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Abstract. Developing a model of the needs of a mobile traveler is criti-
cal to good personalization. Transportation planners have been modeling
these needs for years, but these models have not been used to date due to
two outstanding questions: 1) are they applicable to individual travelers
2) are they useful beyond the studied region. This study demonstrates
these studies can directly enhance the model of mobile users, and be done
in a practical way through the transference of activity patterns across
cities. This work then demonstrates how these studies can be combined
with patterns of an individual mobile user successfully.
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1 Introduction

With the increase in hand held computers and GPS devices, there has been an
increasing demand for predicting an individual’s future travel plans for devices
such as smart traveler’s assistants. Most existing studies of projecting the pat-
terns of individuals have examined learning traveler behavior by concentrating
on the travel itself or location attributes such as Krumm and Horvitz [1]. Other
approaches have examined trying to determine the activities of the person based
on location such as that by Liao et al. [2]. More recent work by Zheng et al.
has tried to combine these approaches by using GPS traces for both activity
and location recommendation [3]. These works and others have shown that a
considerable amount of information can be inferred about a traveler based solely
on analysis of their GPS trace. This study takes a different approach by instead
looking at the decision factors and reasons behind the travel.

Examining the reason behind travel has been studied by transportation plan-
ners through detailed, time-consuming surveys conducted to capture not just
travel, but the planning and decision processes that go into travel. Unfortunately
these data collection methods are too burdensome on users to be practical for
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mobile applications. In this work we examine using information gathered in these
data-rich surveys to enhance the model of mobile users with limited user input.
Specifically the aim of this work is to use data that can be collected from a
mobile user unobtrusively such as GPS analysis and augment that data without
burdening the traveler.

In this work, we address two questions. First, can travel surveys be used to
enhance the patterns of mobile users in locations other than the study area?
While it is somewhat intuitive that this might work if the survey area is the
same as that of the traveler; being restricted to the areas where a survey was
conducted would greatly reduce the applicability of this approach. To address
this question this study examines how well the patterns of one city might be
used in a different metropolitan area. Second, we examine how to augment the
observed travel characteristics with patterns observed in these surveys.

One of the goals of this study is to use an understandable model such that
the factors influencing a particular outcome can be readily understood. The
reason for this criterion is that an easily understood model is likely to make it
easier to create personalization that could influence the actions of the traveler.
Prior work has shown that sequential associative rules are particularly effective
for traveler context prediction using survey data [4]. However for the problem
described above there is significantly more missing data compared to the survey
prediction problem. As a result, the second aspect we examine is a comparison of
traditional sequential rules with attribute constrained rules (ACR) which were
specifically created to address sequential mining with missing data [5]. As this
work will empirically demonstrate, ACRs can be used to learn the patterns of
an individual and augment them effectively with general patterns outside of the
original survey area despite large amounts of missing data.

Below we begin by introducing the problem and motivation for this study,
followed by a formal description of the problem and the methods used. Next, an
empirical evaluation of transference and the appropriateness of the ACR learning
method are demonstrated. Finally, a discussion of the impact of this work and
future areas of study are presented.

2 Background and Motivation

Transportation planners have studied travel behavior extensively over the years.
More recently, their focus has shifted from looking at travel alone to under-
standing why a trip is made and when this decision was made [6]. One of the
approaches used for this has been examining the activity needs of the person as
the reason the travel is made. This is important because by understanding the
activity priorities of travelers, not only can a model be built to project what
activities a person is likely to do over a fixed period of time; a model of what in-
fluences their behavior can also be obtained. 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 plan their trip.
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The inputs for these models are collected through activity-based travel sur-
veys. These surveys consist of a person meticulously recording all of their trips,
important locations, activities at every stop, and reasons these were made. Some
go a step further and have participants record planning information for when
an activity, location, and schedule were determined. 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 creating these
models, a key assumption is made that activity models can represent the basic
patterns of people within a similar area. The validity of this approach has been
demonstrated when applied to the same metropolitan area [7].

While this type of 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 in another metropolitan area at an individual level
has been largely unexplored. We assert that since activity needs are the factor
driving travel, similar activity patterns will be seen regardless of the environ-
ment. Thus, we propose patterns from one metropolitan area can be transferred
to other metropolitan areas. This is important because without this transfer-
ability, only cities where an activity survey has been conducted would benefit
from this information. While many cities do conduct some form of activity sur-
veys, the information collected can vary greatly making it impractical to apply
location specific studies to every mobile user. If patterns from one city could be
shown to be transferable to other cities, this would mean a general model could
be applied to wherever a user might be.

The basic concept behind activity-based analysis is that all travel is driven
by the activity needs of the individual. 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 goal of traveler prediction is not activity or location prediction, but
traveler context prediction which includes these flexibility and planning factors.

The contribution of this paper is demonstrating that the micro patterns of one
city can be used to augment the observations of travelers within a different city
for more complete modeling of the trip characteristics of an individual traveler.
In the past the amount of data entry collected from the user to accomplish this
would not be practical; but with GPS enabled smart phones a significant amount
of detail about the trip can be captured passively making the task of inferring
additional information much more tractable. 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.

3 Partially Labeled Sequence Completion

In our analysis, we break the trips into discrete steps of travel and activities. For
each of these discrete steps there are a number of different characteristics associ-
ated with each segment such as trip time, mode of travel, activity, and location.
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Here we address adding to those characteristics information such as personal and
activity flexibility information, as well as when various aspects of these were de-
cided. When put together these form a sequence of sets of activity and trip char-
acteristics describing that user’s travel.

Algorithms for rule mining of sequential patterns have been a major source of
interest since they were first introduced in Agrawal and Srikant [8]. The problem
we examine 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. This problem addresses the situation of knowing a set of at-
tributes through methods such as a GPS trace analysis, but needing to infer
missing flexibility information about a traveler.

Problem Statement. For partially labeled sequence completion, let
H={H,Hy, -, H,}

be a database of sequences, and let:
H;, =< 51,5, ---,5, >

be the sequence of sets of observations in a sequence ; where each observation set
S; is composed of 1 to m attributes {a; 1, a;2, -, a;,m}. Bach attribute a; ; has
a discrete set of values for the k' position that is shared across all observation
sets S. Intuitively the sequence H; can be thought of as a series of traveler
contexts (sets) with 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 S;. Given a sequence Hyqrget Of length [ and a target set
S; to be completed where 1 <t <[ and between 1 to m arbitrary attributes are
missing values. Determine the values of all missing attributes {a¢ 1, at.2,- -, at,m}
in S;. Thus our goal is to use the surrounding sequence information in Higrget to
populate any missing values to complete the set S;. In other words, given some
information that can be determined about a traveler from GPS analysis, can we
infer the missing traveler context information.

3.1 Sequential Set and Attribute Constrained Rules

In this section we discuss how the associative sequence mining and prediction
problem relates to the traveler context prediction problem. This is followed by an
illustrative example of how ACRs introduced in Williams et al. are better suited
for this problem since missing data is an issue [5]. This approach stems from
the general apriori associative sequence prediction problem, but is a specialized
form of it more suited to the specific traits of this problem. A comparison of the
results of the two will be discussed in the results section.

One characteristic of the problem being examined is that unlike the gen-
eral form of sequential set prediction, the travel context prediction problem is
constrained to always contain the same set of attributes describing the travel.
This sub-problem of sequences of sets referred to as partially labeled sequences,
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applies to sequences that have sets of a fixed group of attributes where some
attribute values (labels) may be unknown. Due to this structure it is also pos-
sible to tell which attributes are missing rather than being a negative example
that the attribute does not have the specified value. For this sub-problem ACRs
were introduced to use these types of constraints to better estimate the benefit
of a sequential rule when missing data is an issue [5]. Specifically ACRs work by
identifying templates of sequential patterns to mine rules that specifically target
completions of particular attribute values when missing values are an issue.

3.2 TIllustrative Example

Here we provide an illustrative example to demonstrate the benefit of ACRs
when missing data is an issue. Throughout these examples refer to Table [I] as
the sequence database. Below we use the standard definitions of support and
confidence defined as: The support of the sequential rule X — Y is the fraction
of sequences in the database that contain Y. The confidence of a sequential
rule X — Y is the fraction of sequences in the database that contain X that
also contain Y.

Table 1. Example sequence database

H < {al}{bl}{az,bz} >
Hs < {al}{az,bl}{az,bz} >
Hs < {al}{bl}{az}{b2,02} >
Hy < {al}{ag,cl}{bl} >

For an example of how constrained rules can better represent the applica-
ble confidence, consider the following scenario: Higrger = ({a1, b1} {b1} {az, ?}),
where the last set, S3 = {a2, 7}, is the target set and we are interested in com-
pleting the set with the value of attribute b. The following traditional sequence
associative rule would be applicable:

({ar} {b1} {az}) = ({a1} {b1} {a2, b2})
[sup = 2/4, conf = 2/3]

Where S3 can be completed {ag, b2} with a confidence of 2/3.

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} {61} {az, b:*}) — ({a1} {b1} {az, b2})
[sup = 2/4, conf = 2/2]

where {ag, b:*} is a template such that matching examples in the history must
contain as and some value for b, in other words the attribute value can’t be
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missing. This results in the calculation of rule confidence only considering se-
quences that could either support or negate the consequence rather than being
counted as a negative example because a value is missing. Thus, it is able to
discount sequence Hs included by sequential rules as it does not match the at-
tribute constrained pattern. This advantage in accurately evaluating the value
of the constrained sequence rule is the reason we examine ACR.

4 FEvaluation

The basic idea behind activity pattern transferability is that the patterns from
one metropolitan area can be used to predict the patterns for another area. The
main purpose of these experiments is to compare how survey data from one
city can be used to predict the activity behavior in a completely different city.
To evaluate this hypothesis, a series of experiments was conducted to examine
multiple aspects of the transferability of activity patterns across a selection of
cities of various sizes and locations. First, we demonstrate that the patterns
of one city can be transferred to another city with reasonable performance as
compared to using the patterns of the original city. Next, we examine using
this idea to improve learning the patterns of an individual outside of where the
patterns were collected to demonstrate that this idea can be applied in general to
new locations. The details of the experiment design and results are given below.

4.1 Data Selection

For evaluating this problem we chose a selection of sets of activity and planning
data that were 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 [7]. The second reason these activity
surveys were chosen was because they focus on a mix of fields that require active
collection as well as fields that may be determined via passive means.

The differentiating factor between these two types of data is that actively
collected data requires a user to enter the information to be determined. For
example why they chose a particular location. Passively collected data, on the
other hand, is data that may be determined without user interaction. An example
of this would be the user’s location since this can be determined via the GPS
device. The importance of selecting surveys that combine these two factors is that
while some of the actively collected data would be very useful for personalization
it would likely be too burdensome to ask a mobile user repeatedly. However as
this study will show by combining this data with passive means it is possible
to match the patterns of the passive data and infer the active data. This would
thus allow a mobile application to infer a preference profile of a user that would
otherwise be impractical to collect due to the burden on the user.
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Data. To make an evaluation of how well activity patterns transfer across cities,
activity surveys from a variety of areas were selected. Specifically the data from
the Toronto CHASE survey [9], the 2001 Atlanta Household Travel Survey [10],
the 2002 Anchorage Household Travel Survey [I1], and the Chicago UTRACS
survey [12] were used. These data sources were selected as they provide a good
mix of metropolitan populations and differences in urban structure.

For this study the following fields were compared: location, activity type (22
categories), mode, observed sequence of the activity, arrival time, departure time,
duration, individuals involved (related to involvement of others in trip), whether
the activity was mandatory, when planned, when decided on the location, when
decided who would participate, when decided timing of activity, when travel
mode selected, why travel mode selected, why route was chosen, duration flexi-
bility, time flexibility, spatial flexibility, and when the activity was planned.

Data Summary. Table [2] 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 ba-
sic activity surveys, but they also offer longer survey periods providing better
examples of multi-day activity patterns.

Table 2. Data set characteristics

Data set Activity Planning GPS Time Households
Information Information Trace Period
X 7 days 271
2 days 8,069
1 day 1,293
X X 14 days 100

CHASE 2002-03
Atlanta 2001-02
Anchorage 2002
UTRACS 2009-10

SRRl

4.2 Methods

Within these experiments, the primary goal was to determine if activity patterns
from one region can be used in a different region 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 [I3]. 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 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 the same number of travelers
although the number of activities per fold could be different depending on the
number of activities for the users selected for a 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 and target cities.
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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 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 now be one set of history in the
sequence. Similar to the training approach, the user’s history used in testing
was the current home-based tour and the previous home-based tour. This was
continued through the end of the sequence where each prediction of the n** 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 learning the activity patterns of these data sets is
that all four of these contain numerous missing values from survey participant’s
not answering all questions. This is important as it is similar to only collecting
data that can be derived from passive data such as GPS traces, yet attempting
to resolve data only observed by active data entry such as that in the survey
data. To verify the benefits of the ACR technique in this environment, the exper-
iments were conducted with both standard apriori sequential mining and ACR.
The results showed that ACR outperformed standard sequential rules across
all experiments in terms of both precision and recall. The results of standard
sequential rules are not shown here for brevity.

4.3 Experimental Evaluation

As described above, the problem of partially labeled set completion involves tak-
ing 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 evalu-
ated. 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
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Table 3. Activity pattern transferability

F-measure
Test
UTRACS Atlanta Anchorage CHASE
UTRACS 0.461126 0.447509 0.427923 0.575487
Training 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

value for determining matching rules. For example if the target pattern included
attributes a and ¢ (St = {arcr}). In testing the sequence:

({aibaci } {agbaca} {arbica})

If the target set was S3 for the sequence, the test sequence would thus be:

Htarget = <{a1b201} {azbzcz} {aTblcT}>

In making the predictions, once all rules were identified the ranking scheme
discussed in Williams et al. was applied [5]. Specifically, the rules were ranked
in order by confidence, number of target productions, support, and antecedent
length. The productions of the top ranked rule were then applied to the target
set, the remaining matching rules were then re-ranked by finding the next high-
est 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 the parameters of support and confidence thresholds that yielded the
maximum F-measure. The precision and recall metrics discussed are based on
this configuration for the maximum F-measure.

The experiments were executed so that every city was treated as a training and
test set for all other cities. Table B] contains the F-measure results of these tests.
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.

As these results in Table [B] demonstrate, it is possible in nearly all of these
cases to find a secondary city which can be used to train activity patterns for
the first city 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 for which there was a drop off in transferability. As will
be discussed further in the recall results, part of the reason for this, discovered
in further data analysis, is that the Anchorage study captured a more diverse
set of observations.

In examining the precision and recall results (not shown), it was interesting to
note that the UTRACS survey showed the highest precision across all other test
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cities. However it also had the worst recall. This is likely due to the lengthier
study being better able to capture the underlying patterns, but the small size of
the study hurting the number of patterns observed. This assertion about why the
recall is low is further supported by the CHASE data set which also suffered 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 in the United States and Canada. Another
interesting result is when the model was built from the Anchorage dataset, it
resulted in the highest recall across all datasets. As noted above this is likely due
to this dataset having the highest diversity in observations (activity sequences,
flexibility differences), while also having a relatively large mix of missing data
across all attributes. Thus when the missing data is accounted for, the diversity of
the observations make it well suited for covering a wide variety of environments.

As shown above, while generally transferring patterns from one city to another
produced good results, the selection of the training data could significantly im-
pact 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.

4.4 Combined Knowledge

In the next set of experiments a comparison was made of using a model built just
on a user’s individual history against one based on just the general patterns as
well as a hybrid model that combines the two approaches. Since one of the goals
of this work is to demonstrate this approach can be used in areas outside of these
survey areas; this experiment was conducted using the Anchorage data set for
the general patterns and the test set was the UTRACS data set. The UTRACS
data was selected as it is the longest survey thus allowing the cumulative learning
to be more apparent. The points charted are the average score of predicting all
fields of the activity context for the day averaged across all users for that day

F-measure vs # of days of history
90%

80% A
o 70% A
£ 60% =" ol
2 50% )
D 40% |4t ——— —&—Generalized
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0, —
20% et

0%

1 23456 7891011121314
Day

Fig. 1. Comparison of F-measure vs. patterns used
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against their individual histories. In other words the points at day 3 represent
the average across all users for just the patterns observed on day 3.

Using the approach described, 3 results were recorded. Figure [Il shows the
comparison of the F-measure of these three different approaches day by day
for the 14 day period of the UTRACS survey. First, the accuracy of predicting
the individual histories using only the generalized patterns from Anchorage were
recorded which is depicted as the generalized patterns in Figure[Il The line shown
for the generalized patterns is the average across all of the days. The second, is
the accuracy of predicting the patterns of the individual based solely on their
own history without any generalized patterns, which is depicted as individual
patterns. As the results show, the generalized patterns initially perform better
before enough individual data is collected, which occurred at day 3. After day 3
the model based solely on the individual data performed better.

The final results are based on a combination of these two data sets depicted as
hybrid patterns. The intuition behind creating the hybrid is to create a model of
the individual augmented with general patterns to increase recall of patterns not
previously seen in the user’s history. The hybrid was created by using two sep-
arate training sets: the generalized patterns, and the patterns of the individual.
For making predictions the predictions would be generated as complete as pos-
sible using only the individualized patterns. Once the individual patterns/rules
were exhausted the generalized patterns were then used to fill in any remain-
ing gaps. 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. As the results demonstrate not
only does the hybrid benefit from the initial general patterns to avoid a cold
start, it also immediately benefits from the individual patterns. By examining
the results we see that the hybrid offers better performance than either method
alone throughout the 14 day study period.

5 Discussion

In this paper we have examined the idea of using transportation planning activ-
ity survey data to augment personal history for a richer model of a mobile user.
The goal of this work is to allow the limited data that can be collected from a
mobile user through passive means such as a GPS trace to be enhanced with
features such as constraints, planning and flexibility information that cannot be
collected practically through unobtrusive methods. This idea of traveler context
that is made up of not just current and next step activities but accessibility
options, timing constraints, and scheduling behavior represents a significant in-
crease in the likely behavior of a traveler without adding an additional burden on
the mobile user. An additional benefit of the ACR technique is that the predic-
tive model is much more transparent than techniques such as neural networks,
allowing additional insight to be gained from the models created.
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The goals of the majority of studies in this area have been focused on modeling

what the traveler is doing or going to be doing. We propose that the end goal of
the research in this area should be to build a more in depth model which includes
additional detail such as planning and timing flexibility. Capturing/inferring this
information provides great opportunities for personalizing travel applications
before events are planned rather than just before the trip is made.
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