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Abstract—The Covid-19 pandemic is still spreading
around the world and seriously imperils humankind’s
health. This swift spread has caused the public to panic
and look to scientists for answers. Fortunately, these sci-
entists already have a wealth of data—the Covid-19 reports
that each country releases, reports with valuable spatial-
temporal properties. These data point toward some key
actions that humans can take in their fight against Covid-19.
Technically, the Covid-19 records can be described as se-
quences, which represent spatial-temporal linkages among
the data elements with graph structure. Therefore, we pro-
pose a novel framework, the Interaction-Temporal Graph
Convolution Network (IT-GCN), to analyze pandemic data.
Specifically, IT'GCN introduces ARIMA into GCN to model
the data which originate on nodes in a graph, indicating
the severity of the pandemic in different cities. Instead
of regular spatial topology, we construct the graph nodes
with the vectors via ARIMA parameterization to find out the
interaction topology underlying in the pandemic data. Ex-
perimental results show that IT-GCN is able to capture the
comprehensive interaction-temporal topology and achieve
well-performed short-term prediction of the Covid-19 daily
infected cases in the United States. Our framework outper-
forms state-of-art baselines in terms of MAE, RMSE and
MAPE. We believe that IT-GCN is a valid and reasonable
method to forecast the Covid-19 daily infected cases and
other related time-series. Moreover, the prediction can as-
sist in improving containment policies.

Index Terms—ARIMA, Covid-19, GCN, time series predic-
tion, traffic forecasting.

Impact Statemeni—Our method performs well in captur-
ing the interaction topology to forecast the spread of Covid-
19. Our analysis reveals that short-term forecasting of daily
infected cases is helpful for pandemic control.
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Fig. 1. Graph time-series. Each X; is a frame of current sequence at
time step t, which can be recorded by a graph time-series data matrix.

l. INTRODUCTION

HE outbreak of Covid-19, which began in early 2020, has

become a huge threat to human health. As of Jun 28, 2020,
statistics from the Johns Hopkins University Center for Systems
Science and Engineering [1] show that more than 10 million
people have been infected by Covid-19 worldwide. In the United
States alone, there are more than 2.5 million cumulative infected
cases.

Time-series are the most widely used format of Covid-19
reports. Tendency prediction has become an important pan-
demic analysis tool because it can inform policies which slow
the spread of the pandemic. In Covid-19 records analysis,
the tendency features of daily infected cases, the interaction
among cities, and the performance of containment policy can be
obtained through some technical approaches. Currently, many
methods have been applied to Covid-19 records analysis in some
countries [2]-[5], but without multi-interactions analysis.

As a classical approach, Graph Neural Network (GNN) per-
forms well in spatial-temporal data analysis. By modeling each
entity as a node in a graph, GNN captures the multiple compli-
cated relationships among nodes. The current GNN methods are
divided into five categories: Graph Recurrent Neural Network
(GRNN), Graph Convolution Network (GCN), Graph Autoen-
coder (GA), Graph Reinforcement Learning (GRL) and Graph
Adversarial Methods [6], [15]. GCNs utilize graph convolutions
to formulate the variation of data over networks, and thus
are suitable for analyzing the Covid-19 records. In short-term
forecasting, STGCN [7] based on convolution achieve a high
accuracy rate when dealing with the graph sequences, as shown
in Fig. 1. The formats of Covid-19 records are diverse and
complex, which means they can be classified as spatial-temporal
sequence datasets. In this model, a city is represented as a node,
and the Covid-19 records of each city are viewed as a sequence
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on the node. All the nodes are connected by the edges, which
represent the linkages among the nodes.

In order to predict the spread of Covid-19, Benvenuto et al.
employed ARIMA to forecast the global Covid-19 pandemic
[8]. Qin et al. used social media indexes to predict the spread-
ing tendency of Covid-19 [9]. The readers should refer to the
literature for further knowledge on Covid-19 record analysis
[31, [4], [10]-[14]. The aforementioned works tend to analyze
the occurrence of inflection flashpoints rather than focusing
on short-term forecasting. Ribeiro et al. employed a variety of
popular methods to forecast the Covid-19 outbreak in Brazil [2]
and gave corresponding error indicators.

As a classical statistic model, ARIMAs have been widely
used. These statistical methods are valid for sampling time-series
but they cannot be directly applied to multi-sequences. There-
fore, we have introduced the statistical model into GNN to create
a hybrid framework for pandemic analyzing and forecasting.
Such a framework is able to capture the interaction temporal
topology, creating what we call an Interaction-Temporal Graph
Convolution Network (IT-GCN).

Effective short-term predictions of daily infected cases based
on IT-GCN can provide helpful information to government
and professionals. By comparing the prediction results with
the ground truth, the efficacy of containment policies can
be evaluated. In summary, our main contributions are as
follows:

1) A novel framework is proposed which integrates the clas-
sical ARIMA into the GCN, in order to create IT-GCN.
In this framework, the Covid-19 records are modeled as
sequences over a graph and the interactions among cities
are captured.

2) Our framework breaks the limitation of the fixed physical
spatial topology. We introduce the interaction topology
between nodes into the adjacency matrix. It considers
many more relationships than fixed physical spatial topol-
ogy.

3) IT-GCN achieves high accuracy in short-term prediction
of Covid-19 daily infected cases in the US. It can provide
significant suggestions for containment policies in the
Covid-19 pandemic.

Il. MATERIALS AND METHODS

In this section, we elaborate on the proposed Interaction-
Temporal GCN(IT-GCN) illustrated in Fig. 2. The IT-GCN
consists of four parts, which are: data preprocessing, ARIMA,
STGCN, and data recovery. The details of IT-GCN are described
as follows.

A. Graph Convolution

The convolution of traditional signal processing and CNN
[22] cannot be used directly to graph. At present, the integration
of graph convolution is divided into two groups [6]: spectral
convolution and spatial convolution. We adopt the spectral
convolution, which is established by Graph Fourier Transform
(GFT). Specifically, the Laplacian matrix of the graph is derived
in the spectral domain. We denote "+ " as the graph convolution
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Data Recovery

l
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Fig. 2. Flow chart of IT-GCN. There are 4 parts (preprocessing,
ARIMA, STGCN and data recovery) in IT-GCN.

operator [16], with the input signal x € R™ and kernel 6,
Oxgr =0 (Lz) =0 (UAUT) 2 :=UOU"» (1)

where U € R™*" is the graph Fourier basis, which consists of
eigenvectors of the normalized graph Laplacian matrix,

L=1I,-D WD 2 =UAUT 2)

where I, is the identity matrix, D € R™*"™ is a diagonal degree
matrix, W € R™ ™ is the adjacency matrix, A € R™*" is the
diagonal matrix of eigenvalues of L, and the filter © is also a
diagonal matrix. Under this definition, a graph signal z is filtered
by the kernel 6 in (1). In this work, the monitor stations network
and the states network are modeled as a weighted undirected
graph.

In general, the adjacency matrix W;; in GNN is calculated as

(171,
W—-{eXp@g)’ P ((f;) =0 3)

ij — .
0, othervise

where dfj is the physical distance between nodes ¢ and j.
However, it only includes the geometric distance between the
nodes without considering other interactions. Next, our work
aims to break this limitation.

B. Time-Series Forecasting

To forecast time-series, one could use the historical time-
series to estimate the most likely sequence’s value at a certain
moment in the future, as,

_ arg max
(Xt'H’ T ’XH'JW) - xt+1%~7wt+lﬂ
P(zypr, .. xpem|Ti—ngr, oo ) €]
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Algorithm 1: Data Preprocessing.

Input: Original Data

Output: Data for experiment Training G, Validation G,
and Testing G yzest;

1: Collecting the initial graph sequences G original from
original dataset;

: Selecting valid nodes, and composing G sejected;

: Stationarity Testing(ADF test);

: Calculating m;

creturn Gy, Gyo, Gyrests

WA W N

where X, € R" is a vector aggregate of n nodes in time step t.

In this work, we define the network according to states and
cities in US to construct a graph and formulate multiple time-
series. Especially, we regard the network X; as the nodes of
an undirected weighted graph G. The graph at each moment is
G(X¢, W) and X; € R", which has a finite set of nodes, be
defined as the characteristic matrix of nodes. W € R™*™ is the
adjacency matrix of G.

C. IT-GCN

1) Data Preprocessing: We developed Algorithm 1 to per-
form the preprocessing. First, it collects and organizes the data
into a certain format. After consolidating the original graph
time-series G, it selects the valid nodes to compose the graph
Gselected- Due to the request of ARIMA modeling, the inputs
should be stationary. Hence, a stationarity test, the augmented
Dickey-Fuller (ADF) test, is adopted to judge whether the time-
series meet the requirement of ARIMA modeling or not.

2) ARIMA Progress: Consequently, we used Algorithm 2
to perform IT-GCN. ARM A(p, q) is used to generate the pa-
rameters of vector ®; for each time-series, which represent the
nodes uniquely in the Euclidean space.

The vectors are,

U = (‘Pk,@k) = (¢1,...,¢p791,...,9q) = (al,...,ap+q)

%)
where p is the order of model, ¢ is the AR parameter and 6
is the M A parameter. Basing on the uy and [18], we define a

multivariate equation f(uy) as,

p,q
F) =] Y (biwei+0ie;) — (20— — C)
i=1,5=1

p.q
> (wzi i+ ojipe—j) — (xe—e —C)|,pg #0
i=1=1
p
= Zaixt,if(xt—C’) s q:(]ap#o
i=1
q
Oéjl‘t_j+(€t+0), p:0’97é0
j=1
(6)

where, x; is the sequence, ¢ is noise, and C' is constant, which
consists the expectation of x;. The goodness-of-fit between the
uy and the real model of time-series is inversely correlated with

Algorithm 2: ARIMA Modeling, Forecasting and Data
Recovery of IT-GCN.
Imput: G, (Y- n41,...,Y2)
Output: Prediction result Xt, ey )A(HM,l;
1:  G,= m-order difference of G; //Stabilizing
processing
i=1
while i <=ndo

2
3
&t s= XD XTI
5: u; = ARMA(t — s, order = (p,q));
6: 14+

7:  end while

8: //Ui:(¢1,...,¢p,91,...,9q),Gx:(Xl,...
9: forj=1;j<=n;j++do

10: fork=1;k <=n;k ++ do

s Xn)

11: DZSte(Xk7XJ) = Hak — Oéj||2;
12: end for
13:  end for

14: fori=1;i<=n xn;i++do

15: Calculating the adjacency matrix W by (9);
16: end for

17: G™ = STGCN(G(X,W));

18:  //Data recovery

19:  whilem > 0 do

20: m——;

21 Grl=Gr ot

22: end while

23: return G‘r;

the value of f(uy). Then, the equation of Uy, s,

U, = argmin {f (ug) [Fuy : Hm f (ug) = 0} 7
W U —> U,
Ideally, an optimal w}, makes f(uj},) = 0. However, in prac-
tice, we have to find the most approximate value.
In a graph with n nodes, each node has a unique Uy. The
Euclidean distance between any pair of nodes u; and wug,
Dist.(Ug, Up) is given by,

Dist, (Uk, Ul) = \/(Oék,l - O(l,l)2 +o 4+ (ak,p+q - 0‘571)-"-(1)2

p+q
2
= | 2 (s — auy)
j=1
=|log — |k, 1 =1,2,...,n (8)

Then, the adjacency matrix generating equation in IT-GCN
is,
> €

llok—ov[3 llok—ou[3
exp P> ;  CXp P =

Wi = {
0

In this work, o2 and € are thresholds to control the distribution
and sparsity of matrix W, which are empirically set as 10 and
0.5, respectively.

®

, othervise
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TABLE |

PERFORMANCE COMPARISON OF DIFFERENT APPROACHES ON THE DATASET PEMSD7 AND PEMSD3

PeMSD7(15min/30min/45min)
model MAPE% MAE RMSE Training epoch
IT-GCN(proposed) 5.202/7.237/8.603 | 2.238/3.034/3.596 | 4.102/5.736/6.778 40
STGCN 5.219/7.352/8.822 | 2.246/3.048/3.605 | 4.071/5.742/6.821 60
ARIMA 12.92/13.94/15.20 5.55/5.86/6.27 9.00/9.13/9.38 --
del PeMSD3(15min/30min/45min)
mmode MAPE% MAE RMSE Training epoch
IT-GCN(proposed) 4.063/4.250/4.321 | 2.504/2.624/2.718 | 3.720/3.868/4.103 8
STGCN 4.072/4.277/4.393 | 2.510/2.656/2.738 | 3.779/3.869/3.962 30
ARIMA 9.33/9.84/10.53 3.85/4.15/4.41 6.04/6.17/6.31 --

3) Forecasting: In STGCN, each spatial-temporal convo-
lutional block is formed as a sandwich structure with two gated
sequential convolution layers and one spatial graph convolution

layer [7].
4) Data Recovery: We accumulate the original
data, G Xt G xXmad s and output of STGCN,

Gxm1,...,Gxm1 , to recover the m-order differences
-1

to G Xysoo s G X, a1+ The recovery rules follow,
m—1
S, = (S,Tﬂ + S,T*H) ,m>1 (10)
i=0
and
R S5+SO,...,S“}L+S”),m>1
X = A A . (11)
80,51, 50) m>1

where .S, is the time-series of node in the graph with n nodes.
The main characteristics summary of our framework are,

1) By modeling the records as a graph and forecasting the
graph time-series, IT-GCN is generally valid without a
fixed spatial relationship.

2) IT-GCN captures the mathematical dependence and
interaction-temporal topology among sequences mod-
elled in graph time-series.

D. Performance

Traffic data and Covid-19 reports are the processed sequences
with multiple interaction topology. Due to the wide use of
traffic data in our model test, we used traffic forecasting to
verify the performance of our proposed pre-Covid-19 analysis.
We performed experiments on two recognized traffic datasets,
PeMSD3(Sacramento) and PeMSD7(Los Angeles), collected by
California Department of Transportation [19]. The details of
each datasets are as below.

PeMS: It was collected from Caltrans Performance Measure-
ment System (PeMS) in real-time by over 1200(PeMSD3) and
39000(PeMSD7) sensor stations. We randomly selected 228
stations for our model. The time range in D3 is from March
1 to April 18 in 2020, and the weekdays of May and June in
2012 in D7. The stations recorded an average traffic speed every
five minutes. The first 34 days are selected as training data, the
rest serve as validation and the test set.

To certify the reasonability and generality of our framework,
we utilize it in traffic speed prediction. We follow the setting in
the STGCN [7] as the training parameters and use 12 observed
points to forecast traffic conditions in the next 15, 30, and 45
minutes (M = 3, 6, 9).

Table I shows the traffic prediction results. Our framework
performs better than STGCN, while consuming fewer comput-
ing resources. The results indicate that our proposed method
of replacing physical distances with interaction topology is ef-
fective and reasonable. Furthermore, these results illustrate that
IT-GCN can capture the interaction-temporal topology among
nodes to achieve accurate forecasting.

lll. RESULTS

Next, we employed the proposed approach to the Covid-19
analysis on a daily confirmed dataset in the United States [1].

A. Dataset

1) Covid-19 reports in US: This is the data repository for
the 2019 Novel Coronavirus Visual Dashboard operated by
the Johns Hopkins University Center for Systems Science and
Engineering (JHU CSSE) [1]. The folder contains daily time-
series summary tables, including confirmed cases, deaths and
recovered. All the datasets originate from the daily cases reports.
The cumulative number of infected cases is extracted, and the
daily infected is the 1-order difference of cumulative cases.

In the pandemic analysis of the United States, we viewed the
51 (including the District of Columbia) states as the 51 nodes in
the graph and used the first 70 days as the training set, then the
rest served as validation and test set. In the analysis of California,
we divided 51 cities of CA into 9 districts, which are denoted as
9 nodes.

B. Experiment Settings

All experiments were compiled by Python and tested on a
Windows 10 workstation (CPU: Intel(R) i7-8700 GPU: NVIDIA
P1000). We used historical data of 10 days to forecast the rate
of change in the daily infected cases in the next 14 days. After
outputting the rate of change, the original daily rate of change
was used to calculate the daily prediction.

We employed classical ARIMA and Spatial SEIR [21] as the
baseline. In Covid-19 pandemic analysis, the model setting of
IT-GCN is ARIMA (53,0).
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Fig. 3. MAPE of Covid-19 daily confirmed infected cases prediction in 51 states of US, 7.11-7.31 2020.
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Fig. 4. Comparison of Covid-19 daily infected cases prediction in 51 states of US, 7.11-7.31 2020 between IT-GCN (proposed), SEIR and ARIMA
[2].
C. Results historical data, IT-GCN forecasts the tendency and increasing

1) Covid-19 Pandemic Prediction in the United States:
Fig. 3 shows the prediction MAPE of IT-GCN and ARIMA
in 51 states during 21-days. The average MAPE of IT-GCN
is 33.640%, which is much better than 44.547% of ARIMA.
Fig. 4 shows the total prediction results of IT-GCN, SEIR and
ARIMA in US, and compares them with the ground truth. We use
historical data from March 12th to July 10th to forecast the data
from July 11th to July 31st. The records of each 12 days are used
to forecast the next outputs of 7 days. Therefore, in Fig. 4, we
linked the results of the three prediction parts (7.11-7.17, 7.18-
7.24,7.25-7.31) according to time. The input time lags for each
part above are 6.28-7.10, 7.5-7.17 and 7.13-7.24 respectively. In
Spatial SEIR, the data from July 10™. 2020 are used as the initial
data, and all outputs shown in Fig. 4 are prediction results. The
results illustrate that IT-GCN performs a lot better than ARIMA
and Spatial SEIR compared with the real data in tendency and
accuracy. IT-GCN keeps high accuracy in most states and the
whole cases. Generally, by learning the features and topology of

of daily infected cases well.

2) Covid-19 Pandemic Prediction in California: Since the
pandemic in California is severe and the traffic records in CA are
accessible, we chose to focus on the pandemic analysis of CA
combined with traffic flow. The results are shown in Fig. 5. From
the beginning of May—the period 1 circled in Fig. 5—more and
more businesses were allowed to resume work. Fig. 5(a) shows
that the traffic flow in this period started increasing weekly.
The total flow in weekends was lower than weekdays. Fig. 5(b)
shows that the daily infected cases did not increase significantly
when businesses reopened. It also illustrates that the containment
policies in California were effective in this period.

However, the daily infected cases started increasing in late
May. The demonstrations in response to the police killing
George Floyd, which occurred in the period 2 circled in Fig. 5,
have directly impacted the outbreak of daily infected cases.
In late June, the average traffic flow increased by more than
40000. The prediction results showed that the daily infected
cases kept increasing from May to July. At the same time, the
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Fig. 5. (a): Traffic flow records in California, 5.10-7.19 2020(10
weeks); (b): Covid-19 daily infected cases prediction in California, 5.10-
7.19 2020(10 weeks).

traffic flow also kept increasing, which indicated that more and
more social activities were held. The high frequency of social
activities and the decrease in pandemic containment were two
key factors which increased the daily infected cases. These
factors led Covid-19 to spread out of control. The government
announced the suspension of resumption plan on July 13th, the
period 3 circled in Fig. 5. In the period after this announcement,
the traffic flow and the prediction of daily infected cases started
decreasing, which suggests that the policy worked. According
to our prediction and analysis, if containment policies or other
containment measures can be deployed earlier, there might be
fewer infected cases.

Fig. 6 shows the traffic flow and Covid-19 predictions
in district 3(North(a, b)), district 4(Bay Area(e, f)), district
7(LA/Ventura(c, d) and district 11(San Diego/Imperial(g, h)) in
California. By comparing the traffic flow and the prediction of
daily infected cases, our algorithm illustrates that the pandemic
spreading in most districts was controlled in the middle of July.
However, in Bay Area, the cases increased without stopping,
which indicated that the situation was still severe. In all, the
traffic flow indicated a high crowd density and frequent flow of
people, which may be the reason infected cases kept increasing.
This discovery is a warning that, in some cities, the containment
policies need to be improved urgently.

IV. DiscussION

As the above analysis suggests, the Covid-19 pandemic in
California is still widely spreading with limited containment
policies. The correlation between traffic density and population
densities have been justified in [20], which demonstrates that
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Fig. 6. Traffic flow from 6.21 to 7.19 2020(a: North of CA, c:
LA/Ventura, e: Bay Area, g: San Diego/Imperia); Covid-19 daily con-
firmed infected cases prediction from 6.21 to 7.19 2020(b: North of CA,
d: LA/Ventura, f: Bay Area, h: San Diego/Imperial).

the increasing of traffic flow will lead the increase of population
densities in public and the spreading of Covid-19. The massive
traffic flow shows that as people go out more frequently, the
daily infected cases keep rising at the same time. Moreover, our
results show that the policy effects on pandemic containment
can be forecasted and analyzed by IT-GCN. These results also
demonstrate that the daily infected cases will decrease with more
valid interventions.

Furthermore, to estimate spatial stratified heterogeneity
(SSH) of our proposed model, we adopt Q-statistic [22] as a
measurement. Evaluated q& [01], and the stronger SSH of the
inputs, q is closer to 1. The q in Fig 6 is 0.96, and in the three
periods in Fig 5, the q is 0.94, 0.93, and 0.94 respectively, which
denotes that the diversity among nodes is prominent.

The prediction of daily infected cases is an important ref-
erence for containment policies and comparing daily infected
cases with traffic flow is helpful. The traffic flow directly repre-
sents changes in of social distance and economic activity level.
As aresult, we can obtain some enlightenments in Covid-19 con-
tainment policies development from historical data analysis. By
comparing the recent ground truth and predictions, effectiveness
of current policies can be appraised. Early understanding of the
efficacy of policies positively impacts pandemic containment by
avoiding more disruption to the social and public health.
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V. CONCLUSION

We have developed IT-GCN and used it to analyze the spread
of Covid-19. It replaces the spatial distance with the Euclidean
distance of the parameter vectors among nodes by an interaction-
temporal graph. In Covid-19 analysis, our proposed algorithm
provides effective prediction information in daily infected cases
in US. Furthermore, these predictions can assist the improve-
ment of containment policies.

[1]

[2]

[3]

[4]

[5]

[6]

[7]

[8]

REFERENCES

“Covid-19 data repository by the center for systems science and engi-
neering (CSSE) at johns hopkins university,” [Online]. Available: https:
//github.com/CSSEGISandData/COVID-19

M. H. D. M. Ribeiro, R. G. da Silva, V. C. Mariani, and L. dos San-
tos Coelho, “Short-term forecasting COVID-19 cumulative confirmed
cases: Perspectives for Brazil,” Chaos, Solitons Fractals, vol. 135, 2020,
Art. no. 109853.

A. Tomar and N. Gupta, “Prediction for the spread of COVID-19 in India
and effectiveness of preventive measures,” Sci. Total Environ., vol. 728,
2020, Art. no.138762.

A. Kapoor et al., “Examining Covid-19 forecasting using spatio-temporal
graph neural networks,” 2020, arXiv:2007.03113.

S. Zhao et al., “Preliminary estimation of the basic reproduction number
of novel coronavirus (2019-nCoV) in China, from 2019 to 2020: A data-
driven analysis in the early phase of the outbreak,” Int. J. Infect. Dis.,
vol. 92, pp. 214-2217, 2020, doi:10.1016/j.ijid.2020.01.050.

Z. Zhang, P. Cui, and W. Zhu, “Deep learning on graphs: A
survey,” IEEE Trans. Knowl. Data Eng., to be published, doi:
10.1109/TKDE.2020.2981333.

B. Yu, H. Yin, and Z. Zhu, “Spatio-temporal graph convolutional networks:
A deep learning framework for traffic forecasting,” in Proc. 27th Int. Joint
Conf. Artif. Intell., 2018, pp. 3634-3640.

D. Benvenuto, M. Giovanetti, L. Vassallo, S. Angeletti, and M. Ciccozzi,
“Application ARIMA model COVID-2019 epidemic dataset,” Data Brief,
vol. 29, 2020, Art. no. 105340.

[9]

[10]
[11]
[12]

[13]

[14]

[15]

(16]

[17]

(18]

[19]

[20]

[21]

[22]

[23]

L. Qin et al., “Prediction of number of cases of 2019 novel coronavirus
(COVID-19) using social media search index,” Int. J. Environ. Res. Pub.
Health, vol. 17, no. 7, 2020, Art. no. 2365.

L.Lietal., “Propagation analysis and prediction of the COVID-19,” Infect.
Dis. Model, vol. 5, pp. 282-292, 2020.

Z. Ceylan, “Estimation of COVID-19 prevalence in Italy, Spain, and
France,” Sci. Total Environ., vol. 729, 2020, Art. no. 138817.

Y. Sun et al., “Epidemiological and clinical predictors of COVID-19,”
Clin. Infect. Dis., vol. 71, no. 15, pp. 786-792, 2020.

X. Zhang, R. Ma, and L. Wang, “Predicting turning point, duration and
attack rate of COVID-19 outbreaks in major western countries,” Chaos,
Solitons Fractals, vol. 135, 2020, Art. no. 109829.

D. S. Hui et al., “The continuing 2019-nCoV epidemic threat of novel
coronaviruses to global health the latest 2019 novel coronavirus outbreak
in wuhan, china,” Int. J. Infect. Dis., vol. 91, pp. 264-266, 2020.

H. Wang, G. Xiao, N. Han, and H. Chen, “Session-based graph con-
volutional ARMA filter recommendation model,” IEEE Access, vol. 8,
pp. 62053-62064, 2020.

X. W. Zheng, Y. Y. Tang, and J. T. Zhou, “A framework of adaptive
multiscale wavelet decomposition for signals on undirected graphs,” IEEE
Trans. Signal Process., vol. 67, no. 7, pp. 1696-1711, Apr. 2019.

V. Kalofolias, “How to learn a graph from smooth signals,” in Proc. 19th
Int. Conf. Artif. Intell. Statist., 2016, pp. 920-929.

E. J. Hannan and J. Rissanen, “Recursive estimation of mixed
autoregressive-moving average order,” Biometrika,, vol. 69, no. 1,
pp. 81-94, 1982.

Caltrans performance measurement system (PEMS). [Online]. Available:
http://pems.dot.ca.gov/

L. Hocheol et al., “The relationship between trends in COVID-19 preva-
lence and traffic levels in South Korea,” Int. J. Infect. Dis., vol. 96,
pp. 399-407, 2020.

G. D. Brown, A. T. Porter, J. J. Oleson,, and J. A. Hinman, “Approximate
bayesian computation for spatial SEIR (S) epidemic models,” Spatial
Spatio-Temporal Epidemiol., vol. 24, pp. 27-37, 2018.

T. B. Huedo-Medina ef al., “Assessing heterogeneity in meta-analysis: Q
statistic or 12 index?,” Psychol. Meth., vol. 11, no. 2, pp. 193-206, 2006.
J. B. Estrach, W. Zaremba, A. Szlam, and Y. LeCun, “Spectral networks
and deep locally connected networks on graphs,” in Proc. 2nd Int. Conf.
Learn. Representations (ICLR), 2014, pp. 1-8.


https://github.com/CSSEGISandData/COVID-19
https://dx.doi.org/ ignorespaces  ignorespaces 10.1016/j.ijid.2020.01.050
https://dx.doi.org/10.1109/TKDE.2020.2981333
http://pems.dot.ca.gov


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Algerian
    /Arial-Black
    /Arial-BlackItalic
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BaskOldFace
    /Batang
    /Bauhaus93
    /BellMT
    /BellMTBold
    /BellMTItalic
    /BerlinSansFB-Bold
    /BerlinSansFBDemi-Bold
    /BerlinSansFB-Reg
    /BernardMT-Condensed
    /BodoniMTPosterCompressed
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /BritannicBold
    /Broadway
    /BrushScriptMT
    /CalifornianFB-Bold
    /CalifornianFB-Italic
    /CalifornianFB-Reg
    /Centaur
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /Chiller-Regular
    /ColonnaMT
    /ComicSansMS
    /ComicSansMS-Bold
    /CooperBlack
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FootlightMTLight
    /FreestyleScript-Regular
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /HarlowSolid
    /Harrington
    /HighTowerText-Italic
    /HighTowerText-Reg
    /Impact
    /InformalRoman-Regular
    /Jokerman-Regular
    /JuiceITC-Regular
    /KristenITC-Regular
    /KuenstlerScript-Black
    /KuenstlerScript-Medium
    /KuenstlerScript-TwoBold
    /KunstlerScript
    /LatinWide
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaBright
    /LucidaBright-Demi
    /LucidaBright-DemiItalic
    /LucidaBright-Italic
    /LucidaCalligraphy-Italic
    /LucidaConsole
    /LucidaFax
    /LucidaFax-Demi
    /LucidaFax-DemiItalic
    /LucidaFax-Italic
    /LucidaHandwriting-Italic
    /LucidaSansUnicode
    /Magneto-Bold
    /MaturaMTScriptCapitals
    /MediciScriptLTStd
    /MicrosoftSansSerif
    /Mistral
    /Modern-Regular
    /MonotypeCorsiva
    /MS-Mincho
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /NiagaraEngraved-Reg
    /NiagaraSolid-Reg
    /NuptialScript
    /OldEnglishTextMT
    /Onyx
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Parchment-Regular
    /Playbill
    /PMingLiU
    /PoorRichard-Regular
    /Ravie
    /ShowcardGothic-Reg
    /SimSun
    /SnapITC-Regular
    /Stencil
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TempusSansITC
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanMTStd
    /TimesNewRomanMTStd-Bold
    /TimesNewRomanMTStd-BoldCond
    /TimesNewRomanMTStd-BoldIt
    /TimesNewRomanMTStd-Cond
    /TimesNewRomanMTStd-CondIt
    /TimesNewRomanMTStd-Italic
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /VinerHandITC
    /Vivaldii
    /VladimirScript
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZapfChanceryStd-Demi
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 900
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00111
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 1200
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00083
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00063
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

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


