world GPS data with a large 

scale GPS study. Their 700 GPS device dataset has been used to build a system in 
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which GPS points are aggregated to build a dependable road network, predict vehicle 

location, investigate location privacy, and determine mode choice. They did not 

collect travel information such as toll cost however, as would be necessary for value 

of time calculations. 
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Chapter 3: Data 

In this section, the entire scale of the GPS survey conducted for this research will be 

explained. All data used in this research was acquired through the GPS survey 

spanning from October 2011 to February 2012. The breakdown of the section will be: 

-The ICC toll road 

-Pilot Survey 

-GPS device selection 

-Postcard and Email Campaign 

-Website Design 

-Survey Design 

-Respondent Sampling 

-GPS mailing and returns 

-Online Travel Diaries 

-Data analysis 

-Survey Statistics 

For ease of reading all forms sent out to participants with instructions on GPS 

installation and online trip diary example are in the appendix section B. 

 

3.1 The ICC Toll Road 

MD-200, also known as the InterCounty Connector (ICC), is the first all-electronic 

toll road to be implemented in the state of Maryland.  All tolls are collected at 

highway speeds using the EZPass and Video Toll Rate systems. This means there is 
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no delay in accessing the roadway for users.  With the EZPass device in your car, you 

simply drive on the roadway as you would any other road in the area. The ICC 

opened on November 22
nd

 connecting I-270 to I-95, with an additional segment 

planned to reach US-1 in 2014.  

 

Figure 2: ICC toll road map 

For practical application, the roadway was broken down into 6 sections for use in this 

research. The first section (in yellow) connecting I-270 and Shady Grove is a free to 

drive facility, and was not considered in this research. The light blue portion (east) is 

to be added in 2014 and was, of course, not included. Due to the nature of the 

research as related to learning and knowledge base of the user, it was extremely 

important to acquire the user’s base knowledge of the network before the roadway 

was to be opened and begin tolling. The start date of the GPS survey was 

implemented on November 16
th

, giving ample opportunity for the individual 
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participants to drive on the network before the new road was opened. It should also be 

noted that at no time were participants told to alter their travel behavior, nor would 

they be rewarded for travel on the ICC; the GPS survey simply wanted to capture the 

behavior of road users in the area.   

3.2 Pilot Survey 

The pilot survey was used to determine the feasibility of a large scale survey in every 

aspect; response rate, data collection, man hours, total time, etc.  The framework for 

the pilot survey follows the full scale survey except for some small changes that were 

made after the data received from the pilot. The pilot survey lasted 2 weeks with 20 

participants.  

While examples of website pages are given, to get a full view of the website, please 

visit http://travel-survey.org/ for the main site, and http://travel-survey.org/gps for the 

travel diary. 

3.3 GPS Device 

The GPS device was decided upon before the start of the project. Previously the 

research team had worked with the QSTARZ 1000XT which worked well. It has a 

running battery life of 42 hours after two hours of charging with more than acceptable 

accuracy. The cost of each device is approximately $80 including shipping costs. 

With the device continually plugged into participants’ cars the device will stay 

charged permanently. Even if the car is not used for 42 straight hours, the device will 

switch into sleep mode which drastically conserves battery life. The GPS will record 

at an interval of one minute.  Using this interval we achieve a number of things. The 

http://travel-survey.org/
http://travel-survey.org/gps
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data collected is able to be used successfully in determining origins and destinations. 

The maximum for this interval for determining destinations is two minutes, since 

stops can be conducted in less than this amount of time. The lower the time interval, 

the more dependable the data will be. Since the GPS survey lasts for a period of two 

months, the one minute time interval was selected. At this rate, if the car is driven 

continuously for two straight months, the GPS device will be able to record every 

data point. While the interval could be set to a lower level, and probably collect all 

data for the individual, it was decided to err on the side of caution in case of a near 

constant use situation for some participants.  

Each GPS device is set to this time interval specification and given a unique identifier 

for each unique individual. After each device has been manually formatted and 

charged they are ready to be shipped to participants acquired through the postcard and 

email campaign.   

3.4 Postcard and E-mail Campaign 

The postcard and E-mail campaign is used in order to get participants for the travel 

survey. The main purpose of this campaign is to get people to go to the travel survey 

website and fill out the initial participation form for full participation. 
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Figure 3: Front side of postcard 

 

Figure 4: Back side of postcard 

The target area was the communities encased in the I270-MD200-I495-I95 area. This 

is in both Montgomery and Prince George’s County. This area was considered to be 

the location where most of the users of the new toll road would live, and would allow 

us the largest viable participation. The postcard campaign was sent to 22,000 
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households. Of the 22,000 postcards sent, there were 893 registrations on the website 

for a response rate of about 4% 

 

While the email campaign was originally used in the pilot survey, the response rate 

was so low that it was not used for the full scale study. The response rates for the 

pilot survey email campaign are as follows: 

Table 2: Email campaign tracking report numbers 

Metric  Total  Rate        

Sent Messages  1000  100%        

Received 

Messages  

895  89.50%        

Total Bounces  69  6.90%        

Soft Bounces  5  0.50%        

Hard Bounces  64  6.40%        

Undelivered  36  3.60%        

Metric  Total  Total Rate  Unique  Unique Rate  
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Opens  23  2.57%  22  2.46%  

ClickThroughs  13  1.45%  12  1.34%  

Unsubscribes  1  0.11%  1  0.11%  

 

Of the 1000 emails sent out, 22 individuals opened the email to read it and only 8 

registered to take part in the online survey. The registration rate for the email 

campaign comes to 0.8% compared to the 4% level of the postcard survey. Even 

when considering the lower cost of the email campaign per person, it was still not a 

feasible option.  

 

Figure 5: Email sent to individuals in the project area 
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 Sent out to residents of Prince Georges County, Montgomery County, and The 

District of Columbia. 

 Mainly focuses on getting residents to go onto the website. 

 Financial incentives included in order to increase response rate. 

3.5 Website Design 

The website is an extremely important aspect of the travel survey because we focus 

all possible participants to this location. In order to get people to go from receiving a 

postcard to participating in our GPS survey, the website must be easy to operate and 

understand. In this section a breakdown of each page will be shown and how it is 

designed to get users to participate. If viewing this document via electronic means, 

please visit travel-survey.org to view the website. 

On each page there is a button that can be selected to take them to the participation 

page. From there they can fill out the initial form to allow us to contact them. The 

main page of the website gives a small blurb about why travel surveys are important 

as well as remind them of the monetary benefit of taking part in the survey. Also 

included on every page is a link back to the homepage, a link to the Maryland State 

Highway Administration (SHA), the Federal Highway Administration (FHWA), and 

a link to the University of Maryland (UMD) Website.  

An FAQ page and contact information page are also included in case people are 

confused as to how to participate; we can help them along with the process. These 

buttons are available on every page except when filling out the participation form.  



 

 21 

 

Finally, if they want to learn more about the Inter County Connector (ICC), they can 

access the ICC main page by clicking on the “About the ICC” link shown on every 

page, except for pages including forms.  

 

Figure 6: Front page of the survey website 
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3.6 Survey Design 

In this section the initial participation form will be explained. This form is used to get 

basic demographic and driving behavior information so that we can contact the 

participants after the respondent sampling portion. The demographic information is 

used for participant selection, and in later steps of the research is also used in the 

learning algorithms for the creation of search and decision rules.  

This form is actually three separate forms: one for people who received the postcard, 

one for people who received an email from us, and one for those that found our 

website by another means. The purpose of having these different forms is for 

gathering slightly different information from these three groups. For example, those 

who got our postcard, we already have their mailing address, so it is not necessary to 

ask that information again. We try to ask as few questions as possible. In this way we 

maximize the amount of responses we get by making the survey less invasive. Below 

is the opening participation form screen: 

 



 

 23 

 

 

Figure 7: Participation page to start the survey 

 

Based upon which of the three buttons they click, it will take them to that form.  

Once the questions have started, all other links to tech support, financial supports, and 

participation are dropped so that people will not leave this page. The only thing left 

on the page is the questionnaire and the links to UMD, SHA, and FHWA.  
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The first page includes a series of demographic questions so that respondents can be 

selected for full participation and used for later analysis. Also, we gain a little 

knowledge about their travel patterns by asking about frequent roads taken and how 

likely they are to take the ICC.  
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Figure 8: Participation form first page 
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Figure 9: Participation form second page 

The final page includes contact information. While users may choose to not fill out 

certain sections of this page, an error message comes up to make sure they meant to 

leave these sections blank. The section for email is mandatory however, as it serves 

two purposes: it allows us to contact them for the GPS portion of the survey and it is 

used for an instant follow-up email notifying that their submission was successful.  

3.7 Respondent Sampling 

Once information is gained on travel behavior and demographics, the participants for 

the GPS portion can then be chosen. Participants are selected in order to gain a 

representative sample of the surrounding area. Demographics considered are: Sex, 

Age, Household Income, and Education level (Appendix). While not a demographic 

measure, we also check that each person has a driver’s license and amount of average 



 

 27 

 

driving per day. This is to ensure that each participant will be supplying the project 

with data and not simply sitting at one location not moving.  

 

Figure 10: Example of participation form results 

A stratified random sampling procedure was used in order to create a sample that 

matches demographics for the area closely. While participants were selected based 

upon demographic information to give the most representative sample, a bias towards 

over-education and high income does occur. To view the participation demographics 

compared to those of the surrounding area, please go to Appendix C:  

 

3.8 GPS Mailing  

Each package included the GPS device, instructions on use and the GPS charger. The 

devices were sent out roughly 5 days before the opening of the ICC to make sure that 

data was collected first of their case driving behavior. After the survey period was 

over (2 months) each participant received a preaddressed prepaid shipping label to be 
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sent back to the University of Maryland. The participant simply puts the GPS device 

back in the box and drops it off at any FedEx location.   

 

3.9 Travel Survey 

The travel survey is an extremely important part of the GPS survey. It is the only link 

between the raw data from the GPS device and the actual user travel patterns. The 

online survey was designed to include all the pertinent travel information while being 

simple to fill out. On the first page the user inputs their name and the date for which 

they are filling out the form. This is used to link to the GPS received from the 

participant. Then, the next series of pages are all nearly identical, asking for 

information on a single trip for the day. If the user has more trips for that day, they 

are prompted to click the continue button, or if they are finished recording all their 

trips, they can finish by clicking submit. It is simple, yet provides us with time, trip 

purpose, travel mode, and exact location.  
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Figure 11: Travel Survey First Page 
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Figure 12: Travel Survey Second Page 

While this information can be used to validate the GPS data, the daily trip diary was 

not used in this Value of Time calculation research. 

3.10 GPS Data Checking 

The final step in the pilot study is to upload and check the data to make sure that each 

device has been functioning properly. In a two-step process, this can be down fairly 

simply. First, open up the data in an excel file to make sure the data points are 

available. Then, using a geospatial tool (using GeoStats’ TravTime software), make 

sure the data points don’t show huge error in data location. 
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Figure 13: An example of data error. 

Clearly this data is not valid seeing as it occurs on a different continent and some of 

the trip occurs over water. While this has occurred, the failure rate for these devices is 

about 5% and is bearable for the full scale survey.  
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Figure 14: Correct data as recorded by the GPS device. 

 

Above is an example of data when it correctly represents user location. Shown is a 

relatively long term trip from Maryland to Delaware. When zooming in (below), you 

can see the exact route taken by the traveler. 
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Figure 15: Zoom in of long distance trip 

Once and individual dataset is checked for accuracy, it is saved to the operating 

computer and the server for backup. After all data is checked for accuracy, of the 263 

original participants, a total of 218 usable datasets are available for analysis.  



 

 34 

 

3.11 Data Analysis 

3.11.1. Data Excluded from the Analysis 

The GPS dataset is an integral component to this research topic. The reason why it 

has been difficult to determine the value of time using real word GPS data, is that the 

type of dataset necessary for this type of work has not been widely available.  

The GPS devices were received in the first week of February. The devices were 

checked for robust data, and compared to the online trip diary to insure viability. 

After these steps were complete, a usable dataset of 218 participants was established. 

However, for this research, only participants who took the toll road during the survey 

period are usable in the calculation of value of time due to the methodology 

established. Of the 218 viable participants, 113 took the new toll road at some time in 

the 70 day trial period. Due to the fact that learning behavior is necessary for the 

value of time calculation, only participants who took the toll road for a pre-existing or 

redundant trip origin and destinations (only for trips that have occurred or will occur 

without the toll road) . After participants were removed that only took the toll road for 

unique trips, 58 individual’s datasets were viable, and included in the value of time 

analysis. 

3.11.2 GPS Data Processing 

For all data processing efforts, the VBA code developed to take the raw data into the 

format used for this research’s in depth analysis is included in the Appendix (section 

8) This includes code to 1. Convert raw GPS points into a trip format giving basic 

variables on individual trips, 2. Creating a unique O/D and route identifier for each 
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trip that is unique to the user, 3. Converting latitude longitude distances into route 

distances, 4. Calculate toll cost per trip via GIS roadway network. 

The GPS dataset assigned a recording interval of 1 minute per data point. This 

interval has been used consistently in previous studies. The first step is to calculate 

the trip ends and hence origin destination points for each trip. A trip was determined 

as any series of points that had a velocity greater than 0 miles per hour, for more than 

three consecutive minutes. This definition of a trip is consistent with multiple 

previous studies (Wolf 2000). A number of trip statistics is calculated on the trip 

level, with travel time and distance amongst the most important for this study. This 

dataset of trips is loaded into GIS in order to get route and origin destination 

identifiers. After loading the US roadway network and creating a new shapefile and 

buffer for the toll road (ICC), a new variable for location of each point is created. 

Using this relative location to the toll road, a cost can be calculated dependent upon 

the time of day and number of points on the ICC. Using a code and the cost matrix 

provided by the Maryland State Highway Administration, a toll cost by trip can be 

calculated.  
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Figure 16: Inter County Connector Toll Structure 
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3.12 Toll Cost 

The GPS’ logger recording interval is once per minute. Due to the fact that the 

shortest segment of the toll road is over two miles, it is not possible for the GPS 

logger to miss a segment and not record it. The GPS points were uploaded into a GIS 

environment and given a variable for each segment of the ICC that the individual 

points lie on. For each trip, these totals were added up and an accurate representation 

of the ICC route activity is achieved. Dependent upon which segments are used on 

the trip and time of day, the cost is looked up from the above cost matrix and 

allocated to the trip appropriately.  

 

Figure 17: ICC roadway without GPS points in 6 segments 

 

Figure 18: ICC roadway close up shown with GPS points 
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A separate code was written in order to create a unique origin destination identifier in 

order to group the trips with similar characteristics for modeling. The importance of 

this step is that a dataset with similar trip characteristics can be used in order to get a 

realistic change of behavior for the same trip over a period of time. To compare trips 

without the same origin and destination does not make logical sense, as a person’s 

route availability (toll road availability) changes drastically.  

The final dataset for this analysis includes 58 individual participants for 925 trips. 

This averages about 16 trips per individual. These are not necessarily the same 

origin/destination for all of a single individual’s trips, but include only 

origin/destination trips that have the ICC toll road as a feasible option. In this way a 

dataset is created in which the user’s travel patterns are uniform for all recorded trips, 

as well as being uniformly viable to a tolled trip; the bias for infeasibility of a route 

choice is essentially removed. The next section will show a step by step methodology 

for the calculation of daily value of time. 
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Chapter 4: Innovative Methodology for Value of Time 

Calculation 

The objective of this module is to derive value of time based upon data collected in a 

real world environment. It is also imperative that this calculation of value of time be 

based upon real world information about the transportation network as well as the 

perceived costs and benefits from the interaction users have with their network.  

Keeping these objectives in mind, a methodology was developed in order to use real 

world data to create an adaptive learning system from the road network and 

individual driving behavior. Using GPS data, we look at how an individual travels for 

a normal origin destination pair, and infer what the user perceives about this trip. This 

information includes trip duration and cost. Keeping a catalog of back trips, 

individuals are able to make some assessment about their upcoming trip and what the 

anticipated time and cost will likely be. What this research does, is calculate these 

perceptions about their normal travel behavior, and calculate the individual’s value of 

time dependent upon changes to their decision.  

The way that this is done is by breaking down travel behavior into two categories: 

days in which an optional toll road was taken, and days in which an optional toll road 

was not taken.  An individual user’s perception of these two route types are recorded 

on a daily basis dependent upon previous trip information. Over time, the user has 

knowledge of both the toll and non-toll road, including time and cost. It can logically 

be deduced that, as an individual takes a toll road for a particular day, their value of 

time is the difference of perceived travel time for non-toll road to toll road travel 
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time, divided by the cost difference between the two trips. This is the amount the user 

was willing to pay in order to reduce his travel time, based on the information that the 

user has at his/her disposal (previous knowledge). On days in which the user decided 

to take a toll road, the value estimated must be the minimum value of time for that 

day, due to the fact that the user was willing to pay at least that price, and it cannot be 

known whether or not they would have been willing to pay more. A day in which a 

user decided against taking the toll road, the value of time calculated must be a 

maximum, because they decided against paying the price in order to reduce travel 

time, and it is not known at what price they would have decided to reduce travel time 

for.  Using many days’ decisions, with constant updates to travel time and cost using 

real world GPS data, a picture of the average travel time for the user as well as 

variation in their day-to-day travel time can be developed.  

4.1 Estimating Value of Time and Its Variation 

This module in the positive behavior modeling approach is a separate portion that is 

calculated iteratively and based upon the knowledge that each individual possesses.  

While each individual’s knowledge is positive (as opposed to normative), the value of 

time is calculated from their real world travel behavior and not based upon subjective 

beliefs.  

For each individual, the toll road is a viable option for their normal travel. All 

participants who we have deemed toll roads unviable have been removed from the 

dataset. Take the next dataset as a short example of the calculation for a user’s value 

of time for one origin/destination pair. The methodology will be explained step by 

step for this mock dataset:  



 

 41 

 

Table 3: VOT Calculation Example 

Day Toll 

Road 

Trip 

Duration 

(min.) 

Toll 

Cost  

Average Trip 

Duration 

(ICC) 

Average 

Trip 

Duration 

(no ICC) 

Value of Time 

Cap 

Value of Time 

Floor 

Day1 No 47 $0  47 N/A N/A 

Day2 No 52 $0  49.5 N/A N/A 

Day3 Yes 36 $3.20 36   $14.22 

Day4 No 45 $0  48 $16.00  

Day5 Yes 35 $3.20 35.5   $15.36 

 

 Day 1: For the first day of the origin/destination pair, the user is setting a 

standard for travel (by either taking the toll road, or taking the non-toll road). 

The average travel time for that route is recorded and the average trip duration 

is calculated. For the first day, the average trip will always be equal to the 

travel time for that day. For this day, the value of time cannot be calculated 

since there is no alternative route to base the change of behavior on. 

 Day 2: The trip type is noted and the average trip duration is calculated once 

again. Since this trip is again taking place on the non-toll road, the trip 

duration is averaged with the previous day’s trip duration. Again, the value of 

time cap cannot be calculated because there has yet to be a different route 

taken.  
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 Day 3: This is the first day in which the user has decided to take the alternate 

route. Similar to previous days, the average trip duration is calculated for that 

route. Since this is the first day in which this route is taken, the average trip 

duration will always be equal to the trip duration for that day. The calculation 

for value of time can now begin. For days in which the toll road is taken, the 

theory behind the Value of Time calculation is: The difference in money spent 

from toll to non-toll roads, versus the time savings for the individual trip. This 

is calculated by the difference in average time from toll to non-toll roads, 

multiplied by the cost for that individual trip. Calculation : (60/(49.5-

36))*3.20 = $14.22/hour. This is the minimum value of time for that user for 

that day, since we know that they would be willing to at least pay this price, 

and possibly more.  

 Day 4: The user now switches back to the non-toll road route option. The 

averages trip durations are updated for the non-toll road option. The value of 

time is calculated slightly differently than before. In this step the value of time 

is calculated as the time ‘paid’ in order to save monetary cost. The average 

trip duration for toll road is subtracted from the non-toll option (48 minutes-36 

minutes) then multiplied by what the user would have had to pay in order to 

reduce their travel time ($3.20). The final value of time maximum for the day 

is thus (60/(48-36))*$3.2 = $16.00/hour. Contrary to the previous step, this is 

the maximum value of time for that user for that day, since they were 

unwilling to pay this value for the savings in time.  
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 Day 5: Once the average trip duration is updated for the toll road route option, 

the calculation method is identical to Day 3 using the updated average trip 

duration for non-toll road option from Day 4. Calculation: (60/(48-35.5))*3.20 

= $15.36/hour. 

As the value of time for the participant is calculated day by day, the overall value of 

time fluctuates to take into account the high value of time caps for days in which toll 

roads were used. Over a span of multiple days for multiple origin/destination pairs, 

these caps create a more trustworthy estimation for a singular value of time. The final 

value of time for each participant is calculated by averaging the value of time for each 

day in which it has been calculated (in this example, days 3, 4, and 5) 

4.2 A note on possible negative value of times: 

Using this methodology, it should be noted that many individuals would therefore 

have a supposed negative value of time. This can occur for a multitude of reasons.  

1) The simplest case, for which this can occur, is that there was a small anomaly 

in the travel conditions for that day. A day in which a person decides to take 

the ICC may have a traffic accident along the route, increasing the travel time 

for the trip and thus creating a negative value of time for that trip. Since the 

previous day would most likely have a lower cost as well as travel time, and 

this user has decided on the other trip, this would calculate a negative value of 

time. Over the course of all trips for all OD’s for the users, this small number 

of anomaly negative value of times should be countered by a much larger 

number of positive value of times. 



 

 44 

 

2) The individual may take a chance on the ICC toll road to hopefully reduce 

travel time with true evidence or knowledge of a reduced travel time. In this 

calculation approach, this will result in a negative value of time for that day.  

Seeing as the rest of the individual’s travel days are theoretically choice less 

(can not reduce travel time via toll road), the value of time remains negative. 

These trips are noted and removed from the calculation of value of time and 

averages for the remainder of the data. 

3) The value of time can be calculated as negative using this approach while the 

toll road continues to be revisited, while still being logical from the point of 

view from the individual. These instances are hard to identify, as it is not clear 

as to why these choices are continually made. However, a situation can be 

feasibly understood if the main deciding factors for the individual and their 

route choice is not time or money. The individual could be deciding on trip 

routes dependent upon congestion for the day, or late departure from the 

origin location. Until more is known about each individual trip, and why some 

users decided to continue to pay a toll in order to increase their travel time, 

these explanations cannot be made. It may also be theoretically possible that 

some users have a negative value of time, but more reasonably, prefer to take 

the ICC toll road due to low congestion levels.  

 

Below is an example of an individual who continues to take the toll road even 

though the cost is between $1.10 and $2.20 per trip and the average trip time 

is 5 minutes longer for ICC trips. This is a trip in which the individual takes 
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16 different times from the same origin to the same destination first taken on 

December 5
th

 2011, with the last trip occurring on February 2
nd

 2012. 

 

 

Figure 19: Negative Value of Time calculation 

4.3 Results 

The results section will cover VOT estimations in regards to both interpersonal and 

intrapersonal variation. The portion on intrapersonal variation will explore day-to-day 

changes of the user’s value of time and how real world decisions impacted this 

change. The interpersonal results portion will aggregate all VOT estimations and 

show the distribution of these values across all participants for the entire survey 

period.  
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4.3.1 Day-to Day Variation of VOT within the Same Individual: 

It is important to note the variation in day-to-day value of time, and in rare cases, 

small changes can be seen in the same day. Take the example below for a single 

participant (ID 39). 

 

Figure 20: Individual participant value of time by day and trip OD 

 

Looking at the day-to-day variation, it is interesting to view the results in this split 

manner. For this trip, the user’s value of time is noticeably higher, with a rather 

uniform smattering of ICC trips. The variations of value of time are interesting to this 

individual, not only due to the uniform use of the ICC throughout the survey period, 

but the clear jumps in value of time. This occurs because the user decided upon not 

only the binary choice of whether or not to use the toll road, but also by what length 
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of roadway to use, therefore changing his cost and time savings. The roadway is 

broken into 5 tolled sections (as shown in figure 2). On the first three toll days (days 

12, 26 and 36), the user took 3 segments of the road for 7.8 miles at the cost of $1.55. 

However, we can see the drop-off in value of time on day 39, because the user 

decided to take only one section of the toll road for 2.24 miles at the cost of $0.50. 

The user then decides on another switch to their route choice on the toll road. On day 

45, the user takes 4 segments of the ICC for 10.1 miles at a cost of $2.10. Finally, for 

the last two ICC trips, the user returns to the same route as the first 3 trips with his 3 

segment, $1.55 cent approach.  

It is a fair assumption to say that this is a normal commute trip for participant #39, 

and dependent upon personal situations, their value of time is different from day-to-

day, willing to pay more for decreased travel time.  

The valuable aspect of GPS data is that we are able to tell the exact travel pattern of 

an individual and visualize their decision making. Below, it is shown the progression 

of toll road routes the participant used in order to more accurately mold time and cost 

to their real world value of time.  
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Figure 21: Days12,26,36,53,57: Three segemts, $1.55 

 

Figure 22: Day 39: One segment, $0.50 
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Figure 23: Day 45: Four segments, $2.10 

This result helps to illustrate the complex choices individuals make with respect to 

value of time that cannot be evaluated using more traditional methods, that are 

possible with GPS based calculation of value of time. 

4.3.2 Variation of VOT Across Individuals 

The examples, methodology and results within the individual have shown VOT caps 

and floors on the day to day basis. In this section, results will be aggregated, and a 

single value of time will be given to each participant in the GPS survey. Under 

optimal roadway conditions, and perfectly rational behavior with no change in day-to-

day VOT, these caps and floors will result in a regimentally narrowing window in 

which the individual user’s value of time will lie. However, due to the possibility of 

roadway congestion, changes in user preferences, and logical behavior, it is possible 

that a cap for VOT is lower than a floor on a different day. The way the results are 

handled therefor, is that for each value of time estimation shown in this section, it will 

be calculated using the average of all floors and caps for the individual.  
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Results show a wide range of individual values of time. They range from a near 

complete unwillingness to pay for travel time reduction at $0.34/hour, up to 

27.3$/hour, for the highest value of time in the survey.  The reason why these results 

are intriguing is due to the nature of the methodology; the use of real world 

longitudinal GPS data gives a level of accuracy to value of time estimation that could 

not previously be achieved. The graph below shows the value of time per individual.  

  

Figure 24: Full dataset Value of Time averages vs. their coefficient of variation 

Included with the average value of time over all trips is the coefficient of variation 

amongst those trips. This is quantified as the standard deviation divided by the mean 
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of all trips. IT is evident that those individuals with the lowest value of time tend to 

have the highest coefficient of variation. This is most likely due to the fact that they 

rarely take a trip on the toll road, having a usually low value of time, but in an 

instance when the toll road is taken, the variation is increased greatly as compared to 

the mean.   

 

 

Figure 25: Value of Time Frequency 

The distribution of value of time shows the low value for most participants in the 

survey. The largest group is willing to pay between zero and five dollars for a 

reduction in one hour of travel time.  Each subsequent price range reduction accounts 

for a smaller amount of individuals. The average value of time for all individuals is 

$8.34 per hour. This is a rather low value of time when comparing it to previous 

papers studying value of time with different methodologies. The reasoning for the 

low value of time estimations can be due to the fact that these are not necessarily 
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commute trips, making the VOT lower, but this would be purely speculative. While 

these values are low, they are based upon real world decisions made by users and 

accurately reflect the user’s true value of time. 

 

Figure 26: Value of Time Cumulative Distribution Function 

The cumulative distribution function shows similar results to the probability 

distribution previously. The majority of values (% 60) lie below the $7/hour mark. 

20% of all participants’ value of time averaged over $15/hour.  

4.4 Comparison with previous VOT estimates 

Keeping in mind the major difference in approach for calculating value of time 

between this study and other studies that use mixed logit models, it is important to 

study the validity of the results provided in this work. Three different models are used 

to show the fluctuating estimations for value of time. Reasoning for the difference in 
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value of time may very well be the difference in datasets used in the different models. 

For example: Small et al.’s (2005) model primarily dealt with commute trips, whereas 

Cirillo and Axhausen (2006), Hess et al.(2005) and Zhang and Krause (2012) don’t 

necessarily look at commute trips. Of course, the present study is the only one which 

implements real world GPS data, whereas others deal with RP, SP, or simulated data. 

 

Table 4: Comparison of Value of Time Estimations 

Modeler Model Data Value of Time 

Small et al. 2005 Mixed Logit RP/SP Data 21.46$ 

Hess, Bierlaire, Polak 

2005 

Mixed Logit Simulated Data Shows wide range in 

VTTS estimation 

Cirillo and Axhausen, 

2006 

Mode Choice, Mixed 

logit 

SP Data 12$ 

 

Present Study: 

Krause, 2012 

VOT Cap procedure GPS Longitudinal  $8.34 

It should also be noted, that this calculation does not strictly consider commute trips. 

The theoretical value of time for an individual taking a commute trip should be higher 

than that of an individual who is not necessarily taking a commute trip. Small et al 

(2005) used a dataset primarily for commute trips. 
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Chapter 5: Determination of Heuristics for Route Choice 

Behavior 
 

The calculation of Value of Time has been thoroughly explained using the updating 

travel experience of individuals. While the theoretical model has been explored, each 

module in the positive behavior model has not been studied in depth. In this section 

the two modules for explaining the user’s search and route decision making behavior 

will be analyzed. The If-Then rule set for each will show the series of heuristics that 

each individual goes through with their knowledge in order to make a decision. The 

data set used is the same used for calculation in the VOT module. All updates made 

from the VOT module are kept in the knowledge base, so the VOT estimation can be 

used in the heuristics for determining search and decision rules. Keep in mind that 

only trips that have already occurred are included in the individual’s knowledge base, 

and can therefore be used for the days’ search and decision rule heuristics. 

Information about upcoming trips cannot be taken into account.  

The heuristics were determined using the WEKA machine learning software. The 

JRip algorithm was used to select rules and trim the total rule set to a manageable and 

optimal level. The full list of variables included in both rule sets as well as the 

classification method and confusion matrices are shown in Appendix D (page 89). 

 

5.1 Search Rules   

 First, a classification of what a search implies must be described. If the 

individual does not change routes for the entire duration of the travel survey, then one 
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can assume that all searching for alternative routes has stopped. If for instance, an 

individual takes the same commute trip for 22 days during the trial period and makes 

5 switches in the first 15 days, but thereafter does not make any switches in route 

choice, then it can be said that that individual is no longer searching for an alternative 

route. For a trip to classify as including a search, some future trip for the same origin 

destination pair must be of a different route than the current route identifier.  The only 

exception to this rule is if the individual makes regular switches to their route up until 

the ending of the travel survey. Since the survey ends at a relatively arbitrary time, it 

would not be correct to deem any trip at or near the end of the survey as not searching 

(since there would be no later trips with a differing route). Instead, any trip that is 

within the last 4 trips of the end of the survey, and the user was otherwise searching 

for alternative trips up until that point, those trips are also deemed searching trips. 

Reverting back to the theoretical framework, it can be followed to show the impact of 

the searching module. If the user decides to search for an alternative route, then the 

next module (decision rules) will occur. If the user decides against searching, then 

repetitive behavior takes over, travel is experienced, information is learned, and 

knowledge is updated for the next iteration.  

These rule sets explain 89% of search versus non-search behavior. Using previously 

calculated VOT estimations from the VOT calculation Module, the user’s knowledge 

base, as well as demographic variables is used. Below is an explanation of all 

variables included in the rule set followed by the rules themselves, and an in depth 

explanation of each is finally given. 

Variables explained: 
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 d_VOT: this is the difference between calculated value of time from the 

previous two days of the individual as calculated by the Value of Time 

module explained in previous chapters. When viewing a negative number, it 

does not necessarily mean that the user has a lower value of time, but rather 

that their value of time has decreased over the previous 2 trips. For example if 

on day 1 their calculated VOT is 25$/hour and day 2 the VOT is calculated at 

10$/hour then the d_VOT for all days after day 2 before another trip on that 

route is taken will be -15. 

 Distance on ICC: the distance, in miles, required to drive on the ICC for that 

selected route. 

 Value of time: The most recent estimation of value of time for the participant 

prior to that travel day as calculated by the Value of time calculation module.  

 Yesterday trip: 0 if trip was normal, 1 if trip was ICC, route for previous 

travel day. 

 No_ICC_TIME: The average time for all trips previously traveled on the same 

OD that were not toll road trips.  

 Sex: Gender of the participant. 

 Average time combined: The average time for all trips previously traveled for 

the same OD. (Includes ICC and non-ICC trips). 

Below are the search rules. If any one of these rules is true for the individual trip, then 

the user will not search for an alternative route: 

1.  d_VOT >= -16.5 and distance_on_icc <= 7.72 and 

value_of_time_true <=5.5 and yesterday_trip = no ICC 



 

 57 

 

2.  -6.1<= d_VOT <= 4.6 and Age >= 58  

3.  ICC_trip_distance_percent <= 5% and no_icc_time <= 64.1 

4.  Sex = Female and 1.5>=d_VOT >= -1.2 and distance_on_icc >= 

10.1 

5.  20.3=< average_time_combined <= 22.4 and Age <= 31 

Then stop searching for alternative route. Else If; continue search. 

 

Rule Set Explanation: 

1. If the user has a low value of time (less than 5.5$/hour) and the value of time 

estimation has been decreasing (d_VOT>=-16.5) and the previous day was driven on 

the non-toll road route, if the distance is low on the ICC, searching will cease. 

(Correct 112 out of 128 times). 

2. If the change in value of time is relatively stable (between 4.6 and -6.1$/hour 

change from the last two days) and the individual is greater than 58 years old, the 

searching ceases. (Correct 35 out of 41 times). 

3. If the trip distance is less than 5% of the total trip length and the travel time for the 

non-ICC option is less than 64 minutes, then cease searching. (Correct 24 of 24 

times). 

4. Like other similar rules, if the VOT change stabilizes (-1.2$/hour to +1.5$/hour) 

and the distance on ICC is high, and the participant is female, then searching ceases. 

(Correct 13 of 14 times). 
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5. If the user is below 31 years old, and the average trip time has stabilized (20.8 - 

22.5) then searching will cease. (Correct 12 of 13 times). 

 

Else if; continue searching. (Correct 728 of 778 times). 

 

The overarching theme for a majority of these rules shows that once the user’s value 

of time has stabilized (rules 1, 2, &4) that the user will stop searching. Also, when the 

average time for the route is roughly 20 minutes, then the user is satisfied with the 

route chosen, and tends to stop searching as well.  As for the rule that is slightly 

different from the others (rule 3), it shows that if the toll road portion of the trip is a 

very low percent of the trip, the users tend to believe that it is not worth taking if the 

trip is long. This set of rules show that it is feasible to estimate when the user is open 

to alternative routes at a relatively high level of accuracy. 

Now that there is some reasoning behind the searching behavior of users, we will 

move on to the route decision rules to see how they differ from searching.  

5.2 Route Decision Rules 

Once an individual has decided to search for the alternative route, they must 

determine whether or not they will switch to the alternative route. If they decide to 

switch routes, based upon knowledge thus far accumulated, then travel is experienced 

and information is learned and knowledge is updated. The way that it is calculated 

was previously shown, with the constantly updating average of time and cost for the 

individual O/D and route.  



 

 59 

 

The rules shown below are based upon both socio-economic and trip data from 

previous days. In the same manner that the value of time calculations are based upon 

the knowledge database of the user, these rules are based upon the same knowledge 

base. However, when calculating value of time, the only factors that are necessary are 

the time and cost per trip. When using the knowledge base for decision and search 

rules, more information is used for each trip, such as speed and distance. Also, while 

not in the knowledge base, or rather, not intrinsic to their knowledge base is 

socioeconomic variables which are also used in the rule set. To be considered are all 

variables collected in the initial participation online survey: 

- Age 

- Income 

- Gender 

- Education 

This does not necessarily mean that these variables are significant for the individual 

travel behavior and are not used to determine route decision rules.  

There may also be some impact of time of day on switching to opposite routes. The 

travel times were broken down into three segments: Peak, Off-Peak, and Night time. 

For instance, if a user usually takes a normal route which is a non-toll facility, and the 

current day’s travel is during the peak time, it may be less likely for the individual to 

switch to a toll road during the peak time due to the increased cost of the toll facility. 

It may also be more likely that an individual with high income is more likely to use 

the toll road during peak time because the relative savings in travel time for cost in a 

congested area during peak congestion time. These are some intuitive impacts of 
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recorded variables in the GPS data, however, the rules derived using the JRip learning 

algorithm do not deem time and income as important factors for route choice. It is 

important to note however, that these variables are considered, but simply are not 

significant in the user’s choice. The variables that had the most explanatory power 

can be viewed in the rule set below. For a full set of considered variables, please visit 

the raw model outputs section of the Appendix (D).  

Rules: These rules explain 80.2% of the route decisions by participants in the 70 day 

survey. Based on information learned through previous day’s travel, these rules were 

determined to be the most explanatory in deciding upon trip route. The learning 

program JRip was used to determine the heuristics based upon its’ pruning function to 

limit the rules necessary to explain the largest amount of behavior. Variables in this 

rules set include:  

 Age (age of the participant in years),  

 ICC_savings (this is calculated as the amount of time the user believes they 

will save by taking the ICC. This is not necessarily based upon real world 

travel experience if the user has yet to take the ICC for that route. If the ICC 

has not be taken on that route previously, the time savings is calculated by 

calculating the new time based on a free flow speed on the stretch of roadway 

that will be used for the ICC added to the average speed for the remainder of 

the trip), 

 ICC% (the percent of the trip that will need to be taken on the ICC in order to 

arrive at the destination. For example, a trip that is 10 miles in total, and 5 

miles are on the ICC will have an ICC% value of .5), 



 

 61 

 

 Distance_ICC (the distance traveled on the ICC),  

 Distance (average distance for that OD for that user),  

 Yesterday Speed (the average speed of the user’s trip from the previous day). 

Rules for Choosing ICC route: 

1. If Age <= 37 & ICC_savings >12 minutes & ICC%<.85  

2. Or Distance_ICC >7.8 miles & Age <= 42 & .53<ICC%<.67 

3. Or Distance>31 miles & ICC%>.24 

4. Yesterday Speed< 10 miles/hour & ICC_savings<-14 minutes 

5. ICC_savings>31 minutes & Distance>8.6 miles & Cost>=$0.8 

 Then choose ICC. Else if; choose non-ICC route.  

Each rule is explained in depth: 

1. If the user’s age is below 37 years, and they believe that they can save 12 

minutes on their route by taking the ICC and the ICC portion of the trip will 

not take more than 85% of the total trip length, then they decide on the ICC 

for that trip. (Correct 49 of 52 times). This seems to show that relatively 

younger participants, when their experience says that there will be a time 

savings with ICC, are highly likely to take the ICC route. 

2. If the distance of the trip requires an ICC portion longer than 7.8 miles, the 

user is less than 43 years old, and the ICC portion makes up between 53 and 

67% of the total trip length, then the ICC is taken. (Correct 18 out of 18 

times).  Again this shows that if the distance is reasonable, and the percent of 
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the trip taken on the ICC is right, then the toll road will be taken for relatively 

younger individuals. 

3. If the trip length is greater than 31 miles and the ICC will take at least 24% of 

the trip length, then take the ICC. (Correct 30 out of 36 times). This is a rule 

not dependent upon learned behavior, (the only one of the rule set), which 

basically says that if the route is over a certain distance, and at least 24% of 

that trip can be on the ICC, then the ICC will be used.  

4. If yesterday’s trip has an average speed of less than 10 miles per hour and the 

user believes that they will spend more time on the ICC by 14 minutes than 

their alternative route, they will take the ICC. (Correct 7 out of 7 times). This 

is an extremely interesting rule derived from a relatively low number of 

selected routes (7).  IT shows that learned behavior is very important to their 

selection of routes for that day. Even with an assumed loss of 14 minutes on 

their trip, participants were willing to take the ICC route to increase their 

average speed. To some individuals, it shows that their travel speed is more 

important to their travel time.  

5. If the user believes they can save 31 or more minutes on a trip whose distance 

is greater than 8.6, and involves the segments to the west of route 650, or 

includes more than one route (due to the toll cost), then the ICC trip is taken. 

(Correct 15 of 16 times). This is the only rule that takes into account toll cost 

(as a form of segment location), which shows that rather than wanting to limit 

cost, cost is mostly a function of route desirability, and will only take the toll 

road if the location of the route takes the correct segments. This could show 
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that the routes to the east of 650 have a lower desirability for users who are 

attempting to save travel time while maximizing distance.  

 

Else If; Take non-ICC route option. (Correct 805 of 949 times). 

It should be noted that the single most explanatory variable when choosing between 

toll and non-toll road routes, age is the most important factor.  

The variables with the highest impact on route decision (deciding between toll and 

non-toll road) ranked from most important to least are: 

1. Age 

2. Distance traveled on ICC 

3. Total Trip Distance 

4. Cost of ICC toll 

5. Time of trip on ICC 

6. Change in value of time from previous days 

7. Average speed of trip off of ICC 

8. Change in time of trips compared to previous trips 

9. Is the first trip of the GPS survey for that O/D pair 

Age is a remarkably good identifier however, almost surprisingly. For participants 

under the age of 35, 63% of all trips in the dataset are taken on the ICC. Over the age 

of 35, 24% of trips are taken on the ICC.  The remainder of the variables with the 

greatest impact on route selection tend to make more intuitive sense, with distance 

traveled on ICC being next highest, followed by Total Trip Distance and Cost of the 

toll.  
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Using this rule set it is possible to determine the likelihood that an individual will 

take the ICC toll road. As an application, the rules can be useful in policy analysis in 

order to optimize toll road ridership levels. It is also important to understand why 

users take the toll road and these rules could even be used in the future to design a 

new toll road system.  

The next section will conclude the thesis by reviewing the research contributions 

accomplished and explore further applications of this research work for the future.
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Chapter 6:  Conclusions 

The value of time calculation module has taken an in depth look at the way in which 

value of time has been calculated previously. In so doing, current methods of discrete 

choice analysis were compared to the new approach of using real world longitudinal 

GPS survey data to calculate individual value of time dependent upon day to day 

route choice. The GPS dataset was explored and how this new dataset is uniquely 

built for the work at hand. Using a method in which the value of time is incrementally 

capped and averaged based upon route choice, an estimation of the individual user’s 

value of time is calculated. Based on information from previous days’ travel, and the 

decisions made regarding cost and route for the current day, a reliable value of time 

estimation can be calculated for a span of several days and weeks. With the ability to 

gain insight on learned behavior and view their impacts of decisions made day–to-

day, intricacies can be viewed that were previously hidden. This is evident when 

viewing the individual’s data that changed the length and cost of toll road to take 

based upon cost and time preferences for that day. The unique combination of very 

accurate GPS data with trip learning behavior has led to a new, promising dimension 

of value of time calculation. The aggregate data also shows merit when compared to 

more traditional VOT calculation methods. Due to the large variability of value of 

time between participants, it can be said that a strict value of time calculation or 

distribution for multiple individuals in the realm of logit models may not be realistic 

in real world environments.  

Some future work also has promising application in this field of real world VOT 

calculation. Using demographic information, as well as more in depth trip 
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characteristics, it may be possible to explain why the user’s value of time is changing. 

Information such as this can be a valuable addition to current and future policy 

decisions, especially in implementing toll cost structures for new toll roads.  

Moving on to the theoretical framework of iterative learning, we can see that it is an 

important step in understanding the process that an individual takes in determining 

their route decisions based upon price and time for trips. While the accuracy of the 

rules is a rather low 80%, this is expected since the rules are based upon over 50 

individuals’ behaviors that are anything but uniform.  If a longer survey was 

performed that looked at similar data for a singular participant, a set of rules can be 

derived that has a higher level of accuracy than those derived here. Many aspects of 

the model can be seen as important advances. The variables that continue to play a 

major part in the rules shown are that of time, cost, value of time, and duration of trip. 

Clearly, these are important factors in which people decide on route from previous 

day’s travel experience. If, for example, the route taken on the previous day was the 

non-toll road route, and the travel time was greater than the previous days’ average 

travel time, the likelihood that the individual will switch to the toll road route is 

greater. Also, surprisingly, the only socio-demographic that was ultimately included 

in the rule set was that of Age and Gender. Income and Education did not impact the 

individual’s decision making process on the large scale. This may be largely due to 

the fact that those that frequented the ICC route and therefor had it as a viable option 

already have a high income that does not have much variation. This is the same with 

high education levels.  This can also be seen in the Appendix which shows the 

breakdown of Education and Income as compared to the surrounding area. This is an 
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inherent bias in the selection of individuals and could have caused a bias in the rule 

set. 

This thesis has looked at a multistep and varying approach to understand individual’s 

value of time using the first only GPS longitudinal dataset to do so. First, an in-depth 

look at the collection process for the dataset was shown. The methodology for data 

acquisition ranged from website and survey design, participant selection, data 

acquisition, and final data processing. Through the process of Value of Time capping 

procedures, a value of time estimation is derived for all individuals who have the toll 

road as a viable option for travel. Using the individual’s travel patterns as a choice 

system for their value of time, estimations are derived day-to-day dependent upon 

their choice made. Furthering this work, the iterative learning framework is used as a 

means to better understand the information gained by the user from their day-to-day 

travel. Using the choices that the individual has made, heuristics were derived for 

their searching and deciding on their routes for normal travel dependent upon trip 

duration and cost. Learning about individual’s choices and how they are impacted by 

cost and time has helped to further study the true value of time by individual. Using 

the approaches derived from this thesis, the derivation of value of time becomes a 

more solid basis with the use of real world longitudinal GPS data.  

Using this approach, we are now not only able to calculate a real value of time for 

each individual on a daily basis, but also have a better understanding of why these 

decisions are made with the positive behavior approach. For the first time, theories 

can be adopted as to why a negative value of time can seemingly occur by viewing 

rules that emphasize other importances over time and cost (such as speed, and 
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comfort, familiarity, etc…). This research has continued to build upon a pre-existing 

framework for travel behavior analysis that now uses real world GPS data to explain 

travel decisions in the positive behavior approach. 
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Appendices 

Appendix A: Data processing code (VBA) 

Raw data to trip format: 
 

Sub check() 

Dim original As Worksheet 

Dim a As Long 

Dim b As Integer 

Dim OD As Worksheet 

Set original = ActiveWorkbook.Sheets("Input") 

Set OD = ActiveWorkbook.Sheets("Output") 

a = 3 

b = 2 

While a < 50000 

   ' If original.Cells(i, 2).Value - 0.001 > original.Cells(i + 1, 2).Value Or original.Cells(i, 2).Value + 0.001 < 

original.Cells(i + 1, 2).Value Or original.Cells(i, 4).Value - 0.001 > original.Cells(i + 1, 4).Value Or 

original.Cells(i, 4).Value + 0.001 < original.Cells(i + 1, 4).Value Then 

     If original.Cells(a, 8).Value > 1 Or original.Cells(a - 1, 8).Value > 1 Or original.Cells(a - 2, 8).Value > 1 

Then 

    OD.Cells(b, 2).Value = original.Cells(a, 2).Value 

    OD.Cells(b, 3).Value = original.Cells(a, 4).Value 

    OD.Cells(b, 4).Value = original.Cells(a, 6).Value 

    OD.Cells(b, 5).Value = original.Cells(a, 7).Value 

    OD.Cells(b, 6).Value = original.Cells(a, 8).Value 

    OD.Cells(b, 7).Value = original.Cells(a, 9).Value 

    OD.Cells(b, 1).Value = original.Cells(a, 13).Value 
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    b = b + 1 

    End If 

    a = a + 1 

Wend 

'Dim original As Worksheet 

Dim i As Integer 

Dim j As Long 

Dim k As Integer 

Dim m As Double 

Dim n As Double 

Dim p As Integer 

Dim q As Integer 

Dim Z As Integer 

'Dim OD As Worksheet 

'Set original = ActiveWorkbook.Sheets("Input") 

'Set OD = ActiveWorkbook.Sheets("Output") 

Set Var = ActiveWorkbook.Sheets("Set") 

lLoop = 1 

i = 1 

'iteration 

j = 3 

'row 

k = 0 

'#turns 

m = 0 

'distance 

n = o 
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'summed distance 

p = 0 

'number of gps points per trip 

q = 0 

'number of stops on trip 

Z = 2 

'sheet 3 counter 

While i < 5000 

                                If Abs(OD.Cells(j, 7).Value - OD.Cells(j - 1, 7).Value) > 90 And Abs(OD.Cells(j, 7).Value 

- OD.Cells(j - 1, 7).Value) < 270 Then 

                                k = k + 1 

                                'check heading at each data point, if greater than 90 degrees, count turn integer' 

                                End If 

        n = n + m 

        m = Sqr((OD.Cells(j, 2).Value - OD.Cells(j - 1, 2).Value) ^ 2 + (OD.Cells(j, 3).Value - OD.Cells(j - 1, 

3).Value) ^ 2) 

        'calculates algebraic distance based upon lat long data' 

        OD.Cells(j - 1, 9).Value = m 

        'point to point distance'  

                        If OD.Cells(j - 1, 6).Value < 1 Then 

                        q = q + 1 

                        End If      

        p = p + 1 

        'iterates time counter'   

                    If Abs(OD.Cells(j, 4).Value - OD.Cells(j - 1, 4).Value) > 200 And OD.Cells(j - 1, 17).Value <> 

59 Then 

                     'if the vehicle stops for more than 2 minutes then...' 
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                        Var.Cells(Z, 2).Value = OD.Cells(j - p, 2) 

                        Var.Cells(Z, 3).Value = OD.Cells(j - p, 3) 

                        Var.Cells(Z, 4).Value = OD.Cells(j - 1, 2) 

                        Var.Cells(Z, 5).Value = OD.Cells(j - 1, 3) 

                     OD.Cells(j - 1, 8).Value = "Stop" 

                     'Destination of trip 

                     OD.Cells(j - 1, 14).Value = p - 1 

                     'inputs travel time for that trip 

                     OD.Cells(j, 8).Value = Abs(OD.Cells(j, 4).Value - OD.Cells(j - 1, 4).Value) 

                    'Soak time from the end of one trip to the start of the other' 

                    OD.Cells(j - 1, 12).Value = k 

                    'number of turns over 90 degrees taken on this trip 

                    OD.Cells(j - 1, 10).Value = n 

                    'prints summed distances by trip' 

                    OD.Cells(j - 1, 13).Value = q   

                    'prints summed stops by trip' 

                    'Var.Cells(Z, 9).Value = OD.Cells(j - 1, 4).Value - OD.Cells(j - p, 4).Value 

                     'inputs travel time for that trip 

                    'Var.Cells(Z, 6).Value = k 

                    'number of turns over 90 degrees taken on this trip 

                   ' Var.Cells(Z, 7).Value = n 

                    'prints summed distances by trip' 

                    'Var.Cells(Z, 8).Value = q 

                    'prints summed stops by trip' 

                        lLoop = lLoop + 1 

                    k = 0 

                    n = 0 
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                    m = 0 

                    p = 0 

                    q = 0 

                    'resets counters 

                    Z = Z + 1 

                    End If 

    j = j + 1 

    i = i + 1 

    'iterates counter and row' 

Wend 

End Sub 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Create unique OD identifiers 
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Sub Trip() 

  

    Dim i As Long 

    Dim j As Long 

    Dim r As Range 

    Dim T As Worksheet 

    Dim C As Worksheet 

    Set C = ActiveWorkbook.Sheets("Cost") 

    Set T = ActiveWorkbook.Sheets("Trip") 

  

   ' Dim Olat As String 

   ' Dim Olong As String 

   ' Dim DLat As String 

   ' Dim DLong As String 

     

    i = 1 

    j = 1 

     

    Set r = Range("B2:E122") 

    While i < 300 

        If C.Cells(i, 27).Value < 1 Then 

            While j < 300 

                If Abs(r.Cells(i, 1) - r.Cells(i + j, 1)) < 0.003 And Abs(r.Cells(i, 2) - r.Cells(i + j, 2)) < 0.003 

And Abs(r.Cells(i, 3) - r.Cells(i + j, 3)) < 0.003 And Abs(r.Cells(i, 4) - r.Cells(i + j, 4)) < 0.003 Then 

                 C.Cells(i + j + 1, 27).Value = n 

                 C.Cells(i + 1, 27).Value = n 

                End If 
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                 If Abs(r.Cells(i, 1) - r.Cells(i + j, 3)) < 0.003 And Abs(r.Cells(i, 2) - r.Cells(i + j, 4)) < 0.003 

And Abs(r.Cells(i, 3) - r.Cells(i + j, 1)) < 0.003 And Abs(r.Cells(i, 4) - r.Cells(i + j, 2)) < 0.003 Then 

                 C.Cells(i + 1, 27).Value = n 

                 C.Cells(i + j + 1, 27).Value = n 

                 End If 

                  

                  If Abs(r.Cells(i, 1) - r.Cells(i + 2, 3)) < 0.003 And Abs(r.Cells(i, 2) - r.Cells(i + 2, 4)) < 

0.003 And Abs(r.Cells(i, 3) - r.Cells(i + 1, 1)) < 0.003 And Abs(r.Cells(i, 4) - r.Cells(i + 1, 2)) < 0.003 

Then 

                    C.Cells(i + 1, 27).Value = n 

                    C.Cells(i + 2, 27).Value = n 

                    C.Cells(i + 3, 27).Value = n 

                  End If 

            j = j + 1 

            n = n + 1 

            Wend 

            j = 1 

        End If 

        i = i + 1 

        n = n + 1 

    Wend 

     

End Sub 

 

Sub Trip() 

    Dim q As Integer 

    Dim i As Long 

    Dim j As Long 
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    Dim r As Range 

    Dim n As Long 

    Dim k As Long 

    Dim T As Worksheet 

    Dim C As Worksheet 

    Set T = ActiveWorkbook.Sheets("Cost") 

    Set C = ActiveWorkbook.Sheets("Trip") 

  

   ' Dim Olat As String 

   ' Dim Olong As String 

   ' Dim DLat As String 

   ' Dim DLong As String 

    q = 0 

    i = 1 

    j = 1 

    k = 2 

     

    While k < 30000 

    While C.Cells(k, 1) - C.Cells(k + 1, 1) = 0 

    Set r = Range("B2:E29080") 

   ' While i < 300 

        If C.Cells(i, 27).Value < 1 Then 

            While j < 300 

                If Abs(r.Cells(i, 1) - r.Cells(i + j, 1)) < 0.003 And Abs(r.Cells(i, 2) - r.Cells(i + j, 2)) < 0.003 

And Abs(r.Cells(i, 3) - r.Cells(i + j, 3)) < 0.003 And Abs(r.Cells(i, 4) - r.Cells(i + j, 4)) < 0.003 Then 

                    If C.Cells(i + j + 1, 27).Value < 1 Then 

                        C.Cells(i + j + 1, 27).Value = n 

                        q = q + 1 
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                    End If 

                    If C.Cells(i + 1, 27).Value < 1 Then 

                        C.Cells(i + 1, 27).Value = n 

                        q = q + 1 

                    End If 

                End If 

                 

                 If Abs(r.Cells(i, 1) - r.Cells(i + j, 3)) < 0.003 And Abs(r.Cells(i, 2) - r.Cells(i + j, 4)) < 0.003 

And Abs(r.Cells(i, 3) - r.Cells(i + j, 1)) < 0.003 And Abs(r.Cells(i, 4) - r.Cells(i + j, 2)) < 0.003 Then 

                    If C.Cells(i + 1, 27).Value < 1 Then 

                        C.Cells(i + 1, 27).Value = n 

                    q = q + 1 

                    End If 

                    If C.Cells(i + j + 1, 27).Value < 1 Then 

                         C.Cells(i + j + 1, 27).Value = n 

                    q = q + 1 

                    End If 

                 End If 

                  

                  If Abs(r.Cells(i, 1) - r.Cells(i + 2, 3)) < 0.003 And Abs(r.Cells(i, 2) - r.Cells(i + 2, 4)) < 

0.003 And Abs(r.Cells(i, 3) - r.Cells(i + 1, 1)) < 0.003 And Abs(r.Cells(i, 4) - r.Cells(i + 1, 2)) < 0.003 

Then 

                     If C.Cells(i + 1, 27).Value < 1 Then 

                     C.Cells(i + 1, 27).Value = n 

                     q = q + 1 

                     End If 

                     If C.Cells(i + 2, 27).Value < 1 Then 

                     C.Cells(i + 2, 27).Value = n 
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                     q = q + 1 

                     End If 

                     If C.Cells(i + 3, 27).Value < 1 Then 

                     C.Cells(i + 3, 27).Value = n 

                     q = q + 1 

                     End If 

                   ' C.Cells(i + 2, 27).Value = n 

                   ' C.Cells(i + 3, 27).Value = n 

                  End If 

            j = j + 1 

            'n = n + 1 

            Wend 

            j = 1 

        End If 

        C.Cells(i + 1, 28).Value = q 

        i = i + 1 

        k = k + 1 

        n = n + 1 

        q = 0 

    'Wend 

     

    'i = 1 

    'j = 1 

   Wend 

    k = k + 1 

Wend 

 

End Sub 
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Converting Lat/Long to distance: 
Sub NHTS() 

Dim i  As Long 
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Dim l1 As String 

Dim l2 As String 

Set A = ActiveWorkbook.Sheets("A") 

i = 80000 

l1 = 0.68059 

l2 = 1.342265 

While i < 200000 

'If A.Cells(i - 1, 1).Value <> A.Cells(i, 1).Value Then 

 ' l1 = A.Cells(i, 16).Value 

 ' l2 = A.Cells(i, 17).Value 

'End If 

A.Cells(i, 26).Value = Application.Acos(Sin(l1) * Sin(A.Cells(i, 16).Value) + Cos(l1) * Cos(A.Cells(i, 

16).Value) * Cos(A.Cells(i, 17).Value - l2)) * 3963.1676 

'i = i + 1 

If A.Cells(i + 1, 1).Value <> A.Cells(i, 1).Value Then 

  l1 = A.Cells(i + 1, 16).Value 

  l2 = A.Cells(i + 1, 17).Value 

End If 

i = i + 1 

Wend 

End Sub 

 

 

 

Generating toll cost: 
Sub Cost() 

 

Dim i As Long 
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Dim j As Long 

Dim e As Integer 

Dim f As Integer 

Dim h As Integer 

Dim k As Integer 

Dim m As Integer 

Dim x As Integer 

Dim A As Worksheet 

Dim C As Worksheet 

Set C = ActiveWorkbook.Sheets("Cost") 

Set A = ActiveWorkbook.Sheets("After_full") 

i = 2 

j = 2 

e = 0 

f = 0 

g = 0 

h = 0 

k = 0 

x = 0 

m = 0 

 

While j < 872338 

 

     

        If A.Cells(j, 18).Value = 1 Then 

        d = 1 

         

        End If 
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        If A.Cells(j, 19).Value = 1 Then 

        e = 1 

        End If 

         

        If A.Cells(j, 20).Value = 1 Then 

        f = 1 

         

        End If 

         

        If A.Cells(j, 21).Value = 1 Then 

        g = 1 

        End If 

         

        If A.Cells(j, 22).Value = 1 Then 

        h = 1 

         

        End If 

    

        If A.Cells(j, 23).Value = 1 Then 

        k = 1 

        End If 

         

        'check weekends and holidays' 

        If A.Cells(j, 5).Value = 101211 Or A.Cells(j, 5).Value = 111211 Or A.Cells(j, 5).Value = 171211 

Or A.Cells(j, 5).Value = 181211 Or A.Cells(j, 5).Value = 241211 Or A.Cells(j, 5).Value = 251211 Or 

A.Cells(j, 5).Value = 261211 Or A.Cells(j, 5).Value = 311211 Or A.Cells(j, 5).Value = 10112 Or 

A.Cells(j, 5).Value = 20112 Or A.Cells(j, 5).Value = 70112 Or A.Cells(j, 5).Value = 80112 Or 
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A.Cells(j, 5).Value = 140112 Or A.Cells(j, 5).Value = 150112 Or A.Cells(j, 5).Value = 210112 Or 

A.Cells(j, 5).Value = 220112 Or A.Cells(j, 5).Value = 280112 Or A.Cells(j, 5).Value = 290112 Or 

A.Cells(j, 5).Value = 40212 Or A.Cells(j, 5).Value = 50212 Or A.Cells(j, 5).Value = 110212 Or 

A.Cells(j, 5).Value = 120212 Or A.Cells(j, 5).Value = 180212 Or A.Cells(j, 5).Value = 160112 Then 

        m = 1 

    End If 

     

    If A.Cells(j, 10).Value > 0 Then 

     

     

     

    '97 to 182' 

        If f = 1 Then 

         If A.Cells(j, 25) = 1 Then 

         x = 1 

          C.Cells(i, 12) = 0.6 

          End If 

          If A.Cells(j, 26) = 1 Or m = 1 Then 

          x = 2 

          C.Cells(i, 12) = 0.5 

          End If 

          If A.Cells(j, 27) = 1 Then 

          x = 3 

          C.Cells(i, 12) = 0.4 

          End If 

        End If 

         

         '650 to 29' 
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         If h = 1 Then 

         If A.Cells(j, 25) = 1 Then 

         x = 1 

          C.Cells(i, 12) = 0.65 

          End If 

          If A.Cells(j, 26) = 1 Or m = 1 Then 

          x = 2 

          C.Cells(i, 12) = 0.55 

          End If 

          If A.Cells(j, 27) = 1 Then 

          x = 3 

          C.Cells(i, 12) = 0.4 

          End If 

        End If 

         

        '29 to 95' 

    If k = 1 Then 

         If A.Cells(j, 25) = 1 Then 

         x = 1 

          C.Cells(i, 12) = 0.7 

          End If 

          If A.Cells(j, 26) = 1 Or m = 1 Then 

          x = 2 

          C.Cells(i, 12) = 0.55 

          End If 

          If A.Cells(j, 27) = 1 Then 

          x = 3 

          C.Cells(i, 12) = 0.4 
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          End If 

        End If 

         

        '182 to 650' 

    If g = 1 Then 

         If A.Cells(j, 25) = 1 Then 

         x = 1 

          C.Cells(i, 12) = 0.75 

          End If 

          If A.Cells(j, 26) = 1 Or m = 1 Then 

          x = 2 

          C.Cells(i, 12) = 0.6 

          End If 

          If A.Cells(j, 27) = 1 Then 

          x = 3 

          C.Cells(i, 12) = 0.4 

          End If 

        End If 

         

         '97 to 650' 

    If f = 1 And g = 1 Then 

         If A.Cells(j, 25) = 1 Then 

         x = 1 

          C.Cells(i, 12) = 1.3 

          End If 

          If A.Cells(j, 26) = 1 Or m = 1 Then 

          x = 2 

          C.Cells(i, 12) = 1.05 
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          End If 

          If A.Cells(j, 27) = 1 Then 

          x = 3 

          C.Cells(i, 12) = 0.55 

          End If 

        End If 

         

        '182 to 29' 

    If g = 1 And h = 1 Then 

         If A.Cells(j, 25) = 1 Then 

         x = 1 

          C.Cells(i, 12) = 1.35 

          End If 

          If A.Cells(j, 26) = 1 Or m = 1 Then 

          x = 2 

          C.Cells(i, 12) = 1.1 

          End If 

          If A.Cells(j, 27) = 1 Then 

          x = 3 

          C.Cells(i, 12) = 0.55 

          End If 

        End If 

         

          '650 to 95' 

    If h = 1 And k = 1 Then 

         If A.Cells(j, 25) = 1 Then 

         x = 1 

          C.Cells(i, 12) = 1.35 
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          End If 

          If A.Cells(j, 26) = 1 Or m = 1 Then 

          x = 2 

          C.Cells(i, 12) = 1.05 

          End If 

          If A.Cells(j, 27) = 1 Then 

          x = 3 

          C.Cells(i, 12) = 0.55 

          End If 

        End If 

     

    '370 to 97' 

        If e = 1 Then 

         If A.Cells(j, 25) = 1 Then 

         x = 1 

          C.Cells(i, 12) = 1.45 

          End If 

          If A.Cells(j, 26) = 1 Or m = 1 Then 

          x = 2 

          C.Cells(i, 12) = 1.15 

          End If 

          If A.Cells(j, 27) = 1 Then 

          x = 3 

          C.Cells(i, 12) = 0.6 

          End If 

        End If 

         

         '97 to 29' 
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    If f = 1 And h = 1 Then 

         If A.Cells(j, 25) = 1 Then 

         x = 1 

          C.Cells(i, 12) = 1.95 

          End If 

          If A.Cells(j, 26) = 1 Or m = 1 Then 

          x = 2 

          C.Cells(i, 12) = 1.55 

          End If 

          If A.Cells(j, 27) = 1 Then 

          x = 3 

          C.Cells(i, 12) = 0.8 

          End If 

        End If 

         

          '370 to 182' 

        If e = 1 And f = 1 Then 

         If A.Cells(j, 25) = 1 Then 

         x = 1 

          C.Cells(i, 12) = 2 

          End If 

          If A.Cells(j, 26) = 1 Or m = 1 Then 

          x = 2 

          C.Cells(i, 12) = 1.6 

          End If 

          If A.Cells(j, 27) = 1 Then 

          x = 3 

          C.Cells(i, 12) = 0.8 
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          End If 

        End If 

    '182 to 95' 

    If g = 1 And k = 1 Then 

         If A.Cells(j, 25) = 1 Then 

         x = 1 

          C.Cells(i, 12) = 2.05 

          End If 

          If A.Cells(j, 26) = 1 Or m = 1 Then 

          x = 2 

          C.Cells(i, 12) = 1.65 

          End If 

          If A.Cells(j, 27) = 1 Then 

          x = 3 

          C.Cells(i, 12) = 0.85 

          End If 

        End If 

         

        '97 to 95' 

    If f = 1 And k = 1 Then 

         If A.Cells(j, 25) = 1 Then 

         x = 1 

          C.Cells(i, 12) = 2.6 

          End If 

          If A.Cells(j, 26) = 1 Or m = 1 Then 

          x = 2 

          C.Cells(i, 12) = 2.1 

          End If 
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          If A.Cells(j, 27) = 1 Then 

          x = 3 

          C.Cells(i, 12) = 1.05 

          End If 

        End If 

         

          '370 to 650' 

        If e = 1 And g = 1 Then 

         If A.Cells(j, 25) = 1 Then 

         x = 1 

          C.Cells(i, 12) = 2.7 

          End If 

          If A.Cells(j, 26) = 1 Or m = 1 Then 

          x = 2 

          C.Cells(i, 12) = 2.2 

          End If 

          If A.Cells(j, 27) = 1 Then 

          x = 3 

          C.Cells(i, 12) = 1.1 

          End If 

        End If 

          '370 to 29' 

        If e = 1 And h = 1 Then 

         If A.Cells(j, 25) = 1 Then 

         x = 1 

          C.Cells(i, 12) = 3.35 

          End If 

          If A.Cells(j, 26) = 1 Or m = 1 Then 
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          x = 2 

          C.Cells(i, 12) = 2.7 

          End If 

          If A.Cells(j, 27) = 1 Then 

          x = 3 

          C.Cells(i, 12) = 1.35 

          End If 

        End If 

          '370 to 97' 

        If e = 1 And k = 1 Then 

         If A.Cells(j, 25) = 1 Then 

         x = 1 

          C.Cells(i, 12) = 4 

          End If 

          If A.Cells(j, 26) = 1 Or m = 1 Then 

          x = 2 

          C.Cells(i, 12) = 3.2 

          End If 

          If A.Cells(j, 27) = 1 Then 

          x = 3 

          C.Cells(i, 12) = 1.6 

          End If 

        End If 

    C.Cells(i, 1).Value = A.Cells(j, 1).Value 

    'OUT.Cells(i, 2) = LD.Cells(j, 2) 

    'OUT.Cells(i, 3) = LD.Cells(j, 3) 

    C.Cells(i, 2).Value = A.Cells(j, 2).Value 

    C.Cells(i, 3).Value = A.Cells(j, 15).Value 
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    C.Cells(i, 21).Value = A.Cells(j - (A.Cells(j, 14).Value), 2).Value 

    C.Cells(i, 22).Value = A.Cells(j - (A.Cells(j, 14).Value), 15).Value 

    'OUT.Cells(i, 6) = LD.Cells(j, 6) 

    'OUT.Cells(i, 7) = LD.Cells(j, 7) 

    'OUT.Cells(i, 8) = LD.Cells(j, 8) 

    'OUT.Cells(i, 9) = LD.Cells(j, 9) 

    C.Cells(i, 4).Value = A.Cells(j, 4).Value 

    'OUT.Cells(i, 11) = LD.Cells(j, 11) 

    C.Cells(i, 5).Value = A.Cells(j, 16).Value 

    C.Cells(i, 6).Value = A.Cells(j, 17).Value 

    C.Cells(i, 7).Value = A.Cells(j, 32).Value 

    C.Cells(i, 8).Value = A.Cells(j, 14).Value 

    C.Cells(i, 9).Value = x 

    C.Cells(i, 10).Value = m 

    C.Cells(i, 13).Value = e 

    C.Cells(i, 14).Value = f 

    C.Cells(i, 15).Value = g 

    C.Cells(i, 16).Value = h 

    C.Cells(i, 17).Value = k 

    C.Cells(i, 18).Value = A.Cells(j, 25).Value 

    C.Cells(i, 19).Value = A.Cells(j, 26).Value 

    C.Cells(i, 20).Value = A.Cells(j, 27).Value 

    i = i + 1 

    x = 0 

    e = 0 

    f = 0 

    g = 0 

    h = 0 
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    k = 0 

    End If 

 j = j + 1 

 m = 0 

 Wend 

End Sub 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Appendix B: GPS Forms and information mailed to survey 
participants: 

Travel Diary 

 

Travel Diary Example: 
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  This form is a simple example of how to fill out the travel survey. If you are having 

trouble understanding the layout or how to fill out the diary, please contact Cory 

Krause at ckrause@umd.edu with your questions. 

 

 First I input my name and for which day I am filling out the survey for. 

 

 

 

 

mailto:ckrause@umd.edu
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On the following page I fill out my first trip of the day: my drive to work. I leave at 8 

am and arrive at 8:30 am. I fill out the nearest intersection as well as the nearest 

landmark. Since I have another trip for the day, I click ‘NEXT’. 
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Here I fill out my trip to get lunch. I leave at 12 pm (noon) and arrive at my location 

at 12:15pm. I rode my bike there and it is classified as social/recreational. 

 

 

 

 

 

 



 

 97 

 

 

 

Shown above is my return trip from lunch. 
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And finally, my trip home for the day. If this is your last trip of the day, please click 

Submit to save the form.  

 

Again, if you have any questions, feel free to call or email me. Thank you for your 

help. 

 

Cory Krause 

Transportation Systems Research Lab 

University of Maryland 

ckrause@umd.edu 

301-852-3392 

 

mailto:ckrause@umd.edu
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GPS Installation 

 

GPS Installation Instructions 

Thank you for taking our online travel survey and taking part in the GPS portion of 

our project. This document will show you how to install the GPS device in your 

vehicle. If at any time you have a problem with the directions, don’t hesitate to email 

me at ckrause@umd.edu 

 

Step 1: Plug the car charger into the vehicle that you take on a regular basis (most 

used vehicle) via the cigarette lighter receptacle. 

 

 

Step 2: Insert the mini USB end of the car charger in the GPS port on the side of the 

device. 

mailto:ckrause@umd.edu
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Step3: Move the switch on the side of the GPS all the way to the left so that it is on 

the “LOG” section. 

 

 

Step 4: Drive normally and do not touch any of the buttons on the device during your 

travel survey period. When not driving, leave the device in the car, it will go into 

sleep mode after not moving for a few minutes. After the trial period is over, simply 

turn off the device, unplug it, and return using the shipping label we will have given 

you. 
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Step 5: Twice during the trial period, I will send you an email that asks you to 

validate your data. Please see the included document for an example of how to fill out 

the travel survey. 

 

 

Thanks again for your help, 

Cory Krause 

Transportation Systems Research 

University of Maryland 

ckrause@umd.edu 

301-852-3392 

 

 

 

 

 

 

 

 

 

 

 

 

mailto:ckrause@umd.edu


 

 102 

 

Return Shipping 

Return Shipment Instructions: 

 Fill out W-9 form 

 Put GPS device and charger in the box. (make sure the GPS device is turned 

off) 

 Sign Honorarium stating you participated in a Survey. Fill out all information 

including mailing address. 

 Sign and date the consent form 

 Take the return shipment label from inside the box and adhere it to the outside 

of the box.  You only need to fill out section 1 of the form (your address 

information). All other sections can be left blank or are already filled out.  

 Make sure that previous shipping labels are removed or covered by the new 

shipping label. 

 Ship the package from any FedEx location. (All shipping costs have been 

prepaid). 
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Appendix C, GPS Survey demographic information: 

Surrounding Area 
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Pilot Study Participants 
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Appendix D: Positive Model Raw Outputs 

Search rules 

 

=== Run information === 

 

Scheme:weka.classifiers.rules.JRip -F 3 -N 2.0 -O 2 -S 1 

Relation:     decision_switch_rules-weka.filters.unsupervised.attribute.Remove-R1,8-

weka.filters.unsupervised.attribute.Remove-R7-

weka.filters.unsupervised.attribute.Remove-R7,13,15-16-

weka.filters.unsupervised.attribute.Remove-R28-

weka.filters.unsupervised.attribute.Remove-R26-

weka.filters.unsupervised.attribute.Remove-R24-25-

weka.filters.unsupervised.attribute.Remove-R27-

weka.filters.unsupervised.attribute.Remove-R25-

weka.filters.unsupervised.attribute.Remove-R22-23-

weka.filters.unsupervised.attribute.Remove-R20 

Instances:    924 

Attributes:   27 

              Cost_Holiday 

              Peak 

              Off-Peak 

              Night 

              Age 

              Sex 

              d_time 
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              First_OD 

              d_distance 

              d_cost 

              d_VOT 

              average_time_combined 

              value_of_time_true 

              distance_on_icc 

              time_if_ICC 

              Distance 

              Cost 

              ICC_trip_distance_percent 

              yesterday_trip 

              yesterday_speed 

              Income 

              no_icc_time 

              No_icc_time 

              Icc_time 

              ICC_assumed_savings 

              Search 

              Segments 

Test mode:10-fold cross-validation 

 

=== Classifier model (full training set) === 
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JRIP rules: 

=========== 

 

1(d_VOT >= -16.5) and (distance_on_icc <= 7.72) and (value_of_time_true <= 5.5) 

and (yesterday_trip = 0) => Search=0 (112.0/16.0) 

2(d_VOT <= 4.6) and (Age >= 58) and (d_VOT >= -6.128571) => Search=0 

(35.0/6.0) 

3(ICC_trip_distance_percent <= 0.052018) and (no_icc_time <= 64.110921) => 

Search=0 (24.0/0.0) 

4(Sex = Female) and (d_VOT >= -1.185829) and (distance_on_icc >= 10.1) and 

(d_VOT <= 1.536147) => Search=0 (13.0/1.0) 

5(average_time_combined <= 22.444444) and (Age <= 31) and 

(average_time_combined >= 20.285714) => Search=0 (12.0/1.0) 

 => Search=1 (728.0/50.0) 

 

Number of Rules : 6 

 

Time taken to build model: 0.23 seconds 

 

=== Stratified cross-validation === 

=== Summary === 
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Correctly Classified Instances         816               88.3117 % 

Incorrectly Classified Instances       108               11.6883 % 

Kappa statistic                          0.6697 

Mean absolute error                      0.161  

Root mean squared error                  0.3204 

Relative absolute error                 44.0659 % 

Root relative squared error             74.9814 % 

Total Number of Instances              924      

 

=== Detailed Accuracy By Class === 

 

               TP Rate   FP Rate   Precision   Recall  F-Measure   ROC Area  Class 

                 0.712     0.063      0.782     0.712     0.745      0.83     0 

                 0.937     0.288      0.911     0.937     0.924      0.83     1 

Weighted Avg.    0.883     0.234      0.88      0.883     0.881      0.83  

 

=== Confusion Matrix === 

   a   b   <-- classified as 

 158  64 |   a = 0 

  44 658 |   b = 1 
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Route Decision rules: 

 

=== Run information === 

Scheme:weka.classifiers.rules.JRip -F 3 -N 2.0 -O 2 -S 1 

Relation:     decision_switch_rules-weka.filters.unsupervised.attribute.Remove-

R1,8,10,16-19,22,29-30,35,39-40-weka.filters.unsupervised.attribute.Remove-R21-

22-weka.filters.unsupervised.attribute.Remove-R21-

weka.filters.unsupervised.attribute.Remove-R23-24-

weka.filters.unsupervised.attribute.Remove-R22-

weka.filters.unsupervised.attribute.Remove-R19-

weka.filters.unsupervised.attribute.Remove-R13-

weka.filters.unsupervised.attribute.Remove-R10-

weka.filters.unsupervised.attribute.Remove-R10-

weka.filters.unsupervised.attribute.Remove-R8-10 

Instances:    924 

Attributes:   15 

              Cost_Holiday 

              Peak 

              Off-Peak 

              Night 

              Age 

              Sex 

              ICC 

              distance_on_icc 
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              Distance 

              Cost 

              ICC_trip_distance_percent 

              yesterday_trip 

              yesterday_speed 

              Income 

              ICC_assumed_savings 

Test mode:10-fold cross-validation 

 

=== Classifier model (full training set) === 

 

JRIP rules: 

=========== 

 

(Age <= 37) and (ICC_assumed_savings <= -11.978792) and 

(ICC_trip_distance_percent <= 0.859017) => ICC=1 (49.0/3.0) 

(distance_on_icc >= 7.86) and (Age <= 42) and (ICC_trip_distance_percent <= 

0.67612) and (ICC_trip_distance_percent >= 0.536169) => ICC=1 (18.0/0.0) 

(Distance >= 31.141895) and (ICC_trip_distance_percent >= 0.246393) => ICC=1 

(30.0/6.0) 

(yesterday_speed <= 0.188022) and (ICC_assumed_savings >= 14.079605) => 

ICC=1 (7.0/0.0) 
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(ICC_assumed_savings <= -31.226118) and (Distance >= 8.677326) and (Cost >= 

0.8) => ICC=1 (15.0/1.0) 

 => ICC=0 (805.0/144.0) 

 

Number of Rules : 6 

 

 

Time taken to build model: 0.12 seconds 

 

=== Stratified cross-validation === 

=== Summary === 

 

Correctly Classified Instances         741               80.1948 % 

Incorrectly Classified Instances       183               19.8052 % 

Kappa statistic                          0.436  

Mean absolute error                      0.2921 

Root mean squared error                  0.4006 

Relative absolute error                 73.4109 % 

Root relative squared error             89.8388 % 

Total Number of Instances              924      

 

=== Detailed Accuracy By Class === 
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               TP Rate   FP Rate   Precision   Recall  F-Measure   ROC Area  Class 

                 0.934     0.549      0.819     0.934     0.873      0.687    0 

                 0.451     0.066      0.722     0.451     0.555      0.687    1 

Weighted Avg.    0.802     0.417      0.792     0.802     0.786      0.687 

 

=== Confusion Matrix === 

 

   a   b   <-- classified as 

 627  44 |   a = 0 

 139 114 |   b = 1 
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