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SUMMARY

The swift growth in the number of GPS devices has led to a boom in the number of mobile

applications attempting to exploit this rapidly growing market. As a result, understanding

travelers and their information needs has become a major topic of interest. While many studies

have examined learning traveler behavior, they have primarily concentrated on the destination

and route information. There are two key weaknesses of these studies. First, they require a

lengthy history of the person be collected before a reasonable model can be built. Second, they

focus on the travel itself rather than the reason for the travel. While trip information is useful,

the reason for the travel likely is more useful to mobile applications aimed at influencing the

user plans. The purpose of this study is to address both of these points: reducing learning time

and examining the reason for the travel rather than just the trip itself.

To accomplish these goals, this work examines using an interdisciplinary approach to com-

bine transportation planning activity-based modeling methods with data mining techniques to

learn individual patterns. This work demonstrates that such a model can be tailored to the pat-

terns of an individual traveler, allowing projections of their future trips, activities, and planning

flexibility to be made. Second, due to the abstraction of the model, an extensive history of the

user is not necessary to build a reasonable model of the traveler. Traditionally, however, this

type of model has required collecting a detailed activity history that is likely more burdensome

than most mobile application users would accept.
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SUMMARY (Continued)

This research addresses this challenge by creating an activity model of a traveler while

greatly reducing the data entry required by the user. The primary contribution of this work is

a set of techniques for quickly learning the travel activity patterns of individuals with limited

user interaction. This is achieved through three main areas: (1) leveraging passive data to

augment user entered data; (2) introducing techniques to reduce the impact of missing data

on prediction quality; and (3) supplementing user patterns with general patterns from other

sources.
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CHAPTER 1

INTRODUCTION

This dissertation is a report on a research study of learning and predicting the activity and

travel behavior of individuals in an automated fashion for mobile applications. This document

is organized into five chapters. This chapter provides background, motivation, the problem

statement, the significance of this work, and an overview of the methodology used in this work.

It concludes by presenting the delimitations of this study as well as defining terms used within

this dissertation. The second chapter contains a detailed review of the relevant theoretical and

experimental literature on the topic. Chapter 3 explains in detail the research methodology

that was used in this study, and how it was executed. The results of this research and an

analysis of the findings are presented in Chapter 4. The final chapter summarizes the outcomes

of this work and discusses the implications of this thesis.

1.1 Background

Transportation planners have studied travel behavior extensively over the years. More

recently, the focus has shifted from looking at travel alone to understanding why a trip was

made and when this decision occurred. One of the approaches used for this has been examining

the activity needs/desires of the person as the reason the travel is made. Thus the information

about the activity and travel options drive the decision of where the activity will take place

and how the person will choose to get there. This study proposes this type of information is

1
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more important than travel and location information alone in understanding what information

is useful to the traveler before they make their trip.

Modeling and predicting travel patterns has been a source of interest and a challenge for

regional planners for a number of decades. Recently ubiquitous computing, has begun to

develop an interest in predicting travel patterns as well. The goal of regional planners has been

to understand the activity and travel patterns of individuals as a means to more accurately

predict the patterns of an area or population as a whole. In contrast, the goal of the ubiquitous

computing community has been to predict the travel of a specific individual with little attention

paid to the reason for the travel or activity. Because of their differing goals, the two approaches

have significant differences in how they model travel patterns as well.

In regional planning, the goals and methods used in examining traveler’s patterns have

evolved substantially over the past years (Ashiru et al., 2004; Miller and Roorda, 2003; Lee and

McNally, 2003; Lee and McNally, 2006). In the more distant past, this type of prediction was

used primarily at a high level for predicting trips at a transportation analysis zone (TAZ) level.

This type of analysis provided good projection of the demands on the overall road system at

an aggregate level, but provided little insight into the details of these trips. Questions such as

when certain trips were likely to occur, or the reason for the trips remained a challenge. More

recent work has tried to fill in these gaps through a behavioral analysis approach. By modeling

trips as the result of the activity needs of a traveler, a model can be created that addresses the

details of trips while still being general enough to serve as a model across travelers.Using this
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type of model, micro-simulations have been able to produce a more fine-grained projection of

the aggregate behavior and trips of a population.

Recent work has begun to examine not just the purpose of trips, but also how travelers

as a whole schedule their activities to accomplish their activity demands. The purpose of the

majority of these efforts has been to synthesize the travel patterns for a population of interest.

While these techniques simulate the activities and travel of either individuals or households,

the generated travel and activity schedules are analyzed for fit at an aggregate level. As such,

the predictive value of modeling the patterns of individuals has been examined at an aggregate

level rather than the accuracy of any specific individual. As a result, most models in this area

are created from travel surveys given to a sample of the population in question. Historically

these travel surveys were primarily paper based relying solely on the participant’s ability to

recall their actions for a specific day. More recent surveys, such as the one introduced in this

work are beginning to move to a more on-line-based approach combined with global positioning

system (GPS) data to more accurately capture the complete travel patterns of the individual.

The data collected in these surveys has then been used to create models of similar individuals

within the population.

Ubiquitous computing on the other hand has focused on modeling an individual traveler.

These models have primarily taken the form of processing GPS traces of an individual to model

future movement of that person. Specifically the models generated might predict things such

as when the next trip is likely to occur, the choice of route, or even the next several stops.

However, the models created in this area are very much specific to the individual and the traces
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of that individual. As a result, a lengthy history of GPS traces of that individual need to be

collected to ensure reasonable coverage. Another limitation of this approach is that the data

collected is specific to the locations visited and cannot be used beyond the specific area that

was traced. As a result, these models are not able to provide any insight if the traveler visits a

previously unseen location.

This research intends to combine aspects of these two approaches, to model the activity

patterns and travel behavior of individuals. This work appears to be the first to address the

integration of these two goals. Specifically this effort models not only the travel patterns of

an individual, but also the reason for travel for that individual. It is important to note that

while GPS is becoming more common in cars in the form of navigation systems, the spread

of GPS units that remain with the user throughout the day, such as GPS enabled personal

data assistants (PDA), trail significantly behind at the time of this writing. This is important

since only these devices would capture trips outside of the car such as by walking or by public

transportation. Thus the purpose of this study was to examine how devices such as these can

be leveraged to create a richer model of the traveler as part of a larger goal to enable mobile

applications such as an intelligent traveler’s assistant.

1.2 Problem statement

Considerable research in urban planning has focused on predicting likely activity and travel

behavior of people based on their general characteristics. These methods forecast behavior well

at an aggregate level, however they are neither designed nor intended to model the idiosyncrasies

of real people’s schedules or predict the behavior of a specific individual. By contrast, current
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techniques for modeling individuals rely on a lengthy history of the individual to be observed

before a reasonable model can be made, and even so do not provide insight as to the reasons

behind the travel. The purpose of this work was to quickly learn the travel behavior and

activity context of an individual traveler; as such, the predictions should be tailored to the

specific patterns of that individual. It was neither expected nor was it the goal of this work to

identify a model that when trained for one person applied well to other people. Instead, the

focus was on the ability to quickly learn the habits of an individual and adapt to changes in

these patterns over time from GPS traces and user interactions. The output of this work was

evaluated based the ability to make reasonable predictions for the traveler quickly and adapt to

their personal patterns as additional data was gathered. A non-trivial aspect of this problem

is being able to learn a reasonable model of an individual’s behavior quickly without requiring

a huge data entry burden on the traveler for an extended period. While there is likely some

amount of initialization necessary, the burden should reduce over time, while still adapting to

changes in patterns. A second aspect to be addressed was being able to identify the factors

influencing behavior for the benefit of mobile applications.

Thus the goals of this study are:

1. Minimize the amount of data required to be actively collected from the traveler

2. Significantly reduce the amount of travel history required before meaningful predictions

can be made

3. Create a model of the traveler that can reliably predict aspects of travel context, and
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4. Develop a prediction model that can be used by mobile applications for forecasts of activity

patterns as well as being able to articulate the factors influencing these forecasts

1.3 Significance of the study

This study contributes to existing knowledge in four main areas: transportation planning,

ubiquitous computing, travel pattern transferability, and data mining methods. This research

contributes to the scientific community through techniques to learn individual travel behavior

faster than current techniques based on the observations of a single individual alone. In addition

to experimentally evaluating the problem described above; this work proposes a conceptual

modeling framework for future studies in predicting behavior and individual schedule flexibility.

1.3.1 Contribution to transportation planning

This research is significant because it extends our understanding of what can be learned

about the travel patterns of individuals unobtrusively. Specifically this work addresses the

question of how much can be learned about a traveler’s preferences, schedule constraints, activ-

ity and travel behavior without over burdening people. While a model of these traits could be

learned based on extensive questioning of an individual’s travel over an extended period, this

work seeks to do so while minimizing the effort that must be made by the traveler. This aspect

is important since if the effort required by the participant is too high, they are less likely to

continue the process for any extended time. This problem is readily apparent in transportation

travel surveys. Many of these studies have focused on short data collection periods because of

the resistance of participants to complete the amount of questions asked over any period longer

than a few days (Stopher, 1992). Thus reduction in burden is one of the critical components
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to enabling long term travel surveys as well as for any other applications that wish to observe

and model user behavior over any extended period (Doherty et al., 2001).

A primary goal of this work was to contribute to the field’s understanding of how this same

type of data may be collected over an extended period while significantly reducing the burden on

participants. This study presents ways the amount of data collected can be alleviated through

reduction in the number of questions that need to be asked. Other ways presented reduce the

information needed to be entered by the user by making use of the information collected over

an extended time and continually updating the model of the user.

Other studies of modeling traveler behavior have focused primarily on capturing activity

patterns of a class of individuals or capturing the travel of individuals. On the transportation

planning side techniques such as activity modeling have been used to model the behavior pat-

terns of classes of individuals. These models can then be used for micro-simulations of an area

of interest. This work contributes to these areas in two key ways.

First, the techniques in this study to reduce the burden of collecting data are shown to

greatly reduce the effort of a travel survey participants. This will likely make recruiting par-

ticipants easier for longer term studies since the effort required by them in the data collection

process could be significantly reduced. By reducing the ongoing burden this type of benefit

lends itself to enabling long term studies of activity based travel behavior which have essen-

tially been impractical in the past. To illustrate this point this work introduces a new type

of travel survey that utilizes the techniques of passive collection combined with learning intro-
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duced in this work and its benefits are shown empirically in the reduction of participant burden

over the course of a multiple day travel survey.

Second, this work demonstrates how to better model the patterns of an individual rather

than classes of individuals. Also the models created by the methods introduced in this work

are proven to generate realistic orderings of activities at a per traveler basis rather than just

at an aggregate level. These contributions should help micro simulations become much more

realistic at a detailed level than current approaches.

A key difference between this work and prior work was the focus on the behavior of a single

individual. While planners have modeled individual behavior as well, the goal has primarily

been to model the behavior of a type of individual that can be generalized across similar

individuals. As a result, while the behavior in general can be modeled fairly well, idiosyncrasies

and unusual preferences are not likely to be accounted for. In this work, while this type of

model will likely help the application learn common behaviors more quickly, the goal was to

learn the specific travel preferences and idiosyncrasies of the person using the device. While

these idiosyncrasies might not translate well across travelers, this subtle shift will facilitate

moving travel prediction from the realm of urban planning to travel analysis for the individual

for applications such as smart traveler assistant devices.

1.3.2 Contribution to ubiquitous computing

Another area that will benefit significantly from this work is the area of ubiquitous comput-

ing. Much effort has been made within this field to learn the likelihood of travel and activity

taking place, but little has been gained in terms of the reasons for the behavior. This work
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contributes significantly in this area by adding onto existing techniques for modeling travel

by also adding the ability to learn activities, mode preferences, time constraints, and location

constraints. This additional information offers substantial benefits in terms of the context data

that can be used by mobile applications. Second, being able to provide the factor(s) influencing

this behavior will make it possible for applications to try and influence the traveler’s behavior.

The principle behind these smart traveler’s assistant devices are to provide intelligent

services like multi-modal travel planning to support a user’s travel needs (Dillenburg et al.,

2002; Dillenburg et al., 2004; Torrens et al., 2004). With this type of application, understand-

ing the context of a traveler can help identify what type of information the user is interested

in and help narrow potential options. Consider a scenario where a user wants to make a trip

across town mid-day. If the assistant knew the user’s likely mode of transit and accessibility

thresholds, the system might be able to evaluate and suggest one transit route over another

or even provide an incentive based on the person’s personal preferences to choose a particular

mode or destination.

Another application of this type of knowledge, would be the ability to suggest optimizations

to the person’s schedule to reduce travel time (or cost) that are more likely to fit within their

unique travel preferences and scheduling needs and thus more likely to be followed. Unlike

programs like dynamic route choice that try to help the traveler avoid congestion once the

traveler is already in route, the knowledge of the flexibility of scheduling and destination could

be used to help the person best select their destinations and departure time to minimize the

congestion in general, or suggest the mode(s) that will work for all of their planned activities.
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The ability to model these needs and addressing how they can best be achieved for the individual

is a major contribution of this work.

1.3.3 Contribution to travel behavior transferrance

Another contribution of this research is demonstrating that traveler patterns can be trans-

ferred across different locations. While learning through comparing similar patterns is not new,

doing so with traveler data presents some unique challenges. Unlike most collaborative learning,

the similarity of travelers is not as easy as saying one traveler is similar to another traveler.

Due to the differences in the physical locations in terms of travel time to activities and modes

available, it is possible to be very similar in one aspect while nearly the polar opposite for some

other aspect. It is in part because of this challenge that activity data from one city has not

been used in a different city in transportation planning. Thus demonstrating traveler’s activity

patterns can be transferred marks a significant advance in the way activity data modeling and

collection can take place. Furthermore this study verifies this transferability at an individual

level showing that the transferred patterns also produce similar activity schedules. This con-

tribution is significant because of the opportunities it opens up in terms of reducing traveler

specific or location specific data requirements.

Another application of this technique outside the scope of this work would be reducing the

number of people required for a travel activity survey by augmenting the collected patterns

with those observed in other cities. This could potentially lead to significant cost savings by

planners since large-scale survey efforts are often very expensive (Richardson et al., 1996).
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While this work may provide additional insight for urban planners, it also enables a new realm

of personalized travel analysis that might be used for individual benefit as well.

1.3.4 Data mining

One of the most significant contributions of this work came from addressing a sub problem

of this study related to the presence of missing values. This work presents a new sequential

associative mining and rule technique that far out performs existing techniques for data sources

that have a significant amount of missing data. This technique is shown to produce better

predictions for both data sources with values missing at random (MAR) and with realistic

distributions of missing values.

1.4 Objectives

In this work, we investigate learning and predicting travel and activity of individuals as part

of a larger goal of enabling intelligent traveler’s assistants. This work combines the analysis

techniques from activity modeling and scheduling with a data mining approach to identify

common activity and travel patterns for use by mobile applications. This research demonstrates

that these learned patterns can be used to model an individual’s travel patterns much quicker

than traditional methods. As shown in this work, a prediction model based on this combination

of techniques can quickly learn the travel patterns of an individual, while continuing to adapt

and improve the model as additional behavior is observed. As the desire for smart traveler

devices grows, prediction of future travel behavior will be a key function to further enable these

devices.



12

In this work, we focus on techniques for extracting meaning from these new data sources,

such as GPS enabled PDAs, and utilizing the derived knowledge for the benefit of the device

owner. One of the challenges associated with understanding traveler behavior is its strong

dependency on the transportation network. The strength of this relationship makes it nearly

impossible to address behavior without also considering the overall traveler context in terms

of location, mode of transit, what has been done recently, and the time of the activity to name a

few aspects. A better understanding of how this context affects future behavior is likely to not

only improve predictive models, but also provide additional insight into how choices are made

among alternatives. The goal of these improved predictive models is to enable personalized

scheduling and travel advice.

1.5 Overview of methodology

In this section an overview is given of the methodology applied in this study, with the

purpose of helping set the context for later chapters. The sub-problems of addressing the

overall goal are briefly described as well as the approach to answering these challenges. The

full methodology is explained in detail in Chapter 3.

For this study, a quantitative research design is used to empirically demonstrate the findings

of this work. A quantitative design was chosen since it is best suited for the task of data mining

and prediction of known variables. The quality of the predictions made and the anticipated

time savings of the methods introduced in this work were evaluated empirically.

Specifically the problem of given a sequence of the prior traveler context was examined

with respect to how well the traveler context of the traveler’s next activity can be predicted.
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Rather than focusing on prediction of common activity sequences based on the history of many

travelers, the paradigm is shifted to predicting the traveler context of an individual based on

their own travel history and the history of others. A novel approach to predicting individual

traveler behavior and associated context from a stream of their prior activities is proposed.

This suggested approach examines each step in their history and the predicted next step of the

traveler as a set of attributes or characteristics describing the context of that step. As a whole,

these steps form a sequence of sets describing the traveler context progressing through time, or

an enhanced activity sequence, referred within this work as activity patterns.

There are a number of different ways to evaluate the success of being able to learn an

individual’s activity patterns. Other studies have evaluated this task based on route selection,

geographic proximity, timing, gross activity distribution, gross mode preference, distance from

optimal, et cetera (Ashbrook and Starner, 2003; Mohammadian and Doherty, 2006; Ettema

et al., 2007; Frank et al., 2008; Janssens et al., 2007). Since the goal of this study was to

model the patterns of an individual in a form that would be useful for predicting the next

activities at a micro level, measures that focus on summarization are insufficient. Likewise

metrics that focus on geographic matching miss that while the location may be different the

mode of transportation or activity might be the same. As a result the metrics used in this study

were chosen to combine different aspects of these measures that focus on the order of activities,

the activity characteristics, and the travel characteristics, since they are the primary interest.

To demonstrate the validity of this approach with respect to these metrics, the data for

this study was activity-based travel surveys. This data set was chosen because it captures the
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activities of the studied travelers as well as their movement history. Since the goal of this work

was to introduce ways the activity and travel of a person can be collected and predicted, this

data set is well suited to the task as both of these key traits are captured in detail. While the

proposed method of learning and prediction relies on GPS data and ongoing data collection,

these data sets provide a way to evaluate predictions using a much larger set of data than could

be reasonably collected over the course of this study. As a result the findings in this work are

based on a combination of both a collection of travel surveys conducted by other researchers

and planning agencies as well as a collection effort designed specifically for this study. The way

these various different sources are combined is discussed in detail in Chapter 3.

To demonstrate the soundness of this work; the primary goal was broken down into a number

of sub-problems. First, the internal validity of being able to predict the activity patterns of

a traveler with “perfect” information is shown. Next, techniques are introduced and analyzed

for reducing the burden on the traveler for collecting data. This is followed by presenting

algorithms and techniques that can further reduce the data required with limited impact on

prediction quality. Afterward, a demonstration of how activity patterns might be transferred

from other locations to improve predictions is shown. Finally, a combined framework of how

all of these concepts might be brought together for quickly learning the activity patterns of an

individual is presented.

1.6 Delimitations of the study

Demonstrating the ability to learn an individual’s activity patterns quickly is the primary

aim of this study, thus, defining the scope is in relation to these goals. This work examines
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activity patterns, such as activity location and characteristics as well as travel characteristics;

however studying route selection is beyond scope since the focus is on activity patterns rather

than travel patterns. The aim of this study was to demonstrate that the travel and behavior

patterns of a single target traveler could be learned quickly for prediction of that same target

traveler’s future behavior. While the testing methodology examines this across multiple travel-

ers to ensure statistical significance; any analysis of the similarities or differences between the

models of the individuals was outside the scope of this work. Likewise the models created of a

traveler are traveler specific and any generalization of these patterns was not within scope.

It should be noted that all experiments within this study have focused on behavior within

metropolitan areas. While the population of the different cities very significantly, from An-

chorage with 362 thousand to the greater Chicago area with over 9.5 million people, all tests

focused on urban areas (Bureau, 2008). Due to this, the results presented in this work may not

be generalizable to rural areas where the types of activities available and distances to activities

may be wildly different than those commonly found in urban areas.

Also, this work has focused on patterns within the United States and Canada. While further

investigation would be necessary to confirm this, the techniques discussed in this work are not

country specific and therefore may be able to be applied to other countries as well. It should be

noted however there are known differences in travel behavior patterns even between developed

countries with the same language due to differences in cultural attitudes towards things like

the use of public transportation and variances in urban form (Giuliano and Narayan, 2003).



16

Therefore additional study would need to take place to explore the ability for travel patterns

to be transferred across countries.

1.7 Definitions of key terms

Definition 1 Activity patterns – The sequence of events and associated traveler context an

individual makes with respect to the activities that occur and the associated travel to the locations

where the activities take place.

Definition 2 Traveler context – A multi-faceted snapshot of characteristics of the activity

and travel associated with the activity. This context is made up of a collection of information

about the flexibility, planning horizon, and characteristics of the trip or activity itself. A se-

quence of this combined set of data is what defines the activity patterns. Urban planners have

theorized a better understanding of how this context affects future behavior and what aspects can

be shared across travelers is likely to not only produce better predictive models, but also identify

patterns that can be transferred across users and locations (Timmermans, 2005).

Definition 3 Target traveler – Refers to the individual whose patterns are trying to be learned

and predicted for. For example if the behavior of a number of travelers is being used to predict

the behavior of the target traveler; this means that the behavior of other travelers is being used

to predict behavior of the specific individual traveler that is the focus of the learning effort.

Definition 4 Precision – Mathematically described in Chapter 3, intuitively this metric cap-

tures the accuracy of a prediction when a prediction is made.
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Definition 5 Recall – Mathematically described in Chapter 3, intuitively this metric captures

the coverage of all items needing a prediction.

Definition 6 Quality of prediction/predictability – A term that loosely refers to how

“good” the combination of precision and recall is for the prediction model.



CHAPTER 2

LITERATURE REVIEW

This chapter presents an overview of work related to the topic of this study. A review of

similar studies and contributions made by earlier works is presented to set the context of this

research. As the approach used in this work is to use current models of traveler activity behavior

and combine it with computational methods to allow modeling of an individual, this chapter is

organized in that manner. It begins by discussing past transportation planning approaches to

modeling activity patterns, followed by computational methods relevant to this learning task.

The discussion of relevant works is organized into three main sections: traveler modeling, data

collection methods and learning approaches.

2.1 Traveler behavior modeling

The focus of this section is reviewing different ways studies have approached modeling

travelers. As there have been a number of different goals for various studies, it is not surprising

that there are also many different approaches to this task. Here these various approaches are

analyzed by the different ways travelers have been modeled in past studies and how these relate

to the approach introduced in this work. The analysis of these studies is broken into three

main sections: methods that have been used to model the behavior of travelers, techniques for

generating activity patterns based on scheduling models, and methods used to model individual

travel prediction.

18
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Over the years, the type of data that has been collected for modeling travel behavior has

changed dramatically. The first modern model of trip forecasting was introduced by Mitchell

and Rapkin in the 1950s, which integrated travel and land use data to predict the amount of

travel between areas within a city (Mitchell and Rapkin, 1954). This work became the basis

of the four-step model that has dominated urban planning. The essence of this approach is to

look at the number of trips between regions within a metropolitan area known as transportation

analysis zones (TAZ). Data gathered for this approach has traditionally been paper-based travel

surveys that capture the number of trips to the various regions in the area and when these trips

occurred. While this has proven to be a useful tool in forecasting trips at a highly aggregate

level, its level of predictions and lack of insight into the reasons for travel make it unsuitable

for modeling the details of why travel was made. This realization led to a shift from modeling

travel to trying to model the behavior of travelers to gain this additional insight.

2.1.1 Activity modeling

In the 1970s researchers began looking for ways to understand the reasons for travel referred

to as activity modeling (Hensher and Stopher, 1979). Rather than just examining the trips

made, a more behavioral approach was used to model trips based on the activity needs of

travelers. Damm and Lerman introduced the theory behind how activity behavior could be used

to determine the derived demand of activities for a person (Damm and Lerman, 1981). This

work became the model of how activity demand could be used to determine activity scheduling,

and thus the order of activity and travel could be based on the theoretical demand (Kitamura,

1988).
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The model of the traveler was further extended by Recker et al. recognizing that schedul-

ing behavior was not based solely on activity demand, but rather required a more complex

model that accounted for the constraints of the various activities and the associated planning

process (Recker et al., 1986). This belief that the planning process is tightly coupled with the

actual scheduling of activities has led to much further study on how different types of activities

are planned and adjustments to these plans. To build this type of model requires collection of

not only activity characteristics, but also the activity constraints in terms of accessibility, loca-

tion, and timing in order to create a planning model. While this type of model has significantly

more data requirements, the result is more realistic model of when activities are likely to occur

for simulating travelers in determining transportation demands.

In the early 1990s, Axhausen and Grling introduced a conceptual frame work for integrating

the various components of activity modeling for the purpose of travel analysis (Axhausen and

Grling, 1992). By the mid 1990’s, McNally showed how these activity-based models could be

used in micro-simulations to generate likely activity and travel patterns by micro-simulating

individuals for the purpose of generating travel demand forecasts (McNally, 1996). Wen and

Koppelman also introduced a framework for generating activity travel patterns by first gener-

ating stops for the traveler and then creating tours based on these stops (Wen and Koppelman,

2000). However, it was not until Bowman and Ben-Akiva’s work in 2001 that a way was identi-

fied for these models to be used for activity scheduling and its implications for large scale travel

demand (Kitamura, 1988; Bowman and Ben-Akiva, 2001; Vovsha et al., 2004). Since these
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advances, the interest in this type of modeling has greatly increased as a potential alternative

to the widely used four-step model.

2.1.2 Activity scheduling

Recent work in activity modeling has begun to focus on activity scheduling as a way to

gain insight into understanding travel behavior (Jones et al., 1990; Axhausen and Grling, 1992;

McNally, 2000). New data collection techniques such as the work by Doherty and Miller have

focused on improving survey methods by capturing data on scheduling decisions and GPS

traces to enhance researcher’s insight into observed travel patterns (Doherty and Miller, 2000).

This enhanced data can provide insight into modeling both how activities are scheduled, as

well as how these plans change over time (Doherty et al., 2001; Doherty et al., 2002). The

proposed research extends these ideas by attempting to discover activity scheduling patterns

and adjustments to these schedules when events change over time.

Several studies have examined the scheduling patterns of individuals and how these might

help in better understanding the patterns of travelers on a day-to-day basis. Bowman and

Ben-Akiva’s work has analyzed generating activities for individuals at a disaggregate or micro

level, however the fit of these patterns to that actually observed in survey data was evaluated at

a macro level (Bowman and Ben-Akiva, 2001). Susilo and Kitamura work analyzed the 6 week

Mobidrive study showed that the centroid of activities and activity locations of individuals

on weekdays is fairly stable, but variance is more likely to occur on weekends (Susilo and

Kitamura, 2005). Other work has examined how shifts in the timing of routine activities can

impact the scheduling of other activities resulting in a ripple effect of disruption and associated
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rescheduling behavior (Kitamura et al., 2006). These findings are promising for providing

meaningful predictions when a person deviates from their routine. An assertion of this work is

that while it may sometimes be difficult to predict the exact next location, being able to predict

the underlying activity is more insightful when there are multiple locations an activity may

take place. While a location may not be constant, the proximity of the location of an activity

pattern is relatively stable meaning different attributes of the predicted next activity are also

likely to be useful. These works also address the importance of reevaluating the scheduling

model continually to adapt to disruptions to the individual’s routine and likely adjustments

they will need to make in their final schedule.

This work extends these ideas by building upon the planning behavioral model. Since the

purpose of this work is to learn the actual behavior of an individual, being able to generate

a realistic activity order is essential. While previous studies have focused on how this type of

model can generate realistic schedules for a simulated traveler, this study instead demonstrates

how this same approach can be used to model the activity patterns of a specific individual.

2.1.2.1 Utility driven scheduling

Another method used to generate scheduling models is using a utility based approach. The

basic form of these models is to determine the utility of different activities and scheduling

the activities in the order of highest utility first. The primary differentiator for approaches

in this area are the way utility is calculated for the activities and travel being modeled, and

adjustments in the timing of activities to accommodate other activities.
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In many works there is a separation of the travel utility and the activity utility with the

basic assumption that the activity with the highest utility will be scheduled next and the choice

of locations and thus travel will be made independent of the activity selected. In modeling the

location choice and travel selection, several methods have been used. Ashiru et al. asserted that

the utility of activity participation was driven by the utility of the activity combined with the

individual’s perceived cost of associated travel using a space-time route benefit measure (Ashiru

et al., 2003b; Ashiru et al., 2003a).

Another approach to generating utility based schedules has been to generate schedules that

optimize the amount of utility for a given day (Bowman and Ben-Akiva, 2001; Charypar and

Nagel, 2005; Flotterod and Nagel, 2006; Janssens et al., 2006; Joh et al., 2001; Meister et al.,

2005). This approach evaluates different ways of scheduling activities and travel to come up

with the optimal utility for the complete day, which may not necessarily include the activities

with the highest individual utility. One of the criticisms of this type of model is that it is

unlikely the average person will think of the maximally optimal schedule, its easy to imagine

this would be particularly true if doing so would change their regular routine (Bates et al.,

2001).

Another approach that has been used is to consider not just the activity and travel utility

but also account for the utility of the duration of the activity (Ashiru et al., 2003c; Ashiru et

al., 2004). The main idea of this approach is to consider the utility of an activity not as a

constant in scheduling, but to instead model the utility of an activity degrading as the duration

of the activity extends. This model is then used to schedule activities and associated travel
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in a utility order first approach. Additional activities may then be scheduled between these

activities potentially shortening the duration of the previously scheduled activity (Joh et al.,

2005). The main benefit of this approach is that the scheduling of activities is driven in a

dynamic way that accounts for individuals trying to make the best use of their time based on

all the activities they would like to accomplish in a more fluid fashion that likely better reflects

real behavior. Ettema et al. extended this basic idea to also determine the timing and duration

based on utility preferences for time of day (Ettema et al., 2007). Their approach was to use

bell curves of time of preference to increase the utility of an activity or decrease the utility of an

activity based on its proximity to the preferred time of an activity. Other work has combined

these factors by considering the utility of scheduling an activity and associated travel based on

activity need and value of time (Arentze and Timmermans, 2007).

While these models are well suited for generating schedules of simulated individuals that can

reflect observed distributions, they also require a detailed model of the utility of the traveler.

With simulated travelers this model of the utilities can be calculated by fitting the values to

that observed in a large scale survey, however this becomes more complex when the target is

an individual. If the target of the model is the schedule of a specific individual, this would

mean determining the utility values specific to that individual. Since the utilities of activities

vary to some extent by person, this would mean that a significant amount of observations of

the individual would be required just to determine how often particular activities should be

scheduled for that person. When considering a goal of this work is to determine the order of the

activities on any given day this would mean developing a far greater knowledge of the traveler’s
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schedule and accessibility constraints and thus more data collection time. As a result, this type

of model is impractical for learning the utility model of the individual quickly. However, the

approach of using scheduling utility is still used but in a less complex form. Specifically one

of the key approaches in this work is to incorporate the scheduling preference in terms of the

order of activities. While considerably less complex than a mathematical model of the travelers

utility, it does provide a way of quantifying scheduling preference with greatly reduced data

requirements

2.1.2.2 Behavioral process driven scheduling

Behavioral process scheduling takes a similar form to that of utility based scheduling, how-

ever it attempts to model the schedule of activities not only based on the need for an activity

but also based on observed scheduling behavior (Timmermans, 2005; Joh et al., 2005; Timmer-

mans, 2005). The crux of this type of model is to simulate the way activities are scheduled and

rescheduled as new activities are added. The resulting difference in this type of model compared

to utility models is that the timing and duration of activities is fluid as additional activities are

incorporated into the person’s schedule. This difference in approaches to scheduling comes from

modeling people’s observed scheduling behavior as an ongoing task rather as a fixed schedule

once generated. This idea is an integral part of adapting to unexpected activity choices made

by the traveler.

The theory behind behavioral scheduling modeling began around 1980, and was later incor-

porated into simulations in Ettema et al., which first established being able to use models of the

scheduling decision process to simulate the activity schedules of hypothetical travelers (Hen-
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sher and Stopher, 1979; Damm and Lerman, 1981; Ettema et al., 1993). The ideas behind this

theory were later combined into a unified modeling framework in Doherty, and Doherty and

Axhausen (Doherty, 1998; Doherty and Axhausen, 1999). This framework establish three main

phases to the activity scheduling process: agenda formation, routine scheduling and the weekly

decision process. This combined with more detailed data collection of the planning and decision

process led to various forms of this conceptual framework forming the basis for many of the

studies in this area (Doherty and Miller, 2000; Doherty and Miller, 2000; Doherty et al., 2002).

Other approaches such as the work by Arentze and Timmermans recognize that travelers do

not have perfect information and address how mental maps and cognitive learning affect the

decisions made regarding activity and travel choice in micro-simulations. (Arentze and Tim-

mermans, 2005). Joh et al. demonstrated how a utility based approach could be combined

with the scheduling and rescheduling behavior to reorganize generated schedules to result in

a higher utility than utility schedules that just added based on maximal utility of remaining

activities by adjusting order and duration (Joh et al., 2005).

Due to the order items were considered in scheduling and rescheduling behavior potentially

effecting the resulting end schedule, models of how planning decisions were made quickly gained

attention. Some models addressed this by sequentially selecting an activity then determining the

location (Doherty and Miller, 2000; Doherty et al., 2002). While work used a combination of the

activity need combined with activity characteristics to determine the planning order (Kitamura

et al., 1997). These ideas were extended with the SCHEDULER framework resulting in an

ordering where high priority activities were added first and then an attempt was made to add
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activities with less priority around the higher priority items (Grling et al., 1994; Kwan and

Golledge, 1995; Grling et al., 1998).

In the area of micro-simulation, related work has primarily focused on using activity survey

data for generating simulated activity schedules or verifying simulations (Pribyl and Goulias,

2005; Lee and McNally, 2003). Two micro simulators built based on the basic concepts of activ-

ity need, scheduling and rescheduling decisions are the Albatross simulator created by Arentze

and Timmermans and the Toronto Area Scheduling Model for Household Agents (TASHA) by

Miller and Roorda (Arentze and Timmermans, 2000; Miller and Roorda, 2003). The scheduling

approach Albatross used was based on all mandatory activities being added before discretionary

activities. The TASHA simulator by contrast took conventional trip diary data and added the

activities sequentially using a fixed activity type order. TASHA would then build 24 hour ac-

tivity schedules for micro simulation. The TASHA simulator demonstrated how a scheduling

based model could generate realistic schedules at an aggregate level for trip rates and activity

chain characteristics.

More recently researchers have determined that scheduling decisions are not as simple as a

fixed planning order. One of the paths recent research in this area has focused on is shifting from

predicting schedule sequencing in general to the scheduling and rescheduling decisions made in

the planning process and its effect on the ultimate activity schedule (Joh et al., 2001b; Frusti

et al., 2003). Pendyala and Bhat examined the relationship between timing and duration of ac-

tivities and found that for non-commuters, activity duration was causal in determining activity

timing (Pendyala and Bhat, 2004). Studies by Lee and McNally showed that activities with the
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longest duration were scheduled first and then shorter activities that could be incorporated in a

trip chain had the next priority (Lee and McNally, 2003; Lee and McNally, 2006). Doherty and

Mohammadian examined the planning time horizon of activities and noted that even activities

of the same type did not always have the same planning horizon (Doherty and Mohammadian,

2003). To address this their work examined using an artificial neural network (ANN) to model

the planning time horizon actually observed in their study. Later work by Mohammadian and

Doherty extended these findings to account for the high interdependency between activity and

travel choice in scheduling and noted that situational factors can play a significant role in these

decisions (Mohammadian and Doherty, 2005; Mohammadian and Doherty, 2006). Arentze and

Timmermans introduced a different approach to the problem by starting with a base activity

need value as in the fixed value studies, but then incorporated a time based component. Their

approach adjusted the need value based on how long a task had been put off. Thus, the longer

the activity went without being scheduled the higher the priority as the need became more

pressing and its impact on household scheduling in addition to individual scheduling (Arentze

and Timmermans, 2007; Arentze and Timmermans, 2009).

An area of study directly related to the study of planning order is how rescheduling occurs.

Ruiz and Timmermans found that the impact on the existing pre-planned activity schedule and

rescheduling to accommodate new activities was largely dependent on the types of activities

involved (Ruiz and Timmermans, 2006). Nijland et al. found that the most common adjustment

in rescheduling was shortening activity duration and depending on the relative reduction in time

the activity may be canceled (Nijland et al., 2009). Auld et al. noted that how activities and



29

their timing was rescheduled was not dependent on the activity type alone (Auld et al., 2008).

They identified the types of rescheduling that may occur when a new activity is scheduled

including moving an activity forward, back, insertion or deletion.

While there has been extensive investigation in this area, it is important to note that none of

these studies verify the scheduling or activity chains generated against real individual travelers.

While several studies have examined the generated activity orders created in micro simulations,

the accuracy of these schedules has been verified at an aggregate count level and that common

trip chains are represented in the output. These methods verify the overall travel demand,

however they are insufficient in verifying the schedules of real travelers. One of the reasons

this occurs is that travel and activity routines vary greatly from person to person. Without

accounting for these individual routines and personal scheduling dependencies a model is not

going to be able to capture the actual behavior of an individual. A primary contribution of this

work is extending these models to not only account for scheduling and rescheduling behavior

but also account for personal routine in the form of sequential preference. While previous work

has examined sequential ordering before, these studies have examined this only in terms of

sequential dependencies rather than sequential preference (Janssens et al., 2005). As shown in

Chapter 4, by accounting for individual sequencing preference, schedules can be generated that

not only reflect aggregate counts, but also closer represent the patterns seen at an individual

level. This finding is not only significant within the context of predicting the activity patterns of

an individual, it also represents an advance in better simulating real patterns in transportation

demand micro simulators.



30

2.1.3 Generation methods and evaluation

The value of using association rules to model the number of closely related attributes to

activity characteristics and their relationship to activity scheduling behavior has been demon-

strated in past work. Arentze and Timmermans work on creating the Albatross transporta-

tion simulation system showed that a model using a rule based system was highly effective at

describing the complex relationship of mode, when, where and the duration of activity pat-

terns (Arentze and Timmermans, 2000). Keuleers et al. extended these findings by showing

that traditional choice modeling techniques compared to association rules were insufficient at

modeling the combination of different attributes while still maintaining the spatial temporal

patterns seen in multi-day activity surveys (Keuleers et al., 2001). Other studies have com-

pared various learning methods to decision trees based on these types of rules, and while their

aggregate sequential prediction shows promise, none of these studies have examined the qual-

ity of predictions at a micro level (Arentze et al., 2001; Janssens et al., 2004; Janssens et al.,

2005; Joh et al., 2001). This distinction is important as the idiosyncrasies of the sequence

of activity characteristic of an individual often do not follow the probabilities seen across the

aggregate.

Evaluating the quality of generated activity patterns is a significant challenge due to the

high correlation both intra set and across time. Many different measures have been introduced

to evaluate this problem of multi-dimensional sequence alignment, however all of these tech-

niques evaluate the quality of the generated sets based on a weighting established based on their

similarity to commonly observed patterns rather than a specific instance (Joh et al., 2001a; Joh
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et al., 2002; Shoval and Raveh, 2004; Shoval and Isaacson, 2007). The effect of this basis on

commonality is less frequently observed patterns that deviate from that commonly observed are

not accounted for and result in a biased measure favoring the more commonly seen alignment.

The result is a suitable measure for evaluating the quality of a pattern generated compared

to those commonly seen across a population, however evaluating the idiosyncrasies of an indi-

viduals behavior are lost. To account for this difference in goals this work uses the metrics of

precision, recall, and F-measure commonly used in information retrieval studies. These metrics

instead focus on the match of the predictions compared with those that actually occur on an

individual basis rather than weighted based on those commonly observed, which we contend

better represents the goals of prediction of an individual. This difference is explored further in

Chapter 4.

2.2 Data collection methods

To better explain observed behavior, Stopher introduced the idea of activity diaries to

replace travel diaries (Stopher, 1992). Prior to this work, while activities were being captured

the way data was collected was primarily travel based. The fundamental difference of activity

based diaries was to shift the focus of data collection to the activities and their characteristics

rather than the travel as the primary factor. This shift captured a much greater level of detail

of why the location they traveled to was chosen rather than just travel associated with getting

to an activity location. From these diaries models were developed that focused on the reasons

for travel and how these reasons influenced travel scheduling behavior.



32

Over the years the methods for collecting activity-based diaries and the type of data col-

lected have made several advances that aid in the ease of data collection and ways of better

understanding the planning process of travelers. Computer-based methods for collecting activity

diary information have become much more common and in various forms (Doherty, 1998; Do-

herty and Miller, 2000; Doherty and Miller, 2000; Lee and McNally, 2001; Lee and McNally,

2003). This change has allowed researchers to get information on a participant’s trip reporting

on a more timely basis. Another advantage of this approach has been that it makes it easier

for participants to enter their projected schedule and make changes to it allowing researchers

to observe how people’s activity schedule changes over time (Lee and McNally, 2003). Doherty

and Miller demonstrated this type of approach could be used to record how participants activity

schedules changed over a one week period (Doherty and Miller, 2000; Doherty and Miller, 2000).

This study marked a significant advance as it recorded detailed information of the participant’s

activity plans and they evolved over time. By recording these adjustments at a detailed level

over a one week period, a much more detailed view of rescheduling behavior over an extended

period of time was able to be recorded.

Some of the more recent trends have been to augment the participant’s manual entry of

activity and travel information with GPS information. The first studies of this kind collected

GPS information from participants in addition to travel diaries to validate the manual entry and

provide additional data on route information (Murakami and Wagner, 1999). Using GPS logs

also has had the advantage of being able to collect detailed information of where travelers went

and how they arrived there with little additional burden on the survey participants (Stopher
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et al., 2008a). This has allowed surveyors to analyze the GPS logs to help identify activity

stops that were not being reported manually, thus improving the quality of the data (Doherty

et al., 2001; Stopher et al., 2005a). Going a step further, Wolf et al. examined the possibility of

using GPS logs to completely replace activity diaries (Wolf, 2000; Wolf et al., 2001). Their work

recorded the GPS traces of participant’s cars over a three day period and compared paper based

surveys to using GPS data alone and prompting participants for activity details. Their work

showed that while using GPS trace data alone was not sufficient for getting activity information,

the combination of GPS traces and prompted recall surveying was very effective at recording

detailed informations about travel while greatly reducing participant burden. Other work by

Bricka et al. found that GPS data was helpful in reducing the common problem of non-response

compared to non GPS enabled surveys (Bricka et al., 2009; Richardson et al., 1996).

Recent work in activity based surveys has begun to use GPS data not just as a contributing

part of the data being collected, but also have the data make the survey process itself easier.

One of the ways this is done is through processing the GPS trace during the survey period

and using the information gleaned from the GPS trace to form a skeleton of the participant’s

activity schedule. By already having a skeleton in place, the burden on the participant for

completing the information necessary becomes just a matter of recalling information about the

activity skeleton which is referred to as a prompted recall survey. Other work by Clark and

Doherty examined using GPS data to automatically track activity rescheduling decisions (Clark

and Doherty, 2008). The approach in their work was to collect the plans of participants before
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the day began and then compare a passively collected GPS trace with the trips planned as a

basis of asking questions about how the rescheduling occurred.

This work builds upon these approaches by introducing additional ways GPS data can be

processed on the fly thus allowing applications like an on-line prompted recall survey enabled

by being able to automatically process GPS traces. This same approach is taken a step further

by introducing ways GPS processing can be used on the fly to identify significant locations,

revisited locations, and resumption of travel

2.3 Learning individual travel and activity patterns

Learning the travel and activity patterns of individuals has received a considerable amount

of attention from a variety of fields. This attention has been in part due to the variety of

different applications that use aspects of this work. These applications range from maintaining

cell phone connectivity to projecting travel demand to location aware applications. While there

have been numerous approaches, they have generally taken one of these forms: spatial temporal

based projection, location-based context, or some mix of these.

2.3.1 Spatial temporal based projection

The basis of spatial temporal based projection is given a model of a particular space, predict

where in that space an object will be at a future point in time. Applied to travelers this means

given a point in time predict the location that person will be in the future and potentially how

they arrived there thus the inferred travel.

Several researchers have explored techniques for tracking and predicting traveler’s movement

patterns. A significant portion of this work has been related to tracking and predicting the
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movements of cellular users. Liu and Maguire examined mining mobility patterns and movement

history of individuals for short-term prediction (Liu and Maguire, 1995b; Liu and Maguire,

1995a). Their approach involved identifying patterns of regular movement and utilizing this

information to create a Markov model for predicting a user’s next move in a simulated grid

space. Bhattacharya and Das examined developing cellular user’s mobility profiles to facilitate

more efficient tracking of real users with uncertainty (Bhattacharya and Das, 1999). Their

work explored how recent movement history could be used for short-term location prediction.

Thus, while these techniques were useful for projecting immediate travel, they did not address

projecting the length of stops or projected movement that is separate than the movement that

is currently taking place.

Other work has examined the predictability of a traveler’s movement by estimating the en-

tropy of a traveler. Several studies have examined determining the entropy of user’s movements

between cell phone grids and used techniques such as Expectation Maximization to determine

what grid a person is likely to be in and travel to next (Eagle and Pentland, 2006; Song et

al., 2010). These approaches have shown that at a high level traveler’s routines are fairly pre-

dictable. Other work by Eagle and Pentland has examined decomposing travel behavior into

principle components referred to as eigenbehaviors and used similarities in eigenbehaviors to

project future travel (Eagle and Pentland, 2009). This approach is significant as not only does

it help predict routine travel, but also recognizes common deviations to the routine and their

impact on the remaining travel within the day. However, all of these studies analyze this pre-

dictability at a cell phone grid level with an average grid size of 3 square kilometers for the work
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by Song et al. (Song et al., 2010). Thus while these studies show that patterns at a high level

are fairly predictable, the level of granularity is insufficient for determining the actual locations

visited not to mention the possible different activities that took place in that relatively large

area. As a result, while these models are useful at predicting high level patterns such as home

to work trips and vice versa, they are insufficient for capturing tours that take place within one

of these regions.

Transportation planning has taken a similar approach but rather than the goal being to

project immediate location based on movement; the goal has instead been to project travel

over time to get to locations. Wang and Cheng introduced a model for examining activity-

based travel as a spatio temporal dataset for querying and modeling transport demand (Wang

and Cheng, 2001). Schönfelder et al. examined using long term car GPS traces to identify

areas where activities occur over periods of the day (Schönfelder et al., 2006). This work looked

at car GPS traces to build a model of where stops were made throughout the day and the

spatial proximity of these stops day to day to build a destination choice model to predict when

trips would be made and where the stops were likely to occur at a more generalized level for

predicting transport demand.

2.3.2 Location-based projection

Another area of research has been identifying the activity and movements of a person based

on their location or history of locations. The premise behind these approaches is that the

location in space has a direct relationship to either where they go next or what they are doing.

These approaches take a couple of different forms, where the main factors are location knowledge
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and movement between locations. Some of the most common forms include location projection

based on location history.

Abowd et al. examined this in the form of the application having knowledge of the location

and trying to determine the interests of the user based on the current location and the past

locations (Abowd et al., 1997). With this type of approach the locations of interest are known

ahead of time and as a result can be descriptively notated. While this type of approach may

work well for applications such as a tourist application where the locations of interest are

known ahead of time; for most applications this type of a priori knowledge is not practical for

everyplace a traveler might go.

On the other end of the spectrum studies have examined traces for the purpose of signif-

icant location identification and predictions of next location based entirely on an individual’s

prior GPS traces. Ashbrook and Starner introduced a technique for automatically determin-

ing significant locations from GPS traces based on a combination of clustering and applying

distance based thresholds (Ashbrook and Starner, 2002). Related work demonstrated that a

second-order Markov model built on these locations and the frequency of trips between these

identified locations could produce significantly better than random predictions of the next lo-

cation a person would visit (Ashbrook and Starner, 2002; Ashbrook and Starner, 2003). Their

work went on to show that GPS traces of multiple users in the same region could be used to

jointly identify and label significant locations. While these works represent a significant step

forward; as the authors acknowledge, the model is not suitable for abrupt changes in routine

such as changes in class schedules, as it would take an extended period of time for the model
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to adapt based purely on frequency counts. The weakness of this type of completely passive

approach is that without more detailed information, the reason for the movement or even the

activity information are not available.

Another approach to this problem has been to learn the activity at a location to infer future

activities at the location. Several studies have examined using activity history at a location to

infer future activity at the same location. Marka et al. examined identifying the activity of an

individual based on the person’s GPS trace (Marca et al., 2002). The study examined how a

GPS trace could be used to infer activity information based on previous location visits given

some activity log history.

Liao et al. addressed this problem by building up a history of travel and labeling the

activities so that the task could be treated as a supervised learning problem (Liao et al.,

2004; Liao, 2006). In their work, a model was constructed using a GPS trace where stops

of a time threshold were given an activity label by the participant. From these examples a

hierarchical Markov model to predict next location and activity information was built. This

basic approach was also explored for indoor patterns by using features such as availability of

WiFi networks to determine activity locations. This technique was shown to be effective at

predicting next destination and high level activity information for travel within the training set

examples.

Other work moved from a supervised approach to an unsupervised approach to build a model

based on a unlabeled GPS traces. This technique used expectation maximization (EM) to learn

transition probabilities and identify significant locations such as goal destinations (start/end
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points) and mode change locations (bus stops and parking lots) (Liao et al., 2007). The resulting

model was capable of adapting end goal probabilities based on en route location information,

and identifying significant deviations from expected travel as long as the trips were within

previously visited routes and locations. So while more advanced than a model built strictly on

significant location identification, it still would required some external entity to determine the

activity or why a trip was made. In similar work, Gogate et al. introduced a hybrid dynamic

mixed network approach to modeling individual travel that identified significant locations and

projected next destination and route selection (Gogate et al., 2005).

While these works mark significant advances in moving from focusing on location alone,

the approaches are still completely dependent on known locations. The significance of this is

that deviations from these known locations result in the models not being able to provide any

information about the current situation or context. This work differs from these approaches

in that like the GPS based techniques, it focuses on individual behavior, but the goal is more

similar to micro-simulation activity models, in that the interest of this work is modeling a more

feature rich set describing the reason for the behavior beyond the locations. The result from

this shift in approach is being able to still make reasonable predictions regarding the type of

activity, likely duration, and mode of transit for the next trip even when a location has not

been previously visited. The other benefit of this more behavioral based approach is being able

to predict the activity needs of the person and travel constraints such that an intelligent mobile

application could then suggest other places with that same activity that are still accessible to

that person.
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2.4 Learning methods

Within this work we examine using a combination of the activity based approach combined

with the detailed level of examining individual patterns used in the location-based approaches.

While this work looks at combining the ideas from both of these approaches, one of the goals of

this work is to prevent the model from being tightly tied to previously visited locations which

is a critical component of past location-based methods. To address this issue the abstraction

of activity models is used at an individual level. As discussed above, one of the features of the

activity based approach is creating a model of a set of attributes that represents the activity

as well as the travel characteristics rather than just the destination. As a result, the model of

the traveler is a sequence of sets of attribute values that are closely related both within the set

itself as well as sequentially. This formulation of the problem was one of the driving factors

behind the learning methods considered.

2.4.1 Associative and sequential mining

One of the key aspects that must be considered when modeling the sequence of sets that

forms the activity sequence is the strength of relationships both within each set as well as the

dependencies across the sequence itself. Sequential associative mining is well suited to this

problem as it specifically addresses strong relationships both within the set as well as across

sets. Since associative and sequential associative mining were first introduced by Agrawal et al.,

this approach has been the focus of many studies (Agrawal et al., 1993; Agrawal and Srikant,

1995). Zaki introduced length, width, and maximum gap constraints to reduce data mining

time. In Harms et al. and Harms and Deogun introduced an algorithm for mining frequent
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episodes from multiple sequences using time lag constraints and separating antecedent and

consequent constraints (Harms et al., 2002; Harms and Deogun, 2004). All of these works have

focused on extracting and applying the associative rules uniformly across sequence series in

prediction. In addition, all of these works tend to focus on predicting a single next item in a

given sequence. Other work has examined set prediction as constrained sequence mining, but

focused on traditional sequential association rules (Garofalakis et al., 1999). More recent work

by Lahiri and Berger-Wolf has addressed periodic patterns and partially periodic patterns in

constrained dynamic graph problems (Lahiri and Berger-Wolf, 2009). Their work on mining

graph patterns in dynamic networks presents a promising way of evolving patterns over time,

but as the missing value problem is a central issue in this work; the algorithm’s basis on

connectivity being either present or absent is not well suited for missing information. Liu et

al. introduced a template based technique for rule mining referred to as label sequential rules.

Applied to text mining, these rules were effective at being able to discern the context of a word

and thus the applicability of a rule based on a comparison to a mined set of templates (Liu et

al., 2005; Jindal and Liu, 2006).

Identifying patterns in traditional associative mining relies on training sets composed of

multiple instances of sets for its primary constraint support. With associative sequence mining,

there is a similar dependency on multiple sequences (Hipp et al., 2000). The implication of

this is when applied to the context of transportation for a travel or activity pattern to be

significant, the pattern must be present across multiple travelers. While this constraint is likely

a good guideline for predicting traveler patterns in general, if the goal is to predict the travel
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pattern of an individual, then patterns that are unique to that individual are likely significant

for predicting future behavior of that individual even if they have little predictive value for

the set of all travelers as a whole. In addition, these techniques are not well suited to lengthy

sequences, as the distance between sets within a sequence is not accounted for. Applying this

logic within the context of transportation, this would be equivalent to saying the likelihood of

an event occurring is just as dependent on an activity that occurred four days ago as it is on

the previous activity. While such relationships may exist, it seems reasonable to assert that

activities that occurred in the traveler’s recent history are in general more likely to be better

predictors of the immediate next activity.

2.4.2 Missing values

Another aspect that had to be considered in selecting a learning method was tied to one of

the common problem with activity surveys, the issue of non-response (Richardson et al., 1996).

Besides non-participation, this issue takes two forms: not reporting an activity; or not fully

answering questions about their participation in an activity. In traditional activity surveys,

this poses a problem for under reporting activities and incomplete information. However, by

looking at the aggregate of many histories, respondents that do provide this information can

at least provide some coverage of the missing information. When learning the patterns of

an individual, this becomes more problematic due to not having the advantage of coverage

through the participation of others. These issues could cause significant problems for learning

approaches since predictions would be made without knowledge of activities that took place

and thus not recognizing the need to include this history in future predictions. The aspect
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of missing information about an activity could mean a crucial piece of information for future

predictions is not recorded. This is particularly a concern when selecting the prediction model

to use. While some methods are effective with complete information, their predictive quality

may degrade faster than other methods as the amount of missing data increases.

Handling missing data has been a challenge and a source of considerable research over the

year’s. As discussed in Rubin, one of the greatest challenges of this problem is that unless the

assumption can be made that the occurrence and the values of the missing elements are truly

random, missing at random (MAR), it is difficult to determine which factors are most important

in determining the missing values (Rubin, 1976). To address this problem in general, one of the

common ways this problem has been addressed has been iteratively filling in the missing values

based on various ways of predicting the missing values given all the present values whether

these were the original values or inferred values (Schafer and Graham, 2002; Raghunathan

et al., 2001). One of the biggest challenges in this is that the identification of which are

the most important factors can greatly affect the accuracy of values as an incorrect selection

can continually cause later values to be populated poorly based on bad earlier selections. As

Lakshminarayan et al. demonstrated in their work, since real data sets do not follow the MAR

assumption, the algorithm used for one data set may not be the best algorithm for another data

set (Lakshminarayan et al., 1996). While different techniques work better than others depending

on the data set, some of the methods that have had good results in general for populating

single records of data (i.e. data without temporal relations) are maximum likelihood (ML),
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Bayesian multiple imputation (MI), and associative rules (Schafer and Graham, 2002; Ragel

and Crmilleux, 1999).

With associative mining the aspect of incomplete information is of particular concern since

its effectiveness degrades rapidly using traditional associative mining when there is incomplete

or missing data. Addressing this problem has been a topic that has gained much attention.

Ragel and Crmilleux’s approach to this problem, known as missing value completion (MVC),

was to create multiple views of the data so that when mining any attribute only the records that

contained the attribute were included (Ragel and Crmilleux, 1998; Ragel and Crmilleux, 1999).

The result was relationships could be effectively mined by only considering the relationships

when a value did appear. One of the problems of this approach is that while it is very effective for

associative set mining it does not work well for sequential associative mining. If this approach

was applied to sequences, the only sequences that would be considered would be ones in which

the attribute value of interest appeared in all sets of the sequence greatly reducing the likelihood

of being able to identify more subtle patterns. Shen et al. examined a different approach to

this problem based on using association rules and combining these with sub-frequent item sets

to populate missing values (Shen et al., 2007). More recent work by Bashir et al. takes an

iterative approach using a combination of association rules and k-Nearest Neighbor (kNN) to

impute the missing values and improve the performance of the association rules in missing value

scenarios (Bashir et al., 2009). The general approach of their method is alternate between filling

missing values with association rules when possible and then when no rules are applicable, kNN

is used to impute remaining values.
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While many techniques have been introduced to handle the problem of missing data, most of

these techniques are not suitable for sequential data. Within this work we extend upon work in

this area by introducing an algorithm that is able to populate missing data effectively for both

associative sets as well as sequences of sets. As shown in Chapter 4, the technique introduced

builds upon the ideas introduced in these works and contributes a significant advance in being

able to impute values that not only depend on its own record but also sets with sequential

relationships.

2.5 Activity transferability

The transferability of activity models across cities has been a source of interest both in its

theoretical implications as well as the practical benefits. Arentze et al. explored the theoretic

transferability of activity patters across cities using the Albatross rule based model (Arentze et

al., 2002). Their approach to evaluating activity transferability involved building a model on

one city and using the model to compare the predicted travel demand from the resulting activity

patterns. There work demonstrated at an aggregate level the predicted demand was satisfactory

compared to models built specifically for these cities. While this result is significant, the ability

to transfer these patterns in terms of scheduling patterns or validity against individual patterns

was not explored. This work builds upon these findings by examining this same approach

to transferability of activity patterns across cities however evaluating against actual observed

behavior in the form of activity surveys rather than simulations. The second aspect that is

an essential difference of this work compared to their work is examining the transferability in

terms of the ability for activity patterns to be transferred across cities at a individual level.
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This study thus expands on their work by also verifying the transferability of activity patterns

at a micro level in addition to their findings at a macro level.

Other studies have examined the similarity in travel patterns across different countries (Tim-

mermans et al., 2003). One of the interesting aspects of this study was how different cultures,

urban structures, transportation networks and accessibility differences affect activity and travel

patterns. This work found that differences in relative location and transport network were

far less important than demographics, economics and social aspects. While this study demon-

strated similarities in aggregate travel patterns across these cities, little analysis was made at

a more micro level in terms of ordering of activities and interrelated constraints.

While these studies have shown similarities in patterns across cities, none of these stud-

ies demonstrate at a micro level whether the scheduling patterns of one city can be used to

help infer individual scheduling patterns in a different city. This work extends these ideas by

demonstrating that the micro patterns of one city can be used to help augment the observa-

tions within a different city for more accurate micro level predictions. While this work does

not explore if this relationship upholds across significant cultural differences, it does show that

these patterns can be transferred across varying transportation networks and urban structures

within a selection of cities within the United States and Canada.



CHAPTER 3

METHODOLOGY

This chapter presents the research design and context of this work. Afterward, the data

requirements and data sources used to address these needs are reviewed along with a description

of the data collection effort conducted as part of this study. Next, the methods used to analyze

the data are explained, followed by the procedures used to evaluate the findings. Finally, a

summary of the methodology presented in this chapter is reviewed and an outline of the overall

experimental approach is presented.

3.1 Research perspective and type

The goal of this work is determining how best to learn the activity patterns of an individual

for predicting new or missing elements of their activity information. Since applications that are

likely to use the generated predictions would primarily be interested in the measurable quality

of the predictions, this study used a quantitative approach. While qualitative information such

as whether the learning is effective or usable would also be beneficial, as the output of this study

is likely an input into another application rather than an end goal, a quantitative approach is

likely more meaningful. However, qualitative aspects are also used for softer measures such

as model “understandability”, learning “quickly”, or what is a “reasonable” effort. For these

types of concepts that are more difficult to quantify a more subjective approach was necessary,

but even these will be compared objectively against existing methods.

47
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Since we are primarily interested in a specific application, activity behavior, that is associ-

ated with a physical set of data, we examine the outcomes of this study using an experimental

approach. This approach seems a natural fit given the goal of evaluating how well the algo-

rithms and approaches introduced in this work will work on practical applications. Specifically

the methods proposed in this work are evaluated against real data sets collected from travel

survey participants to confirm if the projections hold true for real scenarios. To accomplish this

goal, analysis was performed against data collected as part of this work as well as travel surveys

collected in other studies. These data sets became the basis for both training the models as well

as evaluating the resulting models. Thus, all outcomes of this study have been experimentally

verified against “real world” data.

3.2 Research context

Historically analysis of activity-based travel patterns have been studied almost exclusively

for modeling behavior of a person based on a set of demographic characteristics (Algers et

al., 2005). These models have then been used to project the travel of an area by simulating

the behavior of a population based on the demographic makeup of the group with the results

verified at an aggregate level. Furthermore, those interested in the resulting patterns and

projected behaviors have almost exclusively been urban planners and researchers, but this is

ripe for change. This change is being driven by several closely related factors: better technology,

more complete data, and additional interest.

The data available for transportation studies in the past has by in large been limited to

aggregate traffic information and paper-based travel surveys. With the increase in prevalence
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of hand-held computers and GPS devices, the detail and types of information that can be

captured for travel histories are becoming far richer than ever before. While these data sources

share many characteristics with other studied travel activity logs, the additional information

on decision processes and opportunities for further enhancement with GIS offer some unique

opportunities for behavior analysis. In addition, the granularity and quality of data being

captured related to route/location choice and time in particular is far superior to data collected

in the past. Many of these problems require new algorithms and techniques to fully realize the

benefits of the new data sources. The capture of these extra details offers additional possibilities

in identifying models of behavior that are not just sensitive to demographic data and stated

preferences, but also to observed similarities in travel preferences.

The spread of hand-held computers and GPS devices are also playing a significant role in

changing past trends of who is interested in transportation information. With the projected

huge increase in market penetration of GPS-enabled PDAs and cell phones, the market is ripe for

the emerging fields of location-aware and activity-aware applications (Research, 2009; iSuppli,

2007). The spread of these devices allows the movement of people to be observed and utilized

in ways that were previously impractical. This phenomenon provides a new realm for applying

travel behavior analysis in real-time rather than ex post facto as it has primarily been done in

the past. Applications that can take advantage of this combination of factors for the device

owner’s benefit seem a natural extension as evidenced by the huge growth in location based

applications. The proposed research intends to address this space by providing travel behavioral
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analysis and projection of the individual for their own benefit that other applications can utilize

as a service for applications such smart traveler assistants.

The primary goal of this work is to quickly learn the travel and activity patterns of indi-

viduals in a reasonable manner. To accomplish this task we examine three sub-goals as part of

the proposed research:

• introduce techniques necessary to collect the necessary history of the individual in a

relatively unobtrusive manner over the long term

• design algorithms to maximize the value of the data that is collected, and

• develop techniques for mining transferable travel behavior patterns for the purpose of

speeding up the learning of patterns of the target individual

These parts will culminate in a framework introduced for combining these elements in an end-

to-end solution.

3.3 Data requirements and collection methods

The purpose of this section is to explain the data needed by this study to validate its findings

as well as explain how the sources used were selected. First, the data required for this study and

its purpose is explained. Second, the rationale for selecting the specific data sets used in this

work that are taken from other studies are explained as well as their limitations. Finally, the

gaps between these existing data sources and that needed by this study are discussed, leading

into the motivation for the additional collection effort that was made as part of this work. A

description of the survey that was conducted is explained along with the goals of the survey.
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3.3.1 Review of data requirements

To determine the information that needed to be collected and the method of collection for

this study, there were a couple of factors that had to be considered. The overall purpose of this

work was to learn to predict the activity patterns of an individual. Within this work activity

patterns are defined as the location the activity takes place, the activity characteristics, the

travel characteristics associated with getting to the activity location, and when these items are

planned. These categories were selected as they capture information that could be used by

applications such as an intelligent traveler’s assistant or personalization related to the traveler.

Most existing studies of projecting the patterns of individuals have examined learning trav-

eler behavior by concentrating on the travel itself and some have examined trying to determine

the activities of the person based on location alone. Instead of examining the traveler by look-

ing at where they go and how they get there, this study takes a different approach by instead

looking at the decision factors and reasons behind the travel. Transportation planners have

studied travel behavior extensively over the years. More recently, their focus has shifted from

looking at travel alone to understanding why the trip is made and when this decision was

made (Timmermans, 2005). One of the approaches used for this has been examining the activ-

ity needs/desires of the person as the reason the travel is made. Based on the observation that

information about the activity and travel options drives the decision of where the activity will

take place and how the traveler will choose to get there. We propose this type of information is

more important than travel and location information alone in understanding what information

is useful to the traveler before they make their trip.
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To accomplish this, we chose a set of activity and planning data similar to that traditionally

collected by transportation planning activity based surveys. The reason for this choice was in

part due to the proven record of this type of data being effective at modeling traveler behavior.

The validity of using this type of activity data to create multi-user tour based scheduling models

has been demonstrated in recent work (Doherty and Mohammadian, 2007). A second reason

this model was selected was due to the minimal changes necessary to adapt to learning an

individual’s behavior compared to the traditional use of modeling a type of individual. Finally,

the fields chosen captured the key attributes of interest while still allowing several of them to be

collected via passive means such as a GPS trace. By choosing to focus on many fields that could

be collected via passive means to build a history of the user’s behavior, it allows a model of the

traveler to be created and refined with little burden on the traveler. Still other fields selected,

while not addressed directly in this work, can either be drawn though integration with other

applications such as an online calendar or have shown promise for being able to be collected

passively in other research, such as mode of transit (Stopher et al., 2005a).

The data selected for use in these experiments was activity, location, mode of transportation,

arrival time, departure time, duration, sequential order, and planning flexibility information.

These 10 attributes listed below describe the traveler context examined in this work and all

have discrete values:

• Observed sequence of the activity - integer

• Location - location id (explained later in Section 3.4.3)
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• Activity - 22 values: ’At home other’, ‘Shopping grocery’, ‘Social’, ‘Religious/Civic’,

‘Leisure/Entertainment’, ‘Meal’, ‘Shopping household’, ‘Household errands’, ‘Recreation’,

‘Shopping other’, ‘Personal business’, ‘Pick-up/Drop-off’, ‘Shopping major’, ‘Health care’,

‘Work/Business’, ‘At home work’, ‘Primary work’, ‘Services’, ‘Other’, ‘Volunteer work’,

‘Change transportation’, ‘School’

• Mode of transportation - 10 values: ‘Auto-drive’, ‘Walk’, ‘Auto-pass’, ‘Multi-modal’,

‘Other’, ‘Commercial rail’, ‘Bus’, ‘Bike’, ‘Light rail’, ‘Taxi’

• Arrival time - 8 values: ‘3am-8am’, ‘8am-10am’, ‘10am-12pm’, ‘12pm-2pm’, ‘2pm-4pm’,

‘4pm-6pm’, ‘6pm-8pm’, ‘8pm-3am’

• Departure time - 8 values: ‘3am-8am’, ‘8am-10am’, ‘10am-12pm’, ‘12pm-2pm’, ‘2pm-

4pm’, ‘4pm-6pm’, ‘6pm-8pm’, ‘8pm-3am’

• Duration - 7 values: ‘10 minutes or less’, ‘10-30 minutes’, ‘30-60 minutes’, ‘1-2 hours’,

‘2-4 hours’, ‘4-8 hours’, ‘Greater than 8 hours’

• Duration flexibility - 3 values: ‘Inflexible’, ‘Somewhat flexible’, ‘Very flexible’

• Time flexibility - 3 values: ‘Inflexible’, ‘Somewhat flexible’, ‘Very flexible’

• Spatial flexibility - 3 values: ‘Inflexible’, ‘Somewhat flexible’, ‘Very flexible’

These attributes were selected as they represent a mix of information about the type of

activity, location, relative time as well as actual time the activity took place, and the person’s

flexibility. By structuring the data in this way, a trace of the discrete events of the traveler

can be thought of as a stream or sequence of events with the set of attribute values at each
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event being highly related. To address the end goal, a number of data sources from both other

studies as well as this study were used to demonstrate the findings of this work.

3.3.2 Experimental data selection

To accomplish the goals of this work there were a number of different types of data necessary

to evaluate the algorithms introduced in this work and verify the subsequent findings. First,

as this work aims to not only predict the information about the observed activity and travel

behavior, but also the planning process; a data set that captured this combination of features

was necessary. Specifically a data set was needed that captured detailed planning data in

conjunction with activity and travel information. Second, as one of the goals of this work was

demonstrating that activity and planning patterns from one city could be used to improve the

learning time and pattern coverage for another city, this type of data was needed from at least

two cities. Third, to demonstrate the validity of this work large activity surveys were needed

from multiple cities. Finally, a data source that captured a GPS trace in conjunction with an

activity-based survey was needed to demonstrate that passive data sources could augment and

reduce the need for active collection mechanisms.

The data sources included in this study reflect an effort to maximize the limited data

available specific to this study’s internal goals, while still demonstrating its external validity.

Specifically the combination of data required for all aspects of this work, to the best of the

author’s knowledge, can only be found in the survey conducted as part of this research. As

a result, a number of sources outside of this study have been incorporated in various ways

to demonstrate the generalizability of this work despite the limited amount of data available.
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Described below are the data sets used from other studies to meet these requirements, followed

by the survey executed as part of this work.

3.3.3 Existing data sources used

To fulfill the requirements stated above, additional data sources were needed from existing

studies to supplement the data collected as part of this work. For evaluation, this thesis focused

on three sources of outside data. The purpose and use of each of these data sets is described

briefly here, but its exact usage varied depending on the goals of the particular experiment. The

details of how a specific data set was used in an experiment is defined in Chapter 4. Described

below are a summary of the pertinent information of each of these data sets, with references to

the appendix for more detailed information.

First, a large activity dataset that contained detailed planning information is described. As

the additional time required of participants for this type of survey is often burdensome, the size

of these planning studies tend to be smaller than most standard activity-based surveys. This

is one of the reasons additional surveys were necessary to confirm the validity of this work. To

address this need for larger datasets and data from multiple cities, two additional surveys were

also included, which are described afterwards.

3.3.3.1 Computerized Household Activity Scheduling Elicitor survey

To address the need for an activity-survey that also included planning data, the Comput-

erized Household Activity Scheduling Elicitor (CHASE) survey was selected as it provides a

large study of detailed planning data in conjunction with activity and travel information. A

secondary reason for selecting this study was that the survey collected traveler histories over a
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seven-day period, which allowed a more extended view than many surveys that only captured

two days.

The CHASE survey was conducted in Toronto, whose metropolitan area contains 5.5 million

people, between 2002 and 2003, it consists of travel activity information for 426 adults in

271 households (Bureau, 2001; Doherty and Miller, 2000). This survey focused on observed

activity and travel patterns as well as the planning process associated with these activities

captured over a seven-day period for each individual. The data was collected via a computerized

scheduling program that allowed survey participants to self-report on their actual activities as

well as their on-going scheduling process. The user was asked to add, update, and delete their

travel activity plans as their week progressed. The final state of the scheduled activities was

recorded as the observed activity sequence similar to the activity sequences that are recorded in

traditional surveys based on activity diaries. Additional details on the survey methods, sample

characteristics, and data quality analysis can be found in (Doherty and Miller, 2000; Doherty

et al., 2004).

The CHASE survey captured a wide range of in-home and out-of-home activity types. These

activities are captured and organized by a high-level classification as well as a more detailed

activity type. The high level activities that are examined in this thesis are organized into ten

classifications (Night sleep - other needs, Social, Meals, Work/School, Household Obligations,

Drop-off/Pick-up, Shopping, Services, Active recreation, and Entertainment), which are further

broken down into 52 specific activity types (Grocery shopping, Internet shopping . . . exercise,

active sports, etc.)
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In addition to the activity type, detail of the involved persons was also captured in the survey.

For each activity, subjects were asked to indicate other people that were directly involved

with the activity from a pull-down list of names. The list of names was initially populated

via interview and the relationship with that person was noted. As the survey progressed,

participants could add new people to the list by specifying their name and relationship (son,

daughter, spouse, relative, friend, etc.). Parents of young children were asked to specify which

of their children were “under their care”, to obtain further detail about this participation. This

information was used to further differentiate the three main activity types from above into five

categories used in the most recent versions of tour models (Vovsha et al., 2004), including:

1. Individual mandatory activities (i.e. not conducted with other household members, but

may be with other non-household members);

2. Joint maintenance activities (i.e. conducted with other household members)

3. Joint discretionary activities (i.e. conducted with other household members)

4. Allocated maintenance activities (i.e. not conducted with other household members, but

may be with other non-household members)

5. Individual discretionary activities (i.e. not conducted with other household members, but

may be with other non-household members).

Almost all activities fell into this categorization, except a portion of individual mandatory

activities conducted with other household members.
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This dataset contains a mix of information about the type of activity, the location, relative

time the activity took place (# tour of the day), and the persons involved. Thus, the dataset

can be thought of as a stream or sequence of events with the set of attribute values at each event

being highly related. For this dataset, there are 41,312 sets of traveler context, with the average

adult’s traveler context sequence being just over 92 sets in length. Additional information about

the data set can be found in Appendix A.1.

While the number of households surveyed by the CHASE study is substantial compared to

other studies that capture planning data; it is considerably smaller in the number of households

than more traditional activity-based surveys collected elsewhere. As a result, the CHASE data

set is limited in being able to generalize the activity results overall. In addition, GPS traces

are not captured as part of this survey. Thus, additional data sources were needed to meet the

data requirements.

3.3.3.2 Metropolitan Travel Survey Archive

This section describes additional surveys that were chosen to make it possible to show that

the models introduced in this work are neither city specific nor city size specific and that the

activity patterns are generalizable. Since this work is also intended to show that patterns can

be found across different cities of different sizes, large activity-based surveys of two different

cities were selected to fulfill this need. While these datasets do not offer the same level of

planning detail, the two selected surveys offer much larger data sets and the opportunity to

verify geographic transferability.
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The Metropolitan Travel Survey Archive1, a publicly available collection of 29 metropolitan

travel surveys, was used as the source for this data. To capture a range of different city sizes,

the Atlanta 2001-02 survey and the Anchorage 2002 activity-based surveys were chosen. The

benefits of these two surveys in particular, in addition to the variation in sizes, was both of

these studies also captured similar details to the CHASE data set and this study’s own collection

effort making them easier to integrate. The details of the data sets selected to fulfill these needs

are described in detail below.

Atlanta

The 2001-02 Atlanta Household Travel Survey conducted in the Atlanta metropolitan area,

which has a population of 5.6 million people, was chosen for several reasons. This dataset

contains a large number of households and attributes about activity and travel details at each

step and their ordering, making it well suited for sequential traveler context prediction. Second,

the type of activity and travel data collected in this survey is very similar to that collected in the

CHASE survey. Finally, this data set represents one of the larger publicly available data sets of

this type, making the results of this study open to competitive comparisons by other work in

this area. Its large size allows for some experiments that would be impractical on smaller data

sets. For example, demonstrating one of the proposed applications, learning given different

quantities of data missing to reduce survey participant burden (Marca et al., 2002; Auld et al.,

2009). These experiments require a large data set in order to show a significant portion of the

1http://surveyarchive.org/
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data could be removed (i.e. a number of survey questions reduced) while limiting the impact

on prediction quality.

The 2001 Atlanta Household Travel Survey was conducted from April 2001 through April

2002 by NuStats on behalf of the Atlanta Regional Commission (ARC) (NuStats, 2003). The

data consists of travel activity information for 21,323 persons from 8,069 households and 126,127

places visited during the 48-hour travel period. This survey focused on observed activity type,

timing, and travel associated with each person’s activity schedule captured over a two-day

period. The survey captured a wide range of in-home and out-of-home activity types, which

were broken down by a high-level classification. The survey captures 255 attributes relating to

the travel, activity, and demographic characteristics of the individual for each activity sequence

that was recorded. The data is structured such that each event corresponds to an activity in the

person’s schedule with the set of attributes corresponding to the characteristics of the activity

and travel associated with getting to the activity. Additional information about the data set

can be found in Appendix A.2.

Anchorage

Like the Atlanta survey, the 2002 Anchorage Household Travel Survey was chosen for several

of the same reasons. First, while much smaller than the Atlanta survey, it still contains a much

larger number survey participants than the CHASE dataset. Second, the type of activity and

travel data collected in this survey is very similar to that collected in the CHASE and Atlanta

surveys. Finally, this data set was chosen as it represents a vastly different city size compared

to the other data sets studied. While the metropolitan areas of the other cities studied are
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very large: Toronto - 5.1 million, Atlanta - 5.3 million, Chicago - 9.5 million; Anchorage by

comparison is much smaller at 362 thousand, and thus represents a good test of how transferable

travel patterns are across city sizes (Bureau, 2008; Canada, 2008).

The 2002 Municipality of Anchorage Household Travel Survey was conducted from February

2002 through May 2002 by NuStats on behalf of the Municipality of Anchorage (NuStats, 2002).

The data consists of travel activity information for 1,293 households and 7,545 addresses visited

during the 24-hour travel period. This survey focused on observed activity type, timing, and

travel associated with each person’s activity schedule captured over a one-day period. The

survey captured a wide range of in-home and out-of-home activity types, which were broken

down by a high-level classification. The survey captures 91 attributes relating to the travel,

activity, and demographic characteristics of the individual for each activity sequence that was

recorded. The data is structured such that each event corresponds to an activity in the person’s

schedule with the set of attributes corresponding to the characteristics of the activity and travel

associated with getting to the activity similar to both the Atlanta and CHASE surveys.

3.3.4 Urban Travel Route and Activity Choice Survey

While the sources listed above address many of the data requirements, none of them also

captures the participants GPS trace. As described briefly above, one of the key contributions of

this work is being able to identify travel and activity locations automatically is based on passive

information collection like GPS data. While other surveys have captured GPS information as

part of the survey process, few have captured the combination of planning data and multi-modal

traces (Stopher et al., 2007; Schönfelder et al., 2006; Bricka et al., 2009; Clark and Doherty,
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2008). To address this gap and collect additional data to evaluate the benefits of the ideas

created as part of this work, we augmented these data sources with our own data collection

effort. The result was the Urban Travel Route and Activity Choice Survey (UTRACS), which

recorded activity information, travel information and planning information in addition to GPS

traces as part of an internet-based prompted recall survey. Described below is the approach used

to address these questions and how they were incorporated in the UTRACS survey conducted

by UIC in conjunction with the Illinois Department of Transportation (IDOT). This section

describes the basic information of how the UTRACS survey was conducted by these groups to

illustrate the validity of using this survey to verify the findings of this study. The details of this

design and implementation of the collection procedure are described further in work published

related to this study (Auld et al., 2009; Frignani et al., 2010a).

3.3.4.1 Measure benefit of passive data collection

One of the challenges of evaluating the potential benefits of passive data collection was

the lack of sufficient data in previous studies. Specifically being able to evaluate the value

of these passive data sources with respect to a multi-modal activity study. While numerous

activity studies had taken place, at the time of this study the combination of a multi-modal

study combined with integration of GPS data was rare. The aspect of multi-modal studies is

important as a pedestrian may be continually moving at a activity location whereas this is not

likely to be the case with a car based study. One of the goals of the UTRACS survey to address

this gap.
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While there are ways GPS traces can be used in relation to an activity survey, the primary

use examined in this work was how well GPS data could be used to identify significant activity

stops. The approach to verifying this with the UTRACS survey was to collect the activity diary

of the survey participants allowing them to confirm expected significant locations while being

able to add, delete, or move the expected significant locations if they were identified incorrectly.

Using this methodology, the accuracy of being able to identify significant locations from GPS

traces could then be determined. Thus by comparing the number of correct identifications

versus the number of missed or incorrectly identified locations the merit of the GPS processing

algorithm could be determined.

3.3.4.2 Measure reduction in traveler burden

The second aspect that needed to be addressed as part of this study was a measure of

the time required by participants and the associated reduction in time that could be expected

through methods introduced in this work. To address this, in addition to the data recorded as

part of the data entry by survey participants, the time it took participants to answer various

components of the information asked was also collected. this could to collect various forms of

data so that an analysis could be made of the time savings related to the types of information

that could be gained by the techniques introduced in this work.

3.3.4.3 Survey participants

The UTRACS survey was conducted in the Chicago Metropolitan Area from May 2009

through December 2009. A total of 100 households in the Chicago area were surveyed. Respon-

dents were recruited from a random stratified sample of the Chicago area population. Half of
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the sample was constituted by individuals age 65 and over and the other half of ages 16 to 64.

The geographical area included Cook, DuPage, Lake and Will counties. This sample was strati-

fied by county and by four categories of income. The sample followed the geographic population

distribution existing in Census 2000 (Bureau, 2001). However, because of past experience of

lower response rate among lower income and lower education households, those falling in the

lower income categories were oversampled to yield a final income distribution similar to that of

Census 2000 (Mohammadian et al., 2009; Bureau, 2001).

Familiarity with computers was not required from respondents since the survey requires

little computer knowledge, and training and assistance were thoroughly provided. For those

households that did not possess a working computer and internet connection, laptops with

dial-up or wireless broadband were provided. Assistants either left the laptops and the internet

data card in the households for use during the survey period or they visited households taking

the equipment every two or three days.

3.3.4.4 Instruments used to collect data

The equipment used in this survey consisted of GPS trackers, rechargeable AAA batteries,

chargers and computers with internet connection. The GPS tracker had a storage capacity

of approximately 360 hours of tracking data and could operate for 15 continuous hours. It

weighed approximately 50 grams, not including batteries. Approximately the size of a cell

phone, the device was selected as it could easily be carried by the participant throughout the day

regardless of the mode of transportation. The GPS tracker recorded latitude, longitude, speed,

and satellite information every five seconds. Code was placed on the device to automatically
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process the raw data upon connection with the participant’s computer. Once connected the

survey participant would upload the processed log file to the survey web server for further

analysis.

3.3.4.5 Survey execution

The incentives for participation were a 25 dollars debit card for each respondent in the

household, and the entry into a drawing to win one grand prize of 500 dollars or one of two

first prizes of 250 dollars, also in form of debit cards. Respondents were entitled to the 25

dollars card after the completion of the upfront surveys and two days of survey. The drawing

of the three prizes had the goal of incenting continued participation through the 14-day survey

period and respondents received one entry for each day they uploaded data and completed the

associated questionnaires.

Recruitment of respondents and their participation in the survey had the following life cycle:

1. Mailing of invitational material

2. Invitational phone call

3. Initial visit for equipment delivery and training

4. Assistance during the course of the survey

5. Exit visit for equipment retrieval and incentive delivery

Advance Material

Packages with advance letters from University of Illinois at Chicago (UIC) and from the

Illinois Department of Transportation (IDOT) were mailed along with an illustrated explana-
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tory brochure. The letter from UIC explained the purpose and nature of the survey, and the

incentives for participation. The brochure intended to provide information on the steps involved

in survey completion and to attract people’s interest with images of the equipment and website.

Both of these items displayed UIC contact information for the clarification of doubts concern-

ing the survey and its legitimacy. The advance letter from IDOT was included to increase the

credibility of the survey in the eyes of the general public, as IDOT is an institution that is able

to act upon the survey results. Past study has shown that this letter has a significant positive

effect on response rate (Mohammadian et al., 2009).

Recruitment Interview

Two to seven days after the expected receipt date of the mail packages, possible respondents

were contacted via telephone to assess their interest in participating in the survey, as well as

the interest of any other household members. Six phone calls were tried before the household

was classified as non-responsive. When the household was reached and one or more persons in

the household decided to participate, an initial visit for equipment delivery and training was

scheduled at the time and location of the choice of participants. The survey assistant who

made this first contact remained as a unique contact person for that participant for the rest of

survey, in an approach similar to that of the tailored interviewer (19). Most participants chose

to have the meetings at their residence, especially the elderly. However, some preferred to meet

assistants at public libraries, at their offices during lunch break or at coffee shops.
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Respondents Training, Assistance and Follow-Up

During the initial visit, survey assistants: registered and trained respondents; assisted the

completion of the socio-demographic, routine activities and frequently visited locations surveys;

and performed the entry of the initial schedule for the planning day. Assistants then guided

respondents through the completion of an example log, practicing uploading a log, correcting

eventual errors on the automatically detected activity-travel pattern and clarifying any possible

doubt on the meaning of survey questions. A set of illustrated, step-by-step instructions on

how to use the survey equipment and website were given to respondents. The survey database

was manually checked daily to ensure that respondents were completing the survey accordingly.

When it was identified that a respondent had not completed the survey for more than two

consecutive days, the personal survey assistant would immediately re-contact this individual

to remind him/her about the survey and to make sure that no technical problem or difficulty

was being faced. It was important to ensure that respondents did not accumulate more than

around three days of activities and trips before submitting their answered questionnaires be-

cause otherwise the number of questionnaires to be responded to would become overwhelming

and discouraging.

3.3.4.6 Data analysis

Forty-nine percent of respondents were seniors - 65 years-old or over - and the other 51%

were between 18 and 65 years-old. Data on 2,160 trips and 2,131 activities was collected from

the seniors and on 2,397 trips and 2,371 activities from the younger respondents, totaling 4,557

trips and 4,502 activities. The trip rate was 4.3 trips per person per day, which indicates an
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above average number of trips when compared to the reference trip rate for personal travel

suggested in (Stopher et al., 2008b), 3.4 trips per person per day. This result is consistent with

the finding of previous studies, which demonstrate that GPS surveys have an improved ability

to capture trips that are frequently under-reported in other types of survey. The non-mobility

rate was 9.35%, within in the range suggested as accurate in (Madre and Brg, 2007). This result

is also similar to other long duration surveys such as the seven-day German Mobility Panel and

the six-week Mobidrive, which are considered to have accurate non-mobility levels (Madre and

Brg, 2007).

A deeper look at the survey design, methodology, execution and analysis can be found in

the associated papers (Auld et al., 2009; Frignani et al., 2010a; Frignani et al., 2010b).

3.3.5 Summary

Table I summarizes the different characteristics of the data sources listed above. As this

table shows, the more time consuming planning surveys (CHASE and UTRACS) tend to be

considerably smaller than the basic activity surveys, but they also offer longer survey periods

providing better examples of multi-day activity patterns. This table also illustrates the need

for the UTRACS survey in terms of the GPS capture alone. In addition to this GPS data,

designing and executing a survey focused on the goals of this work also allowed a more detailed

analysis of response time and projected savings than that captured in any other study.

3.4 Data analysis

This section explains the different ways the data used in this work were analyzed to meet the

needs of the research goals. One of the challenges of hybridizing travel survey techniques with
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TABLE I

DATA SET CHARACTERISTICS

Data set Activity Planning GPS Time Households
Information Information Trace Period

CHASE 2002-03 X X 7 days 271

Atlanta 2001-02 X 2 days 8,069

Anchorage 2002 X 1 day 1,293

UTRACS 2009-10 X X X 14 days 100

real-time analysis and projections is determining the type of model needed and the necessary

data to achieve the goals of this study. Described first is the model used to represent the

activity patterns of an individual. This is followed by an explanation of how the dimensions of

an activity based travel survey are reduced to allow for quick processing while still capturing

enough detail to make meaningful predictions. Finally, the method for integrating GPS data

into this model is specified.

3.4.1 Traveler history

One of the common ways activity based travel surveys are collected is by the order of

activities and travel related to getting to the location of each activity. Thus, when examined

by the order of activities the observations describe a chain of activities and travel. To model

the activity patterns of an individual we formalize this be stating the patterns of an individual

can be represented by a sequence of activity and travel events. Thus, the data is structured

such that each activity or trip corresponds to an event in the person’s activity pattern stream,
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with a set of attributes corresponding to that pair of events that capture information about the

activity and travel which we have referred to as the traveler context represented as TC. This

model of a traveler’s history is a sequence of descriptions of events or a sequence of traveler

contexts. Since the traveler’s history represents the sequence of these events from the time

observation began until the present, this represents a continually growing sequence or stream

of activity patterns. Formally, each activity event A contains a set of attributes about that

activity {a0 . . . al} which is followed by a travel event B characterized by the set of attributes

{b0 . . . bm}. By having an attribute of each of these events be the associated duration of the

event, the events can be represented as a discrete sequence of sets rather than a continuous

stream. This simplification greatly reduces the complexity of the problem without impacting

the ability to represent that activity patterns that occur. Thus, the model of the observed

activity patterns of an individual can be described as:

〈
TC (A {a0,t0 , . . . , al,t0}B {b0,t0 , . . . , bm,t0})t0 , . . . , TC (A {a0,tn , . . . , al,tn}B {b0,tn , . . . , bm,tn})tn

〉

where t0 represents time step where observation began of the individual and tn represents the

traveler context at the current time. Thus, projecting the traveler context x steps in the future

would be tn+x. This model is used for the remainder of this work.

3.4.2 Dimension reduction

For most applications, some form of dimension reduction is beneficial to reduce the com-

plexity of the problem. For applications that are further constrained by needing to adapt to
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changes quickly, this is especially true. With this in mind, this section explains the how and

why of the dimension reduction in this work.

The first way the fields were simplified was discretization of the fields being examined.

This was done for two reasons: to simplify the problem; and to generate a model that was

more understandable while also allowing it to be easily compared across travelers. The second

simplification was consolidation of existing discrete values that represented a range of values

into larger buckets to increase the number of instances within each bucket to a meaningful size.

Finally, within this work there are two distinct types of learning related to the activity

pattern of the individual. The first focuses on learning the individual’s patterns based on their

own history. The second is inferring likely patterns of the individual based on similar patterns

of others or pattern transference. As might be expected, the data needed for these two tasks is

also different.

3.4.2.1 Patterns of the individual

For learning the patterns of the individual, it is fairly intuitive that demographic information

of the traveler is irrelevant since it would on a short-term scale remain constant. On a macro

scale, this may not be true since the number of children could increase, or an additional job

could significantly increase the income of a household. However, as described in more detail

in Section 4, the learning of the individual adapts over time with more recent observations

replacing distant ones. As a result, adaptation to these changes will naturally occur as time

passes allowing this information to be treated as a constant.
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The second part of the dimension reduction for learning the patterns of the individual relates

to selecting which fields are of interest, and once those fields have been selected determining

which additional fields (if any) should be added to improve predictions related to the desired

fields. The validity of using this type of activity data to create traditional multi-user tour based

scheduling models has been demonstrated in recent work (Doherty and Mohammadian, 2007).

For this paper we selected a subset of 10 of these attributes described in Section 3.3.1 out of

the 200 or more attributes typically collected in activity based surveys.

3.4.2.2 Pattern transference

The technique of pattern transference involves using the patterns of other travelers, to

improve the patterns of the individual we are trying to predict for. There are multiple ways

this could be accomplished, but essentially it comes down to determining when patterns are

relevant to the target traveler. Unlike learning the patterns of an individual, for trying to

compare other traveler patterns to improve the patterns of the individual, the attributes of the

individual such as their demographic data might be highly relevant. However it is important

to note the cost in terms of user burden of adding additional attributes for this purpose. If an

attribute is added outside of the desired attributes described above, this would mean an ongoing

burden for the traveler, however if only demographic data is added this would be essentially, be

a onetime cost. As a result, the additional attributes collected for this task, explained in detail

in Chapter 4, are demographic attributes.
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3.4.3 Processing GPS traces

As indicated in Section 1.6, this work is primarily interested in activity locations and trip

characteristics rather than the actual route of the traveler. This is important as it allows the

amount of GPS information stored long term to be greatly reduced. Specifically, after the GPS

trace has been processed and the activity locations, timing and trip characteristics have been

extracted, the GPS trace itself is no longer needed. While keeping the GPS trace could benefit

other techniques that focus on route selection, retaining them is not necessary post processing

for the algorithms and techniques introduced here.

As mentioned in previous sections, to simplify the real-time learning and prediction tasks,

the GPS components are discretized as well. For traits like timing and trip characteristics, this

is fairly straightforward. For start, end, and duration these can be discretized by increasing the

count of the appropriate bucket that contains that range of time (i.e. 2-4 pm.) For location, this

is a bit more complex as we want to capture a discretized version for learning and prediction

that is also flexible enough for a non-exact GPS match when the location is revisited. To

accomplish this, a location id is given to activity locations detected during the GPS processing.

Each of these location ids are then associated with a corresponding GPS point. By itself, this

would mean a huge number of location ids that did not duplicate would be collected with little

meaning to a learning component that focused on discrete patterns. To address this when new

activity locations are identified from the GPS log, a comparison is made to existing locations

and merged with similar previous locations resulting in a much smaller set of locations. Thus,

a location id gets associated with a location circle rather than a single point. This is important
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as it keeps the number of locations that must be stored significantly smaller, while also making

the learning algorithms job and readability of the model easier. The technical details of how

this is accomplished are described in Chapter 4.

3.4.4 Evaluation across studies

One of the complexities of examining traveler pattern transference is that the exact features

captured by various studies can be different. For example in the three data sets used for testing,

while certain attributes were the same, a large number of them differed. Some of the common

differences were different names, for example Anchorage referred to an arrival time as “arrive”

while Atlanta used “arrtm,” despite these two surveys being conducted by the same company,

NuStats. This process of mapping the same concepts across data sets is known as ontology

alignment (Gruber, 1995). While the alignment mapping across the surveys can be easy, as

described in the previous example, other attribute differences can be more complex where the

mapping is more fuzzy. For example the Anchorage survey has a salary range of “$70,000 to

$79,999,” while the Atlanta survey has “$60,000 to $74,999” making the matching more gray

than black and white.

Due to these differences between these data sources, creating an alignment between them

was necessary to allow patterns to be meaningfully transferred between the different areas

captured by the surveys. The alignment used for demonstrating transference was created by

hand mapping the fields used between the data sets; however there is promise of creating (or at

least starting) this type of mapping automatically as shown in Section 4.5. It is important to

note that while it may seem advantageous to create a hand mapping of the alignment in such
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a way as to skew the results in this studies favorably, in fact the opposite is true. This is due

to a less precise mapping degrading the value of the patterns learned and thus reducing the

accuracy of the predictions.

3.4.5 Testing methodology

For all experiments conducted in this work a 10 times cross-folding or hold-out methodology

was used to ensure the validity of the results. A k times cross-folding methodology (where k ≥ 2)

refers to randomly splitting the instances of the data set into k sets of data of approximately

equal size. Tests are then carried out using k− 1 sets as the training set and the remaining set

(the hold-out set) as the test set. This process is repeated until each set has been used as a

test set and the average of the k different runs is reported. The only exception to this method

is in the transferability testing where one city was used for the training set and a second city

was used as the test data set. However, the results reported for a city being both the training

city and the test city, once again used a 10 time cross-folding methodology as stated in 4.4.2.2.

All tests (except for the activity pattern transference where one city was used for training

and another city was used for testing) used a 10 times cross-folding methodology. Cross-folding

is the more common name for hold-out testing within the data mining community. Applying

a 10 times cross-folding methodology means that the data is randomly split into 10 segments

of as equal size as possible, and 9 of the segments are used as the training sample and the

remaining segment is used as the test data. This is repeated so that each of the 10 segments is

used for the test set and the average of the 10 runs is reported.
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3.4.6 Metrics

For measuring prediction performance, we use the information retrieval metrics of precision

and recall (Cleverdon, 1970). The basic definition of recall and precision can be written as:

precision =
# true positives

(# true positives + # false positives)

recall =
# true positives

(# true positives + # false negatives)

For the purpose of this study, since we are primarily interested in the correctness of the at-

tribute value (if the attribute appeared at all). Thus # true positives is the number of attribute

values predicted correctly; # false positives is the number of attribute values incorrectly pre-

dicted where the attribute did appear in the time step, and # false negatives is the number

of attributes no value was predicted for, but some value for the attribute appeared in the time

step. Since these two measures are often associated with a trade off of one for the other, we

also examine a combined metric the F-measure (van Rijsbergen, 1979) which can be calculated

as:

F-measure =
(2 · precision · recall)

precision + recall

We use this metric to compare the balanced performance of the algorithms.

3.5 Summary of methodology

In this section, an overview was given of the methodology applied in this study. For this

study, a quantitative research design was used to empirically demonstrate the findings of this
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work. A quantitative design was chosen since it was best suited for the task of data mining

and prediction of known variables. However, in addition to quantitative measures, qualitative

comparisons are also used for comparing readability of the models generated.

To approach the problem of learning activity patterns of individuals, a subset of attributes

typically used in urban planning activity surveys was used. Specifically the attributes selected

capture activity, location, mode of transportation, arrival time, departure time, duration, se-

quential order, and planning flexibility information of the activity and travel of the person.

These attributes were picked because while they capture the information of interest in model-

ing the traveler, they also have been shown to effectively predict travel and activity patterns of

types of individuals in planning studies (Doherty and Mohammadian, 2007).

The traits of interest were discretized and the series of activities and associated travel of the

participant became a series of sets representing the events or traveler context throughout the

day. The findings of this study were demonstrated using three transportation surveys collected

outside this study in addition to a survey conducted as part of this work. Due to differences

between the different studies, the data captured in the studies had to be aligned by hand such

that the patterns identified in one survey could be meaningfully examined in relation to the

other studies. To fit this same model the GPS trace that was collected as part of this work was

processed to automatically identify discretized versions of the attributes matching the study’s

goals.

Thus, the goal of this study was given a series of traveler contexts gathered through active

and passive means, predict the next set or sets of contexts or missing attributes of interest in



78

previous contexts. Information retrieval measures were then used to quantitatively analyze the

value of the predictions of the model created. To demonstrate the soundness of this work; the

primary goal was broken down into a number of sub-problems. First, the internal validity of

being able to predict the activity patterns of a traveler with “perfect” information is shown.

Next, techniques are introduced and analyzed for reducing the burden on the traveler for col-

lecting data. This is followed by presenting algorithms and techniques that can further reduce

the amount of data that needs to be collected with limited impact on the quality of predic-

tions. Afterward, a demonstration of how activity patterns might be transferred from other

locations to improve predictions is shown. Finally, a combined framework of how all of these

concepts might be brought together for quickly learning the activity patterns of an individual

is presented.



CHAPTER 4

RESULTS AND CONCEPTUAL MODEL

4.1 Traveler context prediction

This section is based on previously published work (Williams et al., 2008).

Recent work has focused on creating models for generating traveler behavior for micro

simulations. With the increase in hand held computers and GPS devices, there is likely to be

an increasing demand for extending this idea to predicting an individual’s future travel plans

for devices such as a smart traveler’s assistants. In this section, we introduce a technique based

on sequential data mining for predicting multiple aspects of an individual’s next activity using

a combination of user history and their similarity to other travelers. The proposed technique

is empirically shown to perform better than more traditional approaches to this problem.

4.1.1 Introduction

Modeling and predicting travel patterns has been a source of interest and a challenge for

regional planners for a number of decades. In the past, data available for these studies has by

in large been limited to aggregate traffic information and paper based travel surveys. With

the increase in prevalence of hand held computers and GPS devices, the detail and types of

information that can be captured for travel histories are becoming far richer than ever before.

While these data sources share many characteristics with other studied travel activity logs,

the additional information on decision processes and opportunities for further enhancement

79
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with GIS offer some unique challenges as well as opportunities in behavior prediction. In this

section, we focus on techniques for extracting meaning from these augmented data sources.

One of the challenges associated with understanding traveler behavior is its strong dependency

on the transportation network. The strength of this relationship makes it nearly impossible to

address behavior without also considering the overall traveler context in terms of location, mode

of transit, what is being done, and the time of the activity to name a few aspects. A better

understanding of how this context affects future behavior is likely to not only improve predictive

models, but also provide additional insight into how choices are made among alternatives.

In this section, we explore the challenge of traveler prediction not as activity or location

prediction, but as context prediction. Specifically we examine the problem of given a sequence

of the traveler’s prior context how well can the context of their next activity be predicted.

Rather than focusing on prediction of common activity sequences based on the history of many

travelers, we shift the paradigm to predicting the travel context of an individual based on their

own travel history and the history of others. This subtle shift is to facilitate moving travel

prediction from the realm of urban planning to enable personalized smart traveler assistant

devices. The principle behind these devices are to provide intelligent services like multi-modal

travel planning to support a user’s travel needs (Dillenburg et al., 2002; Torrens et al., 2004).

With this type of application, understanding the context of a traveler can help identify what

type of information the user is interested in and help narrow potential options. Consider a

scenario where a user wants to make a trip across town mid-day. If the assistant knew the
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user’s likely mode of transit and accessibility thresholds, the system might be able to evaluate

and suggest one transit route over another.

We propose a novel approach to predicting individual traveler behavior and associated

context from a stream of their prior traveler context. The proposed approach examines each step

in the history and the predicted next step of the traveler as a set of attributes or characteristics

describing the context of that step. As a whole, these steps form a sequence of sets describing the

traveler’s context progressing through time, or an enhanced activity sequence. We introduce a

technique for mining sequential associative rules from individual activity sequences and augment

recall and thus overall performance by incorporating the patterns of other travelers through the

traveler’s context.

4.1.2 Mining Multi-Variate Streams

In this section we introduce a method for mining temporal stream data based on constrained

associative sequence mining introduced in Agrawal and Srikant (Agrawal and Srikant, 1995).

Our contribution is an extension of these techniques for next step multi-variate prediction

within a single discrete temporal stream. In this context, the multi-variate prediction refers

to the prediction of the multiple variables or characteristics associated with the next traveler

context simultaneously, as opposed to trying to classify each characteristic individually.

Association mining and sequential association mining has traditionally been applied in the

business world for analyzing purchase patterns through market basket analysis. Since this tech-

nique was introduced in 1993 (Agrawal et al., 1993), associative pattern analysis has remained

widely popular due in part to the readability of the found patterns and the intuitiveness of the
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strength of the rule (Hipp et al., 2000). The output of this type of sequential associative mining

is a rule of the form:

〈{AB} {C}〉⇒ {DE} ,with support = 25%, and

confidence = 80%

This rule can be read as: if the set {AB} is followed by the set {C} this implies the set {DE} will

appear in the future. The strength of this pattern is that this full sequence,

〈{AB} {C} {DE}〉, occurred in 25% of the training examples (support); and for all training ex-

amples where 〈{AB} {C}〉 appeared, the full sequence 〈{AB} {C} {DE}〉 appeared 80% of the time

(confidence). Thus, as this example shows, unlike some other model-based techniques for ex-

ample neural networks, the model and patterns identified by this technique can be further

analyzed and explained if desired. In addition, because the sequential patterns identified are

only order dependent, meaning additional sets of items could occur between the identified sets

without consequence as long as the sets are in that order, the technique is also more robust to

noise in terms of still being able to identify the underlying pattern. From a traveler prediction

perspective, this feature is likely to help in identifying the underlying patterns despite sporadic

activities that may not be part of the regular routine of a traveler’s day.

Identifying patterns in traditional associative mining relies on multiple training sets for its

primary constraint support (Agrawal et al., 1993). With associative sequence mining, there

is a similar dependency on multiple training sequences (Agrawal and Srikant, 1995). The

implication of this when applied to the context of transportation is that for a travel or activity
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pattern to be significant, the pattern must be present across multiple travelers. While this

constraint is likely a good guideline for predicting traveler patterns in general, if the goal is

to predict the travel pattern of an individual, then patterns that are unique to that individual

are likely significant for predicting future behavior of that individual even if they have little

predictive value for the set of all travelers as a whole. In addition, these techniques are not well

suited to lengthy sequences, as the distance between sets within a sequence is not accounted

for. Applying this logic within the context of transportation, this would be equivalent to saying

the likelihood of an event occurring is just as dependent on an activity that occurred 4 days

ago as it is on the previous activity. While such relationships may exist, it seems reasonable to

assert that activities that occurred in the traveler’s recent history are in general more likely to

be better predictors of the immediate next activity.

Based on these perceived weaknesses of existing associative sequential mining techniques

when applied to individual traveler prediction; we propose an alternative to the traditional

constraints which we assert is better suited to this type of prediction problem. The purpose

of the proposed technique is to identify frequent sequences within multi-variate temporal data,

such as the many different characteristics describing the activity of a traveler, that can be used

when patterns within a single stream are meaningful, and is more suited for lengthy sequences.

Below we present an approach to constraining the problem of frequent sequence mining to allow

existing associative sequential rule mining algorithms to work in this context.
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4.1.2.1 Revised Constraint Definitions

An important difference between this new problem formulation and the typical data used

with sequential association rule mining is the number of sequences. In traditional sequential

association rule mining there are many sequences, each representing an instance of a specific

occurrence of a sequence of item sets. As such, traditionally how frequently an item set or

sequence of item sets occurs is defined in terms of the number of training sequences the set(s)

occurs in, more formally support count of X is defined as:

X.count =
# of training sequences containing the item set X

total # of training sequences
,

and the definition of the support of a sequence of an arbitrary number of item sets X Y . . . Z is

defined as:

support(〈{X}{Y}{. . .}{Z}〉) =
(Xi ∪ Yj ∪ . . . ∪ Zk).count

total # of training sequences
,

where i < j < k (number of times the item sets appear in that same order). By contrast, since

we want to identify patterns in a single training sequence, we are interested in how frequently

a set of items occurs in terms of the total number of item sets in the user’s sequence. Thus, we

define the count of an item set as:

X.count ′ =
# of item sets containing(the items of set X)

total # of item sets in the training sequence
,
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and the definition of the support of an arbitrarily long sequence of item sets, X Y . . . Z, is thus

also defined in terms of item sets, but additional consideration is taken since we are trying to

capture support of sequences of item sets within a single sequence. Thus, without additional

constraints any item anywhere in the sequence after the first item set could be considered

support for the sequence regardless of their distance apart in the sequence. We thus want to

constrain the number of item sets considered after the first item set in the sequence in question.

To address this we use the concept of a support window. A support window specifies the

item sets after the first item set to consider when calculating support. Thus when calculating

the support of any potential frequent sub-sequence within the original sequence, there is a

support window of some specified length w that slides to the first item set considered. Using

this concept we define the support of a sequence of an arbitrary number of item sets X Y . . . Z

to be defined as:

support ′(〈{X}{Y}{. . .}{Z}〉) =

(Xi ∪ Yj ∪ . . . ∪ Zk).count ′

total # of support windows in the training sequence

where i < j < k ≤ (i + w). Thus the number of times the sequence occurs within the win-

dow constraints of all possible windows in the sequence. All other common multiple support

sequential mining constraints designed to help limit the search space such as λ (relative min-

imum support), support difference constraint, and minimum support threshold are calculated

with respect to this new support measure (Liu et al., 1999). Likewise, when rules are mined
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from the extracted frequent item sets, confidence is defined in terms of this definition of support.

The results reported in this section were obtained by applying these constraints to the Gener-

alized Sequential Patterns (GSP) algorithm (Srikant and Agrawal, 1996), although it should be

noted that any multiple support sequential association rule mining algorithm such as PrefixS-

pan (Pei et al., 2004) could be used with this technique.

4.1.3 Related Work

Techniques for constraining and mining sequence association rules have been extensively

studied since associative mining and later sequential mining techniques were introduced by

Agrawal et al. (Agrawal et al., 1993; Agrawal and Srikant, 1995). The sequential mining tech-

niques introduced in that work also explored a similar concept to the sliding windows discussed

here, but this idea was only explored in terms of defining support between sequences rather

than as a mechanism for discovering patterns within a single sequence (Agrawal and Srikant,

1995). Zaki introduced length, width, and maximum gap constraints to reduce data mining

time. In Harms et al. and Harms and Deogun an algorithm was introduced for mining fre-

quent episodes from multiple sequences using time lag constraints and separating antecedent

and consequent constraints (Harms et al., 2002; Harms and Deogun, 2004). All of these works

have focused on extracting and applying the associative rules uniformly across sequence series

in prediction. In addition, all of these works tend to focus on predicting a single next item

in a given sequence. Other work has examined set prediction as constrained sequence mining,

but focused on traditional sequential association rules (Garofalakis et al., 1999). Work on label
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sequential rules were introduced and examined in the context of text mining for their benefits

at being able to discern the context and applicability of rules (Liu et al., 2005; Jindal and Liu,

2006).

Much of the related transportation specific research falls into two general categories: micro-

simulation, and individual travel prediction. In the area of micro-simulation, related work

has primarily focused on using activity survey data for generating simulated activity schedules

or verifying simulations (Pribyl and Goulias, 2005; Lee and McNally, 2003). Recent work

has examined using mental maps and cognitive learning for improving choice models through

observations during micro-simulations (Arentze and Timmermans, 2005). However all of this

work has focused on simulating the behavior of artificial travelers. Other work has focused

on predicting next location of individuals based on GPS traces (Ashbrook and Starner, 2003).

Liao et al. extended this idea and examined this problem as an unlabeled activity model for

predicting the next location (Liao et al., 2007). This study differs from these in that like the

GPS based techniques, it focuses on individual behavior, but our goal is more similar to micro-

simulation models, in that we are interested in modeling a more feature rich set describing the

reason for the behavior beyond the locations.

4.1.4 Experiments and Discussion

4.1.4.1 Methods

Data

In this section we use a dataset derived from the Computerized Household Activity Schedul-

ing Elicitor (CHASE) survey to evaluate the proposed constrained rule mining problem (Doherty



88

and Miller, 2000). CHASE was conducted in Toronto between 2002-2003 and consists of travel

activity information for 426 adults in 271 households. This survey focused on observed activity

and travel patterns as well as the planning process associated with these activities captured

over a 7 day period for each individual. This data set is described in detail in Section 3.3.3.1.For

this section we have selected a subset of these attributes (18 of approximately 200) and only

activities that are adults only, current acts, good data, no driving acts, and no doing the survey

acts. These 18 attributes listed below describe the portion of the traveler context examined in

this section and all have discrete values:

• Activity Group

• Activity Specific Type

• Activity group (3 categories related to if tour was mandatory)

• Activity group (5 categories related to involvement of others in tour)

• Activity group (8 categories for tour analysis)

• Total number of children under care in the household that are involved

• Location id

• Location, observed (in or out-of-home)

• City

• Tour type: At-home (AH) or home-based (HB)

• Observed sequence of the AH or HB tour (1st AH tour of the day, 2nd AH tour etc)
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• Observed sequence of the activity in the tour (1st act in the tour, 2nd act in the tour,...)

• Duration flexibility binary indicator

• Time flexibility indicator

• Spatial flexibility indicator

• Whom the activity is conducted with

• Whom the activity is normally conducted with

• Interpersonal flexibility

These attributes were selected as they represent a mix of information about the type of

activity, the location, relative time the activity took place (# tour of the day), and the person’s

involved. Thus, the dataset can be thought of as a stream or sequence of events with the set

of attribute values at each event being highly related. For this dataset, there are 41,312 sets of

traveler context, with the average adult’s traveler context sequence being just over 92 sets in

length.

4.1.4.2 Experiments and Evaluation

In the results below, we also present the results of Naive Bayes and a first order Markov

model for the purpose of a comparative baseline. For both of these models, a classifier was built

for each of the 18 attributes potentially present in each time step. The results presented below

evaluate the set produced by this group of classifiers at predicting the next attribute value set

at the next step in the series. The numbers presented are the average across the 18 attributes.
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To ensure the significance of our results, we have employed a 10 times cross-folding valida-

tion methodology. Since sequential data is by definition order sensitive, care must be taken to

ensure order is preserved as much as possible while still producing meaningful cross-folding. For

this we employed a loop technique designed to keep as much of the training data as sequential

as possible while still allowing the test set to immediately follow the training data that would

have been seen just prior to the test data in the actual event. To illustrate this, consider a

sequence S that would be split into parts S1, S2, . . . , S5. The resulting test series would be:

Train1 = S1S2S3S4 Test1 = S5,

Train2 = S5S1S2S3 Test2 = S4,

Train3 = S4S5S1S2 Test3 = S3,

. . .

All results shown are the average of the 10 runs.

In the first set of experiments, we examine the impact of minimum support on predictive

quality using a support window of 3 and a window size of 1 for predictions. Figure 1 and Figure 2

depict the effect minimum support has on precision and recall respectively with the additional

support window constraint. As these figures show, like traditional association rules, the higher

the minimum support, the more precise the rules, but there is a tradeoff of lower recall. Figure 3

displays the F-measure of these same models and show that the lower minimum support of 10%

combined with a confidence threshold of 66% provides the best balance of precision and recall.
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In the next set of experiments we compare the support window constrained algorithm, with

two common algorithms as baselines. For the support window constrained algorithm we selected

the best mix of support window, prediction window, and minimum support constraints based

on F-measure for comparison; specifically a support window of 3, a prediction window of 2, and

minimum support of 10%. Figure 4 and Figure 5 depict how the proposed algorithm compares

with each of these baselines with respect to precision and recall. As Figure 4 shows the proposed
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algorithm is as precise as either of the baselines across the entire confidence threshold range. A

closer look at the recall shows that while Bayes has a higher recall at low confidence thresholds,

the proposed algorithm has a better F-measure for the entire range as seen in Figure 6.

In the last set of experiments, the prediction performance of a selection of the attributes is

presented in Figure 7. This chart contains a comparison of how well each attribute is predicted

beyond the overall averaged predictions. As these results demonstrate, the location selection is
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one of the easiest attributes to predict as it likely best captures traveler’s preference to frequent

locations as part of their routine. Another interesting aspect of these results is that while the

locations are fairly predictable the activity is more difficult to predict. This indicates that people

often do several different activities at the same location at different times, which demonstrates

location prediction alone is insufficient in determining the reason for travel. The missing data

is interesting as it reflects which attributes are likely to get non-responses from users. As the
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percentage-missing shows, while the activity and location are commonly entered, capturing

when items are planned and the reason for selecting their travel are harder for participants to

recall perhaps due to people’s tendency to follow their routine rather than consciously thinking

through each decision.

4.1.4.3 Discussion

In this section we introduced a technique for constraining sequential associative mining

algorithms so that individual streams of activity sequences can be mined effectively. As our

results demonstrate, this technique shows significant promise for accurately predicting next

step context compared to Bayesian and Markov approaches. This advantage is likely due to the

strength of relationship within the predicted set being better captured by associative mining.
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For simplicity in the experiments above, the support window was specified by a fixed number

of item sets; however it is easy to envision more complex notions of this same concept specific

to transportation. For example, a more meaningful boundary in transportation may be within

a day or within a tour. The benefit of a more complex transportation specific notion such as a

tour for a support window is explored in Section 4.4. As shown, an additional benefit of this

technique is that the predictive model is much more transparent than techniques such as neural

networks, allowing additional insight to be gained from the models created.

4.2 Data collection and reducing user burden

This section is based on previously published work (Auld et al., 2009; Frignani et al., 2010a).

One of the challenges in learning the behavior of a user for mobile applications is the balance

between collecting enough data to learn the person’s patterns and over burdening the user with

the amount of interaction required. When discussing the effort required by the user we refer

to two types data collection active and passive. In this context active data collection refers

to data that is collected by the traveler having to manually enter information specifically for

purpose of learning their behavior. Passive data collection refers to data that can be collected

from other sources without user interaction. The previous sections have validated the use of

activity context to project future activity contexts, given data actively provided by the traveler.

While this type of actively collected data has been proven to provide good predictions, it also

represents a significant burden on the traveler.

A primary goal of this work was to gain the benefits of traveler activity pattern modeling

without the burden on the traveler that is usually associated with the amount of data needed



96

from the person. The approach proposed here is based on leveraging passive data sources such

as GPS traces and learning methods to reduce the data entry requirements of the user. As

such, a data source was needed to examine the benefit of passive data analysis as well as some

method of measuring the reduction in burden on the user. To address this, as described in

Section 3.3.4, information on the detected location accuracy as well as time required by the

user for questions was recorded. In this section, a GPS processing method is introduced and

evaluated for its ability to passively detect significant locations. This is followed by a discussion

of the ways techniques discussed in this section were applied to the UTRACS survey, how they

performed, and finally a discussion of how the burden may be further reduced.

4.2.1 Detection of significant locations using GPS

One of the key themes throughout this work has been exploring ways to reduce the effort

required by the user while still being able to make reasonable predictions. One of the primary

ways of accomplishing this is through leveraging passive data sources such as GPS in helping

establish context without user input. Within this section a new approach to GPS processing is

introduced, followed by an evaluation of the accuracy of the approach.

4.2.1.1 Introduction and motivation

Many studies have examined ways GPS may be used to aid in detecting significant locations,

activities, and travel characteristics (Rudloff and Ray, 2010; Liao, 2006). One of the common

characteristics of these approaches is detecting these aspects or its modeling takes place during

post-processing. For example, Ashbrook and Starner’s approach was based on k-means cluster-

ing over a history of the travel of the user to detect most frequented locations (Ashbrook and
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Starner, 2003). Other work by Flamm et al. used spatial density algorithms to identify signif-

icant locations (Flamm et al., 2007). By contrast here we introduce an approach that detects

significant locations, matches the locations with previously detected location, and detects the

start/stop of trips as the GPS data is recorded.

The basic method introduced here, like similar work, is to use a threshold based evaluation

on time and distance. The key difference between the approach presented here and prior work

is to use the aggregation of points rather than an ongoing comparisons of individual points.

This contribution is significant as stops can be identified, matched with prior locations, and

the resumption of travel detected all on the fly rather than waiting until post-processing. The

significance of this is that the actual context and better identification of prior context can

be determined on an ongoing basis without user input. By gathering ongoing location and

trip information unobtrusively, a prediction model based on prior history can be much more

accurately built with far less effort than previously required by the user.

4.2.1.2 Problem statement and approach

Given an ongoing stream of GPS points from a multi-modal traveler, detect incrementally:

• Significant stops/locations as defined by a specified distance and time threshold

• Match these with previously identified locations and update location if necessary, and

• Detect the resumption of travel

The approach taken to accomplish this is to use the incoming GPS information to estimate

the likely constraints of a potentially significant location. The estimated bounds of the potential
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location are approximated as being represented by a circle around the point with the diameter

of the potential location being the distance threshold. Thus as new points are recorded, as long

as they are within the estimated location circle no other additional comparisons need be made

against all other points of the trace. The determination of if a current location is significant is

then made based on if the difference in time from the last recorded point to the first recorded

point of the circle is greater than the minimum time threshold. As these significant locations

are identified, they are merged with previously identified locations. Other approaches to this

problem have been used in geomatics such as map matching, however the vast majority of

these techniques rely on matching GPS traces to known routes or locations (Quddus et al.,

2003; Blewitt and Taylor, 2002). As a result, one of the limitations is very detailed maps are

needed of the area in question. Applying these techniques to the context of this research would

mean at a fine grain locations would need to be labeled in addition since this work focuses

on multi-modal travel paths which are not roadways would also need to be considered which

are not readily available for most areas. Thus, while there is significant potential for these

techniques being able to provide a richer source additional data from passive sources, at the

time of this work the detail and coverage of these maps was determined to be insufficient for a

detailed study within this work.

4.2.1.3 Data preparation

One of the challenges of many GPS loggers at the time of this study that also plagued the

devices used in the UTRACS study was the problem of invalid points being recorded by the

loggers. The primarily cause of these errors are due to interrupted of satellite visibility. Some of
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the causes of this are due to the well known urban canyon problem where there is only limited

satellite visibility preventing a good location fix or due complete signal loss as might occur

when entering a building. To address this problem a filter was applied so that only “valid”

GPS points with sufficient position information were considered. Specifically only points where

at least 4 satellites were visible and the horizontal dilution of precision (HDOP) is less than

5 (Stopher et al., 2005b). By adding this criteria the amount of obviously incorrect points was

cut down considerably which is discussed further Auld et al. (Auld et al., 2009).

4.2.1.4 Significant location determination

This section describes the design of the algorithm used to determine significant locations.

To determine a significant location a distance threshold dthreshold and time threshold tthreshold

are used. The problem being addressed is how to find a set of points that are close enough for

the set period of time. While this could be accomplished by repeatedly checking all previous

points from the current time t back to t − tthreshold until all points in the set are within the

specified distance from each other, this is highly inefficient. Instead an approach is used that

is based on comparing points to the estimated current significant location. The basic approach

is to estimate the circle enclosing the potential significant location, then new points can be

evaluated based on if they are enclosed in the circle rather than needing to check against a

large number of previous points. By taking this approach significant locations can be detected

as points incrementally come in rather than relying on an analysis of all points as is required

with current algorithms that focus on significant location identification during post-processing.
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The basic method applied is on the first point read, estimate the current significant location

as a circle centered at that point with a diameter equal to dthreshold. As subsequent points are

read, they fall into one of two cases. Case 1, if the point falls within this existing circle it is

subsequently added to the current set of points until the difference in the time between the

first point and the current point exceeds tthreshold at which point the set of points is identified

as a significant location. Otherwise case 2, the center of the minimum enclosing circle (MEC)

of the points collected thus far becomes the new center of the circle and the diameter remains

dthreshold. If the current point now falls within the circle add the point to the collection and

the algorithm is ready to read then next point. Otherwise check to see if the existing circle is

a significant location (time meets tthreshold), if it is finalize the location and note that travel

has resumed. If however the previous points did not make up a significant location, go through

previous points in reverse order until the previous point is farther than the threshold distance

from the current point. All points prior to the point that is beyond the threshold distance and

that point itself are removed from the current collection and the next point is ready to be read.

Concepts

• Significant location: The physical location where an activity took place.

• Finalized Location: A finalized location is a representation of a significant location that

has been observed in the traveler’s history. This location is represented by a circle with

a diameter d ≤ dthreshold. The circle of the finalized location is intended to enclose the

actual significant location.
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• Assemblage Location: One of the key concepts of this algorithm is the idea of assemblage

locations. An assemblage location is a set of points pt−i · · ·pt−1 and/or finalized locations

that together can represent a location. The GPS points pt−i · · ·pt−1 represents all points

that are contained by the assemblage location from the first point pt−1 up until the previ-

ous point pt−1. Thus the time span represented by the assemblage is i− 1. This location

is represented as a circle with a center and diameter of dthreshold such that all points and

finalized locations within the assemblage are contained within that circle. Assemblage lo-

cations essentially represent an estimate of the potential significant location based on the

points that have been observed. As explained in more detail below, if an assemblage has

met the tthreshold requirement and has been matched with a previous significant location,

it will contain the finalized location representing that significant location.

Functions

• FinalizeLocation(L) takes an assemblage location with a timespan greater than or equal

to tthreshold and returns a finalized location represented by the MEC of all the elements

(points and locations) of the assemblage location.

• CompatibleLocations( L1 , L2 , dthreshold) compares two locations and returns a

location that encompasses both locations if one exists with a diameter less than or equal

to the distance threshold, dthreshold, otherwise ∅ is returned. It is important to note that

a location can be a single GPS entry, an assemblage location, or a finalized location,

so this function can be used to determine if a new point is compatible with an existing

assemblage location.
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• AdvanceLocation(pt,L,dthreshold) takes a new GPS point and an incompatible assem-

blage location which has a time span less than the time threshold. This function returns

an assemblage location containing the passed point and all other points from pt to pt−j

where pt−j−1 is the first point that has a distance between itself and pt which is greater

than dthreshold.

• MergeWithDetected(L, D) takes an assemblage location L and the database of fi-

nalized locations D and finds the closest finalized location C in D and if L and C are

compatible add C to the elements L is representing. This means that the current location

is the same as the previously visited significant location represented by C.

Algorithm

Once a significant location has been detected, the next step is to evaluate if the location

matches a previously visited location. This is accomplished by first finding the closest significant

location from the history. To determine if they are the same location, the minimum enclosing

circle MEC of the location from the history and the collection of points from the current trace

is calculated and if the diameter of the MEC is less than the distance threshold, the points are

determined to be for the same location.

After a significant location has been determined, whether previously visited or not, all

subsequent points that fall within the approximated circle are added to the detected location.

If a new GPS point falls outside of the initial estimated bounds its inclusion in the current

location is determined by whether the diameter of the minimum enclosing circle (MEC) of

the existing points and the new point is less than or equal to the distance threshold. Once a
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point is read which is no longer contained within the MEC of the previous points, two things

occur. First, the previous location is finalized. Second, the subsequent points are treated as

the resumption of travel.

The finalization of the location entails calculating the MEC of all compatible points from the

current trace and the circle of any previously detected location(s); the new significant location

represented by the MEC is added to the history of significant locations and any observations

related to any previous significant locations contained by the new location are updated to the

new location. The points and locations contained by the MEC are then discarded and only the

MEC center and radius are kept, thus minimizing the data to be kept track of and the number

of future comparisons. The the main algorithm for this is:

ProcessEntry( pt , L , D, dthreshold, tthreshold) which takes the current GPS entry pt, the

current assemblage location L, the database of current finalized locationsD, the distance thresh-

old dthreshold and time threshold tthreshold; and updates the location information based on the

passed point and returns the resulting current assemblage location. This location could be a

significant location, or an assemblage location that has yet not met the time threshold thus

indicating travel.

1. (Initialization) If L is ∅ return a new assemblage location centered at the passed point pt

2. Ltemp ← CompatibleLocations(L,pt,dthreshold)

3. If Ltemp = ∅

(a) If L timespan is greater than or equal to tthreshold
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i. Lfinal ← FinalizeLocation(L)

ii. D← D ∪ Lfinal

iii. Return a new assemblage location centered at the passed point pt

(b) Else return ← AdvanceLocation(pt,L,dthreshold)

4. Else if L timespan t+ 1 = tthreshold

(a) L ′ ← MergeWithDetected(L,D)

5. Return L ′

4.2.1.5 Evaluation

The performance of this algorithm was evaluated using a pilot test of the UTRACS survey.

The test was conducted on 5 participants with an average log of 8 days for each survey respon-

dent. The detected significant locations were presented to the survey participant to approve

the captured activity location, change the location, add additional locations, or remove the

location. Thus approvals would be matched locations, additions would be missed locations and

deletions incorrectly identified locations. The survey participants recorded 197 activities during

the survey period.

To determine the distance and time threshold to use for the algorithm experiments, first,

the distance threshold was determined by trying distances of 25m, 50m, 75m, 100m, 125m, and

150m. As Figure 8 shows the low distance thresholds suffered from missing many locations due

to either the traveler moving beyond the threshold during the activity or perhaps due to slight

drifting of position associated with imperfect satellite positioning. However, at 100m this seems
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Figure 8. Location identification performance by distance threshold.

to provide a distance large enough to catch most activities while still being small enough to

keep the precision high. As a result, 100m was used as the distance threshold.

The second set of tests examined how varying the time threshold affected prediction perfor-

mance. Using the 100m distance threshold found in the previous set of experiments the time

threshold was tested at intervals of 1, 2, 3, 4, and 5 minutes. Figure 8 demonstrates that at

a low time threshold many stops due to traffic lights or simply being delayed result in many

locations being identified as significant though they are not as shown in the precision. From a

perspective of identifying all the significant points this remains high until it begins to signifi-

cantly drop off at 5 minutes. These reflects some short stops such as pick up or drop off being

missed due to the stops being quick. Based on these results the best combination of distance

and time thresholds, 100m and 4 minutes, was selected for competitive comparison with other

techniques.
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Figure 9. Location identification performance by time threshold.

To evaluate the relative performance of the online algorithm introduced here versus post

processing methods, the algorithm introduced in Auld et al. is used as a point of compari-

son (Auld et al., 2009). The algorithm introduced in that work used a clustering approach

of cleaned points to identify significant locations and separate them from travel during post-

processing. Also rather than using a fixed distance and time threshold a more sophisticated

approach was used that varied the distance threshold based on average census block size and

the time threshold by speed of travel. That algorithm was evaluated on this same dataset

and identified 220 activities as reported in that work. Of these 5 activities were missed (recall

97.8%) and 28 stops were identified where no activity occurred (precision 87.3%), resulting in

a F-measure of 92.2%.

The algorithm introduced above was then applied and the best results were obtained using

a fixed distance threshold of 100m and time threshold of 4 minutes. The algorithm identified
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228 activities missing just 3 actual activity locations that were added by the participants for a

recall of 98.5%. It also identified 34 activities that were removed by participants, thus not actual

activities for a precision of 85.1%, resulting in a F-measure of 91.3%. While the algorithm that

used post processing and a more sophisticated idea of thresholding held a slight advantage in

precision, the online algorithm introduced here actually performed slightly better at recalling all

significant locations. While the post processing measure did result in a slightly higher F-measure

the difference was not statistically significant. It should be noted that the locations identified

in the full UTRACS survey are based on the post processing algorithm due to the perceived less

effort in adding 2 additional activities versus removing 6 more incorrectly identified activities.

Using a combination of automatically identifying significant locations and revisited locations

was shown to provide significant time savings within the UTRACS survey. Specifically durring

the survey, detected locations and matched to previously visited locations and values learned

from previously visits to the location were used to default answers within the survey. Thus,

from the user experience rather than entering all the information again they were given the

opportunity to confirm the predicted information or change it. Figure 10 depicts the reduction

in response time to answer the same questions per activity event over the 14 day period of the

survey. As the results show over even a 30 day period 30 seconds could be reduced from the

active entry time spent survey participants. As this figure also shows that while the answer time

decreased the amount of activities they recorded remained consistent. Figure 11 demonstrates

applying this same approach to trip segments based on matching to typical trips adjacent to

the matched locations also significantly reduced answer time. Similar to the reduction in entry
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Figure 10. Reduction in answer time per activity event.

time for the activity over the entire couse of the 14 day period, the reduction in trip event entry

also followed this same pattern. While the reduction was not as quick as the activity patterns,

the results indicate that this will continue to reduce steadily for some period of time. Also as

these results show that while the amount of trip event response time reduced, the number of

trip events remained constant once again verifying that the reduction in time was not due to a

reduction in activity and trip reporting. Thus by combining activity detection on the fly and

inferring likely values of attributes the effort of active data entry by the user can help further

reduce respondent burden.
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Figure 11. Reduction in answer time per trip event.

4.2.2 Discussion: reducing respondent burden through learning

With activity-based travel surveys, one of the challenges is participants are more likely to

discontinue the survey if the time burden is too high on the participant. For mobile applications

this is an even bigger concern since a high burden on users will likely result in the application

not being used at all. Thus identifying ways to either eliminate or reduce the burden on

the user while still collecting the most beneficial information is key. To address this in the

UTRACS survey, one of the ways this was accomplished was to ask more questions up front

in order to reduce the need for information on routine or recurrent behavior. This information

combined with frequently seen patterns could then be used to auto-populate likely answers

and avoid burdening the user for routine activities. A similar approach would make sense for
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the solution proposed by this work as well. As demonstrated by the UTRACS survey, this

approach combined with familiarity of the questions reduced the time spent by respondents on

the questions by 19% (Frignani et al., 2010a).

The basic approach to reducing the effort would be driven based on a confidence threshold

applied to any particular question. For each potential question, based on the other information

known about the activity context and the past activity contexts, either derived through GPS

processing or known with high confidence from past observations; the most likely response and

a confidence in the response would be determined. If the confidence was sufficiently high the

question would not be asked at all, otherwise the question would be displayed and defaulted to

the expected response for confirmation. Using this approach a routine pattern like going out

to a frequented place for lunch from work may not prompt any questions while visiting a new

location around that same time might prompt for confirmation that this new location is a place

for lunch.

While many attributes can be populated with reasonable confidence based on patterns

commonly observed across all travelers, one of the advantages of long term collection is the

opportunity to tailor the model to the individual. Thanks to a lengthier observation period, as

the collection progresses a model can be built that better reflects the patterns of that individual.

Developing a more specialized model is likely to result in higher confidence in predictions and

better coverage of the number of fields that can be auto-populated. With more lengthy use

of the application, a more reliable model of the individual would allow significant reduction in

respondent burden.
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4.2.3 Missing values

Since the goal is to collect as much useful information as possible to provide a context to

mobile applications without being overbearing, flexibility is needed in collecting the data. The

expectation would be that while some data about the activity may be entered/confirmed, many

of the questions would not be answered. The advantage of being able to passively identify trip

information and stop information is a history of this data can be collected without any burden

on the traveler. Thus the user can answer as many or as few of the questions as they wish

while a history of patterns continues to be collected. The result is a stream of the traveler’s

activity contexts with many values likely missing from when questions were unanswered. While

this stream will have a rich history of the passively collected attributes the user entered data

will likely be more sporadic. As a result of this formulation, being able to predict patterns

despite having large amounts of values missing becomes key and remains a focus throughout

the remainder of this work.

4.3 Filling in the gaps in traveler logs

This section is based on previously published work (Williams et al., 2009).

In the past, data collected in travel histories relied extensively on manual data entry by

the participant. With the increase in prevalence of hand held computers and GPS devices, the

detail and types of information that can be captured for travel histories are becoming far richer

than ever before. While much of this data about location can now be captured passively, there

is still a significant amount of detail about the planning process and personal flexibility that

still must be entered manually. While these data sources share many characteristics with other
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studied activity logs, the additional information on decision processes and opportunities for

further enhancement with GIS offer some unique challenges as well as opportunities in behavior

prediction.

The downside of collecting such a feature rich behavioral profile is that current survey

techniques require participants to manually provide all planning and flexibility details, creating

a significant burden on survey participants. While it would be ideal if all traveler context

information were collected for the traveler being modeled for every activity and trip, the effort

and burden associated with this would make this impractical for any sort of long-term collection

effort. As a result the approach of many efforts has been to focus strictly on data that can be

passively collected such as GPS logs (Gogate et al., 2005; Liao et al., 2007). While collecting

all information manually at every step would be overly burdensome, there is likely some level

of information or effort that is acceptable beyond strictly passive collection. Two possible

alternatives are either reducing the data that is collected, or significantly reducing the data

entry effort. In this section, we introduce a technique for improving the quality of information

that can be inferred in a partially labeled sequence. Applications of the techniques introduced

here would either allow less data entry or reduce the effort required for the data entry process.

Research has shown associative and sequential mining can be powerful tools for predicting

future behavior and understanding past behavior. In web data mining, these techniques have

been used successfully for extracting behavioral patterns for uses like personalization, pre-

fetching, design analysis, and relationship mining (Facca and Lanzi, 2005). However, all of

these applications focus on using captured behavior for predicting future actions or trends,
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making little use of the captured information to infer any additional detail about past activity.

Other recent work, with a more abstract link to behavior, in text mining has shown sequential

analysis to be very useful in inferring labels given words before and after a gap of interest (Hotho

et al., 2005). In this section we introduce an innovative application of sequential mining for

reliably inferring past behavior for the purpose of reducing participant burden while still being

able to gather a detailed behavioral history. Below behavioral inference is examined within the

context of a recent travel behavior survey to illustrate the benefit this type of inference could

provide even if only a portion of the data were collected.

In this section, we focus on an innovative application of sequential mining and analysis for

reducing the manual effort required to record detailed behavioral histories. We examine the

challenge of traveler prediction not as activity or location prediction, but as traveler context

prediction. While we are also interested in projecting the context of future behavior, in this

section we focus on reliably inferring past traveler context within a stream of both labeled and

partially labeled travel history. We propose a novel approach to inferring individual traveler

behavior and associated context from a stream of their prior activity context and the histories

of others. We empirically examine how well the known context of a prior survey can be inferred

when data is removed, for the purpose of developing future travel history collection techniques

that require less effort by participants while still obtaining a reliable history of their behavioral

context through inference.
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4.3.1 Background and motivation

While there has been considerable research by urban planners on modeling traveler behavior

from activity surveys for micro-simulations, it is important to recognize the differences between

these two tasks. In most micro-simulations, the goal is not to simulate a specific individual, but

rather to replicate behavior commonly observed by surveyed people similar to the simulated

traveler. For survey learning, on the other hand, rather than focusing on prediction of common

activity sequences based on the history of many travelers, the paradigm is shifted to predicting

the travel context of an individual based on their own travel history and the history of others.

This subtle shift facilitates moving travel prediction from the realm of urban planning to instead

enabling intelligent travel surveys.

The basic concept behind activity-based analysis is that traveler behavior can be broken

down into activities to accomplish a traveler’s needs and travel associated with getting to

the activity. Research has shown the planning of these activities happens in a fluid manner

based on both personal flexibility and activity flexibility, making these aspects critical for

planning decisions. As a result, the model the goal of traveler prediction is not activity or

location prediction, but context prediction. Thus, the problem becomes: given a sequence

of the traveler’s prior context how well can the context of their next activity be predicted.

Alternatively, as examined in this section, given a partial sequence of the traveler’s context

what can be inferred about the missing context. In the proposed model, each step in the

history of the traveler form a sequence of sets describing the traveler’s context progressing

through time, or an enhanced activity sequence.
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In web and e-commerce applications, sequential rules have been used in personalization

for identifying pages or products of interest based on a user’s history to reduce navigation

requirements. We propose applying similar techniques to surveys so that the historical context of

a traveler is used to predict their likely next step or inferring behavior based on their surrounding

history to help reduce participant burden in the form of data entry requirements. In the past

the amount of data entry that could actually be reduced might have been questionable as details

would still have to be entered about each trip even if full details were not required; but with

GPS enabled surveys becoming more widespread, a significant amount of detail about the trip

can be captured passively make the task much more tractable. Recent work in transportation

analysis has shown activity and travel segments can be reliably separated from GPS traces,

simplifying the problem to completing a partially labeled activity sequence.

Depending on the goals and participant willingness, there are two different ways predictive

models could be applied to reduce data entry requirements: auto population or selective query-

ing. While traditionally analysis of data collected during the course of a survey is primarily

done at the conclusion of the study; by collecting and analyzing the data on a periodic basis,

the interim data may provide insights that can be used to improve the history collection pro-

cess. Below we discuss techniques for utilizing patterns extracted from these enhanced activity

sequences for reducing the burden of participants.

For auto population, the predictive model would be applied and questions about activity or

travel could be pre-populated based on the user’s prior history to be confirmed or changed by the

participant. Consider a scenario where a GPS unit recorded a traveler making a five-minute stop
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on the way to the train station. If the participant’s history showed they occasionally stopped in

this location for coffee, this information could be used to auto populate the purpose of the stop,

their end time flexibility, and the likely planning horizon for the trip without the participant

needing to enter it by hand. For longer-term surveys, this type of predictive model could be

incorporated to reduce the number of questions asked. Two possible approaches would be high

confidence elimination or key event querying. The principle behind high confidence elimination

is to eliminate any question where the confidence that the answer is known is over a certain

threshold. An alternative to this more suited for longer term history collection would be to only

ask about activities or travel that are unusual compared to known patterns. In both of these

approaches, while the participant still has a significant burden early on, as the data collection

progresses their burden is reduced as the application learns their behavior. While learning

patterns specific to a participant are valuable, due to the amount of time necessary to observe

these trends, augmenting the data with the patterns of others can likely help to reduce the

initial learning time.

These learning models can therefore be used to either assist or completely replace the data

entry requirements of the respondent. Depending on the length of the survey and the types

of attributes required, this can help to significantly reduce the respondent burden, although as

mentioned the burden during the initial phase of the data collection could still be somewhat large

as the algorithms learn the user’s likely activity-travel patterns. However, this could further

be reduced with a well-designed up-front survey of the person, which in addition to capturing

socio-demographic information could also be used to identify common locations visited and
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routines within the respondent’s usual activity-travel pattern. The use of initial inputs of this

type would likely reduce the time needed for the algorithms to develop a useful predictive model.

Value of intelligent travel history collection

In order to further reduce the burden placed on survey respondents to enable longer dura-

tion surveys, the frequency and type of questions asked of participants needs to be significantly

reduced. Some routines have been developed to accomplish this, as discussed previously, by

automatically detecting some attribute, which would negate the need for questioning the in-

dividual. Examples of these routines include automated trip purpose detection (Wolf, 2000)

and mode identification (Tsui and Shalaby, 2006). However, these procedures are less appli-

cable for most other attributes, which are required from the current survey. It is not obvious,

for example, how planning horizons, decision variables and other attributes such as involved

persons could be derived from the GPS/GIS data alone. Therefore, a learning approach is

needed, which utilizes information already collected in the survey to develop patterns, which

can predict the various activity-travels attributes. This section discusses some background in

machine learning and some ways in which it has been applied in travel pattern prediction as

well as propositions for using it to help reduce survey respondent burden.

4.3.2 Reducing the cost of missing data: Attribute Constrained Rules

Sequential pattern and rule mining have been the focus of much research, however predicting

missing sets of elements within a sequence remains a challenge. Recent work in survey design

suggests that if these missing elements can be inferred with a higher degree of certainty, it

could greatly reduce the time burden on survey participants. To address this problem and the
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more general problem of missing sensor data, we introduce a new form of constrained sequential

rules that use attribute presence to better capture rule confidence in sequences with missing

data than previous constraint based techniques. Specifically we examine the problem of given

a partially labeled sequence of sets, how well can the missing attributes be inferred. Our study

shows this technique significantly improves prediction robustness when even large amounts of

data are missing compared to traditional techniques.

Frequent pattern mining of sequences has been a prominent research theme since its in-

troduction by Agrawal and Srikant (Agrawal and Srikant, 1995), yet how to effectively use

pattern-based mining for classification and prediction remains a challenge (Han et al., 2007).

The problem examined in this section is given a sequence of sets of attribute values where one

to all fields within a set can be missing, populate the missing attribute values in the sequence.

We refer to this problem as partially labeled sequence completion. Two common versions of this

problem are:

1. given the prior sequence, complete the missing elements of the current/next set; and

2. given a target set anywhere in a sequence complete the missing attribute values using the

sets both before and after the target set

Many studies have focused on the next step prediction form, particularly for web applications

such as pre-fetching and personalization (Yang et al., 2001; Mobasher et al., 2002). In this study,

we examine the more general form of the problem, since it also addresses the growing number

of applications that would benefit from inferring additional information about an event given

both the events before and after the event of interest. An example of this would be a group of
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mobile sensors that are periodically collected, where any number of the readings may be missing

from any particular time step (North et al., 2008). Other work in survey design suggests that if

missing elements within a sequence can be inferred with a higher degree of certainty, it would

greatly reduce the time burden on survey participants (Marca et al., 2002; Auld et al., 2009).

This section presents a new form of constrained sequential rules to address the more gen-

eral form of the problem, which can also be applied for next step set prediction. Attribute

constrained rules (ACR) are based on traditional sequential rules that can be derived from

frequent sequential pattern mining, however extensions are made to better address attribute la-

beled sequences with missing value data. This problem of partially labeled sequence completion

is formally stated below, followed by an overview of related work and an illustrative example

of the value of ACR rules and how they are mined. Our study then shows this technique sig-

nificantly improves prediction robustness for even large numbers of missing values compared to

traditional sequential rules using a publicly available travel survey data set.

4.3.2.1 Partially Labeled Sequence Completion

Algorithms for rule mining of sequential patterns have been a major source of interest since

they were first introduced in (Agrawal et al., 1993). Much of prior work has focused on mining

sequential rules for predicting future patterns, however being able to infer missing information

within an observed sequence of sets of attribute values also has many useful applications that

have largely been overlooked. One example of this is multi-day travel survey design, where

being able to reliably infer missing values from the surrounding data set would allow respondent

burden to be greatly reduced if only a portion of the data points needed to be collected regularly
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rather than the full set of questions (Auld et al., 2009). To address problems such as these,

we examine the more general problem of missing information within a sequence, however the

technique also applies to traditional prediction as well. Specifically the problem we address is

given a sequence where there are a known set of attributes that describe an event within the

sequence, infer any missing values of the attributes for a target set. In this section, we formalize

this constrained sequence problem and introduce a technique for mining and applying rules

specifically for this task.

Problem Statement

For the problem of partially labeled sequence completion, let

H = {H1, H2, · · · , Hn}

be a database of sequences, and let:

Hi =< S1, S2, · · · , Sn >

be the sequence of sets of observations in a sequence i; where each observation set Sj is composed

of 1 to m attributes {aj,1, aj,2, · · · , aj,m}. Each attribute aj,k has a discrete set of values for the

kth position that is shared across all observation sets S. Intuitively the sequence Hi can be

thought of as a series of recordings by a survey instrument or sensor with a fixed set of discrete

measures (the attributes), where at each event j all measurements are relevant, but only a

portion of these measures may actually be recorded in the set Sj. Given a sequence Htarget of
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length l and a target set St to be completed where 1 ≤ t ≤ l and between 1 to m arbitrary

attributes are missing values. Determine the values of all missing attributes {at,1, at,2, · · · , at,m}

in St. Thus our goal is to use the surrounding sequence information in Htarget to populate any

missing values to complete the set St.

4.3.3 Related Work

With associative mining the aspect of incomplete information is of particular concern since

its effectiveness degrades rapidly using traditional associative mining when there is incomplete

or missing data. Addressing this problem has been a topic that has gained much attention.

Ragel and Crmilleux’s approach to this problem, known as missing value completion (MVC),

was to create multiple views of the data so that when mining any attribute only the records that

contained the attribute were included (Ragel and Crmilleux, 1998; Ragel and Crmilleux, 1999).

The result was relationships could be effectively mined by only considering the relationships

when a value did appear. One of the problems of this approach is that while it is very effective for

associative set mining it does not work well for sequential associative mining. If this approach

was applied to sequences, the only sequences that would be considered would be ones in which

the attribute value of interest appeared in all sets of the sequence greatly reducing the likelihood

of being able to identify more subtle patterns. Shen et al. examined a different approach to

this problem based on using association rules and combining these with sub-frequent item sets

to populate missing values (Shen et al., 2007). More recent work by Bashir et al. takes an

iterative approach using a combination of association rules and k-Nearest Neighbor (kNN) to

impute the missing values and improve the performance of the association rules in missing value
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scenarios (Bashir et al., 2009). The general approach of their method is alternate between filling

missing values with association rules when possible and then when no rules are applicable, kNN

is used to impute remaining values. While many techniques have been introduced to handle

the problem of missing data, most of these techniques are not suitable for sequential data.

One of the common aspects of the majority of association mining algorithms is they do

not take advantage of variable information or variable presence which becomes particularly

important in sequences with missing values. For these types of sequences, which we refer to as

partially labeled sequences, if we consider the sets being observed as a set of possible attribute

assignments from a portion of the set of attributes (such as instrument output) we are observing,

the problem of predicting future sets can become far more well defined in terms of the possible

values given a set of possible attributes with either known or inferred constraints.

While techniques have been introduced for mining sequential patterns given regular expres-

sion constraints (Garofalakis et al., 1999; Garofalakis et al., 2002), the expression constraints

in these works are best suited for matching a value pattern. For example, while an expression

can be defined to match any sequence of values that can be described by a regular expression,

the language does not provide for a more sophisticated notion of attribute value restrictions.

While some aspects of this type of functionality could be encoded to restrict attribute values to

a particular value such as the regular expression constraint: {“a1 = 1”,(“a2 = 2”|“a2 = 3”)},

this type of encoding is insufficient for constraining the general presence of an attribute if all

values are not known ahead of time.
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Other work such as (Pei et al., 2002) has sought to identify the specific types of constraints

needed for sequential pattern mining beyond those that can be expressed with regular expres-

sions. Their work introduces the concept of item constraints, which are intended to allow the

presence (or absence) of a particular individual or group of items to be specified in the min-

ing process. Given a particular query described in terms of constraints the algorithm they

introduced, PrefixGrowth, finds patterns matching the constraints through a prefix extension

method. While this algorithm is effective for finding patterns matching a particular query, it

does not address being able to identify the set of possible constraint based rules for completing

the values of a pattern in general.

4.3.4 Attribute Constrained Rule Mining

To address rules of this form we extend an idea from the text mining community called

label sequential rules (LSR) (Liu et al., 2005; Liu, 2007). Originally introduced for analyzing

opinions in text reviews, this rule form was proposed for identifying common sentence forms or

templates where a type of word of interest, termed a label, would likely appear. These rules

form a more constrained matching pattern through wild cards producing rules of the form:

〈{1} {3, ∗, ∗} {6}〉→ 〈{1} {3, 4, 7} {6}〉
where confidence of the rule would be defined with respect to the likelihood of the right hand

side (RHS) given all sequences that contain the wild card constrained pattern. Thus, if we are

only interested in rules that address completing two items in the middle set, these constraints
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TABLE II

EXAMPLE SEQUENCE DATABASE
H1 < {a1}{a2, b2}{b1} >

H2 < {a1}{a2, b2}{a2, b1} >

H3 < {a1}{b2, c2}{a2}{b1} >

H4 < {a1}{a2, c1}{b1} >

allow a more meaningful measure of rule confidence since the likelihood is only measured in

relation to patterns that match the LSR template.

For the task of partially labeled sequence completion, we propose a similar idea for identify-

ing templates of sequential patterns of attribute values which we refer to as attribute constrained

rules (ACR). Whereas with LSR the confidence of rules specify how likely a generalization is

about elements within a pattern, with ACR the rule’s confidence specifies the likelihood of a

specific attribute value or combination of attribute values given a surrounding pattern.

4.3.4.1 Illustrative Example.

In this section, we provide a set of illustrative examples of the benefit of constrained rules

such as ACR and LSR. Throughout these examples refer to Table II as the sequence database.

Below we use the standard definitions of support and confidence defined as:

Definition 7 The support of the sequential rule X → Y is the fraction of sequences in the

database that contain Y.

Definition 8 The confidence of a sequential rule X → Y is the fraction of sequences in the

database that contain X that also contain Y.
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For an example of how constrained rules can better represent the applicable confidence,

consider the following scenario: Htarget = 〈{a1, b1} {a2, ?} {b1}〉, where S2 = {a2, b:?} is the

target set. The following traditional sequence associative rule would be applicable:

〈{a1} {a2} {b1}〉→ 〈{a1} {a2, b2} {b1}〉
[sup = 2/4, conf = 2/4]

Which can be interpreted as S2 can be completed {a2, b2} with a confidence of 2/4. By contrast

a label constrained version of the same rule:

〈{a1} {a2,*} {b1}〉→ 〈{a1} {a2, b2} {b1}〉
[sup = 2/4, conf = 2/3]

Where the notation {a2, ∗} indicates a set containing value a2 for attribute a and a second

value within the same set. As this example shows, by further constraining the attribute and

location of pattern extension with LSR constraints, the confidence of the pattern is raised to

2/3 or roughly 67%. With ACR this idea is extended to constrain pattern matches to particular

attribute values of interest. In our example, since we are specifically interested in the value of

attribute b, the ACR version of the same rule would be:

〈{a1} {a2,b:*} {b1}〉→ 〈{a1} {a2, b2} {b1}〉
[sup = 2/4, conf = 2/2]
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which is able to further clarify the confidence in populating attribute b, since it is able to

discount sequence H4 as it does not match the attribute constrained pattern. This advantage

in accurately evaluating the value of the constrained sequence rule is the reason we examine

ACR for partially labeled sequence completion.

The left hand side of Figure 12 shows the frequent sequence graph using a minimum support

of 40% for Table II along with the support counts for each frequent sequence. All frequent ACR

antecedents can be easily identified from the frequent item sets by expanding the remaining

possibilities. For example the following antecedents can be generated from the frequent item

set〈{a1} {b2} {b1}〉 :

〈{a1} {b2} {b1}〉⇒



〈{a : ∗} {b2} {b1}〉 , 〈{a : ∗} {b2} {b1 : ∗}〉 ,

〈{a1} {b : ∗} {b1}〉 , 〈{a1} {b : ∗} {b : ∗}〉 ,

〈{a1} {b2} {b : ∗}〉 , 〈{a : ∗} {b : ∗} {b1}〉 ,

〈{a : ∗} {b : ∗} {b : ∗}〉

As this example shows, due to the combinatorial growth of the attribute constraint sets this

problem quickly becomes impractical for datasets with a large number of attribute values or

lengthy sequences if all completion rules are considered. For example with even this small

example, the 17 frequent sequences have over 40 potential ACR antecedents. For the problem

as stated in Section 4.3.2.1 there are some properties that can be taken advantage of to reduce

the number of ACR antecedents. Specifically, one of the key features of the problem we address

is that every observation set Sj is composed of the same m attributes {aj,1, aj,2, · · · , aj,m}, and
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Figure 12. ACR Frequent sequence graph.

only one target set is examined at a time. The implication of this fact is the property that

for any set Si, there is a value (whether known or not) for every attribute aj,i. This property

means that while the number of possible antecedents may grow quickly, the only ones that

need to be kept are those with all constraints within a single set within the sequence. Once all

possible ACR antecedents for the frequent pattern sets have been enumerated, the support for

all the patterns can be updated with a single pass of the data set. By adding this subset and

associated support to the frequent sequence graph as shown in the right hand side of Figure 12,

ACR predictions and completion can be quickly determined using just the information in the

extended frequent sequence graph. Note that while not shown in the figure, links would also

exist between the ACR antecedents and the frequent sequence completions in the graph.
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4.3.5 Experiments

4.3.5.1 Experimental Setup

Data

To evaluate the proposed ACR technique, we chose the 2001 Atlanta Household Travel

Survey for several reasons. This dataset contains a large number of sequences of sets that are

known to have a strong relationship between the entire set of attributes at each step and their

ordering, making it well suited for sequential set prediction. Second, the type of data collected

in this survey is very similar to one of the proposed applications of this type of partially labeled

sequence learning, reducing survey participant burden (Marca et al., 2002; Auld et al., 2009).

Demonstrating that a significant portion of this type of data can be removed (i.e. a number

of survey questions reduced) while limiting the impact on predictions is a significant step in

showing the feasibility of this type of application. Finally, this data set represents one of

the larger publicly available data sets of this type, making the results of this study open to

competitive comparisons by other work in this area.

The 2001 Atlanta Household Travel Survey was conducted from April 2001 through April

2002 on behalf of the Atlanta Regional Commission (ARC) (NuStats, 2003). The data consists

of travel activity information for 21,323 persons from 8,069 households and 126,127 places

visited during the 48-hour travel period. This survey focused on observed activity type, timing,

and travel associated with each person’s activity schedule captured over a 2 day period. The

survey captured a wide range of in-home and out-of-home activity types which were broken

down by a high-level classification. The survey captures over 250 attributes relating to the
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travel, activity, and demographic characteristics of the individual for each activity sequence

that was recorded. The data is structured such that each event corresponds to an activity

in the person’s schedule with the set of attributes corresponding to the characteristics of the

activity and travel associated with getting to the activity.

In the experiments below, we focus on a subset of 6 of these attributes: activity type, mode

of transportation, arrival time, departure time, activity duration, and traveler age. These

attributes were selected as they represent a mix of information about the type of activity,

the travel, relative time the activity took place, activity duration, and features of the person

involved that have been shown to be highly related both intra-event and inter-event in predicting

traveler activity patterns (Timmermans, 2005; Ettema et al., 2007). Thus, the dataset can be

thought of as a database of sequences of events with the set of attribute values at each event

being highly related. For the subset of the data set we use, there are 49,695 sets of activity

information, with an average sequence length of just over 7.4 sets. Additional information about

the data set can be found in Appendix A.2.

Methods

In the results below, we present the results of both the ACR technique, introduced in this

section, and traditional sequence rules for a comparative baseline. As both rule-based techniques

are frequent pattern based, which is deterministic for a given minimum support threshold, in

all experiments below the same set of frequent patterns were used for both the traditional

sequential mining and the ACR mining to ensure a fair comparison. In all experiments, both
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sets of rules were mined using the same minimum confidence threshold, and only rules that

produced at least one target item in the target pattern were considered.

To generate predictions given a set of many potentially applicable rules, a ranking prediction

scheme was utilized. Specifically, the rules were ranked in order by confidence, number of

target productions, support, antecedent length, and finally a string based comparison to ensure

repeatability if all other factors were equal. The productions of the top ranked rule were then

applied to the target set, the remaining matching rules were then re-ranked as the number of

target productions may have dropped due to the previous rule’s productions. The rule with

the highest rank of those remaining was then applied and this process continued until either a

prediction had been made for all target items or no rules remained.

As described in Section 4.3.2.1, the problem of partially labeled set completion involves

taking a sequence and trying to fill in or predict items within a single target set within a

sequence. Since the problem of partially labeled set completion can take the form of predicting

anywhere from a single item in a target set to all items in the target set, the results below

reflect the average of all possible combinations of the target pattern in all possible positions

for the target set. Where target pattern means: the set of attribute values in the target set

that are being evaluated. Thus in the experiments below, for the target set any attribute value

that is not specifically of interest as specified by the target pattern retains its original value
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for determining matching rules. For example if the target pattern included attributes a and c

(ST = {aTcT }). In testing the sequence:

〈{a1b2c1} {a2b2c2} {a1b1c2}〉

If the target set was S2 for the sequence, the test sequence would thus be:

Htarget = 〈{a1b2c1} {aTb2cT } {a1b1c2}〉

In the base experimental data set described above, no attribute values were missing. The

missing data scenarios were created by randomly removing the specified percentage of values

from both the training and test sets for any attribute appearing in the target pattern. All

experiments below were run using a minimum support threshold of 60% for frequent patterns

and a minimum rule confidence threshold of 80%. To ensure the significance of our results, all

results shown are the average of a 10 times cross-folding methodology.

4.3.5.2 Experimental Evaluation

ACR vs. Sequential Rule Comparison

In the first set of experiments, we examine the impact of missing data on each rule mining

technique. Figure 13 portrays the recall of the missing attribute values. In the figure, ACR-Avg

and SEQ-Avg represent the ACR results and the traditional sequential rules results respectively

averaged over all possible number of target items in the target pattern. As these results show,
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Figure 13. Comparison of recall for ACR and traditional sequential rules as the percent of
missing data increases.

the ACR technique produces both a higher overall recall as well as less degradation as values

are removed and the data becomes sparser.

Since higher recall can indicate an increase in the quantity of predictions at the cost of

accuracy, it is important to consider the precision as well. As Figure 14 shows, the boost in

recall from ACR comes at a trade-off of less than a .3% drop in precision. While this small

drop is statistically significant, in practice the benefit of the additional 3-3.5% of attribute

values with good predictions (recall) is likely to outweigh this small drop in precision for most

applications.

The combined performance, as evaluated using the F-measure, is shown in Figure 15.

As these results demonstrate, the ACR technique results in far better combined predictive

robustness compared to traditional rules as the amount of missing data increases.
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Figure 14. Comparison of precision for ACR and traditional sequential rules as the percent of
missing data increases.

46%

48%

50%

su
re

Rule comparison ! F!measure vs. missing

40%

42%

44%

46%

0% 10% 20% 30% 40%

F
!m

e
a
s

Percent missing

ACR Avg

SEQ Avg

Figure 15. Comparison of F-measure for ACR and traditional sequential rules as the percent
of missing data increases.
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Figure 16. Comparison of differences in predictive performance for traditional sequential rules
for different target set sizes as the percent of missing data increases.

Number of Target Items Comparison

In the next set of experiments, a more in depth look is taken on the impact of the number

of items trying to be predicted in the target pattern. In these results, ACR-X and SEQ-X

represent the ACR results and the traditional sequential rules results respectively averaged over

all possible target patterns with X number of target items in the target pattern. Thus, ACR-3

would indicate the average performance of the ACR technique averaged across all possible target

patterns with exactly 3 target items. The reason this is of interest, as Figure 16 shows, is that

the number of items that are trying to be predicted can have a significant impact on how missing

data affects prediction performance. As the results demonstrate for traditional sequential rules,

while a small amount of missing data (10%) has a greater impact when predicting fewer items;

as the amount of missing data increases (30%) this relationship is reversed.

As Figure 17 shows, with traditional sequential rules, as the number of values needing to be

predicted increases, it becomes increasingly harder to recall all of the target values and becomes
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Figure 17. Comparison of recall for ACR and traditional sequential rules for different target
set sizes as the percent of missing data increases.

even harder as the amount of missing data increases. Comparing this to the rules produced by

the ACR technique shows that while this is still the case; the attribute constraints significantly

increase the recall for this scenario even without missing values. Intuitively this is because in a

less restricted target set, the attribute constraints better capture the likelihood of the predicted

attributes all occurring simultaneously in the sequence than the unconstrained form of the rule.

A look at the precision for this same scenario, Figure 18, shows perhaps an intuitively

unexpected result that the precision when predicting a full set is actually slightly higher than

when predicting a single target item and furthermore increases slightly with some missing data.

The reason for the higher precision with more target items is due largely to a smaller percentage

of attribute values actually being predicted (as reflected in the recall) and in this case, is likely

in part due to a feature of the data set such that some attribute values are easier to predict

than others (not shown in this work). Likewise the small elevation in precision associated with

a percentage of the elements being removed likely reflects the benefit of randomly reducing the
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Figure 18. Comparison of precision for ACR and traditional sequential rules for different
target set sizes as the percent of missing data increases.

appearance of some of the less frequent items which may have some similarity to noise when

considering full set prediction.

Finally, the F-measure comparison of combined prediction performance is shown in Fig-

ure 19. As the results show, with traditional sequential rules while a small amount of data can

be removed (less than 10% for this data set) with limited impact on full set prediction; as the

amount of missing data increases beyond this the performance quickly degrades. Single target

prediction displays a slightly different trend being much more affected by even a slight increase

in the amount of missing data, but being slightly more resilient than full set prediction as the

amount of missing data increases beyond the initial amount.

This general pattern for traditional sequential rules show that the fewer the number of

target items, the more significant any increase in missing data becomes; but also the less

effected by subsequent increases in missing data is further illustrated in Figure 16. In contrast,

the ACR technique proves much more resilient in either scenario as the amount of missing data
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Figure 19. Comparison of F-measure for ACR and traditional sequential rules for different
target set sizes as the percent of missing data increases.

increases, demonstrating nearly identical balance in predictive performance in both scenarios as

the amount of missing data increases. This same nearly identical F-measure trend was observed

for all target set sizes with the ACR technique (not shown).

4.3.6 Discussion

In this section we introduced attribute constrained rules, a technique for mining and better

estimating rule performance for partially labeled sequence completion. As our results demon-

strate, this technique shows significant promise for accurately predicting sets of attributes within

a sequence with missing data compared to a traditional sequential rule-based approach. In the

context of survey applications aimed at reducing the time burden on participants such as those

described in (Marca et al., 2002; Auld et al., 2009); this represents a significant time savings

opportunity. Specifically, the implications of the results presented in this section are that rather

than needing to ask the full set of questions for each event as is currently done; a participant

could be asked a much smaller portion of the questions with minimal impact on the benefits
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gained by pre-populating their likely responses. In the context of other applications such as

mobile sensor data, this might represent a chance to reduce costly communication without

reducing the ability to reliably predict missing values.

While the technique introduced is well suited for completing multiple attributes within a

set of a sequence, a heuristic take on this technique may be necessary if it were to be used

for predicting multiple sets simultaneously due to the combinatorial growth of possible ACR

antecedents. One area worthy of future exploration would be ways this type of approach can

be adapted to handle streaming data. Finally, a study is underway to confirm the benefits of

this technique in practice for interactive survey applications such as those described above.

4.4 Activity pattern transferability

One of the main reasons transportation planners have looked at modeling travel patterns

based on an activity approach is its basis on behavioral patterns rather than trips alone. The

input for these models are then collected through activity-based surveys. Finally, planners take

the information gathered from the surveys to build activity models which are then used to

project travel patterns for people in the area of study. In doing this, a key assumption is made

that activity models can represent the basic patterns of people within a similar area. The valid-

ity of this approach for tour type scheduling models such as the model used in this work have

been demonstrated when applied to the same metropolitan area (Doherty and Mohammadian,

2007). While this approach has been verified within the same metropolitan area at an aggregate

level, the ability to use activity patterns within one city to project the activity patterns within

another metropolitan area has been largely unexplored.
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Recent work has examined various forms of transferability of travel data across regions.

Mohammadian and Zhang examined this with respect to transferring national household travel

survey data across cities (Mohammadian and Zhang, 2006; Mohammadian and Zhang, 2007).

Their studies demonstrated transferring household characteristics, variables of land use, and

transport network characteristics to be an effective way of estimating distributions in the ab-

sence of extensive surveys in a region.

Arentze et al. explored the theoretic transferability of activity patters across cities using

the Albatross rule based model (Arentze et al., 2002). Their approach to evaluating activity

transferability involved building a model on one city and using the model to compare the

predicted travel demand from the resulting activity patterns on a second city. At an aggregate

level the predicted demand was satisfactory compared to models built specifically for these

cities. However, it is important to note that while aggregate travel demand was similar no

comparison of the similarity of activity patterns across the cities was performed.

Other studies by Timmermans et al. have examined the similarity in travel patterns across

different countries (Timmermans et al., 2003). An interesting aspect of their work was how

different cultures, urban structures, transportation networks and accessibility differences affect

activity and travel patterns. Their work found that differences in relative location and transport

network were far less important than demographics, economics and social aspects. While this

study demonstrated there were some similarities in aggregate travel patterns across the cities

in these various countries, little analysis was made at how well a model built on one city could

project patterns at another city when considering these differences.
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While these studies have shown evidence of the potential to transfer activity patterns from

one city to another, none of these studies have directly demonstrated that this approach is in

fact valid. This section extends their ideas and addresses this question and further examines the

transferability at an individual level rather than a macro level comparison of activity patterns.

The contribution of this section is demonstrating that the micro patterns of one city can be

used to help augment the observations within a different city for more accurate micro level

predictions. While this work does not explore if this relationship holds across significant cultural

differences, it does show that these patterns can be transferred across varying transportation

networks and urban structures within a selection of cities within the United States and Canada.

4.4.1 Background and motivation

The principle idea behind activity modeling is that by understanding the activity priorities

of travelers a model can be built to project what activities they are likely to do over a fixed

period of time. Since these priorities are expected to vary only a limited amount across people

of the same region, a non-individual specific model of activity execution serve as a reasonable

representation of typical travel behavior. The travel of a person can then be viewed as the trips

the person takes to accomplish their activities. Because the underlying activity needs are the

factor driving travel rather than the location of activities and the underlying transportation

network, in theory asserts similar activity patterns will be seen in people regardless of their

environment.

As prior work has shown, by taking the patterns of limited group of people within a region,

a general model of typical behavior can be applied to project the travel patterns across many
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different locations within the same metropolitan area. One of the limitations of this work has

been that without evidence that these patterns can be reliably transferred across regions, a

survey of activity patterns in the region in question must take place in order for a model to be

built for that region. Demonstrating that these patterns can be transferred across metropolitan

areas represents a significant step forward for planners in being able to reduce the amount of

data that must be collected in a region before a reasonable model of the area can be created.

At an individual level, while past studies have focused on how well these models applied at

an aggregate level, an approach based on this general principle can also be applied to learn the

specific activity patterns of individuals. As also shown in these sections, while the history of

a single individual can be used to make predictions of that person’s traveler context; a more

robust model can be built faster if there is a base of activity histories of the region. Thus, the

implication of this at an individual level is that unless a travel survey has been conducted in

a person’s region, the model is forced to rely on the individual’s history alone resulting in a

much larger amount of data to be collected about the individual before a meaningful model can

be built. However, if activity patterns can be shown to transfer across regions the implication

is that the activity patterns of the individual could be quickly learned in any metropolitan

area around the country regardless of the availability of an activity survey for that area. This

has significant implications for mobile platforms as it means applications could be used in a

much larger portion of the country than otherwise possible. It is this desire that motivated this

investigation of transferability of activity patterns.



142

4.4.2 Evaluation

As discussed above, the basic idea behind activity pattern transferability is that the patterns

from one metropolitan area can be used to predict the patterns for another metropolitan area.

To evaluate this, a series of experiments was conducted to examine multiple aspects of the

transferability of activity patterns across a selection of cities. The details of the experiment

design and results are given below.

The main purpose of these experiments are to compare how well survey data from other

cities can be used to predict the activity behavior in a city where little if any data has been

collected. The basic principle behind the experiment design was to verify the transferability of

activity patterns by building a predictive model on the activity surveys from one city and use

this model to predict the activity patterns of another city.

4.4.2.1 Data

To make an evaluation of how well activity patterns transfer across cities required both ac-

tivity surveys from multiple cities and a common definition of activity data. To fulfill these re-

quirements, additional data sources from existing studies were used to supplement the UTRACS

data collected as part of this work. For evaluation, this thesis focused on three sources of out-

side data. Specifically the data from the Toronto CHASE survey, the 2001 Atlanta Household

Travel Survey and the 2002 Anchorage Household Travel Survey were used. A general descrip-

tion of these data sets is given in Sections 3.3.3.2 and Section 3.3.3.1. These data sources were

selected as they provided a good mix of metropolitan populations and differences, survey sizes,

and similarity in the data collected.
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One of the most significant challenges in transferring activity patterns across cities is data

compatibility. While numerous activity surveys have been conducted, it is rare that any two

surveys capture exactly the same information. These differences are primarily due to two fac-

tors: variations in survey goals and a lack of standardized naming even for surveys conducted

by the same companies (NuStats, 2003; NuStats, 2002). As a result, to compare activity pat-

terns between cities a common vocabulary must be established. For the experiments conducted

within this section all four activity surveys were mapped conceptually to the vocabulary estab-

lished in our design of the UTRACS survey. Since the primary focus of this section is related

to activity patterns this section only examines the transferability of these attributes, however

a more generalized for of conceptual alignment of activity surveys and being able to automate

this process is discussed in Section 4.5.

For this section the following fields were compared:

• Location

• Activity

• Mode

• Arrival time

• Departure time

• Duration

• Duration flexibility

• Time flexibility
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• Spatial flexibility

4.4.2.2 Methods

To evaluation the transference of activity patterns a comparison of predictive quality was

used. Each of the data sets was used as a test data set for all other data sets and was tested as

the training data set for all other data sets. In addition to these, each data set was tested on

itself with a ten times cross-folding methodology.

The method for executing the tests was to train the classifier and then for the test data set

evaluate each traveler’s sequence separately. The training data was built by taking each user

sequence in the training set and splitting the sequence by home-based tour. To capture a new

tour’s start being dependent on the activity last completed before the current home-based tour

began each tour after the first would start with the last two elements of the previous sequence.

Thus each training user’s sequence was split such that each new sequence would begin with

an out of home activity followed by a home-based activity followed by all activities up to and

including the next home-based activity. This method was used to break up long sequences such

as those in the multi-day CHASE and UTRACS data where an activity sequence for the entire

time period could contain over 80 activity sets.

The evaluation was done so that in evaluating the test user, the activity sequence of the

user was evaluated in a stepwise fashion. In other words, for the first prediction of the user

there was no history to base the prediction on, but for the second prediction there would be one

set of history in the sequence to base the prediction on. Similar to the training approach, the

user’s history used in testing was the current home-based tour and the previous home-based
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tour. This was continued through the end of the sequence where each prediction of the nth step

of the tour was based on n − 1 sets in the user’s current tour plus the previous home-based

tour. This process was repeated for each user in the test set and the average of all of these

predictions is presented.

One of the challenges of the learning activity patterns of these data sets is that all four of

these data sets contain numerous missing values from survey participant’s not answering all

questions. If the user sequences with any non-response were removed from the data set the

result for most of these sources would be less than 50% of the user sequences would remain.

In Section 4.3 it was demonstrated that the ACR method introduced in the section performed

significantly better than standard sequential rule mining when the elements of data missing

were completely random referred to as MAR. In these experiments the data sets are used as

is, meaning the distribution of missing values was based on actual user non-response rather

than completely at random. To further demonstrate the benefits of the ACR technique in this

environment, the experiments were conducted with both standard sequential mining and ACR

and the results are presented below.

4.4.2.3 Experimental evaluation

For the following experiments the data from the UTRACS (Chicago), Atlanta, Anchorage

and CHASE (Toronto) activity surveys were used to evaluate how well activity patterns could

transfer across regions despite the significantly different transportation networks in each of these

cities. The data from all of these surveys were mapped to the common data schema and all

experiments executed in that common format.
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Within these experiments, the primary goal is to determine if surveys from one region can be

used in a different region with little drop off in the quality of the predictions compared to a model

built on the same city. The approach for verifying this transferability is similar to that used in

Arentze et al. where the data of one city is used as training data for a second city and the results

of that test being compared to the results of a city being trained on its own data (Arentze et al.,

2002). For their study the evaluation was made at an aggregate level to compare distributions,

by contrast here we analyze the transferability of patterns at an individual scheduling level.

For these experiments the results of training and testing for the same city were performed using

a ten times cross-folding methodology. The cross-folding methodology was executed such that

each fold had roughly the same number of travelers although the number of activities per fold

could be vastly different depending on the users selected for particular fold. For all other tests

of training based on one city and testing on a second city were carried out by using the entire

survey set of the training city and tested on the entire survey set of the target city.

In making the predictions, once all rules were identified the same ranking scheme discussed

in Section 4.3 was applied. Predictions were then made by applying the top matching rule,

updating the target set and finding the next highest rule whose consequent did not contradict

the values previously completed. This was repeated until either all rules had been exhausted

or all fields in the set being tested were completed. The values shown in the tables are based

on selecting each algorithm’s (Sequential or ACR based) parameters of support and confidence

thresholds that yielded the maximum F-measure. The precision and recall metrics shown are

based on this configuration for the maximum F-measure.
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TABLE III

ACTIVITY PATTERN TRANSFERABILITY - F-MEASURE

SEQ

Test
UTRACS Atlanta Anchorage CHASE

Training
UTRACS 0.348512 0.298107 0.306271 0.440383

Atlanta 0.207837 0.294993 0.309354 0.44916
Anchorage 0.187883 0.290179 0.311455 0.423933

CHASE 0.191884 0.289139 0.308722 0.50395

ACR

Test
UTRACS Atlanta Anchorage CHASE

Training
UTRACS 0.461126 0.447509 0.427923 0.575487

Atlanta 0.333476 0.443616 0.441377 0.60563
Anchorage 0.41161 0.461426 0.546549 0.57918

CHASE 0.276572 0.417372 0.426867 0.625694

The experiments were executed so that every city was treated as a training and test set for

all of the cities. Table III contains the F-measure results of these tests. Within all of the tables

in this section the results of standard sequential rules (SEQ) are shown above the results of the

same experiments using ACR rules. The rows represent how well the survey of a particular city

was at predicting the patterns in other cities. Likewise the columns represent how well various

cities performed at predicting the patterns of that particular city. Across the diagonal marked

in bold are the results of training and testing on the same city.
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TABLE IV

ACTIVITY PATTERN TRANSFERABILITY - PRECISION

SEQ

Test
UTRACS Atlanta Anchorage CHASE

Training
UTRACS 0.37588 0.366469 0.39514 0.574287

Atlanta 0.234009 0.366208 0.388359 0.592757
Anchorage 0.216313 0.357425 0.397476 0.536095

CHASE 0.218641 0.352076 0.391261 0.642939

ACR

Test
UTRACS Atlanta Anchorage CHASE

Training
UTRACS 0.537679 0.57346 0.551117 0.803447

Atlanta 0.35852 0.522062 0.493739 0.750434
Anchorage 0.41161 0.461426 0.546549 0.57918

CHASE 0.305204 0.500242 0.4859 0.81879

In examining the results, one of the first things that becomes apparent is how much better

ACR rules are at handling missing values compared to standard sequential rules. A closer

inspection shows that for every single training and test combination the ACR method outper-

formed standard sequential rules. These results are of particular interest as the comparative

analysis shown in Section 4.3 compared the performance of these two different types of rules

with missing values inserted at random. As the results here demonstrate, the same advantages

shown with MAR holds true when the distribution reflects actual observed distributions which

likely have some fields having far more missing values than others.
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TABLE V

ACTIVITY PATTERN TRANSFERABILITY - RECALL

SEQ

Test
UTRACS Atlanta Anchorage CHASE

Training
UTRACS 0.325033 0.251241 0.250036 0.357116

Atlanta 0.18693 0.24698 0.25706 0.361569
Anchorage 0.166058 0.24423 0.256051 0.350583

CHASE 0.170963 0.24529 0.254941 0.414372

ACR

Test
UTRACS Atlanta Anchorage CHASE

Training
UTRACS 0.40414 0.36692 0.349743 0.448294

Atlanta 0.311702 0.385673 0.399057 0.50767
Anchorage 0.41161 0.461426 0.546549 0.57918

CHASE 0.252851 0.358057 0.380624 0.506294

As these results in Table III demonstrate, it is possible in nearly all of these cases to find a

secondary city which can train activity patterns for the first nearly as well as the city itself. For

Atlanta there appear to be two cities that can actually slightly improve the performance over

using Atlanta alone, however the difference is not statistically significant. The one exception to

this was Anchorage which there was a drop off in rule performance. One of the more interesting

observations related to this is the differences between the ACR and sequential rule techniques

in which cities had difficulty finding a good outside training city. While with ACR Anchorage is

the only one, with standard sequential rules while Anchorage is not an issue the UTRACS and
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CHASE surveys have this issue. One explanation that would explain this for the CHASE data

is it contains the highest number of missing values making it more difficult for the standard

sequential method to recognize the underlying pattern when applying rules. For the UTRACS

data while there are not as many missing values the values are more distributed across multiple

fields than the other data sets.

In the next set of experiments a comparison was made of using a model built just based

on the user’s individual history against a hybrid model that was seeded with general patterns

observed in survey data. As this experiment is trying to demonstrate that this work could be

applied in a city other than one with survey data, these experiments were conducted on the

UTRACS data, but the general patterns were mined from the Anchorage data set. Figure 20

shows the comparison of the F-measure, or balanced prediction score, of these two different

approaches day by day for the 14 day period of the UTRACS survey. The points charted are

the average score of predicting all fields of the activity context for the day averaged across all

participants for that day. The series labeled “Missing 0%” represents the model of the user

with the data as entered by the survey participants. Thus there are fields that are missing

due to participants not providing an answer, but no additional data has been removed. The

series labeled “Missing X%” chart the performance using the same set of data but with X%

of the values removed at random. The purpose of this is to project the amount of missing

data that may be typical for a user’s participation in an application setting rather than as a

survey participant. As the chart shows, as expected the best results are obtained if the full

history is used in modeling and with as short a learning time as 2 weeks a good model of the
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individual can be created unlike the GPS based models alone which typically have a 4 to 6

week training period. Despite these good results, in an application setting it is unlikely a user

would be willing to enter everything about their travel for a 2 week period. To approximate

typical behavior series are shown for the user only answering 10% and 20% of the questions

respectfully. As the results show, when only that limited amount of information is provided it

is difficult to learn a model of that individual quickly. This problem referred to as the “cold

start” problem occurs due to limited training examples being available until enough history is

gathered. To address the cold start problem we introduce a hybrid approach to this problem

that uses a combination of an individualized model seeded with patterns. The technique used

for combining the two models was the individual model first attempted to predict all activity

context fields, if any fields remained the general model was then applied. As the Hybrid 80%

and Hybrid 90% series show, this approach greatly improved the performance despite having

very few observations of the traveler. Also when this same model was applied to the 0% missing

case a slight improvement was shown using this same hybrid model due to the slightly higher

recall thanks to the much larger database of patterns (Not shown). One of the limitations of

the 14 day survey period is it is difficult to determine the rate of gain for the amount of history

gathered when so few fields are answered. This would be an area to further explore with a

larger scale long term study, which was unavailable at the time of this writing.

In Table IV the precision of the predictions for both ACR and standard sequential rules

can be seen. Once again ACR dominates standard sequential rules across the board. An

interesting thing to note in these results is that the UTRACS survey as a training set performs
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Figure 20. Comparison of F-measure for individual model vs hybrid model with missing data.

better for all test combinations than any other secondary city test set. Whereas looking at

the recall in Table V, the opposite is true. For recall the UTRACS survey displays some of

the worst recall. One explanation for this would be that the lengthier UTRACS survey had

more examples to better capture activity sequences, however due to the survey’s relatively

small size its recall was not as high as other studies. This assertion about why the recall is

low is further supported by the CHASE data set also suffering from lower recall and it is also

one of the smaller studies. An interesting observation from these results is that the CHASE

data set has the poorest transferability. This could warrant further study to better determine

if this is potentially related to differences between preferences between the United States and

Canada, the differences in survey participants or perhaps just an artifact of the translation to

the common schema.
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4.4.3 Discussion

As shown above, while generally transferring patterns from one city to another produced

good results, the selection of the training data could significantly impact overall performance

as well as the precision versus recall mix. Even so, the implication of this is that even if a

user is in a city that other histories are not available, survey data from a second city could

be used instead yielding good results despite the lack of city specific data. Furthermore, the

use of lengthier surveys such as UTRACS could even produce better results than models built

upon the same city. The reason for this is likely due to these extended surveys capturing more

detail in the sequential dependencies of activities due to the longer observation period than the

surveys based on two days alone. An implication of these findings, beyond the scope of this

work, is that by using a similar approach, it may be possible to reduce the required number of

survey participants while still being able to obtain a reasonable model of the travelers.

4.5 Automated ontology alignment of transportation surveys

In this section we examine the problem of ontology alignment of transportation surveys.

As shown above, by aligning survey data additional data sources beyond the original can have

a significant impact on improving the learning of traveler patterns. However aligning surveys

completely by hand is a very tedious task. In this section we examine the use of automatic

alignment techniques to reduce the number of fields that must be aligned by hand between two

data sources. Travel surveys represent a particularly difficult challenge for automated alignment

techniques since it involves aligning coded values and numeric range alignment that has been

largely overlooked in prior ontology alignment work. The primary contribution of this section is
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an alignment algorithm that combines concept and structural alignment techniques with novel

numeric alignment methods that are shown to significantly outperform existing techniques for

this type of problem.

4.5.1 Introduction

In this section we examine a hybrid of ontology alignment approaches. Specifically a com-

bined approach is examined that utilizes techniques from concept-based and structure-based

ontology alignment, suitable for data sources where instance data is largely encoded making

instance-based techniques that work on the raw instance data impractical. Two particular

problems of this type of data are examined. First, schema matching problems that involve

similar concept names in multiple places within the structure particularly of encoded values,

thus requiring structural context for resolution. Second, alignment of range concepts will be

examined. For example, recognizing that the concepts ”‘1-5 xxx”’ and ”‘6-10 xxx”’ should be

matched to the concept ”‘1-10 xxx”’.

The scenario that is examined in this project is automatic joining of metropolitan travel

surveys 1. Unlike the previous section which focused on a handful of attributes that capture

activity context, here the task examined is aligning the complete transportation surveys as a

way of potentially augmenting the traveler profile beyond just that collected in the activity

context. A feature of the travel survey data sets is that the instance data is highly encoded to

facilitate standardized answers within a survey, but the standardizations are not present across

1http://www.surveyarchive.org/
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surveys. While all the cities are trying to capture roughly the same information the surveys

are dissimilar enough to require a more sophisticated approach to matching concepts across

structures based on linguistics and heuristics. Thus, this data set is challenging for traditional

ontology alignment methods that look for distinct textual based matching.

4.5.2 Related work

Ontology alignment has been studied extensively over the past several years. Numerous

techniques have been applied to address this problem focusing largely on concept and struc-

tural techniques (Rahm and Bernstein, 2001; Noy, 2004; Shvaiko and Euzenat, 2005). More

recent work has examined this task in the context of data mining, where schemas are not

as conceptualized and often lead to more ad hoc and often more challenging alignment prob-

lems (Hovy, 1998; Hu and Qu, 2007). These problems are particularly prevalent in the semantic

web and have led to numerous similarity techniques (Fossati et al., 2006; Euzenat and Valtchev,

2004; Stoilos et al., 2005; Melnik et al., 2002; Marshall et al., 2006; Chen et al., 2006). More

closely related work by Edwards et al. focused on learning similar topics across web pages

(different structure, similar content) (Edwards et al., 2002). Berendt et al. examined learning

frequent concept relationships across web pages (Berendt et al., 2002). Finally, in work by Tresp

et al. they introduce the concept of probabilistic alignment rather than binary alignment (Tresp

et al., 2008).

4.5.3 Survey alignment

To address the challenges described above, a combination of both structure-based and

concept-based techniques is examined. In addition, new techniques are introduced to bet-
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ter account for numeric range attributes. In the section below, an algorithm is introduced to

address this problem. The basic idea behind our algorithm is to score the quality of a match

based on three factors: parent level match, same level match, and child level match. These

factors are then combined in a simple linear combination to determine the overall quality of the

match, where each of the three raw scores are in the range [0,1]. The detailed description of

the intuition and technique behind each of the three levels can be found below in this section;

an extended discussion of the performance characteristics of this technique can be found in

Section 4.5.5. Below is the pseudo code for the proposed algorithm:

getMatchScore(sourceE, targetE)

// Parent level match described in Section 4.5.3.1

parentLevelScore =

maxOf(

getMatchScore(sourceE.parent,targetE.parent),

getMatchScore(sourceE.parent,targetE),

getMatchScore(sourceE,targetE.parent)

)

// Same level match described in Section 4.5.3.2

if (isNumeric(sourceE) and isNumeric(targetE))

if (rangeOverlap(sourceE, targetE))

sameLevelScore = 1

else
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sameLevelScore = 0

else

sameLevelScore = n-gramSim(sourceE, targetE)

// Child level match described in Section 4.5.3.3

childLevelScore = n-gramSim(sourceE.childString,targetE.childString)

// Linear combination of the 3 factors

Return (α*sameLevelScore + β*childLevelScore + γ*parentLevelScore)

4.5.3.1 Parent level match

Parent level match refers to the likely quality or similarity of the source and target elements

with respect to their structural context based on the elements above these. Intuitively since our

method for determining the match score for an element takes into account what would make

any two elements a good match; this function can be used recursively to also determine how well

parents of the elements in question match. To account for potential differences in granularity

such as the source ontology having an additional level of detail about a concept compared to

the target ontology, we also examine the match between the source element’s parent and the

target element, and vice versa for testing if the target ontology has additional granularity. The

maximum score of each of these three potential matches becomes the parent level match score.

If the element in question does not have a parent (thus it is the root of its ontology) then that

match score is taken to be zero. It should be noted that it might be worth further analysis to

see if it might make sense if both elements are the roots of their ontologies perhaps the match
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should be assumed to be some value greater than 0, but for the experiments in this section 0

was used exclusively.

4.5.3.2 Same level match

Same level match refers to the similarity of the source and target elements based strictly

on the elements themselves without respect for any elements outside of the elements being

compared. For this match we use a two different comparisons depending on if the elements

are determined to represent a number or range. If both elements are determined to represent

a numeric, then range alignment is applied; otherwise textual similarity is used to determine

element similarity.

Numeric detection

To detect elements that represent a number or numeric range, we use a set of heuristics

to avoid a requirement of any a priori knowledge of the form such an element may take for

any particular element or ontology. The first aspect of this heuristic is that if words “one”,

“two”,. . ., “ten” appear in an element, it is numeric. Second, it is also a numeric if only a

number appears as the element text. Finally, if a number appears in the text surrounded by

spaces it is likely a number (rather than a coded value). Thus for any element this simple set of

heuristics can be applied and it can be determined whether the element should be potentially

treated as a number rather than strictly text.

Textual similarity

For textual similarity, n-gram similarity was chosen over word analysis due to the vast

majority of the metropolitan travel surveys in the archive mentioned above relying heavily
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on encoded values and jargon abbreviations that a word based analysis would likely provide

limited benefit without providing an extensive dictionary of abbreviations of codes and jargon

(outside the scope of this work). The basic idea behind n-gram similarity is that the similarity of

two strings can be determined by examining how close the magnitude of counts of sequences of

letters appear within each string. Thus, common sequences of letters can increase the similarity

of a match even if the “word” as a whole does not match nor are they even real words such

as occurs when abbreviations are concatenated. Thus the intuition behind selecting n-gram

similarity was that it would be able to note similar sequences of letters that might otherwise be

meaningless through word analysis. This hypothesis seems to be supported by our experimental

results in Section 4.5.4.

Range alignment

As described above, if both elements being compared are determined to be numeric, rather

than textual similarity, range alignment is applied to determine element fit. Specifically heuris-

tics are used to convert the text of the elements to a range and binary matching is applied.

If the range of the source element and the target element overlap at all, this is considered a

match; otherwise, the two elements are considered to not match.

Extracting the range like the numeric detection process is based on a number of heuristics.

The basic assumption for simplicity is that if an element is determined to be numeric then the

element must fit into some range representing that element. In other words, once the element

has been classified as numeric there is no check to see how well extracting a range out of the
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element works to potentially change back to treating it as text if no direct match is found. The

pseudo code for the heuristic is as follows:

double[] ExtractRange(String elementString)

double[] range = [0,0]

range[0] = range[1] = getFirstNumber(elementString)

// check for second number as end range

if (hasSecondNumber(elementString))

range[1] = getSecondNumber(elementString)

else

// if contains key word indicating all values below ...

if (containsMinKeyWord(elementString))

range[0] = −∞
// if doesn’t contains key words indicating inclusive range

if (not inclusiveRange(elementString))

range[1] = range[1] - MINIMUM_VALUE

// if contains key word indicating all values above ...

else if(containsMaxKeyWord(elementString))

range[1] = ∞
// if doesn’t contains key words indicating inclusive range

if (not inclusiveRange(elementString))

range[0] = range[0] + MINIMUM_VALUE
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else

// range is a single number

return range

From an implementation perspective, the functions for extracting the first number and

checking for and extracting the second number can be implemented via regular expressions.

The list of minimum words was: “LESS”, “FEW”, “BELOW”, “LOW”, “SHORT”, “UP

TO”; and the list of maximum words was: “MORE”,“GREAT”,“HIGH”,“ABOVE”,“DOWN

TO”,“TALL”. The inclusive range check was simply did the string contain the word “EQUAL”

or an equivalent comparative operator (e.g. “<=”). Once each element is converted to a range,

then if the ranges overlap at all then the same level match score is set to 1 otherwise it is set

to 0. It should be noted that while this simplistic binary overlap heuristic is applied, it is easy

to envision how this could be extended to further classify the mapping type as equal, subset,

superset, etc.

4.5.3.3 Child level match

The final factor, child level match, refers to similarity in the elements below the source and

target levels. In principle this comparison could be as complicated or as simplistic as desired.

For practical reasons (performance and avoiding circular score calculations) the child level score

in this section is determined by concerning all elements beneath the source node and target

node respectively and comparing the n-gram profile of the concatenated strings.
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4.5.4 Experiments

4.5.4.1 Methods

Data

The reference alignments that have been used for past Ontology Alignment Evaluation

Initiative (OAEI) competitions to judge ontology alignment methods have focused primarily on

determining mapping of ontologies based on being able to extract meaning from words within

the ontology elements. As a comparative baseline of general performance, results against the

common OAEI data sets are included along with the survey alignment numbers. Specifically we

identified approximately sixty surveys recorded in the Metropolitan Travel Survey Archive that

all involved encoded elements and ranges of survey ontologies that would need to be aligned

before data mining could be performed. From these the 2001 Atlanta survey1 conducted by the

Atlanta Regional Commission and the 2002 Anchorage survey2 conducted by the Municipality

of Anchorage were selected. These two surveys used throughout this work have similarity

in survey goals and thus similar data semantically, however the encoding methodologies are

significantly different resulting in a challenging problem.

An “expert” reference alignment was created by hand to allow the the quality of any gen-

erated alignments to be measured. To minimize bias, the reference alignment that was created

was reviewed by an outside person with transportation expertise for accuracy. Below we ex-

1http://www.surveyarchive.org/Atlanta/Atlanta2001.xml

2http://www.surveyarchive.org/Anchorage/Anchorage.xml
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amine how well the mapping algorithms perform on the Atlanta to Anchorage mapping, which

we label travel survey, to evaluate their performance on encoded and numeric range alignment.

While in this section we are primarily interested in encoded and numeric range alignment per-

formance, we also examine alignment performance on other widely used data sets as a measure

of traditional alignment performance. Specifically we include results on the commonly used

reference alignment datasets of people and pets, Russia, weapons, and networks 1.

4.5.4.2 Experimental evaluation

In the experiments below, the linear weighting of the parent, same-level, and children scores

are set to α = .5, β = .4, and γ = .1. These values were determined through a small set

of experiments to determine a good mix of the linear weighting combination. It should be

noted that the selection for threshold was selected for each algorithm based on its optimal

F-score on the travel survey alignment problem and then this same threshold level used for all

other ontologies. Below we refer to the algorithm introduced in this section as the “CWilliams

w/Range” algorithm. To allow a fair comparison of what portion of the results can be attributed

to the range alignment rather than the choice of n-grams over word analysis, results have

also been included with out range alignment (“CWilliams w/o Range”). For comparison we

also examine the Descendant’s Similarity Inheritance (DSI) algorithm and SSC algorithms as

implemented in AgreementMaker as comparative baselines (Sunna and Cruz, 2007). It should

be noted that none of the commonly used reference datasets contain numeric values to align

1http://oaei.ontologymatching.org/



164

much less numeric ranges (which was the primary reason the technique introduced here was

created). Because none of these data sets contain this feature, the purpose for showing these

results is to demonstrate that while the proposed algorithm has been specifically designed for

code values and numeric ranges, it still performs relatively well.

As Figure 21 shows although the isNumeric heuristics are fairly simple, adding the numeric

heuristic has minimal impact on performance when ontologies do not contain numeric ranges yet

do provide significant benefit for the survey ontology that does. It should be noted that in fact

for only one data set, Russia, did it degrade the performance at all; precision was 35.6% without

range alignment and 35.3% with range alignment, however this difference was not statistically

significant. Figure 22 illustrates the recall of each of the algorithms on each of the test data

sets. As these results demonstrate, the recall of the proposed algorithm is comparable for all

of the data sets and significantly better for the travel survey data set which contains numeric

ranges. Finally, Figure 23 shows the F-measure of the algorithms which can be interpreted as

the combined performance of each algorithm. As this figure shows the CWilliams algorithms

do slightly better on some data sets and poorer on others, but for the problem we are most

interested in, travel surveys, it performs significantly better. It is also worth noting that even

though it does perform better at 32.7%, across all of the algorithms, this combination of coded

values and numeric ranges is by far the most challenging to align of the alignment problems

examined here.
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Figure 22. Comparison of recall across various reference data sets.

4.5.5 Discussion

As we have shown in this section, the algorithm proposed here that combines structural

alignment ideas with novel techniques for numeric range alignment performs significantly better

than previously introduced techniques for survey alignment. However, as the low absolute F-

scores reflect, this problem remains a significant challenge for automated alignment. There are

a number of refinements to the proposed technique that may offer improvements. For example
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Figure 23. Comparison of F-score across various reference data sets.

in this study no data or hints specific to the travel survey data set were used; however, including

such items as a domain specific jargon library or abbreviation database would likely lead to

significant improvements. Other items might include more sophisticated numeric checking to

avoid misclassifications or a combined n-gram and word based approach to gain the benefit of

n-grams for non-words and word-based approaches when possible.

The final area for significant improvement is performance. Currently all source node/target

node combinations are tried in agreement maker, a more efficient way to do this for the algorithm

listed here would be to use a priority queue and only try matching with children of the top N

parent match scores. While limiting the matching to just the top N does potentially have the

draw back of missing a better match that has a parent at N + 1 or greater distance from the

source element’s parent. However with a quick test of this using N = 5 for the travel surveys

showed that the same F-measure could be obtained much faster using this heuristic. While this

was a very small test and this point would need to be explored further before any significant

conclusions could be drawn, the preliminary results look promising. Also, given that the final
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combined score is a linear combination rather than using a top N approach the parent scores

of the priority queue could be used to establish a bound where it could be proven algebraically

that no parent with a score below a certain point could possible have a score higher than the

highest score found so far. Thus the best potential matches could be tried first and the possible

matches could be terminated after all potential matches with a better score than the current

score had been exhausted.

4.6 Conceptual model

Above the various components that may be used for activity pattern prediction have been

introduced and discussed individually. As discussed, each of these components address different

aspects of the overall goal of learning the activity patterns of an individual. This section begins

by giving an overview of why a conceptual model for individual activity pattern prediction is

warranted. Next, a conceptual model is introduced that establishes a general framework of

how activity patterns of an individual may be learned. The various components that have been

introduced as part of this model and the benefits of addressing each of these areas is discussed

as well as how this work fits within this model. This is followed by a discussion of how while

this framework encapsulates the various components of this work, the intent of this model is to

establish how this problem may be approached in general. As will be discussed, the structure of

this model allows improvements to be made to any component of the model without impacting

the overall conceptual model. As such, the model introduced in this section can provide a

general basis for any future work in this area of study.
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4.6.1 Introduction

Throughout this chapter a number of different techniques have been introduced as ways to

help either directly with activity prediction or related to ways of either improving or simpli-

fying different aspects of activity pattern prediction. The purpose behind this multi-pronged

approach is to acknowledge that there are multiple components that can be used to improve

individual activity pattern prediction. Learning the behavior of an individual is very complex

when considering the number of spur of the moment decisions and patterns evolving over time

whether slowly from changes in habit or abruptly from change in job. As a result, a single

learning approach while it may suit one situation well may not be the best approach for other

scenarios. Below a conceptual model is introduced that is intended to be flexible enough that

multiple approaches to this complex task can explored while still fitting into the proposed

framework.

4.6.2 Conceptual model

In developing a conceptual model for the task of individual activity pattern prediction,

there were two primary goals. Create a model that is flexible enough to not only capture the

techniques introduced in this work, but also fit with approaches explored by others. Second,

the model should be simple enough that it is easily understandable and approachable. By

addressing these two goals the hope is that the model introduced here can be easily adopted

by other researchers going forward.

The proposed conceptual model is shown in Figure 24. The model is made up of three

general goals: learning the patterns of the individual, augmenting these patterns from outside
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Figure 24. Conceptual model of learning traveler activity patterns.

sources, and developing the individual traveler context from their activity patterns. Each of

these goals is addressed through a series of components related to the task discussed further

below. The components of the task of learning the patterns of the individual is portrayed in

dark gray within the figure and addresses data collection and processing related to learning

patterns specific to the individual being observed. The second goal, whose components are

displayed in light gray, consists of leveraging outside knowledge or observations and any related

transformation necessary to allow this information to augment the data specific to the individ-

ual. Finally, the two previous goals are brought together to accomplish the task of predicting
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traveler context from the learned activity patterns. The components related to this task, shown

in white, include integrating the patterns of the individual and outside knowledge to produce

a model of the individual traveler and how that model can be used ultimately to provide and

project the traveler context of the individual. A further description of these components is

given below.

4.6.3 Learning patterns of the individual

The first of these areas, learning the patterns of the individual, is made up of five com-

ponents: passive data collection, active data collection, data processing, current context, and

patterns of the individual. These components together provide the tools for collecting observa-

tions of the traveler and assembling these observations into a model of the individual traveler.

The combination of passive data collection plus data processing provide the implicit context

of the traveler which can then be augmented or overridden by data that is actively collected

from the individual. This combined view of the current context can then be used to help fur-

ther refine the model of that individual traveler. Section 4.2 touched upon how all of these

components can be integrated to form a fluid system for traveler data collection. However, as

integration of these sources is not required a more in depth description of the traits of each

of these components is given below to provide the flexibility to allow this model to be more

generalized.

4.6.3.1 Passive data collection

Passive data collection represents any source of information that can help provide data about

the user’s current context or future plans that don’t require interaction with the user. The gen-
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eral requirement of these sources is that the data can be obtained unobtrusively such as carrying

a device with them. The benefits of GPS data collection has been a central theme throughout

much of the research in this work, but other sources may also provide useful information. One

example of this is the use of WiFi networks to either identify the general area of a person or

even a good approximation of someone’s location indoors based on signal strength (Kawaguchi,

2009). Other studies have shown that cell phone triangulation works quite well at identifying

a person’s rough location outdoors as well as indoors (Varshavsky et al., 2006).

In addition to senors that observe location, there are a number of other passive sources that

might also help establish an individual’s context. For example Azizyan and Choudhury have

shown that even sensing ambient light and sound can often be suffienct for detecting the type

of environment the person (Azizyan and Choudhury, 2009). Besides traditional sensors, there

is also an opportunity to passively collect data from sources the person has actively entered

data but not specifically for the purpose of the system. An example of this would be a calendar

application which the user already keeps track of various events and/or meetings. Integrating

of this data with other sources, could allow activities to be tied to calendar events for even

more detail without interaction from the user.

4.6.3.2 Active data collection

The second component of data collection is active data collection. The purpose of this

component is to collect data that might help establish the context that can not be determined

from available passive sources. Like the various types of passive sources, this component is not

required, but having some sort of interaction can help capture data that would likely not be
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captured by passive sources alone. The main drawback of active collection is it directly impacts

the effort required of the individual to get benefit out of the service. Thus the goal would be

active collection would take more of an optional role; whereby if the data is provided it helps,

but is not required to make the application function. By having the input be optional, the

result is a data set that may have missing data from when a user either opts not to answer or

was not prompted to reduce their burden. It is in this role that techniques, such as the ACR

algorithm introduced in Section 4.3, serve a critical role in minimizing the impact of missing

data on the resulting prediction model.

While the user interaction may not require any additional information, more sophisticated

techniques discussed in this and other works use knowledge of the current context to determine

the active data collection needs. One form of active collection discussed in this work is prompt-

ing the individual for planning information or activity information only when the information

can not be determined from passive sources alone. In our study collecting additional data was

the primary focus of the active user interaction, however other studies have taken different ap-

proaches. Liao et al.’s application “Opportunity Knocks” observed travel patterns and would

prompt user’s when they deviated from the known patterns if that was their intention, to help

cognitively-impaired people use public transit safely (Liao et al., 2007). As can be seen by

applications such as these, while any of these questions could be asked at any point by using

the current context, intelligence can be incorporated such that questions only be asked when

certain conditions are met as a way of reducing the burden on the individual. Through interac-
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tions such as these it is easy to see how occasional interacting with the user might significantly

help set the context of the user beyond what can be collected without their interaction.

4.6.3.3 Data processing

The data processing component is responsible for taking passively collected data and syn-

thesizing it into a form that can be used to help provide the individual’s context. Within this

work we introduced ways GPS data can be processed as it is collected to identify significant

locations, returns to locations of interest, and start and stop of travel. These are just a few of

the ways passive sources can be processed to provide context. Techniques are being explored

for processing GPS logs for mode detection and locations of change of mode as well (Schuessler

and Axhausen, 2009). Other work has focused on future end-to-end route prediction based

the individual’s history and recent GPS trace (Froehlich and Krumm, 2008). Other work in

ubiquitous computing has examined activity identification as a function of visiting known loca-

tions (Abowd et al., 1997). Similar to their work, one could imagine a similar approach being

used matching up an individual’s current position with detailed geographic information system

(GIS) maps to determine the activity on a larger scale.

In addition to these direct approaches to processing the current location information, other

approaches have been used that combine location information with other sources such as cal-

endars. By integrating these different types of passive sources such as the user’s calendar and

when various events were entered or rescheduled combined with the GPS information can pro-

vide additional context of whether the current activity was scheduled or whether the current

activity implies rescheduling other activities (Clark and Doherty, 2008). Thus while the data
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processing component may take many different forms, the overall goal of these different meth-

ods is to enhance the raw passively collected information into a detailed description of the

individual’s current context.

4.6.3.4 Current context

The component referred to as current context represents the synthesis of all information

either through data processing related to passive data sources or from active sources into a

single view of what is currently observed about the individual. This snapshot of the context of

the individual serves two roles. First the current context can be used to help further build a

model of that traveler’s individual history or patterns. Second, the current context can be fed

into the prediction model to tailor the predictions based on the current knowledge of the state

of the system.

4.6.3.5 Patterns of individual

The patterns of the individual represents the history of activity that is collected about that

specific individual. This history can take many different forms. Within this work the traveler

history or patterns of the individual we have focused on the frequent sequence patterns of

traveler context. While this is well suited for the goals of this work namely activity context

prediction, there are many other aspects of activity pattern predictions that require a different

form of information. For applications that have looked primarily at route prediction, this history

is primarily past movement patterns. Scheduling history or how the individual schedules specific

tasks and makes adjustments to their schedule as conflicts arise would be another pattern
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of interest. The combination of these varying types of history or patterns collected on the

individual represent the sum of the knowledge that is specific to that individual.

4.6.4 Outside patterns

One of the challenges in learning the behavior of an individual is that it can take a long time

before all intricacies of their behavioral have been observed. If only the individual’s behavior is

used the result is that it may take a lengthy period of time before the model can be useful. A

similar problem occurs frequently when a system first starts to learn the patterns of something

with very little history, referred to as the cold start problem. One of the ways this is addressed

is by incorporating common patterns outside of the history of the individual to jump start the

learning process until more observations are made. Within the conceptual model this process is

split into two components: histories of others and expert knowledge; and generalized patterns.

4.6.4.1 Histories of others and expert knowledge

The various sources of outside patterns that might be incorporated into the learning or

modeling process of the activity patterns of the individual is represented by the histories of

others and expert knowledge component. Traditionally the sources used for helping identify

typical patterns are derived from either the history observed in other users or expert knowledge.

An important aspect to consider about these sources is while they may be in an identical format

as the patterns recorded for the individual being modeled, this does not have to be the case.

As shown in this work, similar patterns can be drawn from histories in the same format, but

it is also possible for outside sources to be very different in their raw form. This component
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represents not only the various sources of the patterns but also any transformation necessary

for the sources to be meaningfully incorporated in the learning process.

This work demonstrated that histories could be either used from the same format or outside

histories recorded in different could also be used to help aid in rapidly producing a meaningful

model of the traveler until a larger base of training examples specific to the user could be

collected. As demonstrated in Section 4.5, by mapping the underlying concepts or meta data

to the format desired, the source of these histories can vary dramatically in terms of differences

in location and transit networks. Despite these differences we have shown that behavioral

patterns can still be beneficial in the absence of additional data specific to the individual or

even examples from their own city.

While in this work we have focused primarily on showing the transference of activity patterns

to aid in learning, this component also may represent other ways histories may be beneficial in

learning about the patterns of the individual. Ashbrook and Starner demonstrated that this

basic idea could be used within similar groups of people to label significant locations, which

would be one way of learning the activity patterns of someone without them specifically entering

information about a place (Ashbrook and Starner, 2003). Perhaps the most common forms of

this is traffic conditions where the anticipated travel travel for a user does not have to rely on

that user’s history alone but the travel times of others can help predict the expected travel time

of the individual in question.

In addition to using observations of others as a way to quickly form a basis of typical

patterns, another source for these patterns can be in the form of expert knowledge. An example
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of this would be estimating public transit times. Given the extensive number of public transit

routes within a large city, even with a large set of similar histories in the area of the person it

would be possible to not have complete coverage of the network. One way of addressing this

problem would be to use knowledge of the transit agency to populate the data on the public

transit network and schedules. As these various examples demonstrate the use of the histories

of others and expert knowledge can serve a critical role in augmenting the history collected

specific to the individual.

4.6.4.2 Generalized patterns

Once outside sources have been identified and transformed into a form that is meaningful

for expanding on the patterns of the individual, there may need to be some additional form of

processing needed. The generalized patterns component represents any processing necessary to

allow these various sources to form generalized patterns that can be used in the absence of data

specific to the the traveler. As discussed in Section 4.4 there are multiple ways outside sources

can be mined to form a generalized set of activity patterns. In this fashion, these patterns can

form a collection of typical patterns that can be drawn from to model patterns beyond that

observed in a limited history of the traveler.

4.6.5 Developing traveler context

Once the patterns of the individual and any outside patterns have been collected, the task

becomes integrating these different views (if both are used) to complete the current traveler

context and project future context. The following conceptual components are proposed for
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represent this process: model of the individual traveler; activity pattern prediction; and traveler

context service. A description of each of these components is given below.

4.6.5.1 Model of individual traveler

The model of the individual component represents how the combination of individual pat-

terns and generic patterns are combined to create a consolidated model of person. Within Sec-

tion 4.4 we described one way the patterns of the individual could be combined with common

patterns extracted from the history of others. As this work demonstrated, by using a combi-

nation of individual and general patterns a model can be created that more rapidly produces

meaningful prediction than using the patterns of the individual alone. The method introduced

in this work is one way that this type of data may be combined, however this model should

be general enough that other techniques of combining observations of the individual with other

patterns may create a better model than that of either alone.

4.6.5.2 Activity pattern prediction

The activity pattern prediction component is responsible for taking a combined model of the

individual traveler and creating predictions of the activity patterns of that person. Specifically

this represents how the current observed context is used in conjunction with the model of the

traveler to augment the the information observed in the current context. This may take the form

of inferring the activity taking place, how flexible the duration of the activity is and whether the

current activity was planned or likely a spur of the moment decision. In addition to completing

the current context as well as the likely immediately next context, reasonable projections of

multiple steps in the future is also possible. While this work has focused primarily on completing
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and predicting activity patterns, other forms this can take in enhancing the activity pattern

of the user might include identifying their likely route given recent observations. Thus, this

component is simple enough to describe the process of predicting elements of current context as

well future contexts while still being flexible enough to include behavioral information as well

as physical travel details.

4.6.5.3 Traveler context service

The traveler context service is intended to represent the output of the learning and predicting

individual activity pattern prediction system. Unlike previous model of individual prediction

based primarily on movement patterns, the purpose of the component represented by this service

is to provide a combination of not just movement projection but the behavioral activity pattern

context. Essentially this component provides this broader context in completing the current

context as well as projections of future contexts. Within this work we have primarily addressed

adding the new element of activity and behavioral information to the traveler context, this

concept of context could easily be expanded to include preferred routes, household constraints

or even the affect of pricing on behavior. By addressing this larger picture of the likely future

behavior and associated constraints this service could provide a wider range of information that

could be useful for mobile applications.

4.6.6 Discussion

As this section has shown this conceptual model represents a consolidated way addressing

the various components of individual activity patterns and the associated traveler context.

Although this model has been examined with respect to the parts of the research in this work,
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the conceptual integration of these components is flexible enough that the hope is it will provide

a standard framework for other studies in this area. In describing this model the focus has been

on explaining how each of these different components can fit together to address the larger

goal of activity pattern projection, however it is important to note that solutions could just

address portions of this overall model without impacting the representative value of the model.

For example, models discussed earlier that use individual history alone would just not include

the components related to incorporating the histories of others or expert patterns while the

remainder of the model would still describe the work. Likewise, models of generalized behavior

to simulate the activity patterns of individuals would also fit this overall model just without

the incorporation of individual patterns. As a result, we propose that the model introduced

here could for a basis for describing and evaluating individual activity pattern prediction going

forward.



CHAPTER 5

SUMMARY AND DISCUSSION

Prior to this work, considerable research had been made in trying to predict where a specific

individual was likely to go in the future, however the reason for the travel and any associated

constraints were largely overlooked. Since the majority of these approaches relied on the location

traces of the individual, an additional weaknesses of these approaches was a lengthy history of

observations was necessary and predictions could only be made for previously visited locations.

Complementary work had taken a different approach examining the behavior of travelers at an

aggregate level to better understand and simulate travel behavior in general but the models

were not suited to modeling the behavior of an individual. The purpose of this work was to

address this gap and develop a better model of individual behavior.

5.1 Statement of problem

The problem this work addressed was developing a method for rapidly learning traveler

activity patterns for mobile applications. Accomplishing this meant addressing several goals.

First, developing a way to predict the behavioral reasons behind travel specific to an individual

was needed. Furthermore, the method should flexible enough not to be geographic specific both

in terms of being city specific and being able to infer this behavioral information even if the

destination had not been previously visited. Finally, to address the needs of mobile applications

two aspects had to be addressed. First, a reasonable model of the individual’s behavior needed
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to be developed quickly without requiring a huge data entry burden on the traveler for an

extended period of time. Second, the influences on the behavior of the individual should be

understandable such that mobile applications could take action to influence behavior.

5.2 Review of methodology

Using a quantitative research design, we have demonstrated the findings of this work in

an empirical fashion. This design was chosen as it best suited the task of data mining and

prediction of known variables. In addition to the quantitative measures used in evaluating

predictive performance, qualitative comparisons were also used for comparing the descriptive

power of the models generated and their ability to be leveraged by other applications.

To address the task of learning the activity patterns of individuals, a subset of attributes

typically used in travel behavior activity surveys was used. The attributes that were selected

capture activity, location, mode of transportation, arrival time, departure time, duration, se-

quential order, and planning flexibility information of the activity and travel of the person.

These attributes were selected as they have been shown to effectively predict the travel and

activity patterns by transportation planners at an aggregate level while they capture the infor-

mation of interest in modeling an individual traveler.

These traits were discretized and the series of activities and associated travel of the par-

ticipant became a series of sets representing the events or traveler context throughout their

schedule. To demonstrate the findings of this study three transportation surveys collected out-

side of this study in addition to a collection effort conducted as part of this work were used.

Due to differences between these studies, the data captured in the studies had to be aligned by
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hand such that the patterns identified in one survey could be meaningfully examined in relation

to the other studies. To fit this same model the GPS trace that was collected as part of this

work was processed to automatically identify discretized versions of the attributes matching

the study’s goals.

Using this approach, the prediction problem could be described as given a series of traveler

contexts gathered through active and passive means, predict the next set or sets of contexts or

missing attributes of interest in the current or previous contexts. Information retrieval measures

were then used to quantitatively analyze the value of the predictions of the model created. To

demonstrate the soundness of this work; the primary goal was broken down into a number of

sub-problems. First, the internal validity of being able to predict the activity patterns of a

traveler and generation of a traveler schedule with “perfect” information was shown. Next,

techniques are introduced and analyzed for reducing the burden on the traveler for collecting

data. This is followed by presenting algorithms and techniques that can further reduce the data

collection requirements and thus user burden with limited impact on the quality of predictions.

Afterward, a demonstration of how activity patterns might be transferred from other locations

to improve predictions is shown. Finally, a conceptual model of how all of these concepts

integrate together for rapidly learning the activity patterns of an individual is presented.

5.3 Summary of results

As this work has shown, through a data mining approach combined with an activity mod-

eling approach it is possible to rapidly learn the activity patterns of individuals in a way that

can be leveraged by mobile applications. Prior to this work techniques for individual travel
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prediction had focused almost solely on observations of an individual traveler and location and

route prediction. Identifying the reasons for the travel and the flexibility of plans were largely

overlooked. As this work has demonstrated, by applying an approach inspired by transporta-

tion planning referred to as activity-based modeling, a richer model of the activity patterns

of an individual could be developed. Furthermore, by using a model that is independent from

physical location many of the limitations of previous approaches related to only being able to

work effectively with previously visited locations were able to be avoided, resulting in a more

robust model that could provide traveler context even when a location had not been previously

visited. Furthermore, through leveraging passive data sources, such as GPS, combined with

limited user interactions a model suitable for mobile applications was developed that limited

user burden and provided an understandable model that could potentially be used to influence

the traveler’s behavior.

To solve this problem a multi-faceted approach was introduced that demonstrated several

ways of improving activity-based predictions. First, this work demonstrated the predictive

benefits of using associative sequence rules to predicting activity sequences over techniques

such as Markov and Bayesian models. This work demonstrated activity-based approaches that

had previously been only validated against aggregate activity distributions could also be tailored

to predict activity patterns of specific individual. This was demonstrated both in determining

the next step in a travel sequence in addition to making reasonable predictions for multiple

steps into the future as shown in Section 4.1.
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Since traveler burden is a major concern for practicality for mobile applications, the tech-

niques introduced in this work for reducing participant burden and improving predictions in

light of missing data are one of the most significant contributions of this work. Addressing

this took several techniques. First, new methods were introduced for processing GPS streams

to identify and match significant locations were introduced. The accuracy of this method and

the activity prediction methods was demonstrated with a large survey that was conducted as a

part of this research. Since it was impractical to ask extensive questions from users on an ongo-

ing basis, techniques that could better address the problem of missing data in sequences were

needed. A primary contribution of this work was a technique that greatly reduced the negative

impact of missing data on sequential associative prediction. As the results demonstrate, this

technique is far more robust to even large amounts of missing values with limited impact to

predictive quality.

One of the weaknesses of prior approaches has been a lengthy history of the individual’s

travel was required before predictions could be made. To address this challenge so that mean-

ingful predictions could be made far more rapidly, a technique was introduced for allowing

the travel patterns to be transferred across physical locations so that the histories of others

could be used to jump start the predictions of the individual until a more extended history of

the individual could be collected. This study both introduced how the meta data of activity

patterns of one city could be used to predict the activity patterns of another city. In addition

to this technique, a algorithm was introduced that could reduce the time required to create
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mappings of activity data by automatically identifying the mappings of many concepts across

activity-based surveys recorded in multiple formats.

Finally, a comprehensive conceptual model was introduced for the general task of individual

activity pattern projection. The introduced framework identifies components in detail that

are both understandable and flexible. This model is intended to be flexible enough to apply

to multiple different approaches, thus providing a model for other studies in this area going

forward.

5.4 Limitations and boundaries of study

While this work represents significant progress toward learning the travel and activity pat-

terns of individuals, it is only a first step in what may be possible and it does have its limitations.

For one, this study has focused only on urban areas within North America. An interesting area

for future research would be to explore at what population size does the transferability of

urban patterns to more rural areas breakdown assuming that this does occur. Another area

worth further study would be studying how this work could be used internationally. While

Timmermans et al. have demonstrated while some activity patterns can be transferred across

different cultures at an aggregate level, it would be interesting if this holds true at an individual

level (Timmermans et al., 2003). Also, although this study has demonstrated learning patterns

of individuals in North America; there is nothing within the learning itself that is specific to

patterns observed in that area. Therefore the techniques introduced in this work would likely

also be successful in modeling the patterns of individuals in other countries as well although

this would need to be demonstrated.
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Another current limitation of this research is the dependency on needing active user in-

put compared to the completely passive model that have been used previously in ubiquitous

computing. The amount of effort a mobile user is willing to spend on active entry to gain the

benefits of a more customized model remains to be seen. A key factor that could encourage

users into being willing to provide more information would be if applications are able to provide

useful personalization based on the amount of information known about the user. Another as-

pect that could help reduce the need for user input is more extensive labeling of locations. As

more and more people use GPS enabled devices, by sharing their labeling of locations it would

be possible to extract some level of detail about what the user might be doing based on the

activities of others at that location.

Finally, due to the associative mining being resource intensive both computationally as well

as the memory requirements, it probably would not be practical to perform the data mining

on current mobile devices. As a result, one potential way of handling this would be wireless

connectivity with a server for processing and having just the resulting model sent back to the

mobile device. This would allow the model to be mined on a more suitable platform, while still

being able to make timely predictions from a local model.

5.5 Discussion of results

As this work has shown, there is a considerable amount of information that can be learned

about a traveler’s activities and their plans beyond just where they are likely going. With the

projected increase in market penetration of GPS-enabled personal data assistants (PDA) and

cell phones (Research, 2009; iSuppli, 2007), the market is ripe for the emerging fields of location-
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aware and activity-aware applications. Potential applications in this space could enable users to

get recommendations that are personalized to match the user’s observed preferences. Through

being able to identify a user’s activity patterns and the factors influencing these behaviors, a

new generation of intelligent traveler’s assistant applications can be possible as well as other

applications. With insights such as where a person is likely to be eating in the near future, it

is easy to envision how an application might use this information to display new restaurants

in the area or promote a restaurant in the area that has not been tried before. Other uses

might include using their mode preference information to either display traffic conditions or

pull public transit information to alert the traveler of when the next bus is going to arrive

going to their next destination. In fact, Gartner projects that money spent on mobile ads will

surpass 13 billion by 2013, up 248% from 2008 (Gartner, 2009).

One of the open questions in this area is how accurate do predictions need to be for various

applications. For mobile applications there are likely some predictions that a low level of

precision would be required to still provide value such as when to retrieve nearby public transit

information as there is little penalty if the prediction is wrong. However, if the application

is constantly suggesting different locations for activities that the user is not interested in this

would provide little value and might even be annoying turning user’s away from the application.

Possible ways of handling or learning what type of information the user is interested in and not

interested in might be to use current techniques based on positive and unlabeled learning where

interaction or following suggestions would be positive examples and non-response would be

unlabeled examples (Li and Liu, 2005). For other uses such as imputing missing values for travel
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surveys or trying to model micro-simulations more accurately increasing the precision at the

cost of recall would likely be preferred as data quality would be a much higher concern. While

ways to balance the precision and recall to a specific application has been shown, determining

what is the best mix will likely be specific to the targeted use. In addition, as this is a first

step in this direction, it may turn out that a higher degree of precision than this initial model

delivers may in fact be necessary for some applications. Determining the quality of prediction

for each of these different applications should be a focus of future research in this area.

Another aspect of this work that deserves further exploration is determining the best combi-

nation of active and passive learning. While additional active information would almost always

help, as it would provide continual supervised learning essentially, the cost in user time would

more than likely not be worth the additional benefit. While the exact mix of the amount of

actively collected data needed to ensure a desired level of precision would vary depending on the

target uses, discovering the relationship between the predictive benefit versus the timesavings

would be of great interest. Between transportation activity survey design and mobile appli-

cations, the desired level of precision would likely vary, but determining the time cost versus

payoff curve would yield valuable information for future work in this area. Also along these

lines this trade off would also be interesting as additional passive data sources are introduced

and how they affect the cost benefit relationship.

Personalization has proven quite valuable on many internet sites, but this type of capability

to personalize users’ experiences based on their travel patterns remains an open problem. Two

key problems must be solved before these types of applications can become a reality. The first
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challenge is how to best use the patterns of one person to benefit another. The second is how

to ensure that a user’s movements and behaviors are protected in order to prevent direct effects

on their privacy and physical security. As the world wide web has shown, collaborative filtering

has many benefits of improving user’s experience through leveraging the histories of others.

While much of this type of personalization on the web has limited impact on compromising

user privacy, when dealing with a user’s travel history and frequented locations this represents

a significant threat to a person’s privacy or even security. As this work has shown a meaningful

model can be built of the user while still protecting their privacy, but there will also likely be

many benefits to be gained by also including the experiences of others. Developing privacy

preserving collaborative filtering offers the potential for huge benefits.

Specifically there is likely a great amount of benefit to be gained by further reducing the

information required from the user by using information collected from other users. While trav-

eler personalization may seem straightforward, there are some significant differences between a

recommender for a traveler compared to a recommender for an internet user. Ideas that remain

the same include shared preferences and common likes/dislikes; however, with travelers there

are additional considerations as well. In particular, a key challenge for traveler recommenda-

tions is being able to account for spatial and time constraints. For example, while two different

people may visit the same restaurant, one person may reside 5 minutes from the restaurant,

while the other may reside an hour away. As a result, the frequency of recommendations in the

area of that restaurant are likely very different for each user. A similar problem occurs if users’

time constraints vary. For example, imagine two users have similar transit preferences, for one
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user the train is the preferred way for traveling between points A and B, but for the other user

while the train might be the preferred option, tighter time constraints may prevent taking the

train from being a viable alternative.

The goal of such work would be collaborative recommendation systems for travelers such as

those currently available for web applications, which preserve the privacy of the user. This type

of application could have both commercial and personal benefits (Macker and Corson, 1998).

For example, a restaurant located in an area where a set of users are likely to be during lunch

time could push coupons or ads to this target set of users so that it would likely have a much

higher conversion rate than when traditional ads are used. For users, possible applications

could include additional locations for a desired activity, best matching their location and mode

of transit preferences. Other applications might include being able to query how many people

frequent each restaurant in a given area providing users with a different way of deciding where

to go rather than relying on reviews alone. From these applications, it also becomes apparent

that malicious manipulation of these recommendations could potentially be very profitable,

while simultaneously reducing users’ trust in the system. To summarize, efforts to create

recommender systems for travelers involve two main sub-problems. First, in order to create a

meaningful collaborative traveler recommender system, the best way to make use of the histories

of multiple users’ histories, each of whom may have different motives for going to a particular

place or event, would need to be determined. Second, a method for sharing users travel histories

for these sophisticated models, that does not infringe on people’s privacy must be developed

that also protects the system from malicious manipulation.
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In addition, one of the key contributions of this work is techniques to effectively learn

despite missing data. While this work has primarily focused on learning activity patterns given

a data source with many different missing elements, the algorithm introduced in this work is not

specific to this task. One area of study would be to explore what other applications may benefit

from this technique of learning. Potential applications may include sensor networks where loss

of connectivity or faulty sensors may result in periods of missing data. In this situation an

algorithm such as ACR may be of great use in inferring the missing elements if needed.

Finally, while much of this work has focused on the applications of this research to mo-

bile applications, this research may benefit transportation planning as well. As this work has

demonstrated with some care, activity patterns can be transferred across cities; one area of

future research would be to determine how best to take advantage of this to improve activity

projects when limited data is available or improve the survey process itself. As this work has

shown activity patterns of an individual can be learned quickly when aided by a base of common

activity patterns. This combined with being able to greatly reduce the participant burden while

still being able to learn patterns may make more extended activity surveys more palatable. An-

other area that is worth further investigation is how the demonstrated transferability of activity

patterns might be leveraged to potentially reduce the size of future activity surveys knowing

that the collected data may be augmented by outside data. Finally, as this work has shown,

it is possible to build a more accurate model of individual behavior than existing techniques.

Utilizing the techniques introduced in this work may also help improve the quality of micro

simulations at being able to project behavior that is more realistic.



APPENDIX

DATA SET INFORMATION

This chapter contains the details of the data sets used in this work.

A.1 Chase data set details

A.1.1 Categories of activity types

• Individual mandatory activities (i.e. not conducted with other household members, but

may be with other non-household members)

• Joint maintenance activities (i.e. conducted with other household members)

• Joint discretionary activities (i.e. conducted with other household members)

• Allocated maintenance activities (i.e. not conducted with other household members, but

may be with other non-household members)

• Individual discretionary activities (i.e. not conducted with other household members, but

may be with other non-household members)

A.1.2 High level activity categories

• Night sleep, other needs

• Meals

• Work/School

• Household Obligations

• Drop-off/Pick-up

• Shopping

• Services
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APPENDIX (Continued)

• Active recreation

• Entertainment

• Social

• Other
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APPENDIX (Continued)

A.1.3 Detailed activity categories

Night sleep Other household obliga-
tions

Medical/professional

Wash/dress/pack/snacks Attending to pets Barber/salon/beauty

In-home meal People Banking

Bagged lunch Meal Religious

Restaurants Snacks/drinks Gas

Coffee/snack shop Video rental Other service

Other basic needs Dry cleaning Hobbies

At work Mail Exercise or active sports

Telework Other items (Dry cleaning,
Mail, etc.)

Spectator Events/Theatre

Volunteer work Convenience store Playing/parks

At School Minor groceries (¡10 items) Regular TV programs

Schoolwork Major groceries (10+
items)

Unspecific TV

Training/special classes Housewares Watching video

Other work/school Clothing/personal items Relaxing/ napping/ read-
ing

Cleaning/Maintenance Drug store Email/internet

Meal preparation Internet shopping Other recre-
ation/entertainment

Attending to children Other shopping Hosting visitors

Visiting Telephone ¿10 minutes With babysitter

Religious/cultural Other social Other

Planned social events Tag along with parent Tag along travel

Cultural/recreational/special
clubs

Playing, socializing Filling out this survey

Helping others Homework Pleasure driving

Travel coded as an activity
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APPENDIX (Continued)

A.2 Atlanta data set details

The data selected for use in the experiments from the 2001-02 Atlanta Household Travel

Survey was all events from the survey that didn’t contain any missing values for the attributes:

activity, mode of trasportation, arrival time, departure time, duration, and age. This filtering

was done to allow the experiments with the amount of missing data conducted in this work

to be performed in a more controlled manner. These attributes were broken down into the

following discrete values:

• Activity - 29 values: ’Other at home activities’, ‘Working’, ‘Medical or dental’, ‘Getting

ready’, ‘Major shopping’, ‘Personal’, ‘Watching children’, ‘Pick up something or drop off

something’, ‘Worship or religious meeting’, ‘Visit friends or relatives’, ‘Household work

or outdoors work’, ‘Entertainment’, ‘Outdoor recreation’, ‘Fitness or exercising’, ‘Rest

or relax’, ‘Waiting for transportation’, ‘No other activities’, ‘Personal business’, ‘Other’,

‘Eating’, ‘Volunteer work’, ‘Work related from home’, ‘Community meetings’, ‘ATM,

banking, post office, bill payment’, ‘Sleep’, ‘Work related business’, ‘School’, ‘Drop off or

pickup someone’, ‘Incidental shopping’

• Mode of transportation - 12 values: ‘Walk’, ‘Auto or van or truck - passenger’, ‘Other’,

‘Airplane’, ‘Intercity train (Amtrak)’, ‘Transit - MARTA bus’, ‘Dial a ride or paratransit’,

‘Intercity bus (greyhound, trailways)’, ‘School bus’, ‘Taxi, shuttle bus or limousine’, ‘Auto

or van or truck - driver’, ‘Motorcyle or moped’, ‘Bicycle’, ‘Transit - CCT bus’, ‘Heavy

rail - MARTA’
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APPENDIX (Continued)

• Arrival time - 8 values: ‘3am-8am’, ‘8am-10am’, ‘10am-12pm’, ‘12pm-2pm’, ‘2pm-4pm’,

‘4pm-6pm’, ‘6pm-8pm’, ‘8pm-3am’

• Departure time - 8 values: ‘3am-8am’, ‘8am-10am’, ‘10am-12pm’, ‘12pm-2pm’, ‘2pm-

4pm’, ‘4pm-6pm’, ‘6pm-8pm’, ‘8pm-3am’

• Duration - 7 values: ‘10 minutes or less’, ‘10-30 minutes’, ‘30-60 minutes’, ‘1-2 hours’,

‘2-4 hours’, ‘4-8 hours’, ‘Greater than 8 hours’

• Age - 9 values: ‘10 years old or less’, ‘10-20 years old’, ‘20-30 years old’, ‘30-40 years

old’, ‘40-50 years old’ ‘50-60 years old’, ‘60-70 years old’, ‘70-80 years old’, ‘greater than

80 years old’
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