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Abstract: Understanding human mobility patterns provides us with knowledge about human
mobility in an urban context, which plays a critical role in urban planning, traffic management
and the spread of disease. Recently, the availability of large-scale human-sensing datasets enables
us to analyze human mobility patterns and the relationships between humans and their living
environments on an unprecedented spatial and temporal scale to improve decision-making regarding
the quality of life of citizens. This study aims to characterize the urban spatial-temporal dynamic
from the perspective of human mobility hotspots by using mobile phone location data. We propose a
workflow to identify human convergent and dispersive hotspots that represent the status of human
mobility in local areas and group these hotspots into different classes according to clustering their
temporal signatures. To illustrate our proposed approach, a case study of Shenzhen, China, has been
conducted. Six typical spatial-temporal patterns in the city are identified and discussed by combining
the spatial distribution of these identified patterns with urban functional areas. The findings enable
us to understand the human dynamics in a different area of the city, which can serve as a reference
for urban planning and traffic management.

Keywords: kernel density estimation; mobile phone location data; human mobility;
spatial-temporal patterns

1. Introduction

Rapid urbanization motivates a large number of people to immigrate to cities from the countryside
within a short period of time, which can cause urban problems: traffic congestion, the shortage of
resources and environmental degradation [1,2]. The emergence of these problems is closely related to
human mobility in a city. The mismatch between human activities in the city and urban infrastructures
may be the main reason for these problems. For example, an imbalance of work-home in urban
local areas would lead to traffic congestion, which can cause air pollution due to automobile exhaust
emissions Therefore, an understanding of human mobility patterns plays an important role in solving
these urban problems. It can help urban agencies understand the underlying driving forces of people
in cities and to develop a better city for urban humanity by planning efficient urban transportation
systems, optimizing environmentally-friendly function areas and allocating resources.

A conventional approach to investigate human mobility utilizes datasets that are derived from
questionnaires or travel dairies. These datasets include detailed information about human activities
that can be used to analyze human activity patterns. However, the sample sizes of the datasets are very
small, their use costly, and the datasets are not easily updated in real time. These limitations may cause
the datasets to lack the ability to provide comprehensive and real-time evidence for the study of human
mobility patterns in a city [3]. Due to the rapid development and widespread use of location-aware
devices, the collection of large-scale human sensor datasets, such as mobile phone data, taxi trajectories,
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smart card data and social media check-in data, has been improved [4-6]. These datasets can track
long-term human movements, encompass a large number of people and sense the real-time dynamics
of urban citizens. Therefore, the study of human mobility is flourishing and has attracted substantial
attention in different research communities, including physics [7], geographical information science [8],
transportation research [9,10], urban geography [11,12], urban planning [13] and epidemiology [14].

People moving with different purposes (for work, sleeping or recreation) and the spatial
distribution of urban functional areas cause the occurrence of human convergence and dispersion and
the appearance of human mobility hotspots in different areas. A human mobility hotspot refers to a
location with relatively higher mobility activity than its neighbor locations; it summarizes the status of
the human mobility of the local area [15]. For example, the hotspots could highlight some areas with
high travel demand (high inflow or outflow). Therefore, the identification of these hotspots and their
dynamic (changing over space and time) can provide a general insight into human mobility in the
city. In this study, we focus on analyzing spatial-temporal patterns of human mobility hotspots using
massive mobile phone location data from Shenzhen, China. Our contributions can be summarized
as follows:

(1) We develop a methodological workflow to identify human mobility hotspots, including
convergent and dispersive hotspots. These hotspots can give insight into where, when and
to what extent human convergence or dispersion occurs in urban areas, which allows us to
observe the city from a dynamic perspective.

(2) Based on mobile phone location data from Shenzhen, China, we extract six spatial-temporal
patterns of human convergent and dispersive hotspots and discuss the relationship between
these patterns and urban function areas. The contribution could deepen our understanding
about human mobility patterns in Shenzhen, which can serve as references for administrative
departments to implement the corresponding policy to satisfy the movements of citizens.

2. Literature Review

In this section, we provide a brief review of some relevant research about understanding human
mobility using emerging mobile phone data and hotspot detection analysis.

2.1. Understanding Human Mobility Patterns

Mobile phone use data may be considered a proxy for the mobility of an individual, so it can
provide useful insights into identifying human mobility patterns. Therefore, in recent years, mobile
phone data have become an abundant research resource that is extensively applied to study human
mobility patterns from various aspects due to the advantage of the long-term tracking of a large
volume of urban citizens with a low cost [5,16]. Some studies from a physical domain have revealed
fundamental statistical laws of human mobility and constructed human mobility models. For example,
Gonzalez, et al. [7] and Song, et al. [17] measured the degree of temporal and spatial regularity of
the trajectory of more than ten thousand anonymized mobile phone users and found that human
movements follow simple reproducible patterns and have high potential predictability, which is in
contrast to Lévy flight and random walk models assuming that human movements follow a degree
of scale-free randomness [18]. In addition, 17 unique movement patterns (motifs) were extracted to
model daily human trips [19]. These theoretic studies provide useful insights into understanding
human mobility patterns and make it possible to reproduce and simulate human mobility in the
city. However, because these regular mobility patterns facilitate the re-identification of people’s
activity locations, some studies focus on the privacy protection of human mobility using mobile phone
data [20,21].

There are some application studies derived from mobile phone data that aim to understand the
underlying patterns of human mobility. For transportation analysis, by identifying home and work
places from mobile phone data, origin destination matrices can be developed to study commuting
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distances and patterns [22-24]. From the perspective of geographical and urban planning studies, the
data have been utilized to monitor urban dynamics in terms of the intensity of human activities and
their evolution through space and time [25,26]. Mobile phone data also provide a new way to estimate
population distribution by combining travel survey data [27,28]. Some empirical studies have focused
on estimating detailed moving trajectories from mobile phone record points [29], measuring the
similarity of mobile phone users’ trajectories [30,31]. It is well known that there is a strong relationship
between human activities and urban land use, so land use information can be inferred from mobile
phone data by using machine learning or an unsupervised clustering method [32,33]. In addition,
human flows between different cell phone towers can indicate the strength of interaction between
different areas of a city; spatial interaction communities can be identified based on the network of
human flow to find local high connection areas [34,35]. It is also easy to compare the differences among
human activities in different cities throughout the world using mobile phone data [36,37].

These studies not only validate that mobile phone data have a powerful potential in mining
human mobility patterns, but also provide novel insight and comprehensive evidence for better
understanding the interactions between an urban environment and its citizens. In this study, we focus
on this line of work and investigate the spatial-temporal patterns of human mobility hotspots from the
perspective of convergence and dispersion.

2.2. Hotspots Detection

In the field of spatial analysis, a hotspot represents a place or location with an attribute that
is relatively higher than its neighboring locations. The definition has been extensively applied to
multiple research fields, including criminology [38,39], transportation [40] and epidemiology [41].
By extracting the locations or areas with a high incidence of crime, accidents, congestion and disease,
appropriate and targeted measures can be implemented to improve safety, such as controlling crime
rates, alleviating traffic jams and accidents and preventing the spread of disease. There are two popular
methods for detecting hotspots.

The first method relies on statistical analysis to identify hotspots. For example, one classical
method involves the employment of spatial autocorrelation indicators (Moran’s I and Getis-Ord Gi*) to
detect hotspot areas at the global or local level [42,43]. The global or local indicator compares attribute
values for a given observation with the attribute values for an entire study area or local area; hotspot
areas can be delineated by applying a global threshold or significance level [44]. In addition, a Poisson
distribution can be used to identify human activity areas with an extremely large number of activity
instances [45].

The second method for hotspot detection is a spatial searching method that is based on a
kernel density estimation (KDE) surface [15]. Several characteristics render KDE suitable for hotspot
detection [46]. First, it has the ability to convert point events into a density surface to visualize the
distribution of events [44]. In addition, the spatial unit of analysis can be flexible, and arbitrary
spatial regions can be determined on the surface [47]. Therefore, KDE has been applied to model
human location data, such as estimating the spatial distribution of popular places [48,49]. For example,
using GPS-enabled taxi data, functionally-critical road network locations and critical points of human
mobility can be extracted based on a KDE surface [46,50]. In this study, a hotspot refers to a location
with higher human mobility activity than its neighboring locations. We tend toward the second method
and design a traversal searching algorithm based on a KDE surface to identify the locations of human
mobility hotspots.

3. Methodology

3.1. Dataset and Study Area

The study area is Shenzhen, which is located in southern China and has a total area of
approximately 1996.85 km2. Shenzhen was the first special economic zone since China’s Reform
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and Open Policy; it has experienced rapid development for the past thirty years. Currently, Shenzhen,
with a population density of 5282 per km?, has the highest population density among Chinese cities [51].
The mobile phone location dataset used in this study involves the traces of 16 million mobile phone
users during a typical workday in 2012 from the China Mobile Limited Company, which is one of the
three major mobile operators in the study area and captures approximately 60% of the entire mobile
user market. In addition, this type of mobile phone location data was originally collected for trouble
shooting by the mobile operator, and the mobile operator actively recorded every mobile phone’s
location for a one-hour interval. Each record contains the user ID, recording time and the longitude
and latitude information of the corresponding mobile phone tower to which the phone was connected.
In particular, the user ID was encrypted for privacy protection before we touched the dataset. A total
of 5940 mobile phone towers were extracted from our mobile phone location dataset, and each tower
was labeled with a unique TowerID number. Figure 1 shows the spatial distribution of the mobile
phone towers.

Mobile Phone Tower
Main Road Network

MU L IKilometers
0255 10 15 20

Figure 1. Spatial distribution of mobile phone towers.

Another dataset that is employed in this study is urban functional area data, which is produced
based on land use data. Referring to the “The Comprehensive Plan of Shenzhen City (2010-2020)",
we group the land use of the city into ten functional areas: administrative, commercial, industrial,
residential, education, transport, tourism, sports, water and others. The urban functional areas will be
employed to discuss and explain the human mobility patterns in Section 4.2.

3.2. Extracting the Spatial-Temporal Patterns of Human Mobility Hotspots

In this study, we defined two types of hotspots to represent the status of the human mobility
of a local area: the convergent hotspot and the dispersive hotspot. Assume that we use netflow
(inflow minus outflow) to signify the difference between the inflow and the outflow of people in a
place during a certain time slot. A positive netflow indicates that the number of people in the place
increases during this time slot; we considered this status to be a convergent status. Similarly, a negative
netflow indicates that the number of people in a place decreases; we considered this status to be a
dispersive status. The convergent hotspot represents a location for which the netflow is relatively higher
than its local neighboring locations. Conversely, a dispersive hotspot represents a location in which
the netflow is relatively lower than its local neighboring locations. As shown in Figure 2, a Gaussian 3D
density surface is introduced to demonstrate the definition of hotspots, where a positive density and
a negative density indicate human convergence and dispersion, respectively. Thus, the location of a
convergent hotspot and the location of a dispersive hotspot represent the peak of a small hill and the
pit of a valley.
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Figure 2. Convergent hotspot and dispersive hotspot of a 3D density surface.

Based on the previous definition, this study proposes a methodological workflow to extract
spatial-temporal patterns of human mobility hotspots. The workflow includes three sections:
data processing, identifying human mobility hotspots and clustering analysis of their temporal
characteristics. In data processing, we extract the netflow of mobile phone towers for each time
slot from the dataset. First, to identify hotspots, KDE is employed to generate a spatially-continuous
3D grid density surface based on the netflow of towers. Second, we employ the natural breaks method
to classify the density surface into several classes according to the statistical characteristics of the
density value. Third, a traversal search algorithm is designed to extract the local convergent and
dispersive hotspots from the classified surface. Finally, we execute a cluster analysis by an X-means
clustering algorithm to extract the spatial-temporal patterns of human convergent and dispersive
hotspots. Figure 3 provides a flow chart of the proposed framework. We will explain the method
according to the procedure of the flow chart in the following section.

Data Processing

&

Cluster Analysis

Identifying Hotspots

4 Jv

Figure 3. Workflow to extract the spatial-temporal patterns of human mobility hotspots.
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3.2.1. Data Preprocessing

For a phone user, we can construct an individual’s trajectory by ordering the record points in the
time sequence T = {(x1,y1,t1,Id1), -+, (x1,yL, tr, Idr)}, where x;, y;, Id; are the longitude, latitude and
TowerID of a mobile phone tower, respectively, and t; represents the time when the space-time points
are updated. For two adjacent record points [(x;, yi, t;, Id;), (Xi+1, Yi+1, ti+1, Idiv1)] of the trajectory, if
Id; # 1d; 1, we can identify a movement from mobile phone tower Id; to mobile phone tower Id; 4
during ¢; and ;1. The movement can be extracted from the trajectory within every two adjacent
hours; for example, the first record occurs during 00:00-01:00, and the second record occurs during
01:00-02:00; we can extract one movement during 00:00-02:00. The two adjacent hours are considered
to be the time slot denoted T1. Thus, we can extract 23 flow matrices (time slots) for one day; we
use Tj to denote the movement from (j — 1) : 00 — (j + 1) : 00. For each time slot Tj, we calculate the
inflow and outflow of each mobile phone tower p, where inflow, = 3 fqp, outflow, = 3 fps, and

q q

fpq represents the number of people who move from mobile phone tower p to mobile phone tower
g during this time slot. We define the netflow of the mobile phone tower as the difference between
the inflow and outflow (inflow minus outflow). The netflow could provide evidence about the visits’
difference between two adjacent time periods. The variation of netflow during a day can reveal the
potential function of the grid cell [13]. The netflow of the mobile phone towers can be used in the
following section to identify convergent and dispersive hotspots.

3.2.2. Identifying Human Convergent and Dispersive Hotspots

Kernel Density Estimation

KDE is a suitable method for summarizing and visualizing the underlying property of point
patterns. It can be used to estimate the density of any location in the study area and to transform
the spatial points into a continuous 3D surface by dividing the study area into regular grid cells and
estimating a density value for each grid cell according to the attribute of spatial points. It has been
applied to model the spatial distribution of human activities [48,49]. In addition, the quantitative
analysis can be operated based on these grid cells. The density value can be estimated by the formula:

£ = KO &

where 7 is the number of mobile phone towers in this paper, & is the search bandwidth, K(-) is the
kernel function, x is the location of the grid cell for which the density will be estimated and x; is the
location of the mobile phone tower i. Although previous studies have proven that different kernel
functions do not have a significant effect on density estimation, the choice of bandwidth is a critical
parameter in the method [46,52]. An excessive bandwidth will overly smooth point patterns and miss
some local features, whereas a small bandwidth can cause many local peaks and valleys. Therefore, the
choice of bandwidth remains closely related to the spatial distribution of data points and the context
of the study area, as well as the purpose of the study.

Natural Breaks

Although KDE can generate a continuous surface, Takahashi, et al. [53] claim that the KDE surface
is not an ideal surface for feature extraction; thus, additional processing is required to deal with the
density surface before hotspots are extracted, e.g., converting the density surface into a triangulated
irregular network (TIN) and extracting critical features [46]. In this study, we apply the classical
natural breaks method to preprocess the grid cells with the density value to group these grid cells into
different groups and label ClassNum for each grid cell. For this, we can generate another surface based
on ClassNum, which lays a foundation for later traversal searching process.
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In this study, we use the natural breaks method to process the KDE surface before identifying
hotspots. Natural breaks are designed to determine the best arrangement of values into different classes
according to their statistical characteristics; it requires an iterative process that seeks to minimize the
variance within classes and maximize the variance between classes [54]. The method is extensively
applied to classify and visualize geographic data. We chose this method to classify the grid cells of
a density surface into different classes and label each grid cell using the corresponding ClassNum to
indicate the strength of human mobility of the grid cell. Thus, the process includes breaking classes
and labeling. Given that we want to break these grid cells into k classes (denoted as BreakNum in
the following analysis) according to the statistical characteristics of their density values, the method
will return k + 1 break points with a density value. The density value of the first break point is the
minimum value of all grid cells, whereas the density value of the last break point is the maximum
value (Figure 4a). For each class, the density value is dependent on two break points (left break point
and right break point) to select grid cells for which the density value is larger than the density of the
left break point and less than the density of the right break point.

1 2 k-1 k

Minimum value Maximum value
® Break Point

(a)

Dispersion Convergence

ClassNum: —m -1 0

‘—‘-—V—o—‘ 4
Minimum value Maximum value

Density value is zero

(®)

Mobile Phone Tower Density Surface

ﬁz Dispersion

Study Area

7 Convergence

Grid Cell

ClassNum

Figure 4. Description of the natural breaks method. (a) Break points of Natural break method; (b) Label
the ClassNum for each class according to the density value; (¢) Density and ClassNum surface.

In the step of labeling, due to the density including both positive and negative values, we introduce
ClassNum to designate each class to distinguish positive classes and negative classes. As shown in
Figure 4b, for one class, if the densities of the grid cells in the class vary from negative to positive, this
indicates that the netflow of this class is insignificant, and the ClassNum of this class is denoted by 0.
If all densities of the grid cells in the class are all negative or all positive and the ClassNum of this class
is positive or negative, this indicates that the status of human mobility is convergent or dispersive.
The greater the strength of the human convergence or dispersion is, the larger the absolute value
of ClassNum is. After labeling ClassNum, we obtain another surface based on ClassNum (Figure 4c).
Thus, each grid cell has two attributes: density value (termed Density) and ClassNum, which are used
to design the rule of traversal searching in the next section.
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Traversal Searching

The grid cells that have been assigned the previously mentioned attributes can be considered
to be an analogue of the pixels of a remote sensing image. Some methods that have been developed
in a remote sensing application can be employed to address social sensing data, such as check-in
data, mobile phone data and smart card records [55]. Inspired by the principle of the region growing
algorithm in the field of image segmentation, we design a similar traversal searching algorithm to
identify local convergent hotspots (peaks) and dispersive hotspots (pits) for each time slot. The detailed
searching algorithm is described as follows:

Input: G = {g;|1 < i < N}, aset of all grid cells with two attributes: Density and ClassNum.

Output: A set of grid cells that represent local critical peaks and pits H = {h;|1 <1 << N}.

Step 1. Initializing two temporary empty sets A = & and B = &, which will be used to store grid cells
during the traversal searching process.

Step 2. Selecting the grid cell g;, for which both | Density | and | ClassNum | are maximum from G,
where |-| represents the absolute value. The grid cell can be regarded as a local extreme point
(peak or pit); we add g; to H and remove it from G.

Step 3. Let g; be the expansion origin. We search its 8 neighboring grid cells from G. If the ClassNum
of the neighboring grid cell has the same sign as g; and the | ClassNum | of the neighboring
grid cell is less than or equal to g;, then add the grid cell to A and remove it from G.

Step 4. For each grid cell in A, search its 8 neighboring grid cells in the set G according to the rule
of Step 3, add the grid cells that satisfy the rule to B, and remove them from G. Clear set A4,
and transfer all grid cells from set B to set A. If set A is empty, go to Step 1. Otherwise, repeat
Step 4.

Step 5. Repeat these steps until set G is empty.

Using the previous searching process, we can extract local extreme peaks and pits. For each
grid cell in H, the ClassNum of the grid cell is either positive or negative, which indicates that it is a
convergent hotspot or dispersive hotspot. In addition, the | ClassNum | of the grid cell indicates the
strength of the human convergence or dispersion in this time slot.

3.2.3. Clustering of Hotspots Based on Their Temporal Signatures

For each time slot, we can extract human convergent and dispersive hotspots using these
procedures. We extract hotspots for 23 time slots and store these grid cells in the hotspot set H.
These grid cells can represent the status and strength of the human mobility in the local area for
different time slots. As the previous description, the ClassNum of the grid cells not only can represent
human convergence or dispersion through a positive or a negative sign, but also can indicate the
strength of human mobility by the absolute value of ClassNum. For each grid cell in set H, the variation
of its ClassNum during a day can reflect the human dynamics of the grid cell. Therefore, analyzing
the temporal variation in the ClassNum of these hotspots can provide dynamic insight about the
spatial-temporal patterns of human convergence and dispersion in an urban context. In this section,
we apply a clustering method to time series of ClassNum of these hotspots to group hotspots with
similar temporal patterns into different classes. For this, we can identify the areas with similar human
dynamics in the city. Assume that the hotspot set contains M unique grid cells. For each grid cell, we
arrange its ClassNum in chronological order. In this manner, we can construct a time series matrix that
includes M rows and 23 columns (Table 1).

Table 1. Time series matrix of hotspots.

GridID 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23

2169 0 0 0o -1 -1 -2 -m —m -1 0 1 -1 0 0 0 1 2 2 m m-1 1 0 0
6054 0 0 0 0 0 1 2 m-—1 1 0 0 0 0 0 0 0 -2 -m -m+1 -1 -1 -1 0

16254 -1 -1 0 0 0 0 1 2 1 0 0 0 0 0 0 0 -1 -1 -1 -1 -1 0 0
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Cluster analysis, which is an important tool for identifying groups with similar characteristics,
has been extensively applied to geographical knowledge discovery. Many different types of clustering
algorithms exist; the selection of the algorithm is dependent on the purpose of the analysis and
the characteristics of the data. The K-means algorithm has the ability to address multidimensional
variables and is suitable for clustering the time series matrix; however, a major challenge of the K-means
algorithm is the determination of the number of clusters. An improved X-means algorithm is proposed
based on K-means to overcome its shortcoming. This algorithm can automatically determine the
number of clusters using the Bayesian information criterion (BIC) principles; thus, it is an unsupervised
cluster method that prevents the difficulty of choosing the number of clusters. Therefore, we utilize
the X-means algorithm to cluster the time series matrix, and the well-known data mining tool WEKA
is employed to execute this algorithm [56].

4. Experiment and Discussion

4.1. Identifying Local Human Mobility Hotspots

We program the method described in Section 3.2 using C# and ArcObjects components to extract
human mobility hotspots from mobile phone location data. We use a regular grid of 100 m x 100 m to
divide the entire city; it provides a sufficient amount of micromeshes for us to study the human mobility
of the city. The proposed method includes two parameters: the bandwidth for KDE and BreakNum for
natural breaks; we will discuss these parameters in this section. We select T8 to perform experiments
to determine the two parameters. This time slot represents the human mobility from 7:00 a.m. to
9:00 a.m., which is the morning commute time period during which the majority of urban residents
commute from their residences to their work places in the city.

As previously mentioned, the bandwidth is closely related to the spatial characteristics of the
data points and the purpose of the analysis, as well as the context of the study area. Referring to
the method in the literature [46], in this paper, we also determine the bandwidth by trial and error
to produce a surface that is suitable for the study area by balancing between smoothing and locality.
We experimented with different bandwidth values beginning with 250, 500, 750, 1000, 1250 and 1500 m
to estimate the density. We selected 250 m because the average nearest neighbor distance to the mobile
phone towers is 246.7 m, which is near 250 m, and apply a unified classification criteria to compare the
effect of different bandwidths. Figure 5 shows the results of KDE for the different bandwidth values.
It can be seen that the surface gradually smooths with the bandwidth increasing. The bandwidth of
less than or equal to 750 m generates a more detailed and overly-local surface, which could reflect
the spatial distribution of cell phone towers, whereas the bandwidth equal to or greater than 1250 m
generates an overly-smooth surface, which would overlook some local areas, especially in the northern
part of the city. A bandwidth of 1000 m can produce an appropriate surface by considering the balance
between locality and generality. We apply the bandwidth of 1000 m to extract the human mobility
hotspots in the remaining analysis.

After determining the search bandwidth of KDE, we extracted human mobility hotspots with
different BreakNum values of 5,7, 9, 11, 13 and 15. The choice of BreakNum is odd because the density
value of the surface in this study includes both positive and negative values; as a result, we attempt
to classify the surface into symmetrical classes. Table 2 lists the number of convergent hotspots and
dispersive hotspots for different values of BreakNum. We can see that the number of hotspots increases
with BreakNum increasing. This may be caused by two reasons: some hotspots gradually emerge in
human mobility insignificant areas with an increase in BreakNum, especially in the northern part of the
city (Figure 6); another reason may be that some hotspots begin to break down into two very close
local hotspots when BreakNum gradually increases (highlighted by purple ellipses in Figure 6d—f).
We selected BreakNum =9 to identify human convergent and dispersive hotspots in the subsequent
analysis, which is sufficiently exhaustive to explore human mobility in the city because a higher
classification number may produce very close local and insignificant hotspots.



Sustainability 2016, 8, 674 10 of 18

Based on the above discussion, it can be seen that the proposed workflow can successfully identify
local peaks of small hills and pits of valleys from the density surface, which are signified as convergent
hotspots and dispersive hotspots in this study. The method also enables us to analyze urban human
mobility from macro to micro by gradually increasing BreakNum. In addition, it has the capability of
revealing the strength of the human convergence and dispersion in different areas of the city, which
can be illustrated by | ClassNum |. This knowledge indicates where, when and to what extent human
mobility hotspots appear in the city, which provides a general understanding of the human dynamics
in an urban context. The workflow can be applied to other human activities datasets such as social
media check-in data, taxi pick-up and drop-off data to identify urban human activity hotspots and
locations of high travel demand. Moreover, it can be introduced to other fields, such as criminology
and epidemiology, and help with identifying locations with high crime rates and morbidity.
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Figure 5. Kernel density estimation (KDE) of different bandwidth values.

Table 2. Number of human mobility hotspots for different values of BreakNum.

BreakNum 5 7 9 11 13 15

Convergent hotspots 12 30 53 59 79 78
Dispersive hotspots 27 48 60 65 75 88
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Figure 6. Spatial distribution of human mobility hotspots for applying different values of BreakNum
for time slot Tg. The triangles and squares represent convergent hotspots and dispersive hotspots,
respectively, and the larger the hotspot is, the more intense is the convergence or dispersion.

4.2. Spatial-Temporal Convergent and Dispersive Patterns in the Urban Area

We employ the developed workflow to identify human convergent and dispersive hotspots
for all 23 time slots. Figure 7 illustrates the variation in the number of hotspots during the day
(BreakNum = 9). It is counter-intuitive that most movements occur in commuting periods, whereas the
number of convergent and dispersive hotspots during the commuting period is less than other time
periods, especially during the morning commute period, and there is high number of hotspots close
to midnight. Figure 8 shows the human mobility hotspots in T1 and T8. Compared to T8, there are
many local and close hotspots appearing in T1, which leads to a high number of hotspots. The reason
may be that people have a degree of freedom during this time period, and they can do things with
different purposes (such as engaging in different recreational activities), so the hotspots scatter in some
recreation-concentrated places. Another reason may be that some industries (especially in the northern
part of Shenzhen) adopt three-shift working systems (00:00-08:00, 08:00-16:00 and 16:00-24:00), which
may lead to a high number of hotspots in the shift period (T1). However, in the commuting period,
the majority of the people in the city travel with the purpose of going to work or returning home, the
hotspots are primarily distributed in some work- or home-concentrated places of the city, which may
lead to the least number of hotspots. Similarly, we can see that the number of dispersive hotspots
is substantially larger than the number of convergent hotspots from 12:00-14:00. The reason for this
result may be attributed to the notion that people at home and work choose to go out for lunch; thus,
both residential and industrial areas contain dispersive hotspots, whereas some places with restaurants
contain convergent hotspots.
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Figure 8. Human mobility hotspots in T1 (a) and T8 (b).

Figure 9a illustrates the spatial distribution of the hotspots using the X-means algorithm; the points
represent the center points of the corresponding grid cells. Six typical clusters are detected based on the
temporal patterns of the hotspots; we denote the clusters as C1, C2, C3, C4, C5 and Cé. Spatial proximity
can be fully reflected for each cluster in the figure, which is reasonable because the closer the hotspots
are in space, the greater is the similarity among their temporal patterns. Figure 9b illustrates the mean
temporal pattern of each cluster; the blank indicates that the ClassNum is zero. In the following section,
we combine the spatial distribution of these clusters with urban functional areas to discuss and explain
the human convergence and dispersion pattern of each cluster.

A characteristic of C1 is that the majority of hotspots exhibit convergence from 06:00-09:00 and
weak dispersion after 16:00 (Figure 9b). In addition, dispersion occurred first, and convergence
subsequently occurred from 12:00-14:00. As shown in Figure 10, these hotspots are primarily located
in some industrial, administrative and education functional areas, especially in the northern part of the
city, which includes many industrial parks. The convergence and dispersion patterns may be caused
by people’s daily commuting patterns, and the movements that occur at noon may be caused by some
work break activities, such as going to lunch or going shopping.
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Figure 10. Spatial distribution of hotspots in C1.

These hotspots in C2 are primarily located in the downtown commercial areas (Figure 11).
These areas are urban central business districts (CBDs), including a great number of shopping malls,
governmental agencies, financial services institution and office buildings. Therefore, these areas attract
numerous people for work, shopping or other activities during the daytime; this can be validated by
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Figure 9b, in which convergence occurs from 06:00-15:00 and dispersion occurs during other times.
Moreover, the human mobility in these areas is high-intensity no matter if it is gathering or dispersing.
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Figure 11. Spatial distribution of hotspots in C2 and C3.

These hotspots of C3 are primarily distributed at the edge of the city (Figure 11). These places
exhibited a convergence pattern throughout the majority of the day (Figure 9b). We examined the
characteristics of these places and discovered that several important traffic junctions connect with
other places outside this city, i.e., high-speed intersections and Futain Port (connecting to Hong Kong).
This strange phenomenon may be attributed to the fact that our dataset does not include movements
outside the city. Due to this limitation, people leaving via these places cannot be traced. Therefore, these
places only exhibit convergences during the day.

Figure 12 illustrates the spatial distribution of hotspots in C4 and C5. In contrast to the
phenomenon in C1, the temporal patterns of C4 show dispersion from 06:00-09:00 and convergence
after 17:00 (Figure 9b). As shown in Figure 12, the hotspots are primarily located in residential
functional areas and in the northern part of the city. Thus, the convergence and dispersion pattern
of C4 can be explained by people who reside in these places and commute to work in the morning
and return home after work. In addition, convergence and dispersion occur from 12:00-14:00, which
may comprise people partaking in some activities near their home, such as going home for lunch or
taking a break.

The temporal patterns of C5 are the opposite of the temporal patterns of C2, which show dispersion
from 06:00-15:00 and convergence during other time periods (Figure 9b). Similar to C4, the hotspots of
this cluster are also distributed in residential function areas of the city; however, the difference is that
the hotspots in C5 are distributed in the southern part, which are close to the central business districts
(CBDs) of the city. Thus, these areas have high-density residential functions. We conjecture that the
majority of the people who live in these places work in urban downtown districts, which may explain
the complementary temporal patterns between C2 and C5.

As shown in Figure 9b, the human mobility of C6 is insignificant during the majority of the day.
These hotspots are primarily distributed in industrial and residential functional areas of the northern
part of the city (Figure 13). With our knowledge of Shenzhen, these areas include numerous small-scale
factories and attract a large number of migrant workers. Many factories provide these workers with
living places near or within their workplace. Therefore, people in these areas have relatively small
activity spaces [12], and the strength of human convergence and dispersion is weak, even during the
commute period.
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Figure 12. Spatial distribution of hotspots in C4.

According to the above analysis, it enriches our knowledge about Shenzhen, which cannot be
derived from traditional survey datasets. We extracted six typical spatial-temporal patterns of human
convergence and dispersion in Shenzhen, which is similar to the findings based on GPS-enabled
taxi data in Shanghai [13]. In addition, spatially-adjacent and complementary patterns are observed
between C1 and C4 and between C2 and C5. With respect to spatial distribution, C1 and C4 are located
in the northern part of Shenzhen, whereas C2 and C5 are located in the southern part of Shenzhen.
The geographical difference among human convergent and dispersive patterns is consistent with the
urban planning and socio-economic division of Shenzhen. In the long-term planning of the city, the
southern part of this city is oriented as urban areas with urban financial, business, education and
high-tech centers; thus, the economy in the southern part is more developed than the economy in the
northern part, which includes manufacturing industries. Therefore, different socio-economic areas
have different human convergence and dispersion patterns. The analysis results of this study provide
some initial insights into the human mobility patterns in the urban functional area and the influence of
the division of socio-economics on human mobility in Shenzhen.

I Administrative Il Industrial Residential [l Sports M Water
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Figure 13. Spatial distribution of hotspots in C6.

5. Conclusions

The availability of large-scale people tracking datasets (e.g., mobile phone, check-in and credit
data) provides the opportunity and challenge to study urban human mobility patterns to better
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understand the interactions between human mobility and urban environments. In this paper, we
explore the human dynamics by investigating the spatial-temporal patterns of human mobility hotspots.
A brief workflow is proposed to identify and extract spatial-temporal patterns of human convergent
and dispersive hotspots based on mobile phone location data. A case study of Shenzhen, China,
is employed to test the proposed method; six typical spatial-temporal convergent and dispersive
patterns are identified in the city. We discuss the spatial distribution of these patterns in different
urban functional areas to obtain better knowledge of human mobility activity.

This study presents knowledge of daily human convergence and dispersion patterns in different
urban functional areas in Shenzhen. The findings derived from this study provide insight about the
location, time and intensity of the convergence and dispersion of people in Shenzhen, which is helpful
for improving urban local planning for human mobility. The identified patterns can help urban taxi
companies make targeted adjustments to allocate taxis to locations with high human mobility activity
to improve service efficiency. In addition, the findings can be used as a reference for understanding
human mobility in other cities in China. For example, if we only know the spatial distribution of the
function areas of one city, it is possible to have a general understanding of daily human convergence
and dispersion in other cities according to the discussion in Section 4.2.

In the future, we will utilize origin-destination trip information to analyze land use information
about the origin and destination of each trip and to determine the spatial interactions among different
areas of the city and explore the human mobility patterns among different land uses, which can provide
in-depth knowledge of the interactions between citizens and their living environments.
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