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Abstract
The aggregated mobile phone network (AMPN) (i.e. the calling time or numbers are aggregated at every
vertex), which records the call volume between different places over time, has been studied extensively to
reveal the mobility patterns of residents, etc. Nevertheless, most previous works were implemented based
on the non-directionality of the network model. This simplification may overlook some important charac-
teristics of AMPN. To explore the AMPN as a directional network model, we introduce the concept of
directional heterogeneity in the study of AMPN data. The heterogeneity is twofold: (1) the imbalance of
vertex (difference between outgoing and incoming calls of the vertex); and (2) the reciprocity of each edge
(difference between the directed weights of the same edge). Taking the data of Singapore as an example,
we systematically analyze the directional heterogeneity of AMPN. Our findings include three aspects.
First, the AMPN shows as more unbalanced in the night-time than in the daytime, and its imbalance
decreases as vertex granularity increases. Second, the directional heterogeneity varied with locations. Spe-
cifically, the residential area is dominated by deficits and others by surpluses. Third, the trajectories of
incoming and outgoing calls follow a similar geographical pattern (i.e. southeast-north-south-north-
southeast), indicating the calling behavior and routine mobility of users over time and space.

1 Introduction

Aggregated mobile phone networks (AMPNs) (i.e. the calling time or the number are aggre-
gated at every vertex), which are seen as the outcome of the communication between different
places over time, have been extensively studied to reveal the underlying patterns of human
mobility and interactions on difference scales (Ratti et al. 2006; Pulselli et al. 2006;
Jacobs-Crisioni and Koomen 2012; Loibl and Peters-Anders 2012; Yu and Pei 2013; Amini
et al. 2014). Nevertheless, most previous studies relating to the AMPN are based on the non-
directional or dyadic network model. That is, in the model, edges between vertexes are consid-
ered as non-directional, or the interaction between vertexes is viewed as binary. In fact, the
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AMPN is a directional network model, and the interaction between vertexes is not only direc-
tional but also unbalanced. The simplification in previous works may cancel the directional
interactions and overlook the flows (say, the flows of information and people) between ver-
texes, which can be indicated by the directional heterogeneity of AMPN and seen as a very
useful tool for observing the city (Batty 2013). To explore the AMPN as a directional network
model, we introduce the concept of directional heterogeneity in the study of AMPN data.
Here, the directional heterogeneity includes two aspects.

1. One is the imbalance of a vertex, which is defined as the difference between incoming and
outgoing calls from the said vertex. For example, if a Base Transceiver Station (BTS, a
piece of equipment that facilitates wireless communication between user equipment and a
network, so the number, or the time, of calls within its service area can be obtained) has
more outgoing calls than incoming calls, it generates surplus; if, on the other hand, it has
more incoming calls than outgoing calls, it generates a deficit.

2. The other is the reciprocity of an edge, which measures the difference between the recipro-
cated weights of the same edge. The analysis of the directional heterogeneity may help in
better understanding the moving urban landscape and dynamics of a city. Research on this
topic, although important, is not sufficient. To the best of our knowledge, our article is the
first approach to the directional heterogeneity of the AMPN.

The reciprocity and imbalance of binary networks have been explored in different
disciplines to reveal patterns of growth of networks, understand dynamic processes (e.g.
diffusion or percolation processes), and describe the onset of higher-order structures (e.g.
triadic motifs) (Meyers et al. 2006; Zamora-Lopez et al. 2008; Perra et al. 2009; Zlatic and
Stefancic 2009; Squartini et al. 2013). Nevertheless, few studies have been conducted in
describing the directional heterogeneity of AMPN. Below is a brief review of the literature of
AMPN.

Studies referring to AMPN can be grouped into two categories. The first is based on
the calling data aggregated at the level of BTSs. Since the calling activities in a certain period
are highly related to the number of users, they were used to estimate population in cities
(Vieira et al. 2010; Manfredini et al. 2011; Rubioa et al. 2013). The spatiotemporal vari-
ation of calling activities was also employed to describe the urban landscape, essentially,
the residents’ mobility pattern (Sevtsuk and Ratti 2010; Sun et al. 2011; Grauwin et al.
2014; Kung et al. 2014). Apart from this, by combining POIs, specific social groups can be
distinguished from the aggregated mobile phone data (Vaccari et al. 2009), and specific
social events can be identified by calculating the temporal deviation from the average
calling activity at a place (Traag et al. 2011; Laura et al. 2014). In addition to retrieving
human mobility, the time sequences aggregated hourly at the level of BTS were also analyzed
to classify the urban land use types (Soto and Frias-Martinez 2011; Toole et al. 2012;
Pei et al. 2014).

The second is focused on the edges between vertexes, which are further divided into two
aspects: (1) analyzing the routine mobility patterns derived from individual trajectories, which are
constructed from the mobile phone usages transferred between antennas (Gonzalez et al. 2008;
Song et al. 2010; Calabrese et al. 2011); and (2) utilizing the information about the connections
between vertexes (either through communication or human mobility) to find the community struc-
ture in a network. Here are some representative approaches. Ratti et al. (2010) delineated the com-
munity structure based on the telecommunications network of the UK and found that regions
generated by the community detection method correspond remarkably well with administrative
regions. Based on the analysis of mobile phone data from countries of various scales across Europe,

Uncovering the Heterogeneity of a Mobile Phone Network 127

© 2014 John Wiley & Sons Ltd Transactions in GIS, 2014, 18(S1)



Asia, and Africa, Sobolevsky et al. (2013) found that the cohesiveness and matching of official
regions still exists at the country scale; moreover, this phenomenon can also be observed on a finer
level. Kang et al. (2013) compared community structure generated by taxicab trips and that by
mobile phone data, and revealed that mobile phone data produces more fine-grained spatially
cohesive communities than those from taxicab trips.

Although significant progress has been made regarding the AMPN, most of them were
limited to the non-directional or dyadic network model. The directional heterogeneity of the
AMPN, which may indicate the urban flows and the relationship between each other, still does
not attract enough attention. In order to enhance the research on the directional heterogeneity
of AMBN and apply it to urban study, based on the network theory, we use several indices to
measure the directional heterogeneity of AMPN. Then, taking the mobile data of Singapore as
an example, we systematically analyze the imbalance and reciprocity of AMBN in terms of
time and space.

The remainder of the article is structured as follows. Section 2 introduces some basic con-
cepts for measuring the imbalance of vertexes and the reciprocity of edges in an AMPN. In
Section 3, the mobile phone data used in this article are described. Section 4 shows the tempo-
ral characteristics of directional heterogeneity in the AMPN. Section 5 describes the spatial
characteristics of the heterogeneity. Section 6 analyzes the micro spatiotemporal heterogeneity
of the AMPN from the trajectories of the centers of calls. Section 7 summarizes the character-
istics of the AMPN and presents our plans for future work.

2 Some Concepts of Imbalance and Reciprocity

Before the directional heterogeneity of an AMPN is analyzed, some basic concepts should be
defined. The directional heterogeneity of an AMPN is twofold. The first is the imbalance of a
vertex; the other is the reciprocity between vertexes. Next, we introduce six concepts, which
were proposed by Squartini et al. (2013).

Definition 1: The reciprocated weight between i and j is defined as
�
w w wij ij ji= ( )min , , where

wij is the weight from vertex i to j, and wji is the weight from j to i.

Definition 2: The non-reciprocated weights from i to j is defined as Δwij(i ≠ j), which can be
calculated as wij − wji. The normalized non-reciprocated weight from vertex i to j can be calcu-

lated by
Δwij

ijj i j jij j i
w w
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j ji= ∑ is the inflow (Koylu and Guo 2014). The outflow and the inflow are
also referred to as the out-strength and in-strength, respectively in the network literature
(Squartini et al. 2013). If the imbalance is positive, then it is called surplus; otherwise, deficit.
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Definition 4: The imbalance of a network can be measured by B
S

S
= Δ , where

ΔS s si i
out

i
in= ∑ − and S s si i

in
i
out= ∑ +( ). ΔS is called the sum of non-reciprocated strengths.

Note that value of B is between 0 and 1. If B is higher, the network is more unbalanced; other-
wise, less unbalanced.
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Definition 5: The non-reciprocity of vertex i can be measured by ∑ −≠j i j, w wij ji . The normal-

ized non-reciprocity of vertex i can be measured by r
w w
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Definition 6: The reciprocity of a network can be measured by R
W
W

=
�

, where W wi j i ij= ∑ ∑ ≠

and
� �

W wi j i ij= ∑ ∑ ≠ .
�

W is the sum of reciprocated weights. Note that values of R are between

0 and 1. If R is higher, the network is more reciprocated; otherwise, less reciprocated.

3 Mobile Phone Data

The mobile phone data we used in this article are the hourly aggregated number of calls
between BTSs in Singapore. There are over 5,000 BTSs in Singapore and the average distance
between two neighboring BTSs is less than 500 m over the entire city. To study the directional
heterogeneity of the AMPN of Singapore, we collected a week of mobile phone data (i.e. from
28th March (Monday) to 3rd April (Sunday) of 2011). In order to reveal the relationship
between the network heterogeneity and different land use types, we also collected the urban
plan map of the city and combined the land use types to form the ultimate map. In this article,
the city is divided into five land use types: Residential, Business, Commercial, Open space, and
Other (including school, hospital, government office or civic and community institution)
(Figure 1).

The hourly number of outgoing calls is normalized by the total number of outgoing calls
for the whole week. Figure 2 displays the normalized number of outgoing calls for the whole
week. From the figure, we find that the number of calls shows a very good periodic pattern.
Specifically, the number of calls is very low in the early mornings and increases in the daytime.
The curve reaches its maximum at 6 p.m. and then decreases after that time. Interestingly,
Monday to Friday generate a high peak at 6 p.m. whereas the weekends exhibit a more flat
platform in the same period.

residental

business

commecial

open space

other

Figure 1 Land use in Singapore
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4 Temporal Imbalance and Reciprocity

4.1 Entire Imbalance of AMPN at Different Scales

We analyzed the temporal characteristics of entire imbalance of the AMPN for the whole
week. The hourly sum of non-reciprocated strengths (i.e. ΔS in Definition 4) and the hourly
imbalance (i.e. B in Definition 4) are displayed in Figure 3, each of which is calculated at four
different scales, specifically, from small to large, the BTS, the 2 km * 2 km grid cell, the
54-district (i.e. the city is divided into 54 districts) and 5-district level (i.e. the city is divided
into five districts). Note the vertex size changes at different scales (say, at the 54-district level,
the call volume is aggregated for every district, and the directional calls between any two dis-
tricts form an AMPN). In Figure 3, each time sequence contains 168 points representing every
hour in the whole week.

Figure 3a shows the sum of non-reciprocated strength (ΔS) at four different scales, i.e.
from top to bottom, the BTS, the 2 km * 2 km grid cell, the 54-district and the 5-district level.
These four levels all show a similar periodic pattern in terms of trend and local maxima. The
difference is as the granularity of vertex increases the sum of non-reciprocated strength
decreases. The curve of the BTS level shows a similar pattern to that of normalized call activ-
ities (Figure 2). Overall, the network, at all scales, generates larger sums of non-reciprocated
strength in the daytime (the maximum is found at 6 p.m.) and smaller sums in the nighttime
(the minimum is located at 4 a.m.). Figure 3b shows the imbalance of the network (B) at dif-
ferent scales. Being the direct opposite of ΔS, B reaches its maximum at 4 a.m. for each day
and minimum at 6 p.m. (Figure 3b). A possible underlying reason for why ΔS’s daily minimum
but B’s maximum occurs during the early morning could be since phone calls initiated at this
time are regarding unusual circumstances (i.e. emergency calls), which are most likely one way.
Therefore, although these calls are a relatively rare occurrence and thus few in number, they
will still generate a large imbalance. Conversely, ΔS’s daily maximum but B’s minimum at 6
p.m. is probably the result of the larger number of calls initiated at that time which therefore
reduce the possible impact of imbalance between out-flow and in-flow at every vertex. In
addition to the similar pattern existing between different days, the dissimilarity is also obvious.
Specifically, the Friday and Saturday nights show smaller imbalances than other days’,
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Figure 2 Normalized call activity in Singapore
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especially at the small granularities. The reason might be that more calls are generated on
weekend nights and the calls are more dispersive than those on weekday nights. The further
explanation is that on weekend nights more people are likely to stay late and are more widely
distributed across the city.
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Figure 3 Temporal variation of AMPN imbalance: (a) Sum of non-reciprocated strength; (b) entire
network imbalance (B in Definition 4). The black lines indicate the BTS level; the red lines the 2 km *
2 km grid cell level; the green lines the 54-district level and the blue lines the 5-district level
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4.2 The Reciprocity at Different Scales

To determine the reciprocity of the city, we calculated the value of R at different scales in light
of Definition 6. Figure 4 displays the reciprocity at four different scales, which, from top to
bottom, are the BTS, 2 km * 2 km grid cell, 54-district, and 5-district level. As the scale
increases, the reciprocity also increases; specifically, the reciprocity is larger than 0.8 at the
5-district level and smaller than 0.2 at the BTS level. The former is totally reciprocated and the
latter is almost entirely random. No significant pattern is found in either of these two curves.
However, those curves at median scales demonstrate very distinctive and clear patterns. Spe-
cifically, high reciprocity is generated in the daytime for every day (the maximum is found at 6
p.m.) and low reciprocity is produced in the night-time (the minimum is found at 4 a.m.). The
pattern is similar to that of the sum of non-reciprocated strength and opposite to the imbal-
ance. The phenomenon in these curves indicates that the periodic pattern can only be found in
the medium scales. The small scale shows the entire heterogeneity and randomness, whereas
the large scale displays total homogeneity and reciprocity. The phenomenon in these curves
indicates that the scale effect also exists in the imbalance and reciprocity of the AMPN. The
reason for generating the reciprocity is similar to that for the imbalance.

5 Spatial Imbalance and Reciprocity

5.1 The Constant Temporal Deficit and Surplus Areas in Singapore

To identify the spatial heterogeneity of AMPN in Singapore, we calculate the hourly normal-
ized imbalance (Definition 3) of cells at a level of a 500 m by 500 m grid. Figures 5a–d display
the normalized imbalance of weekday morning (5–11 a.m.), the weekday noon (11 a.m.–2
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Figure 4 Temporal variation of AMPN reciprocity (R in Definition 6). The black line indicates the
BTS level; the red line the 2 km * 2 km grid cell level; the green line the 54-district level and the blue
line the 5-district level
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Figure 5 The normalized surplus and deficit areas for weekdays: (a) weekday morning (5–11 a.m.);
(b) weekday noon (11 a.m.–2 p.m.); (c) weekday afternoon (2–7 p.m.); and (d) weekday night (7
p.m.–5 a.m.). In Figure 5a, the business area (indicated by the left green arrow) is located in the west;
the downtown area (indicated by the second left green arrow) is located in the south; the sport
center (indicated by the second right green arrow) is located to the northeast of the downtown
area; the airport (indicated by the right green arrow) is located in the east
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p.m.), the weekday afternoon (2–7 p.m.), and the weekday night (7 p.m.–5 a.m.), respectively.
Figure 6 displays the normalized imbalance for the same periods as those for weekdays. Note
that the normalized surplus is between 0 and 1 whereas the normalized deficit is between 0
and −1. Figure 5 indicates that the area generating a deficit is larger than that generating a
surplus. The spatial variation of normalized imbalance decreases from morning to night. The
same characteristics are also found for weekends.

The constant surpluses and deficits may indicate areas with special social functions. After
comparison, we can locate areas constantly generating a surplus and those constantly generat-
ing a deficit. From Figures 5 and 6, we can interestingly see that the downtown area (indicated
by the second left arrow in Figure 5a, most of it belongs to Commercial) and the southwestern
area (indicated by the left arrow in Figure 5a, most of it belongs to Business) are those con-
stantly generating a surplus while the cells constantly generating a deficit are mainly located in
the middle, the north and the east (most of them belong to Residential). It is also interesting to
see that the airport constantly produces a surplus (indicated by the right arrow in Figure 5a).
The reason for the airport generating a surplus is that passengers tend to initiate calls rather
than receive calls regardless of whether they leave or arrive. Another constant surplus, indi-
cated by the second right arrow, is a sports center. The reason for it generating a constant
surplus is that during physical exercise people are unable to answer calls, and more outgoing
calls are call-backs after missed calls are found. All analysis indicates that the surplus or
deficit, with other information, might help us identify locations with special social functions.

5.2 The Imbalance and Reciprocity at Different Land Use Types

In order to determine the difference of imbalance between various land use types, we calculate four
indices (Figures 7 and 8). In detail, the imbalance of land use is showed in Figure 7a, the normal-
ized imbalance in Figure 7b, the non-reciprocity of land use in Figure 8a and the normalized non-
reciprocity in Figure 8b. We found that different land use types demonstrate distinctively different
imbalance and non-reciprocity. Figure 7a displays that a deficit dominates Residential the most of
time, which indicates more incoming calls. The surplus dominates other land use types, which indi-
cates more outgoing calls. This characteristic is consistent with previous results we have found in
Figures 5 and 6. Interestingly, in addition to the high deficit value appearing in the nights, we also
find one local minimum repeat periodically for Residential in weekdays. Specifically, it is constantly
located at 12 a.m. The inverse pattern is found for Business and Commercial. The high deficit of
Residential and surplus of Business and Commercial found at 12 a.m. only on weekdays might be
due to the fact that working individuals during their noon break may initiate more calls to their
family members at home (say, their retired parents) to check their safety, etc. Figure 7b shows that
the normalized imbalance is very low (between −0.05 and 0.05) for all land use types. Among
them, Commercial shows the strongest normalized imbalance and the most intensive variation,
whereas Residential displays the lowest and smoothest normalized imbalance; however, not all of
them demonstrate distinct periodic-patterns.

Figure 8a displays that Residential generates the highest non-reciprocity. We also find two
local maxima in weekdays. The first is located at 12 a.m. (except for the relatively small value
on Tuesday) and the second is located between 6 and 8 p.m., indicating an opposite numerical
pattern to that of imbalance (Figure 7b). Meanwhile, the weekends are slightly more non-
reciprocated than weekdays. Figure 8b shows a very weak normalized non-reciprocity for all
land use types, most of which are lower than 0.1. Commercial demonstrates more intensive
variation than other land use types, which corresponds to that of normalized imbalance
(Figure 7b).
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Figure 6 The normalized surplus and deficit areas for weekends: (a) weekend morning (5–11 a.m.);
(b) weekend noon (11 a.m.–2 p.m.); (c) weekend afternoon (2–7 p.m.); and (d) weekend night (7
p.m.–5 a.m.)
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Figure 7 Imbalance of different land use types: (a) Imbalance of land use; and (b) Normalized
imbalance of land use. From top to bottom are Residential, Business, Commercial, Open space and
Other
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Figure 8 Non-reciprocity of different land use types: (a) Non-reciprocity of land use; and (b) Nor-
malized non-reciprocity of land use. From top to bottom are Residential, Business, Commercial,
Open space and Other
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In order to explain the characteristics of the imbalance and reciprocity mentioned above,
we calculate the normalized non-reciprocated weights between land use types for weekdays
and weekends in Tables 1 and 2. From these tables we find that Residential is always negative
to the other land use types on both weekdays and weekends whereas Commercial always
exhibits a positive pattern. Although other land use types do not exhibit the same pattern as
that of Residential or Commercial, they are all dominated by the positive weights in Commer-
cial. The reasons for Commercial being more positive than the other land use types are still
unclear. However, we guess that it may be related to profit-making and the high mobility of
residents in that area. The reason for Residential generating negative weights might be the
same as that for the local minimum of imbalance, which we referred to earlier. That is, due to
separation from family members during the day, more calls are targeted to home for their
information. In addition, all the normalized non-reciprocated weights for weekends are not
smaller than those for weekdays (this is also consistent with the phenomenon found in
Figure 8a). The reason might be that at weekends the city is more heterogeneous, because
people in Business and Commercial are fewer than usual. The heterogeneity of population dis-
tribution increases the non-reciprocity of the AMPN.

As indicated in the book of “the new science of cities” (Batty 2013), the flows (e.g. flows
of people, information, and energy) are a very important aspect of studying cities. The infor-
mation flow, being one of the important flows, may have a close relationship with those of
people and energy. If the mobile phone communication can be seen as an important compo-
nent of the information flow, then all analysis of imbalance and reciprocity above might indi-
cate some characteristics of information flow between different land use types. Specifically, the
negative weights for the residential area indicate that more calls are probably directed home,
which implies that the residential area attracts more attention (if we think incoming calls indi-
cate more attention is attracted).

Table 1 Normalized non-reciprocated weights of different land use types for weekdays

Residential Business Commercial Open Space Other

Residential 0 −0.0086 −0.0061 −0.0084 −0.0060
Business 0.0147 0 −0.0010 0.0021 −0.0001
Commercial 0.0194 0.0018 0 0.0001 0.0018
Open Space 0.0161 −0.0024 −0.0001 0 0.0009
Other 0.0155 0.0001 −0.0015 −0.0012 0

Table 2 Normalized non-reciprocated weights of different land use types for weekends

Residential Business Commercial Open Space Other

Residential 0 −0.0110 −0.0096 −0.0084 −0.0090
Business 0.0218 0 −0.0013 0.0049 0.0001
Commercial 0.0323 0.0022 0 0.0022 0.0019
Open Space 0.0168 −0.0050 −0.0013 0 0.0011
Other 0.0229 −0.0001 −0.0014 −0.0014 0
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6 Spatiotemporal Heterogeneity

Figures 9a–g display the trajectories of the gravity centers of outgoing and incoming calls for
each day. The centers of outgoing calls were calculated according to the following formulas:
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, where Xt is the x-coordinates of the center for the tth

hour, Yt is the y-coordinates of the center for the tth hour, xi is the x-coordinate of the ith BTS,
yi is the y-coordinate of the ith BTS, ni,t is the number of outgoing calls initiated from the ith
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Figure 9 Trajectories of gravity centers of incoming and outgoing calls: (a) Monday; (b) Tuesday; (c)
Wednesday; (d) Thursday; (e) Friday; (f) Saturday; (g) Sunday (Blue lines indicate the trajectories at
nighttime and red lines indicate those in the daytime. Dots indicate the centers of incoming calls
and circles indicate those of outgoing calls, where the larger blue dots indicate the start point of tra-
jectories of incoming calls; the larger blue circles indicate the start point of trajectories of outgoing
calls; the green dots indicate the geometric center of the BTS network). Note that axes x and y are in
geodetical coordinates
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BTS within the tth hour. The centers of incoming calls can be calculated in the same way.
Therefore, if more calls are initiated (received) in the north, the centers of outgoing (incoming)
calls will be located in the north, vice versa. The move of the centers can be seen as the overall
flow of people in the whole city, and so it can be used to analyze the direction and the rhythm
of the flow. The trajectories of outgoing and incoming calls show a similar pattern with small
distances departed. Specifically, for most of the trajectories, the centers of outgoing calls are
located to the west or the south of those of incoming calls. The reason could be that the com-
mercial and the business areas (generating major surpluses) are mainly located to the south
and the southwest of most of the residential area (generating major deficit). This can also be
confirmed by Figures 5 and 6.

In addition to the difference between incoming and outgoing calls, we find an interesting
spatiotemporal pattern from both trajectories. That is, all trajectories follow a similar general
geographic sequencing (i.e. southeast-north-south-north-southeast), which indicates the mobil-
ity pattern and calling behavior of users. In the middle of the night (from 11 p.m. to 4 a.m.),
the trajectories go from the southeast to the north. The reason for calling centers moving this
way is that most calls are initiated or received in the downtown area and airport during this
period, so the centers are located in the southeast. The center then goes north, because users in
the residential areas (north of the downtown area) wake up as time passes. After that (i.e.
from 5 to 8 a.m.), the trajectories turn to the south, indicating the users’ mobility pattern
(from home to work places). The mobility pattern coincides with the fact that the commercial
and business areas are also located in the south. In working time (9 a.m.–4 p.m.), the centers
are constrained in the south, and the distances between nodes are smaller than those generated
in the morning and late night, indicating less mobility of users. This also corresponds to the
fact that most users are in work places and do not move in this period. In the evening (i.e.
from 5 to 8 p.m.) the trajectories go back to the north, indicating users’ mobility after work
(from work places to home). In the night (from 9 to 11 p.m.), the trajectories go from the
north to the southeast, indicating the centers of call activity return to the downtown area and
to places like airports. Unlike weekdays, during the daytime the centers of outgoing and
incoming calls move to the place near the geometric center of the network on the weekends.
The reason for the difference between workdays and weekends could be that at the weekends
some people may stay at home and do not go out (especially to the south).

7 Conclusions

This article systematically analyzes the spatiotemporal imbalance and reciprocity of the
AMPN in Singapore. Our findings include the following aspects. First, regarding the temporal
pattern, we find that the AMPN is more unbalanced at night-time than in the daytime while
the reciprocity also shows the corresponding (numerically inverse) pattern. Meanwhile, the
maxima of imbalance are found in the early morning (around 4 a.m.), and the minima in the
evening (around 6 p.m.) on both weekdays and weekends, whereas the reciprocity shows the
inverse. Both imbalance and reciprocity demonstrate the scale effect as the granularity size of
vertex changes. Second, regarding the spatial pattern over different land use types, we discover
that the Residential area is dominated by a deficit on both weekdays and weekends whereas
the other land-use types show surpluses. The reason could be that more calls are initiated from
other land-use types than from Residential due to the separation between family members. As
a result, the strong and constant surplus may provide useful information to delineate the com-
mercial area (or even more specific places, say the airport terminal and the sports center)
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whereas the deficit is confined to the residential area. Third, the spatiotemporal analysis
reveals that the trajectories of incoming and outgoing calls follow the same pattern, and the
relative position between them is decided by the configuration of land-use types and their call
activities. The centers of outgoing and incoming calls move from the southwest to the north in
the late night and early morning, indicating the discrepancy of human activity between differ-
ent land-use types. Then, the centers go to the south in the morning, fluctuate at noon, and go
back to the north, shedding light on the residents’ mobility pattern. All of the information may
help urban planners understand the true dynamics of the city and thereby facilitate them to
plan more effectively.

In this article, we mainly focus on the issue of how to describe and analyze the directional
heterogeneity of an AMPN. More topics deserve further studying, such as the reason for Com-
mercial constantly generating a surplus and Residential generating a deficit, the relationship
between the heterogeneity of a city and its communication network, and that between the
human mobility (the flow of people) and communication patterns (the flow of information).
Our future work may be extended to study these issues and finally reveal the unban dynamics
based on tracking information like mobile phone data.
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