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Abstract—Lifestyles are a valuable model for understanding individuals’ physical and mental lives, comparing social groups, and

making recommendations for improving people’s lives. In this paper, we examine and compare lifestyle behaviors of people living in

cities of different sizes, utilizing freely available social media data as a large-scale, low-cost alternative to traditional survey methods.

We use the Greater New York City area as a representative for large cities, and the Greater Rochester area as a representative for

smaller cities in the United States. We employed matrix factor analysis as an unsupervised method to extract salient mobility and work-

rest patterns for a large population of users within each metropolitan area. We discovered interesting human behavior patterns at both

a larger scale and a finer granularity than is present in previous literature, some of which allow us to quantitatively compare the

behaviors of individuals of living in big cities to those living in small cities. We believe that our social media-based approach to lifestyle

analysis represents a powerful tool for social computing in the big data age.

Index Terms—Lifestyles, urban computing
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1 INTRODUCTION

WE take lifestyle to be the way in which a person or group
lives including the interests, opinions, behaviors, and

behavioral orientations. Understanding lifestyle is key to gain-
ing insight of the physical and mental aspects of individu-
als, social groups and cultures. Health, for example, is
highly related to one’s lifestyle [1], [2]. Cultural boundaries
can be discovered from people’s ways of living such as pace
of life, eating and drinking habits and so on [3], [4].
Researchers have also discovered correlations between
health and individuals’ daily movements as estimated from
cellphone GPS tags on social media [5].

In this work, we study the differences of lifestyles in cit-
ies of different sizes. A popular stereotype is that life in big
cities is fast-paced, high-pressure, and consistently exciting,
while life in small cities is calmer and less various due to a
lower population density and more limited selection of rec-
reational venues.

We select the Greater New York City area (NYC) as being
representative, for our purposes, of big cities in the US. For
smaller citiesd, we select the Great Rochester area (ROC) as
representative for two main reasons: First, the size of
Rochester (0.2 million) is close to the median size (0.16 mil-
lion) of cities in the US, approximately 40 times smaller
than NYC. Second, these two areas are located close to each
other (both in the north-eastern US). Geographic closeness

generally leads to similarity of climate and culture, which
helps eliminate confounding factors that may lead to differ-
ences in lifestyle behaviors unrelated to city size.

In contrast to traditional research investigating lifestyle
patterns, where data collection methods include question-
naires and telephone interviewing [6], [7], [8], we leverage
data from social media to make inferences about people’s
lifestyles. The wide adoption of social media brings
researchers a new opportunity of studying natural, uncon-
strained human behavior at very large scales. Foursquare is
one of the most popular Location Based Social Networks
(LBSNs), holding 5 billion check-in records for 55 million
users worldwide.1 This offers us a rich data source for con-
ducting mobility, behavior and lifestyle studies.

We consider temporal and spatial lifestyle in this work.
The temporal dimension of a person’s lifestyle is assumed
to correlate with his/her work-rest ratio in daily actives. In
the primary literature on circadian topology (CT), people
are classified into one of three categories: morning-types,
evening-types, and neither-types [9]. In the CT literature,
individuals are modeled by just one of these types. In our
present work, work-rest behavioral patterns are instead
considered to be a weighted combination of all three tempo-
ral lifestyles: “Night Owl”, “Early Bird” and “Intermediate”

To avoid assigning a person to a lifestyle in an arbitrary
or qualitative fashion, we employ non-negative matrix fac-
torization (NMF) to discover three latent patterns of tempo-
ral activity. The extracted patterns offer precise definitions
of activity levels associated with specific lifestyles and align
with our assumptions about human work-rest habits. A spa-
tial dimension is used to describe lifestyles according to
locational behavior. For example, one primitive lifestyle
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pattern is defined by frequent visits to POIs (points of inter-
est) such as bars and music venues, while another is defined
by visits to parks, art galleries and museums. We then apply
a clustering method to group these primitive latent patterns
into more complex lifestyles that are representative of a
group of individuals (e.g., students or stay-at-home
parents). We significant variance between the distribution
of lifestyles in NYC and ROC.

Additionally, we use third-order tensor decomposition to
find composite patterns across both spatial and temporal
dimensions. We extract clearly identifiable patterns of
behavior, for example high school students posting during
school hours, and for college students frequently visiting or
living on campus. This method offers promise as an efficient
way of extracting complicated patterns across multiple
high-dimensional spaces.

The main contributions of this work are:

1. Use of open-source geo-tagged social media data for
analyzing lifestyle patterns as a low-cost, large-scale
alternative to traditional survey methods.

2. Application of matrix factor analysis to extract per-
sistent and salient human mobility and work-rest
patterns over a large population of users.

3. Application of CP tensor decomposition to discover
composite spatial-temporal lifestyle patterns which
are useful for understanding fluctuations in people’s
activity across different time ranges and locations.

4. Confirming intuitive knowledge and previous
research in human activity patterns with quantita-
tive, unsupervised data analysis.

5. Shedding light on the differences and similarities
between life in big cities and life in smaller cities,
quantitatively confirming many of the common per-
ceptions about life in big and small cities. For exam-
ple, life in big cities is more work-focused, while it is
more home-focused in smaller cities; life in large cities
is also more fast-paced and diverse. Furthermore, we
have discovered fine-grained lifestyle descriptions
that previous small-scale survey-based studies have
failed to illuminate. For example, we extracted three
types of temporal lifestyles, and report the activity
level of each lifestyle along time quantitatively.

2 RELATED WORK

2.1 Sociology and Cronobiology

Lifestyle is well studied in sociology. The work of [8]
suggests that lifestyles such as residential location, mode
options, destination choices, and trip timing are constrained
by household considerations. Gender difference in lifestyles
also attracts interest of many researchers. Budesa et al. study
the influence of gender on perceived healthy and unhealthy
lifestyles, finding that gender is not an important determi-
nant of individual perceptions about health [6]. Merritt et al.
in [10] suggest that men and women have no significant dif-
ference inmotor ability in daily activities. Finally, a study [11]
on university students finds that female students are health-
ier due to less alcohol consumption andmore healthy habits.

Much work has been done on human work-rest habits in
chronobiology and Circadian Topology. The traditional

method of studying how work-rest patterns relate to aspects
of physical and mental well-being has been learned through
the morningness-eveningness questionnaire (MEQ) of [12]
and variations of it [13]. In the work of Horne et al., Morn-
ing-type subjects (MTs) are found to wake at a mean of 7:24
am, Neither-type subjects (NTs) at 8:07 am, and Evening-
type subjects (ETs) at 9:18 am; mean bed times for the three
types are 11:26 pm, 11:30 pm, and 1:05 am, respectively.
These specific times vary in different studies, leading to dif-
fering assertions about how much of the population is a
member of each CT type [14], [15].

Randler finds a significant positive correlation between
“morningness” tendencies of people and satisfaction in
life [7], and Monk [16] find that MT individuals appear to
have more regular lifestyle than ETs. A positive correlation
between eveningness and depression level is reported by
Hasler et al. [17]. A thorough review of contemporary CT
literature is available in [15].

2.2 Social Media Analytics

In recent years researchers have successfully utilized social
media in research ventures related to lifestyle analysis.
Noulas et al. of [18] use Foursquare data to discover the
behavioral habits of residents in London. The work presented
in this paper is strongly inspired by this research: We contrib-
ute stacked plots similar to those ofNoulas et al., representing
the relative visit frequencies of the most frequent POIs, com-
paring between NYC (6) and ROC (5) and between weekends
and weekdays within these cities. Based on the contents of
tweets, Sadiek et al. build a language model to detect the
health condition of individuals [19]. By relating a user’s health
level with other attributes such as environmental features of
placeswhere the user spends tags as estimated from his tweet
geotags, they estimate the influence of lifestyle on health con-
ditions [5]. Eating and drinking habit is also a key point to
understanding human life. In [20] Abbar et al. find out the
names of food in people’s tweets and use them to estimate the
caloric values people possibly take.

Cranshaw et al. [21] construct a metric called Location
Entropy to measure the diversity of a POI. Sang et al. dis-
cuss people’s movement session patterns [22] based on
China’s LBSN data. The eating and drinking habits of differ-
ent countries and regions are investigated in [4] based on
Foursquare data. They find that geographic closeness usu-
ally leads to closeness in eating and drinking habits. Wu
et al. reported an approach on modeling temporal dynamic
in [23]. Their work showed that besides user-item factors
temporal factors are as important in social media popularity
prediction. Other aspects of lifestyle such as pace of life and
power distance, are discussed in [3]. They estimate each
index related to life via tweets collected all over the world.
In [24], Golder et al. found that the negative affect (NA)
tweets sent in winter is higher than those sent in summer.
Similar results are reported in [25], in which the weather
influence on human sentiment is studied using tweets.
Tensor decomposition was applied in [26]. In this work,
Zheng Yu et. al decomposed third-order tensors to extract
noise-location compound patterns in an urban area. We
employ similar method in our work to find temporal-spatial
compound patterns of lifestyles.
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3 DATA SET AND PREPROCESSING

The large number of self-reported location records and wide
geographic coverage make Foursquare a valuable data
source for analyzing behavioral tendencies across groups of
individuals. However, directly collection of users’ check-ins
is a nontrivial task due to the strict limits on Foursquare
data download rates. As an alternative, many researchers
collect Foursquare data through other social media sources
that connect with Foursquare such as Twitter [18]. If a user
links his or her Foursquare account with a Twitter account,
when s/he performs a check-in on Foursquare, a geo-tagged
tweet will be posted automatically. This tweet contains a
link to the webpage of the venue where the user checks in
via Foursquare. In the present work, we use this method to
collect users’ check-in data. To avoid tweets from possible
tourists, we filter out users whose tweets appeared exclu-
sively within a period of less than 7 days.

3.1 Lifestyle Study Through Social Media

We collected 233,046 Foursquare check-ins from 49,744 POIs
from geo-tagged tweets in NYC, and 99,466 check-ins from
13,483 POIs from ROC. Foursquare also provides around
600 POI categories, such as Arts & Entertainment, Home,
etc. A venue can be assigned to several categories, where
one category can be a subset of another. For example, Four-
square may assign both American Restaurant and Restau-
rant to a single venue.

Due to the sparsity of direct Foursquare check-ins, we
chose to extend these activity records by applying a method
used in [19]: for each geo-tagged tweet located within a small
distance (30 meters) of a POI, we count it as a check-in from
this POI. Through this process, we extend the number of
check-ins to 1,028,016 for NYC and 971,660 for ROC. In order
to study gender effect on lifestyles, we employ the API of gen-
derize.io to assign gender tags to each user [20]. Genderize.io
gives the probability of an individual being either male or
female given his or her username. We first filter out the users
who send less than 10 tweets during our sampling period,
and obtain 12,960 users in NYC and 10,576 users in ROC. We
then feed the handles for these users’ Twitter accounts into
the genderize.io API, and filter out gender tags with low con-
fidence (probability < 0:8). From this, we aggregate a total of
3,493male- and 3,508 female-labeled users (see Table 1). Other
work has predicted users gender using tweet contents [27],
profile information, and profile pictures [28]; however, given
the complexity of these methods, and the reasonable accuracy
of our approach, we exclusively used the genderize.io API to
assign gender labels.

Two key points should be verified to ensure the quality
of our data set:

1) Only 20 to 25 percent Foursquare accounts are linked
with Twitter [29]. Check-ins collected from tweets
form a subset of all the Foursquare records. We need
to ensure that our data set should have a similar
distribution to the original Foursquare data. To vali-
date the applicability of our extension method, we
plot the probability of the amount of visits as a func-
tion of the amount of POIs as Noulas et al. did in [18]
in Fig. 1. It shows that the extended data set not only
preserves the long-tailed characteristic, but also
shortens the gap between the original Foursquare
data and its subset that is extracted from tweets.

2) In order to obtain datasets of comparable size for the
two cities, we collect tweets in NYC for a one-month
period, and ROC for a one-year period. The length of
the time period for tweet collection is different in NYC
and ROC data sets. Tweets from NYC were posted
during June 2012, while tweets fromROCwere posted
from July 2012 to June 2013. In Fig. 2, we plot the

TABLE 1
Number of Users in Our Data Set, by City and Gender

NYC ROC

Foursquare Check-ins 233,046 49,744
Foursquare venues 99,466 13,483
Extended Check-ins 1,028,016 971,660
Total # of users 12,960 10,576
Male users 1,690 1,491
Female users 1,803 2,017

We only assign gender labels to users when a high confidence in gender classifi-
cation is achieved, so the genders of many users are considered unknown.

Fig. 1. Plot of complementary cumulative distribution functions for the
numbers of check-in amount of POIs. This plot reports the probabilities
of a POI’s check-in volume exceeds a given amount in three data sets.

Fig. 2. Percentages of check-ins from top 10 visited POI categories.
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percentage of check-ins from the top 10 most frequent
check-in categories. Note that we eliminate duplicate
categories. For example we omit “Restaurant” (ranked
3rd) since we have “American Restaurant” in the first
place. The portions of check-ins from most categories
remain at stable levels throughout the year. This obser-
vation implies that the distribution in onemonth could
approximately represent the remaining months of a
year. One exception is the category of University,
which shows a decrease from May to August. This
coincideswith the summer break of universities.

4 LIFESTYLE DIFFERENCE AT CITY LEVEL

4.1 Visiting Frequency of POIs

The visiting frequency of for a location is defined as the
number of visits (check-ins) divided by the number of
unique visitors. In other words, visiting frequency is the
average visits per visitor to a location. This metric measures
the degree of relevance of a POI to people’s daily life. The
higher visiting frequency is, the more relevant the POI is to
a person’s lifestyle. “Home”, for example, as one of the
most important locations to individuals’ lives, has a very
high visiting frequency. Most of the check-ins at home are
performed by family members or friends, so the visiting fre-
quency of home is very high. On the contrary, a public loca-
tion such as bar, usually has a lower visiting frequency.

Regarding visiting frequency, we have two interesting
observations:

� Each POI category has a specific range of visiting fre-
quency, which is clearly indicative of differing func-
tionality between different POIs in people’s daily
life.

� Some categories show different ranges of visiting fre-
quency in cities with different sizes. This help us to
examine the different lifestyles at the city level.

4.1.1 Visiting Frequency Range of POI Categories

We plot the visiting frequency of several popular POI cate-
gories as a box plot in Fig. 3. This plot shows that categories
that are highly related to daily life are visited repeatedly,
e.g., Church, Grocery, Drugstore and Supermarket all have
a high visiting frequency. The median visiting frequencies
of all categories is approximately 4, though some show very
high visiting frequencies. For example, the visiting frequen-
cies for some churches reaches 12, indicating a high preva-
lence of Church in some people’s lives. As we expected, the
highest visiting frequencies appear in Home (with a median
of approximately 20 for both cities) and Office (with a
median of approximately 10 for both cities), as shown in
Fig. 4 for details. These two are the most frequently visited
locations for most people. The visiting frequencies of Bar
and Restaurant are much lower with a median around 2.

4.1.2 Difference in Visiting Frequencies between NYC

and ROC

In this section, we compare the visiting frequencies of cate-
gories in big cities and small cities (see Fig. 4). It is interest-
ing that the visiting frequencies for some categories in small
cities are larger than those in big cities, such as Restaurant,
Bar, Supermarket and Drugstore. This may imply a higher
regularity of life in smaller cities – in other words, people in
smaller cities are more localized, with stricter routines. In
big cities, people have more options to go when eating (Res-
taurant), having fun (Bar) and purchasing daily necessities
(Supermarket and Drugstore). Therefore, these places are
generally visited less frequently in larger cities. While for
other categories such as Home, Office and Church, the visit-
ing frequencies of two types of cities are roughly the same.
This makes obvious sense because the lifestyles of working,
returning home and religion should be similar under the
same cultural atmosphere.

Fig. 3. Box plot of visiting frequency of bar, church, drugstore, gas
station, grocery, park, restaurant and supermarket, aggregated over
both cities. Fig. 4. Comparison between visiting frequencies of 9 POI categories in

big cities and small cities. The yellow boxes are the frequencies for NYC
and the green ones are for ROC.
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4.2 Basic Mobility Patterns in Big Cities and Small
Cities

It is interesting to study the fluctuation of residents’ activ-
ity over time in terms of occurrence at POIs. We plot the
10 most popular POI categories on weekdays and week-
ends separately for ROC and NYC. On weekends, the
mobility patterns of the two cities are similar (Figs. 5b and
6b). The total check-in amount climbs rapidly to a high
level around 10 am and 12 pm in ROC and NYC, respec-
tively. The activity levels remain constant until 9 pm,
when a peak of check-ins appears in both cities, indicating
a sudden increase of mobility in weekends night. After the
peak, the activity level in ROC moves down quickly, while
it remains at a high level through 2 am in NYC. The three
most frequently visited POI categories on weekends for
both cities are Bar, American Restaurant, Home. Obvious
divergence is present between the weekday mobility pat-
terns of the two cities (Figs. 5a and 6a). In big cities, there
are three peaks during a day appearing around 8 am, 1 pm
and 9 pm. Similar pattern also appear in London according
to [18], indicating roughly the same mobility pattern
between London and NYC. Among the three peaks, the

highest one is at night, which implies that night is the
most active period in large cities. In contrast, there is only
one peak during a day at 10 am in smaller cities and the
check-in amount drops significantly after that. It reveals
that during weekday nights, people in small cities are not
as active as those in large cities. During the nights in week-
days, people in small cities prefer visiting Home, Ameri-
can Restaurant and Cafeteria, while in large cities, Bar is
much more popular during night, indicating that people
in large cities are more prone to indulge in copious recrea-
tion during the weekends.

5 MINING LIFESTYLES WITH MATRIX AND TENSOR

DECOMPOSITION

5.1 Matrix Decomposition

The activities of a user, a, can be described with an M
dimensional vector. For temporal patterns we set M to 24
and values in the vector are the activities of the user per-
formed in each hour, i.e., the number of check-ins. When
we examine spatial patterns latent in individuals’ actives,
M is set to be equal to the number of POI categories, and
each element indicates the amount of check-ins the person

Fig. 5. Stacked plot of the 10 most popular categories over weekdays
and weekends in Rochester. Categories are listed in the order of
increasing probability from the top down. The width of each fault indi-
cates the percentage of a POI category for a given time of day.

Fig. 6. Stacked plot of the 10 most popular categories over weekdays
and weekends in New York City. Categories are listed in the order of
increasing probability from the top down. The width of each fault indi-
cates the percentage of a POI category for a given time of day.

HU ET AL.: TALES OF TWO CITIES: USING SOCIAL MEDIA TO UNDERSTAND IDIOSYNCRATIC LIFESTYLES IN... 59



performed in a single POI category. We refer to vector a as
an “activity vector” of a user.

We assume that a person’s activities are determined by
the lifestyle(s) that person lives. Formally,

a ¼ w� L;

where L is a k byM matrix, recording k latent lifestyles, and
w is a coefficient vectors of k dimensions, indicating the
user’s preference to each lifestyle.

To uncover and compare lifestyles that are commonly
followed in different cities, first we assemble the activity
vectors of residents into a single matrix for each city. We
define

Aroc ¼ ða1; a2; . . . ; aNrocÞT ;
where ai indicates the activity vector of a resident, and Nroc

is the number of samples we collected from the Great
Rochester area. Similarly,

Anyc ¼ ða1; a2; . . . ; aNnycÞT ;

where Nnyc is the number of samples we collected from the
Greater New York area. Second, we concatenate Aroc and
Anyc to obtain a complete matrix

A ¼ ðAroc; AnycÞT ;
where A is a ðNroc þNnycÞ byM matrix.

Third, we decompose A into two matrix W and L. W is a
N by k coefficient matrix, while L is the lifestyle matrix we
explained above. Since non-negative matrix factorization
(NMF) usually leads to interpretable results [2], we applied
it to complete the decomposition. Formally, we solve the fol-
lowing optimization problem:

min
W;L

1

2
kA�WLk2F s:t: L � 0;W � 0;

where A 2 RðNrocþNnycÞ�M , W 2 RðNrocþNnycÞ�k, L 2 Rk�M .

kXkF ¼ ðPi;j jXijj2Þ�
1
2 is the Frobenius norm, L � 0 (or

W � 0) requires that all components of L (or W ) should be
nonnegative. L uncovers the lifestyles that people follow,
while W provides information about individuals’ preferen-
ces across these lifestyles.

After decomposition, we split W into smaller matrices,
each of which records a sample of lifestyles for various
groups of people. On a city level, W is split into two smaller

matrices, W ¼ ðWroc;WnycÞT , where Wroc 2 RNroc�k and

Wnyc 2 RNnyc�k. At a finer granularity, W consists of four
even smaller matrices: W ¼ ðWroc male;Wroc female;Wnyc male;

Wnyc femaleÞT . For a particular group of people, i.e., a compo-
nent matrix, the degree of preference for a lifestyle is
defined as the average of the coefficients of people in the
group for the lifestyle. For example, the preference to ith
lifestyle of residents of New York City is calculated by aver-
aging the ith column of matrixWnyc.

In the following sections, we report the temporal and
spatial lifestyles found from people’s activities, and com-
pare the preferences to lifestyles in the two cities.

5.2 Third-Order Tensor Decomposition

User activities may be analyzed across multiple dimensions
simultaneously using higher-order tensors. Tensors are a
natural way to aggregate data across multiple factors. Vec-
tors and matrices are special cases of tensors, where each
vector v of dimensionality D, it is true that v 2 RD, and for

each matrix M of dimensionality D1 by D2, M 2 RD1�D2 .
Tensors generalize this to data structures of arbitrary order,
where vectors are of order 1, matrices of order 2. For tensor
T of order d, T may be concisely described as:

T 2 RD1�D2�...�Dd . To learn temporal-spatial patterns of
human activities, for example, we can aggregate the data
into a third-order tensor. In such a tensor, a person’s activi-
ties is recorded as a matrix, of which dimensions are POI
categories and hours of a day. Decomposition on the tensor
produces multidimensional knowledge on lifestyles. In
Fig. 8, we illustrate the tensor decompositio processes.

The most commonly used technique for tensor decompo-
sition is CANDECOMP/PARAFAC (CP) decomposi-
tion [30]. This algorithm decomposes a tensor of order d
into d separate matrices, each of dimensionality k�Dj,
where k is the number of components selected a priori and
Dj is the dimension for the tensor’s jth order.

The formal optimization problem for this decomposition is:

min
W;LM;LP

kT �WðLM � LP Þ>k:

In this equation, � represents the Khatri-Rao product. The
Khatri-Rao product may be considered as a column-wise
Kronecker product� between twomatrices with equal num-
bers of columns A ¼ ½a1; a2; a3� and B ¼ ½b1; b2; b3�, where
A�B ¼ ½a1 � b1; a2 � b2; a3 � b3�. WhileA andB both have 3
columns here, this can be generalized for any number of col-

umns. Assuming that A 2 RM�K and D 2 RN�K , the Khatri-
Rao productmatrix will be of dimensionalityMN �K.

To solve the optimization problem for CP decomposition,
we use the alternating least-squares (ALS) algorithm, origi-
nally proposed by [31], [32]. The specific implementation of
CP-ALS used is provided in the scikit-tensor toolkit.2 At a
high level, ALS incrementally uses W and LM to estimate
LP , then LM and LP to estimate W , and so on, improving
estimations of one matrix in each iteration.

As ALS monotonically decreases error rate for the opti-
mization, the algorithm is subject to getting trapped in local
minima. Thus ALS is not guaranteed to find an optimal
solution, and results may depend heavily on initialization.
In our experience, it was found that using both singular vec-
tor and random initializations converged to similar decom-
positions with similar error rates when using a termination
condition of 10�5 error improvement between iterations.

Similar to our matrix decomposition methodology, we
assume that individuals’ check-in activity may be decom-
posed into a weighted combination of lifestyle factors stored
in a matrix:

t ¼ w ðLM � LP Þ>;
where LM 2 Rk�M , and LP 2 Rk�P , each recording k latent

lifestyles, where again w 2 Rk is a coefficient vector for a

2. https://github.com/mnick/scikit-tensor
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single user. LM reveals the first dimensional characterizations
of each lifestyle component, and LP the second dimensional
characteristics. As with our matrix decomposition frame-
work, we consider weight matrix W as a concatenation of
four smaller matrices according to city and gender. However,
in the work presented here, we found no significant differen-
ces inmean componentweights across these demographics.

Full tensors Ti ¼ ft1; t2; . . . ; tNg that we consider concate-
nate lifestyle matrices t across all users. In this work, we
present an analysis of two third-order tensors T1 and T2,

such that Ti 2 RN�M�P . N indexes check-in counts by user
id and P indexes by category. Only the 100 categories with
the highest number of check-ins are used, so P ¼ 100 for
both T1 and T2. T1 indexes by times of day as well, so
M ¼ 24. T2 indexes instead by days of the week, soM ¼ 7.

The first tensor, T1 2 RN�24�100, will allow us to examine
joint spatial-temporal lifestyles, indicative of user’s loca-
tional behavior at various times of the day. Trivially, we
might find components of user check-in at bars and pubs,
with greater weight assigned to night hours than to the

morning or afternoon. The second tensor, T2 2 RN�7�100,
will be conducive to locational lifestyles with distinct trends
across the work week, through the weekend. For example,
we might see lifestyles of individuals visiting restaurants
and entertainment venues later in the week, with less
weight assigned to Monday, Tuesday, and Wednesday.

6 TEMPORAL ASPECTS OF LIFESTYLE

Analogous to ETs, MTs, and NTs in the circadian topology
literature, we classify people’s work and rest habits into
three categories: night owls, people who tend to stay up until
late at night; early birds, people who usually get up early in
the morning and go to bed early in the evening; and inter-
mediates, people who have schedules between night owls
and early birds [9].

Interestingly but not surprisingly, our approach provides
support for these three common temporal lifestyles.

Moreover, we are able to provide a precise description of
activity level along time of day for each lifestyle. We study
weekday and weekend separately to gain a better under-
standing of people’s lives.

Let Aweekday be a ðNroc þNnycÞ by M matrix, where M
equals to 24. A component aij in the matrix denotes the ith
user’s total number of check-ins during jth hour of week-
days. Similarly, Aweekend, also a ðNroc þNnycÞ by M matrix,
records the activities of users on weekends. We set k as 3 to
align with the number of predefined categories, and then
employ matrix decomposition on Aweekday and Aweekend,
respectively. The results are Lweekday and Wweekday for
Aweekday; Lweekend and Wweekend for Aweekend. We first plot the
result matrices Lweekday and Lweekend in Fig. 7 and Fig. 9.

Early birds: In weekdays, early birds’ days start around 7
am, and they are most active around noon. After that, their
activities decrease, and then vanish gradually in the night
around 10 pm. The distribution of activity over time in
weekend is similar for early birds, except the increase and
decrease of activities in weekend is faster, which leads to a
sharper peak around 12 pm.

Night Owls: For night owls, we observe two active peri-
ods in a day. Their activities start from 10 am for both week-
days and weekends. We observe the first small peak
appears at 2 pm, but is not comparable to their active level
during night. After the inactive daytime, the activities of

Fig. 8. Visualization of tensor cube T , decomposed into component
matricesW , LM , and LP .

Fig. 7. Active time ranges of night owls, early birds and intermediates
over weekdays.

Fig. 9. Active time ranges of night owls, early birds and intermediates
over weekends.
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night owl rocket from 10 pm and achieve maximum at late
night (1 am in weekdays and 2 am weekends). Their activi-
ties vanish in the early morning (6 am).

Intermediates: People who are neither early birds nor
night owls usually start their day in the late morning (10
am). On weekdays, the active level increases gradually in
the afternoon and reaches the peak around 10 pm, and rap-
idly decreases to zero around 2 am. On weekends, they are
more active during afternoon than on weekdays. Instead of
a gradual increase, the active level grows faster after being
activated (11 am) and remains high till the peak of night
(11 pm).

The results extracted through data agree with the time
ranges defined by traditional studies. We compare our
results with those from previous human Circadian Rhythm
[33].

In Table 2 we list the time ranges of wake up time, sleep
time and most active time of the corresponding
types (morning-type, evening-type, neither-type) in the
morningness-eveningness questionnaire [12], to compare
with these time ranges we list the percentage of activity dur-
ing the same time range of each lifestyle decomposed from
our data using NMF. We define these three time ranges as:
from the early morning (5 am), the time range of the first
	 15 percent of activities is defined as “get up”, the next
	 70 percent is defined as “most activity” and the final 	 15
percent is defined as “go to bed”. These percentages are not
exact, and a small amount of activity is present between the
“go to bed” and “wake up” time ranges. For most time
ranges, our results generally agree with those from previous
work, e.g., “get up” time range, and “go to bed” time range
for the Early Bird and Intermediate lifestyle.

All the “most active” ranges in our findings are later than
the previous assessments, and the “go to bed” for Night
Owl is much later than that of the evening-type in previous
work. Our explanation for these differences is twofold: First,
we believe that as a general trend people’s activities shift a
lot into night in modern times when compared with the
year when the seminal previous work was done (1976) [9].
Second, individuals’ behaviors in our model are modeled
by a weighted combination of “lifestyles”, whereas in the
MEQ paradigm, an individual is assigned to a single, dis-
crete “type”. As a consequence, our “lifestyle” patterns
should capture more distinctive work-rest activities a single
individual might follow as a subset of all his or her

behaviors, whereas each MEQ “type” should capture the
aggregate work-rest patterns for all of an individual’s
behaviors. For example, an individual in our model might
be a “night owl” on the weekends and an “early bird” on
the weekdays, while in the MEQ model this individual
would be considered as either a morning-type or an
evening-type.

Wweekday and Wweekend indicate the preference of each user
to three lifestyles on weekday and weekend, respectively.
For each matrix, we first split it to four smaller matrices
according to user’s city (ROC or NYC) and gender. Second,
we calculated the average preference of each group to each
lifestyle. We plot the results in Fig. 10 and Fig. 11.

Generally speaking, the average preference to night owl
lifestyle on weekends is significantly higher than on week-
days. Correspondingly, the average weight of early bird

TABLE 2
Comparison between Our Method with Traditional Methods

MEQ Our results

Early Bird
Get up 5:00 am - 7:45 am 6:00 am - 8:00 am
Most active 5:00 am - 10:00 am 7:00 am - 2:00 pm
Go to bed 8:00 pm - 10:15 pm 8:00 pm - 10:00 am
Inter
Get up 7:45 am - 9:45 am 8:00 am - 10:00 am
Most active 10:00 am - 5:00 pm 2:00 pm - 8:00 pm
Go to bed 10:00 pm - 12:30 am 10:00 pm - 12:00 am
Night Owl
Get up 9:45 am - 12 pm 10:00 am - 12:00 pm
Most active 5:00 pm - 5:00 am 9:00 pm - 1:00 am
Go to bed 12:00 am - 3:00 am 3:00 am - 6:00 am

Fig. 10. Average weight on night owls, early birds and intermediates of
male and female residents of a small and big city over weekends.

Fig. 11. Average weight on night owls, early birds and intermediates of
male and female residents of a small and big city over weekdays.
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and the intermediate style is significantly lower on week-
ends. This indicates that people in both cities are more will-
ing to stay active late on weekends, while getting up early
on weekdays. People live in big cities usually have higher
preference to the night owl type for both males and females,
while people tend to have higher weights on the early bird
type in small cities. This observation suggests that big cities
are more active than small cities during night. We did not
observe significant difference between two genders on their
preference to temporal lifestyles in both two cities. This
agrees with previous work [10], in which the authors verify
that daily activity levels generally are not biased by gender.

6.1 Spatial Aspects of Lifestyles

Individuals preferences towards specific locations are
another important indicator to their lifestyles. These life-
styles can be described as combinations of several specific
POI categories. For example, we observed the co-occurrence
of Home, Grocery and Gas Station in many people’s visiting
records; we could have the feeling that the people per-
formed this pattern are “home-originated”, since the places
they visited are quite related to daily life. Another com-
monly observed combination is Bar, Pub and Music Venue;
people following this pattern clearly tend to have much
excitement (alcohol) in their daily life. These movement pat-
terns are conducive to understanding individuals’ lifestyle
preferences.

We also employ the NMF method to detect these hidden
patterns. Instead of a temporal activity matrix, we decom-
pose a spatial activity matrix A in this case. A is a
ðNroc þNnycÞ by M matrix, where M is the number of cate-
gories of POIs. The decomposition generates two result
matrices L and W . L records the spatial lifestyles that are
lived by the people in different cities, W contains the infor-
mation of the preference of each resident to these spatial
lifestyles. k is empirically set to 5 to achieve a good tradeoff
between granularity and interpretability.

We report the lifestyles extracted from the data in Table 3.
For each pattern we list the top 5 weighted categories of
POIs and assign a name to the pattern. We can sense the
clear connection between the POI categories within a hid-
den pattern. Take pattern one as an example. The top three
weighted categories are College Residence Hall, Co-work-
ing Space and College Lab. This is a common mobility pat-
tern of college students. Pattern seven describes a pattern of
people who like to exercise, where the top three categories
are Gym, Yoga Studio and Athletics & Sports. For pattern

ten, the top three weighted categories are Train Station, Sub-
way and Train. This is a typical movement pattern of people
who commute a lot.

It’s natural to see one’s behaviors as a combination of
several lifestyles. For example, for a college student we may
find he/her lives first lifestyle in Table 3 (College lifestyle)
as well as the third (Bar & Pub lifestyle) and the seventh
(Sport lifestyle) with different weights. By “weight” we
mean the importance of a certain lifestyle to one’s daily life.
Rows in W , indicated by wi, are such weight vectors. wi is a
15 dimensional vector, indicating the quantified preferences
of ith user to 15 spatial lifestyles. In order to gain a group
level understanding of lifestyles, we employ a clustering
method on wis. The center of each cluster denotes the mean
lifestyle combination for a group of individuals. Moreover,
by analyzing the component of a group we are able to deter-
mine the tastes for lives of residents cities of different size.
We set the number of clusters to five empirically.

We plot the components of two of groups of people and
the percentages of males and females from both cities. Note
that all ratios are normalized by the number of users in each
city. For the people who are in the first group (Fig. 12),
home is the absolute center of their life. Additionally, this
group is comprised more of people from small cities (56 per-
cent) than of those from large cities (44 percent). People in
the second group (Fig. 13) tend to visit office and entertain-
ment venues more often. People in large cities (73 percent)

TABLE 3
15 Hidden Patterns with Their Assigned Names and Top Five Weighted Categories of POIs of Each Pattern

Hidden Patterns 1st category 2nd category 3rd category 4th category 5th category

1, College Residence Hall Co-working Space Lab Rec Center Wine Bar
2, Restaurant American Restaurant Grocery Store Supermarket Fast Food Diner
3, Bar & Pub Bar Music Venue nightclub Lounge Rock Club
4, Office Office Co-working Space Building Conf. Room Bar
5, Home & Grocery Home (private) Supermarket Grocery Store Drugstore Church
6, Entertainment Arts & Entertainment Baseball Stadium Bar Burger Joint Concert Hall
7, Sports Gym Yoga Studio Athletics & Sports Spa Fitness Center
8, Park & Outdoor Park Neighborhood Scenic Lookout Plaza Beach
9, Hotel & Bar Hotel Lounge Cocktail Bar Roof Deck Airport
10, Commute Train Station Subway Train Platform Bus Station

Fig. 12. Components and corresponding percentage of lifestyle 1 and
the people in this lifestyle.
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prefer this lifestyle more than in small cities (27 percent).
These results suggest that for people in small cities, home is
a prominent location in life; while in large cities, people
tend to spend more time at office.

7 COMPOSITE ASPECTS OF LIFESTYLES

Some lifestyle patterns may be seen a combination of indi-
viduals’ daily, weekly, and spatial habits. In this section, we
consider the analysis of tensors T1 and T2. Each tensor

Ti 2 RN�M�P may be factorized into any number of compo-
nents k ¼ ½2;minfN;M;Pg� . Recall that for both T1 and T2,
N indexes check-in counts by user id and P ¼ 100 indexes
by category. For T1, M ¼ 24 for indexing by time of day,
and for T2,M ¼ 7 for days in a week.

There is a significant trade off that exists with choosing
tuning parameter k: with a smaller k, fewer lifestyle patterns
may be identified, and some components may be mixtures
of multiple theoretically distinct lifestyle patterns. With
higher k, we run into issues of redundancy, where multiple
highly similar lifestyle patterns are extracted, and low
interpretability, where some extracted patterns include very
disparate behaviors. For both T1 and T2, we tested a wide
range of possible k values.

Individuals with fewer check-ins than some threshold h
were pruned to remove outlier noise. In our experiments,
we found very little difference between many components
when h ¼ 5 from when h ¼ 30. However, with h ¼ 5, some
patterns emerge more apparently, and components are
more distinct overall.

7.1 Time-of-Day & Location

T1 offers the most interpretable results of third-order tensor
decomposition, most clearly when k ¼ 12, shown in Fig. 14.
Across a wide range of values for k, we see a few distinct
lifestyle patterns emerge. One component assigns highest
weight to the Arts & Entertainment category and signifi-
cantly lower for all others, with time-of-day beginning
around 10 am, peaking at 9 pm, and tailing off in the hours
following midnight. This matches the intuitive assumption
that individuals usually visit these sort of venues later in

the day, primarily around evening and night times. The
next component assigns highest weight to the High School
category, significantly lower for all others, with time-of-day
peaking significantly at 7 am, and some additional weight
for the hours of 8 am � 3 pm. This range directly corre-
sponds to the standard school day for high school students
in the U.S. Although NYC check-ins are only collected for
the month of June, the school year for New York public
schools continues through June 26th.

Two “college student” lifestyle patterns consistently
emerge. The first assigns the most weight to College Resi-
dence Hall, with time-of day gradually peaking around
6am, and decreasing significantly from 8 pm through 2 am.
The second has highest weight on College Rec. Center, with
time-of-day increasing gradually from 9 am to 9 pm, peak-
ing from 10 pm to 2 am, and tailing off quickly thereafter.
Both these lifestyles assign some weight to other college-
related POIs, for example College Lab, Co-working Space,
and College Cafeteria. The former of these seems to model
the pattern “early bird” college students, where the latter
models “night owls”.

Finally, we also see a Gym lifestyle emerge, where Gym
is assigned a very high weight, and all other categories are
assigned low weight. This lifestyle pattern also gives high
weight to most hours of the day, with a significant dip from
the hours of 10pm through 5 am. This also makes intuitive
sense, since it is unlikely that many people go to the gym
during these hours.

7.2 Day-of-Week & Location

We find noteworthy patterns when decomposing T2 into
five components, shown in Fig. 15. We see one pattern with
highest weight assigned to category Bar, high weights to
Cafe, American Restaurant, Private Home, and Music
Venue, and moderate weights to a number of similar cate-
gories such as Rock Club; this pattern assigns very little
weight to Monday and Tuesday, and the highest weight on
Sunday. Common sense tells us that people work harder
the first few weekdays, and usually visit recreational venues
such as these more later in the week. It is not surprising that
the highest weight is assigned on a weekend night, since
this includes check-ins both the night of that day, and activi-
ties past midnight from the night before.

Fig. 13. Components and corresponding percentage of lifestyle 2 and
the people in this lifestyle.

Fig. 14. Component weights LM by hour for tensor T1; 5 out of k ¼ 12
total components are shown. Component labels are added a posteriori,
and weights shown are normalized by min-max normalization. Each
curve in the upper part represents the trend of a POI category along 24
hours of a day.
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We also see a component with very high weight assigned
to Arts & Entertainment, low weight assigned to other cate-
gories; very low weight is assigned to Monday, no weight
to Sunday, and relatively uniform weights across other
days of the week. Many entertainment venues are closed on
Sunday, and fitting with the common notion that people
recreate less on Mondays. Two distinct “college student”
patterns emerge with as few as four components, both with
considerably higher weights assigned to weekends than
weekdays. It is plausible that college students, especially in
NYC, go off-campus to engage in alternate lifestyle behav-
iors during the weekdays when they’re not in class, and
stay on campus to study during the weekends.

The fifth and final component we see assigns highest
weight to the Office category, and weights an order below
to a few categories: American Restaurant, Pub, and Deli.
This pattern has a less clear interpretation; one might specu-
late that individuals who go to the office on weekends
might develop a habit of checking into social media outlets
during these irregular visits, but not during their daily
grind during the weekdays.

8 CONCLUSION AND FUTURE WORK

In this paper, we extensively study the differences between
lifestyles of a big city (NYC) and of a smaller city (ROC)
using social media data. We extract work-rest habits and
lifestyles from user activities. Instead of assigning people to
qualitatively defined work-rest classes, we apply NMF tech-
niques to discover latent patterns of human diurnal prefer-
ence. The extracted latent patterns correspond well to the
intuitively defined classes. Also using NMF, we find hidden
features of human movement preference. We then group
residents of two cities into lifestyle clusters based on the
weights of hidden features and analyze the difference
between the two distinctive cities. Moreover, tensor decom-
position techniques are applied to find composite life pat-
terns in our work. Clear and quantifiable differences are
found in the lifestyles of large and small cities.

Lifestyle is a broad, imprecise concept that covers a mul-
titude of aspects of human behavior, and social media is a
flawed representation of individuals’ daily behaviors. These
challenges present a number of exciting avenues for future
work: investigating what sorts of lifestyles can be catego-
rized culturally, or by other sociological factors such as job

and age group; establishing what behaviors can be more
characteristic of specific lifestyles; and exploring the rela-
tionship of individuals’ social media activities to their daily
behaviors. Regarding the last point, it may be that certain
individuals’ social media postings are strongly indicative of
their behaviors, whereas other individuals’ postings may be
a biased sample of their activities.

We would like to introduce more dimensions in our
future work, such as other demographic dimensions includ-
ing income, age and race, as well as adding more cities to
the investigation. Presently, we are collecting data from the
San Francisco Bay Area so that we may compare lifestyle
behaviors between inhabitants of east and west coast cities,
and relate our findings to previous research [34]. We also
plan to combine multiple social media data sources to gain
a comprehensive understanding of human behaviors in the
big data era using large-scale social media data.

ACKNOWLEDGMENTS

We would like to thank the support from the New York
State through the Goergen Institute for Data Science, as well
as Xerox Foundation.

REFERENCES

[1] B. Cox, et al., The Health and Lifestyle Survey. Preliminary Report of a
Nationwide Survey of the Physical and Mental Health, Attitudes and
Lifestyle of a Random Sample of 9,003 British Adults. London, UK:
Health Promotion Research Trust, 1987.

[2] D. D. Lee and H. S. Seung, “Learning the parts of objects by non-
negative matrix factorization,” Nature, vol. 401, no. 6755, pp. 788–
791, 1999.

[3] R. Garcia-Gavilanes, D. Quercia, and A. Jaimes, “Cultural dimen-
sions in Twitter: Time, individualism, and power,” in Proc. 7th Int.
AAAI Conf. Weblogs Soc. Media, vol. 13, 2013.

[4] T. H. Silva, P. O. de Melo, J. Almeida, M. Musolesi, and
A. Loureiro, “You are what you eat (and drink): Identifying cul-
tural boundaries by analyzing food & drink habits in foursquare,”
Int. AAAI Conf. Weblogs Social Media, 2014.

[5] A. Sadilek and H. Kautz, “Modeling the impact of lifestyle on
health at scale,” in Proc. 6th ACM Int. Conf. Web Search Data Min.,
2013, pp. 637–646.

[6] T. Budesa, E. Egnor, and L. Howell, “Gender influence on percep-
tions of healthy and unhealthy lifestyles,” Osprey J. Ideas Inquiry,
vol. 7, 2008.

[7] C. Randler, “Morningness–eveningness and satisfaction with
life,” Soc. Indicators Res., vol. 86, no. 2, pp. 297–302, 2008.

[8] J. Shan, F. Joseph, and G. Marta, Analyzing Household Lifestyles,
Mobility and Activity Profiles: A Case Study of Singapore, 2012.
[Online]. Available: http://humnetlab.mit.edu/wordpress/wp-
content/uploads/2012/10/jiang_TRB 2013_v7jf.pdf

[9] J. A. Horne and O. Ostberg, “A self-assessment questionnaire to
determine morningness-eveningness in human circadian rhythms.”
Int. J. Chronobiology, vol. 4, no. 2, pp. 97–110, 1975.

[10] B. K. Merritt and A. G. Fisher, “Gender differences in the perfor-
mance of activities of daily living,” Arch. Phys. Med. Rehabil.,
vol. 84, no. 12, pp. 1872–1877, 2003.

[11] M. I. Von Bothmer andB. Fridlund, “Gender differences in health
habits and in motivation for a healthy lifestyle among Swedish uni-
versity students,”NursingHealth Sci., vol. 7, no. 2, pp. 107–118, 2005.

[12] J. A. Horne and O. Ostberg, “A self-assessment questionnaire to
determine morningness-eveningness in human circadian rhythms.”
Int. J. Chronobiology, vol. 4, no. 2, pp. 97–110, 1976.

[13] C. S. Smith, C. Reilly, and K. Midkiff, “Evaluation of three circa-
dian rhythm questionnaires with suggestions for an improved
measure of morningness,” J. Appl. Psychol., vol. 74, no. 5, pp. 728–
738, 1989.

[14] J. Taillard, P. Philip, and B. Bioulac, “Morningness/eveningness
and the need for sleep,” J. Sleep Res., vol. 8, no. 4, pp. 291–295,
1999.

Fig. 15. Component weights LM by day for tensor T2 with k ¼ 5. Compo-
nent labels are added a posteriori, and weights shown are normalized by
min-max normalization. Each curve in the upper part represents the
trend of a POI category along 7 days of a week.

HU ET AL.: TALES OF TWO CITIES: USING SOCIAL MEDIA TO UNDERSTAND IDIOSYNCRATIC LIFESTYLES IN... 65



[15] A. Adan, S. N. Archer, M. P. Hidalgo, L. Di Milia, V. Natale, and
C. Randler, “Circadian typology: A comprehensive review,” Chro-
nobiology Int., vol. 29, no. 9, pp. 1153–1175, 2012.

[16] T. H. Monk, D. J. Buysse, J. M. Potts, J. M. DeGrazia, and
D. J. Kupfer, “Morningness-eveningness and lifestyle regularity,”
Chronobiology Int., vol. 21, no. 3, pp. 435–443, 2004.

[17] B. P. Hasler, J. J. Allen, D. A. Sbarra, R. R. Bootzin, and
R. A. Bernert, “Morningness–eveningness and depression: Prelim-
inary evidence for the role of the behavioral activation system and
positive affect,” Psychiatry Res., vol. 176, no. 2, pp. 166–173, 2010.

[18] A. Noulas, S. Scellato, C. Mascolo, and M. Pontil, “An empirical
study of geographic user activity patterns in Foursquare,” in Proc.
5th Int. AAAI Conf. Weblogs Soc. Media, vol. 11, pp. 570–573, 2011.

[19] A. Sadilek, S. Brennan, H. Kautz, and V. Silenzio, “nEmesis:
Which restaurants should you avoid today?” in 1st AAAI Conf.
Hum. Comput. Crowdsourcing, 2013.

[20] S. Abbar, Y. Mejova, and I. Weber, “You tweet what you eat:
Studying food consumption through twitter,” in Proc. 33rd Annu.
ACM Conf. Human Factors Comput. Syst., 2015, pp. 3197–3206.

[21] J. Cranshaw, E. Toch, J. Hong, A. Kittur, and N. Sadeh, “Bridging
the gap between physical location and online social networks,” in
Proc. 12th ACM Int. Conf. Ubiquitous Comput., 2010, pp. 119–128.

[22] J. Sang, T. Mei, and C. Xu, “Activity sensor: Check-in usage min-
ing for local recommendation,” ACM Trans. Intell. Syst. Technol.,
vol. 6, no. 3, 2015, Art. no. 41.

[23] B. Wu, T. Mei, W.-H. Cheng, and Y. Zhang, “Unfolding temporal
dynamics: Predicting social media popularity using multi-scale
temporal decomposition,” in Proc. 30th AAAI Conf. Artif. Intell.,
2016.

[24] S. A. Golder and M. W. Macy, “Diurnal and seasonal mood vary
with work, sleep, and daylength across diverse cultures,” Science,
vol. 333, no. 6051, pp. 1878–1881, 2011.

[25] K. Park, S. Lee, E. Kim, M. Park, J. Park, and M. Cha, “Mood and
weather: Feeling the heat?” in Int. AAAI Conf. Weblogs Soc. Media,
2013.

[26] Y. Zheng, T. Liu, Y. Wang, Y. Zhu, Y. Liu, and E. Chang,
“Diagnosing New York City’s noises with ubiquitous data,” in
Proc. ACM Int. Joint Conf. Pervasive Ubiquitous Comput, 2014,
pp. 715–725.

[27] H. A. Schwartz, et al., “Personality, gender, and age in the lan-
guage of social media: The open-vocabulary approach,” PloS One,
vol. 8, no. 9, 2013, Art. no. e73791.

[28] D. Quercia, M. Kosinski, D. Stillwell, and J. Crowcroft, “Our
Twitter profiles, our selves: Predicting personality with Twitter,”
in IEEE 3rd Int. Conf. Privacy Security Risk Trust Social Comput.,
2011, pp. 180–185.

[29] L. Rao, Foursquare Now 3 Million Strong, 2010. [Online]. Available:
http://techcrunch.com/2010/08/29/foursquare-now-3-million-
strong/

[30] T. G. Kolda and B. W. Bader, “Tensor decompositions and
applications,” Soc. Ind. Appl. Math. Rev., vol. 51, no. 3, pp. 455–500,
2009.

[31] R. A. Harshman, “Foundations of the PARAFAC Procedure: Mod-
els and Conditions for an “Explanatory” Multi-Modal Factor Ana-
lysis,” Los Angeles, CA, USA: Univ. of California, 1970.

[32] J. D. Carroll and J.-J. Chang, “Analysis of individual differences in
multidimensional scaling via an n-way generalization of eckart-
young decomposition,” Psychometrika, vol. 35, no. 3, pp. 283–319,
1970.

[33] A. Shahid, K. Wilkinson, S. Marcu, and C. M. Shapiro,
“Morningness-eveningness questionnaire,” in STOP, THAT and
One Hundred Other Sleep Scales. Berlin, Germany: Springer, 2012,
pp. 231–234.

[34] R. Fincher and J. M. Jacobs, Cities of Difference. New York, NY,
USA: Guilford Press, 1998.

Tianran Hu received the BEng degree from Sich-
uan University in China and the MS degree from
the Hong Kong University of Science and Tech-
nology, in 2010 and 2012, respectively. He is
working toward the PhD degree at the Computer
Science Department, University of Rochester,
advised by Prof. Jiebo Luo. His research interests
include social media and data mining.

Eric Bigelow received the BA degree in com-
puter science and the BS degree in brain & cogni-
tive sciences from the University of Rochester in
2014. He is working toward the MS degree at the
Computer Science Department, University of
Rochester. His research interests include span
applications and theoretical foundations of
machine learning.

Jiebo Luo joined the University of Rochester in
Fall 2011 after more than 15 years at Kodak
Research Laboratories, where he was a senior
principal scientist leading research and advanced
development. He has been involved in numerous
technical conferences, including serving as the
program co-chair of ACM Multimedia 2010 and
IEEE CVPR 2012. He is the editor-in-chief of the
Journal of Multimedia, and has served on the edi-
torial boards of the IEEE Transactions on Pattern
Analysis and Machine Intelligence, the IEEE

Transactions on Multimedia, the IEEE Transactions on Circuits and Sys-
tems for Video Technology, Pattern Recognition, Machine Vision and
Applications, and the Journal of Electronic Imaging. He is a fellow of the
SPIE, IEEE, and IAPR.

Henry Kautz is the Robin & Tim Wentworth
Director of the Goergen Institute for Data Science
and a professor at the Department of Computer
Science, University of Rochester. He has served
as department head at AT&T Bell Labs in Murray
Hill, NJ, and as a full professor at the University
of Washington, Seattle. In 2010 he was elected
President of the Association for Advancement of
Artificial Intelligence (AAAI). His research include
artificial intelligence, pervasive computing, and
healthcare applications has led him to be honored

as a Fellow of the American Association for the Advancement of Science
(AAAS), Fellow of the Association for Computing Machinery (ACM), and
Fellow of the AAAI. He holds the Computers & Thought Award from the
International Joint Conference on Artificial Intelligence. In 2013, he
received the Ubicomp 10-Year Impact award for his paper ”Inferring
High-level Behavior from Low-level Sensors.” He is the member of the
IEEE.

" For more information on this or any other computing topic,
please visit our Digital Library at www.computer.org/publications/dlib.

66 IEEE TRANSACTIONS ON BIG DATA, VOL. 3, NO. 1, JANUARY-MARCH 2017



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Algerian
    /Arial-Black
    /Arial-BlackItalic
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BaskOldFace
    /Batang
    /Bauhaus93
    /BellMT
    /BellMTBold
    /BellMTItalic
    /BerlinSansFB-Bold
    /BerlinSansFBDemi-Bold
    /BerlinSansFB-Reg
    /BernardMT-Condensed
    /BodoniMTPosterCompressed
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /BritannicBold
    /Broadway
    /BrushScriptMT
    /CalifornianFB-Bold
    /CalifornianFB-Italic
    /CalifornianFB-Reg
    /Centaur
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /Chiller-Regular
    /ColonnaMT
    /ComicSansMS
    /ComicSansMS-Bold
    /CooperBlack
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FootlightMTLight
    /FreestyleScript-Regular
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /HarlowSolid
    /Harrington
    /HighTowerText-Italic
    /HighTowerText-Reg
    /Impact
    /InformalRoman-Regular
    /Jokerman-Regular
    /JuiceITC-Regular
    /KristenITC-Regular
    /KuenstlerScript-Black
    /KuenstlerScript-Medium
    /KuenstlerScript-TwoBold
    /KunstlerScript
    /LatinWide
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaBright
    /LucidaBright-Demi
    /LucidaBright-DemiItalic
    /LucidaBright-Italic
    /LucidaCalligraphy-Italic
    /LucidaConsole
    /LucidaFax
    /LucidaFax-Demi
    /LucidaFax-DemiItalic
    /LucidaFax-Italic
    /LucidaHandwriting-Italic
    /LucidaSansUnicode
    /Magneto-Bold
    /MaturaMTScriptCapitals
    /MediciScriptLTStd
    /MicrosoftSansSerif
    /Mistral
    /Modern-Regular
    /MonotypeCorsiva
    /MS-Mincho
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /NiagaraEngraved-Reg
    /NiagaraSolid-Reg
    /NuptialScript
    /OldEnglishTextMT
    /Onyx
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Parchment-Regular
    /Playbill
    /PMingLiU
    /PoorRichard-Regular
    /Ravie
    /ShowcardGothic-Reg
    /SimSun
    /SnapITC-Regular
    /Stencil
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TempusSansITC
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanMTStd
    /TimesNewRomanMTStd-Bold
    /TimesNewRomanMTStd-BoldCond
    /TimesNewRomanMTStd-BoldIt
    /TimesNewRomanMTStd-Cond
    /TimesNewRomanMTStd-CondIt
    /TimesNewRomanMTStd-Italic
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /VinerHandITC
    /Vivaldii
    /VladimirScript
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZapfChanceryStd-Demi
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Suggested"  settings for PDF Specification 4.0)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


