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Cellphone  tracking  has  been  recently  integrated  into  risk  assessment  of  disease  transmission,  because
travel  behavior  of disease  carriers  can  be depicted  in  unprecedented  details.  Still in  its infancy,  such
an  integration  has  been  limited  to:  1) risk  assessment  only  at national  and  provincial  scales,  where
intra-urban  human  movements  are  neglected,  and  2)  using  irregularly  logged  cellphone  data  that  miss
numerous  user  movements.  Furthermore,  few  risk  assessments  have  considered  positional  uncertainty  of
cellphone  data.  This  study  proposed  a new  framework  for  mapping  intra-urban  disease  risk  with regularly
logged  cellphone  tracking  data,  taking  the  dengue  fever  in  Shenzhen  city  as  an  example.  Hourly  tracking
records  of 5.85  million  cellphone  users,  combined  with  the  random  forest  classification  and  mosquito
activities,  were  utilized  to estimate  the  local  transmission  risk  of dengue  fever  and  the  importation  risk
rban area
patial uncertainty
IS

through  travels.  Stochastic  simulations  were  further  employed  to quantify  the  uncertainty  of  risk.  The
resultant  maps  suggest  targeted  interventions  to maximally  reduce  dengue  cases  exported  to other  places,
as well  as  appropriate  interventions  to  contain  risk  in places  that  import  them.  Given the  popularity
of  cellphone  use in urbanized  areas,  this  framework  can  be adopted  by  other  cities  to  design  spatio-
temporally  resolved  programs  for disease  control.

© 2016  Elsevier  B.V.  All  rights  reserved.
. Introduction

Risk of large and uncontrollable disease outbreaks in urban
reas is more likely than ever for many developing countries
WHO, 2016). Accelerated urbanization has concentrated a non-
mmune population in settings, where main factors contributing to
ncreased virus transmission are present, e.g., high vector and pop-
lation density (Knudsen and Slooff, 1992). Besides, intra-urban
ravels of millions of people complicate the spreading pattern
f virus, making disease containment more difficult (Frank and
ngelke, 2001; Stoddard et al., 2009). Such urban challenges entail
n ad hoc risk assessment approach to support effective disease
ontrol, such as identifying transmission foci, focusing control
fforts to high-risk areas, and managing importation risk (Tatem

t al., 2014). The approach development, however, has often been
mpeded by the data availability at a fine urban scale, e.g., the lack
f detailed travel records for a massive population.

∗ Corresponding author.
E-mail address: liangmao@ufl.edu (L. Mao).

ttp://dx.doi.org/10.1016/j.actatropica.2016.06.029
001-706X/© 2016 Elsevier B.V. All rights reserved.
In recent years, big cellphone tracking data have been integrated
into the risk mapping of disease transmission, given its capability
of depicting travel behavior of disease carriers in unprecedented
details (Le Menach et al., 2011; Qi and Du, 2013; Tatem et al., 2014,
2009). Millions of cellphone tracking records, when combined with
disease incidence or parasite prevalence data, not only reveal exist-
ing and potential disease risk, but also help identify ‘source’ and
‘sink’ regions of disease dispersion, thus providing new insights into
control programs. Still in its infancy, such an integration in the cur-
rent literature has several weaknesses that hinder its applications
in an urban context. First, a majority of studies have been focused on
mapping disease risk at national and provincial scales, for instance
the recent work in Kenya (Wesolowski et al., 2012), Namibia (Tatem
et al., 2014), and Zanzibar region of Tanzania (Le Menach et al.,
2011). At these large scales, the intra-urban movements of cell-
phone users are often neglected. Few efforts have been devoted
to mapping risk at a fine urban-scale, where intra-urban travels

should be explicitly represented. Second, the cellphone tracking
data previously used are often call detail records (CDR) that log the
location of cellphone users only when they make telecommunica-
tion transactions, such as a phone call or text message. This irregular

dx.doi.org/10.1016/j.actatropica.2016.06.029
http://www.sciencedirect.com/science/journal/0001706X
http://www.elsevier.com/locate/actatropica
http://crossmark.crossref.org/dialog/?doi=10.1016/j.actatropica.2016.06.029&domain=pdf
mailto:liangmao@ufl.edu
dx.doi.org/10.1016/j.actatropica.2016.06.029
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ampling strategy could miss numerous user movements/locations
hen no transactions happen. The representativeness of CDR data

s under question (Zhao et al., 2016). Third, the cellphone tracking
echnology only registers users to currently working cell towers,
hose coverage ranges from meters to kilometers. The exact loca-

ion of cellphone users is often unknown and can be anywhere
ithin the coverage areas (Chen et al., 2014; Isaacman et al., 2011).

ositional uncertainty is thus inevitable and could finally propagate
nto disease risk maps. Such uncertainty might not be substantial
or risk assessments at the national or provincial scale, but could
ave significant effects at an urban scale. Little attention however
as been paid to quantifying this uncertainty in the disease risk
ssessment.

To address these limitations, this study proposed a new
ramework for mapping intra-urban disease risk with big hourly
ellphone data, taking the dengue fever in Shenzhen city, China,
s a case study. In 2014, the Guangdong province in South China
as swept by an unprepared dengue fever epidemic, which started
ith 423 cases in August and reached 42,358 cases by the end of
ctober (Jin et al., 2015). As the second largest city in the province

Fig. 1a), the Shenzhen city had also experienced an abrupt increase
f dengue fever, and is now scaling up its dengue control program
o fight future outbreaks. Understanding hotspots of dengue trans-

ission and movement of disease carriers is critical to the control
rogram.

. Methods

.1. Case-based risk mapping for local acquisition

The transmission risk of dengue fever include local acquisi-
ion and wide dispersion through travels. The case-based risk

ap  reflects the likelihood of acquiring dengue fever virus from
ocal existing cases. De-identified data for dengue fever cases from
ebruary 2013 to December 2014 were collected by the Shenzhen
isease Prevention and Control Center (Fig. 1b). With their reported
ome addresses, a total of 489 cases were georeferenced onto the
treet map  as points. A 100 m grid risk map  was then created follow-
ng the random forest classification procedures outlined by Cohen
t al. (2013), as described below.

.1.1. Risk predictive variables
Gridded maps of predictive variables were collected and pre-
rocessed to describe weather, topography, land cover, land use,
nd population (Table 1). The spatial resolution was  set to 100 m to
onfine the local transmission, given that the flying range of Aedes
lbopictus is observed between 50 and 100 m (Jing et al., 1998).

ig. 1. a) Geographic location and spatial scope of the Shenzhen municipality, with 594
umber of confirmed dengue cases in Shenzhen city by month in 2013–14.
162 (2016) 188–195 189

Rainfall and temperature strongly impact the survival and activi-
ties of dengue virus carrying mosquitoes (Hii et al., 2012; Wu  et al.,
2009). Elevation, topographic wetness index, the distance to water
bodies, and the proximity to urban green spaces have been demon-
strated to influence the risk through their effects on suitability for
mosquito breeding and survival (Cohen et al., 2008; Rahman et al.,
2006). The population density, workplace density, and road density
indicate where mosquitoes and humans may cluster (Bhatt et al.,
2013).

Values for each predictive variable were extracted for the point
locations of reported dengue cases, as well as ‘background’ points
across the study region. The background points was  distributed
randomly but proportionately to population density using the
Geospatial Modelling Environment v0.6 (Beyer, 2012; Anderson
et al., 2006; Phillips and Dudík, 2008). The population-weighted
sampling resulted in 7500 background points across the study
area and ensured that the territory sampled by the background
points was comparable to the locations from which local cases arose
(Cohen et al., 2013; Phillips et al., 2009). These background points
were assumed to represent absence locations in the subsequent
modeling, although they may  not indicate the true absence of infec-
tion, but instead characterize the environment where people live
(Cohen et al., 2013).

2.1.2. Risk mapping with random forest classification
The ‘random forest’ is a regression tree classification method

being recently used to model the likelihood of infection or disease
outbreaks. The random forest approach randomly subsets (or boot-
straps) the input data to generate many different sample sets. Each
sample set is used in a machine learning process to grow a classi-
fication tree, i.e., a series of rules to partition the sample data into
a set of groups that are as homogenous as possible with respect to
the outcome (Liaw and Wiener, 2002). For example, one such rule
might differ some dengue case locations from others by a rainfall
threshold, while another rule might further split the data based
on the population density within a specific range. The input data
are repeatedly classified according to many different classification
trees, and the final prediction/classification is made by averaging
across all of the individual trees (Boström, 2007).

To assess the accuracy of model predictions, 65% of dengue cases
were selected at random for model training, and the other 35%
were used for model testing. All of the above predictive variables
were included into the random forest classification, implemented

by a Matlab package (Jaiantilal, 2009), to create a model that
predicts the presence of dengue fever case at a particular cell loca-
tion. The prediction accuracy was  examined by the area under the
curve (AUC) on a receiver operating characteristic (ROC) graph. The

1 cellphone towers (base stations) and their approximate coverage areas; b) The
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Table  1
Predictive variables, data sources, and preprocessing.

Category Variable Data source Data description Preprocessing

Weather Temperature Shenzhen Meteorological
Bureau

Monthly observations between June
and December 2014 at 23 weather
stations

Spatial interpolation to 100 m grids of
mean, minimum, and maximum
temperature

Precipitation Shenzhen Meteorological
Bureau

Monthly observations between June
and December 2014 at 23 weather
stations

Spatial interpolation to 100 m grids of
mean, minimum, and maximum
precipitation

Topography Elevation NASA CGIAR-CSI GeoPortal SRTM 90 m Digital Elevation Database Resampling to 100 m grid
Wetness index Derived from the elevation

data
A measure of a location’ ability to
accumulate and hold water.

Natural logarithm of the ratio between
the flow accumulation and the tangent
of slope

Population Population
density

The WorldPop project 100 m population count grid Clipping the grid with Shenzhen city
boundary

Land  cover Distance to
urban green
space

Urban planning, land
&resources commissions of
Shenzhen municipality

Shenzhen points of interest, including
parks and conservation areas.

Applying Euclidean distance function
in  ArcGIS to generate a 100 m grid

Distance to
Water

Urban planning, land
&resources commissions of
Shenzhen municipality

Shenzhen points of interest, such as
lakes and rivers.

Applying the Euclidean distance
function in ArcGIS to generate a 100 m
grid

Land  use Road density Transport commission of
Shenzhen municipality

Shenzhen road network Applying the line density function in
ArcGIS to generate a 100 m grid

Workplace Urban  planning, land Shenzhen points of interest, including
chools, health facilities, restaurants,
hops, hotels, commercial buildings,
overnment agencies, etc.

Applying the point density function in
ArcGIS to generate a 100 m grid
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Table 2
Hourly activities of one cellphone user between 7 a.m. and 1 p.m. recorded in the
SS7 cellphone tracking dataset.

User ID Time (1–24 h) Cellphone tower ID

bd7a******9d30e 7 2901
bd7a******9d30e 8 2707
bd7a******9d30e 9 1615
bd7a******9d30e 10 1904
bd7a******9d30e 11 1904
bd7a******9d30e 12 1904
density &Resources commissions
of Shenzhen municipality

s
s
g

erived model was then applied to the 100 m gridded datasets of
ll included predictive variables, generating a predicted risk map
cross the study area.

.2. Dengue dispersion through travels of cellphone users

.2.1. Cellphone tracking data
In addition to the risk of acquiring dengue fever locally around

heir homes, individuals are also likely to be infected when travel-
ng to other places. To depict their travel behavior, the cellphone
racking datasets were collected through a cellphone network
omposed of cell towers, and obtained from the Shenzhen Trans-
ortation Operation Command Center for research purposes. Each
ell tower gives a cellular coverage to an area that is often approxi-
ated by a 2-dimensional non-overlapping Thiessen polygon (Song

t al., 2010), hereinafter referred to as the coverage area. The radius
f coverage areas varies from 200 m to 2 km,  dependent on the den-
ity of towers (Fig. 1a). A cellphone is connected to a tower when
ntering the tower coverage area, and meanwhile obtains a cur-
ent location as the latitude and longitude of the tower. Note that
o information is known about the exact position of the cellphone

n the coverage area. Therefore, the positional accuracy of cellphone
ecords relies on the size of the tower coverage area.

With this locating technology, the cellphone tracking dataset,
eferred to as the Signaling System 7 (SS7) dataset, was generated
rom real-time monitoring of cellphone signals based on the SS7
rotocols. Different from the widely used CDR data, this is an active
racking strategy in that the cellphone status, including its time
nd location, can be recorded at a regular basis, for example, once
n hour, no matter whether a telecommunication transaction was
ade or not. Collected by the China Mobile Telecommunications

ompany, this dataset tracked 5.85 million anonymized cellphone
sers on an hourly basis during one weekday in 2012 without major
vents. With this dataset, a series of activity locations and time were
erived for each individual user (Table 2).
.2.2. Individual’s total risk of dengue infection
In combination with the local risk map  generated in Section 2.1,

he total probability of an individual acquiring dengue virus during
bd7a******9d30e 13 1904

a typical day was  formulated as a function of the local risk at loca-
tions being visited and the activity level of mosquitoes during the
time of visit, expressed as Eq. (1):

Pri = 1 −
24∏

t=1

(
1 − RL(t)

)A(t)
(1)

Where Pri is the total probability of acquiring dengue fever virus
for individual i during a day. t (=1,2,. . .,24) indicates the time of
a day in hour. L(t) represents the cellphone tower location being
visited during time t. RL(t) is the local transmission risk at location
L(t), which can be derived from the case-based risk map (the map
derived from Section 2.1). A(t) is the activity level of mosquitoes
in blood meal hunting during time t. The parameterization of Eq.
(1) is further discussed in following two paragraphs. The detailed
derivation of Eq. (1) can be referred to the Supplementary File.

The local acquisition risk RL(t) (in Eq. (1)) can vary dramatically
within the coverage area of a cell tower, because an individ-
ual’s exact location cannot be discerned within this coverage area.
Cumulatively, this uncertainty would propagate into the final esti-
mation of Pri. This study employed a stochastic approach to address
such positional uncertainty. Specifically, if a cell tower coverage
area was  visited by an individual, this study assumed that every cell

location inside the coverage area can be visited with equal chance.
The value of RL(t) was  then extracted from a randomly selected cell
location inside the coverage area once it was needed for calculation.
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Table  3
Daily observations on the blood meal hunting behavior of Aedes albopictu (Li et al., 2004) and the estimation of hourly activity levels.

t (h) 18 19 20 21 22 23 24 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17

15 

2 0.

F
t

a
o
i
n
h
m
s
0
t
l

2

t
t
a

I

W
e
o
t
d
t

Vectors 34 69 26 36 38 40 37 34 17 12 15 

A(t)  0.49 1.0 0.38 0.52 0.55 0.58 0.54 0.49 0.25 0.17 0.2

or each individual i, the Pri was calculated for 1000 permutations
o statistically quantify the uncertainty.

With regard to A(t) in Eq. (1), this research adopted results from
n observational study (Li et al., 2004) to parameterize the activity
f mosquitoes at different hours. The observation was conducted
n a city close to the study area and the researchers counted the
umber of female adult mosquitoes attracted by a blood meal every
our for 24 h (Table 3). In general, the vectors are hunting for blood
eals all day long, but most active before and after the sunrise and

unset. All these hourly count numbers were standardized between
 and 1 by dividing them to the maximum count at 19:00, and
he resulting values were used to indicate hourly mosquito activity
evels A(t).

.2.3. Importation risk to coverage areas
With the individuals’ total risk Pri being computed from Eq. (1),

he total importation risk into a cell tower’s coverage area was  fur-
her calculated by aggregating total risk of every visitor, formulated
s Eq. (2):

RC =
NC∑

i=1

Pri (2)

here IRC denotes the importation risk to a cell tower C’s cov-
rage area, i.e., the number of imported infections per day from

ther areas of the city. i represent an individual visitor and NC is
he total number of individuals who had visited a coverage area C
uring a day. Note that the ‘importation’ here does not refer to the
ravel of dengue cases from the outside into the city, but the travel

Fig. 2. Predicted local acquisition risk of dengue fever in Shenzhen city at a 1
56 39 16 4 17 6 3 12 4 28 22 29
22 0.81 0.57 0.23 0.06 0.25 0.09 0.04 0.17 0.06 0.41 0.32 0.42

into a coverage area from another coverage area within the same
city. Since the cellphone users only represent approximately half
of the city population, Eq. (2) does not estimate the actual number
of imported infections, but the outcomes would be sufficient for
statistical comparison.

To account for the positional uncertainty, the 1000 permuta-
tions of Pri were used to produce 1000 possible values of IRC for each
cell tower. Descriptive statistics of IRC were then derived for each
cellphone tower to quantify such uncertainty, including the mean,
median, standard deviation, coefficient of variation (a ratio of stan-
dard deviation to mean), and 95% confidence interval. The top 50
areas with the highest importation risk and the top 100 areas with
the greatest uncertainty were identified for intervention design

3. Results and discussions

3.1. Random forest model for local risk mapping

Model validation with the testing dataset indicated a strong
model performance with a predictive error rate around 5%. The
Receiver-operator characteristic (ROC) plot suggested an area
under the curve (AUC) of 0.8, which implies a robust model to
predict presence and absence of dengue transmission for grid cells
(Fig. S1 in Supplementary File). A temporal test also indicated the

validity of model to predict over time (Fig. S2 in Supplementary
File). The random forest algorithm also estimated the importance
of each variable by looking at how much prediction error increases
when data for that variable is permuted while all others are left

00 m resolution, produced from the random forest classification model.
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nchanged. The average rainfall, maximum temperature and work-
lace density were the top 3 most important variables, while the
istance to water bodies, distance to green space, and wetness

ndex were the least important (See Table S1 in Supplementary
ile).

The predicted local risk varies dramatically across the city and
xhibit a number of scattered clusters (Fig. 2). There are three
otable risk clusters: 1) one situated at the southwestern corner
f the city, characterized by a medium size area and very high
nfection risk; 2) one at the northeast corner covering an exten-
ive geographic area with moderate infection risk; and 3) the last
ne located in the central south with a small area but high risk.
he southwestern cluster may  be explained by its highly dense
oad network and population, while the northeastern cluster is
ttributable to its characteristically large number of water bodies,
uch as rivers and reservoirs. The central south area of the city had
he highest average rainfall that may  contribute to the formation
f the third cluster.

.2. Human mobility analysis

Understanding the local movement of population is critical for
reventing disease dispersion in the city. Fig. 3 shows that move-
ent flows with large volume are mostly within short distances.

he radius of gyration (ROG), a measure of spatial extent of a cell-
hone user’s daily activities (Song et al., 2010), indicates that 88% of
ellphone users circulate within 3 km during a day. However, there
s a small proportion of cellphone users (4%) traveling long dis-
ances with a ROG greater than 7 km (See Table S2 Supplementary
ile). Although small in number, these travels can provide suffi-
ient shortcuts for diseases to rapidly spread throughout the entire
ity, widely known as the small-world effect (Watts and Strogatz,
998). The hourly tracking records also show the temporal pat-
ern of human movements during a day (See Fig. S2 Supplementary

ile). The total movements for each hour suggest that the dawn
eak of mosquito activities (6:00–7:00 in Table 3) corresponds
o a quite low-level human movements, while the dusk peak of

osquito activities (18:00–19:00 in Table 3) coincides with a high

ig. 3. Total movement flow volume of cellphone users between traffic analysis zones dur
ere  omitted for content clarity.
162 (2016) 188–195

level of human movements. The movements decline dramatically
after 20:00, even though mosquitoes remain quite active between
20:00 and 24:00. The dusk time should, thus, be paid more attention
when aiming to reduce the importation risk.

3.3. Risk of importation and uncertainty

Fig. 4 displays the median importation risk to cellphone cov-
erage areas estimated from 1000 computer permutations. A vast
majority of coverage areas were not subject to heavy risk impor-
tation (IR < 5000). There is only one cluster of extremely high
importation risk, standing out at the southwestern corner. This is
very likely to be an outcome from exceptionally high volume of
travel influx into this area. Due to less travels into the northwestern
and central southern region, the risk of imported dengue fever only
reached a moderate level even though the risk of local acquisition
remains high there.

The coefficient of variation (CV) reflects the variability of esti-
mated importation risk around its mean value (Fig. 5). For 64% of
coverage areas, their estimates only oscillate between ±10% of the
mean value (CV < 0.1) and thus are reliable. There are a few coverage
areas (137 out of 5941) with extremely high variability (CV > 0.25).
The spatial statistic, Moran’s I, shows that the CVs also exhibit spa-
tial clustering patterns, in which the high–high clusters are mainly
distributed in the central part of the city. Caution is thus needed
when using risk estimates in these high–high clusters. Such vari-
ability is originated from the positional uncertainty of cellphone
tracking data, and then magnified by multiple factors, such as the
number of visitors to a coverage area, the number of stops for each
individual visitor, and the heterogeneity of local risk in coverage
areas.

3.4. Policy implications
The resultant maps of local transmission risk, importation risk,
and uncertainty could better inform the design of spatially resolved
control polices in the urban area. First, the local acquisition risk map
(Fig. 2) suggests three clusters where the application of insecticide

ing a day, derived from the hourly tracking records. Travel flows under 1000 people
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Fig. 4. The median value for the importation risk (No. of imported infections per day) to cellphone coverage areas, estimated from 1000 permutation results.

F erage
b

s
m
t
f
i
t

ig. 5. The coefficient of variation for the importation risk to cellphone towers’ cov
y  the local Moran’s I index.

hould be targeted, in order to achieve effective vector control and
inimize local vector transmission. For a further goal of elimina-
ion, these efforts would not be sufficient since human movements
rom other medium/low risk areas can reintroduce dengue fever
nto areas that had just been cleaned. Here, the coverage areas with
op 50 importation risk and with top 100 uncertainty were identi-
 areas estimated from 1000 permutation results, and its spatial clusters identified

fied and overlaid to determine where necessary further measures
should be implemented (Fig. 6).
It is interesting that the top 50 coverage areas with the highest
importation risk are all clustered in the southwestern corner of the
city and most of them are small in size (average area = 0.12 km2 in
Table 2), which make it easier for implementing travel restriction or
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Fig. 6. Coverage areas with top 50 importation risk and top 100 uncertainty to inform policy making.

Table 4
Spatial and demographic characteristics of notable coverage areas.

Local infection Probability Imported risk (infections/day) Population Density (/km2) Area (km2)

Mean Std. Dev. Mean Std. Dev. Mean Std. Dev Mean Std. dev.

r
d
t
o
t
d
d
r
t
h
a
a

3

o
v
i

Top 50 importation risk 0.39 0.20 16190 

Top  100 uncertainty 0.03 0.05 809 

egional quarantine. These top risk areas are also located in a highly
eveloped region with millions of visits per day. The restriction of
ravels into and out of these areas would impose remarkable effects
n the dispersion of dengue fever across the entire city. Regarding
o the top 100 areas with the uncertain estimation, they are widely
istributed across the city and the population density and size vary
ramatically (Table 2). Fortunately, there is no overlap between top
isk areas and top uncertain areas, thus increasing the reliability of
argeting the southwestern corner. As shown in Table 4, most of the
ighly uncertain areas are associated with low local acquisition risk
nd low importation risk, even after the variability is considered,
nd thus are not necessarily to be prioritized in control programs.

.5. Limitations
There are a few issues regarding to the cellphone data worthy
f discussion. First, the SS7 cellphone data is superior to the con-
entional CDR data because it allows recording human movements
n a regular (hourly) fashion. The SS7 data used here, however,
2618 15150 5603 0.12 0.07
1222 11988 7931 0.53 0.98

only depict one-day period and this study simply assumes that
users will repeat the same activity pattern during the course of epi-
demic. Although questionable, this assumption can be justified by
several recent reports that demonstrated a high regularity and pre-
dictability of human daily activities (Gonzalez et al., 2008; Lu et al.,
2013; Song et al., 2010). Second, the cellphone data only repre-
sent approximately half of the city population, and the age, gender,
income distributions remain unknown. Selection bias in terms of
demographics and geography could be introduced into the esti-
mation, but recent studies have suggested that this is not likely
to present a substantial bias (Wesolowski et al., 2013). Third, the
mosquito biting activities were derived from only one empirical
observation, and the uncertainty had not been reported, thus not
being considered in this study. Anyhow, if there were such uncer-
tainty data, e.g., statistical distributions, our stochastic simulation
approach can easily accommodate this by randomly sampling A(t)

in Eq. (1) and include such uncertainty in the risk assessment. Last,
this study had not considered the travels of dengue fever carriers
from the outside into the city, due to the lack of such data. No doubt
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Wu,  P.-C., Lay, J.-G., Guo, H.-R., Lin, C.-Y., Lung, S.-C., Su, H.-J., 2009. Higher
temperature and urbanization affect the spatial patterns of dengue fever
transmission in subtropical Taiwan. Sci. Total Environ. 407, 2224–2233.
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hat these travelers would increase the transmission risk across
he city, and thus our research only presents a conservative esti-

ates. All these limitations warrant a future research with more
atasets and more sophisticated methods, but they do not override
he significance of proposed framework here.

. Conclusions

This research presents a new framework to integrate big
ellphone data into the risk assessment for intra-urban disease
ispersion. This framework has first downscaled the current lit-
rature to a fine urban context, and explicitly considered the local
uman movements that are critical to disease spread but have been
implified before. Second, the framework also refines the temporal
cale of risk assessment by using hourly based cellphone tracking
ecords. Compared to the irregularly logged cellphone data used
efore, this new dataset depicts more continuity of local human
ovements and allows a further consideration of hourly vector

ctivity levels. Third, this framework is the earliest attempt to
nclude the positional uncertainty of cellphone records in the risk
ssessment. The uncertainty issue may  not significantly impact pre-
ious assessment at the national or provincial scale, but become
mportant when downscaling to the urban or community scale. The
tochastic permutation approach proposed here allows a quanti-
ative measurement of such uncertainty, and thus permits more
eliable policy decision making. Given the availability of cellphone
ecords in many countries, particularly developing countries, the
ramework proposed here can be adopted by other cities to design
patio-temporally resolved programs for disease control.
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