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€ Background and motivations

€ How to design a reopening strategy? When, where and how?

» Effect of mass movements on possible outbreaks

» The optimal reopening strategies

€ Conclusions



Complex spatial spread of COV-SAR-2
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The characterization and prediction of spatial spread of infectious pathogen heavily
depend on population mobility.

Transportation network has reshaped the geometric feature of geographical space.
The geographical distance plays a weaker and weaker role in regional connection.



Lockdown strategies Vs relaxing restrictions
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» Would lifting the lockdown cause a second wave of
Infections?
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Modelling lockdown exit strategies for COVID-19

Vary the contact rate at a given timing

» Keeling et al., 2020
» D’Orazio, 2020;

» Brethouwer, 2020 ;

> Aleta et al., 2020;

» Petersen et al., 2020

Allow individuals to move at a given time period

» Wang et al., China Math, 2020;

> Arion et al 2020
> Shea etal. 2020
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Modelling lockdown exit strategies for COVID-19

€ Modify the incidence rate

S
A=1-C(t,N) N [, (t) — Transmission probability (wear face mask, ...)

> Contact rates (contact tracing, quarantine, isolation)
€ Modify the movements

E,'= Aoll-)S,(1, + OA +VE,) ~oE, - > mF((1)

P2 — ap(t,x) + R(t, p(t,x). K9 =AED-T(0)
A(t,x) = BC(t, x) :((’; i)) .

Motivations: Optimal reopening strategies: to determine when, where can lift the lockdown,
and how to do



Part 1 : Effect of mass movements on possible outbreaks

Question: During the late stage of COVID-19 infection in China in 2020, when did
Individuals return to work (the date of resumption of work ) ?

» Methods: a meta-population model, movement network with Hubei province



The SEIR-type model with contact tracing

J Clin Med  2020;  9:462.
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- A =0(1-QE — 1.4,
:Hr

Sq = (1 —PB)cqSI — 4S5,

E," = BcqSI — 6,E,,

H' =61+ 6,E; — (a+vyy)H,
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contact tracing
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A meta-population model

(31 '=—(pc+cql—-p))S, (I, + A +vE)+ A4S,
E,'=Bcl-q)S,(l, + OA +VvE,) —oE,

Sy '=(@—B)caS, (I, + OA +vE)—AS,,
E,.'=/5cqS, (I, + OA +vE,)) - 5,E,,
H,'= 9, IlﬁLé‘(]lqu—(ocﬁLQ/,_l)H1
R'=rili+7.A+ryH,




Estimate the movements
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Modelling enhanced interventions

Piece-wise contact rate, quarantine rate

‘¢, Jan26<t<Jan30
c(t)=<c,, Jan31<t<Feb4 q(t) =+

q,, Jan 26 <t<Jan 30

d,, Jan31<t<Feb4

C;, Feb4<t<Feb9

Modelling resumption of work
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3 time periods 


Data fitting for 16 cities
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Fitted curved is just between the observed data of wuhan and whole country, we bebelieve it is reasonable, since the early confirmed cases in whole country came from wuhan, the majority of cases of other cities should be the cases of wuhan. 


Effect of resumption timings on infection (Feb 24" 2020)
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» Resumption of work will significantly increase the number of cases in most cities, except for
Huanggang, Ezhou and Tianmen
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Resumption of work will significantly increase the number of cases in most cities, except for Huanggang, Ezhou and Tianmen, which is not beneficial for disease control
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Effect of resumption timings on infection (Mar 2" 2020)
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» Resumption of work will significantly increase the number of cases in most cities, except for
Huanggang, Ezhou, Tianmen, Xiantao, Qianjiang.
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In reality, on March 10" Hubei began to reopen,
since March 15" movements within the province have been allowed
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Part I1: Optimal reopening strategies

€ The obtained reopening strategies :

Given flux levels and reopening time, we simulate the proposed model to see
whether there is possible outbreak or not

€ The optimal reopening strategy:

To determine the optimal reopening timing, travel flux such that the possible
outbreak can be avoided ?

Ref. Daipeng Chen, Yuyi Xue Yanni Xiao*, Determining travel fluxes in epidemic areas.
PLoS Comput Biol 2021, 17(10): e1009473. https://doi.org/10.1371/journal.pcbi.1009473.



Related data to population mobility in China
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» Migration index gives mobility strength of population in each city. Higher migration rate means
more inflow (outflow) from a given city.
» There is no direction of individual movements. Other data are required to form a mobility network.
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迁移指数： 上海今天的迁出指数=上海迁出人口/全国迁出总人口


Estimation of mobility network

Mobility Network via Gravity model ® 5
(Erlander and Stewart, 1990.) o L e ™™ pei et R
,\_ﬁ o E\:’ .
Mio 1,92
J &
W;i=6G——— (1) ~ - o
] .. b P B ow
erlj/r S ; {!
W i
Resident paputation (milion) _ ¥ { 2
where M; and M; are the "mass” (e.g. population size, et il
GDP) of city i and city J. 7;j is the georgical distance
between cities i and j. Parameter values come from
reference. February 11, 2020
' ' . 1,386 counties in 31 provinces
> Estimated relative population flow is P e . e
) ) ) 2 o . weekly
consistent with observations.
2 No.
> There were high population flows among the  : =0
cities with the larger population sizes and the : == <300
.- . . £ <500
eastern cities with more developed economies & - =
in mainland China. e ] L0

Observed aggregate population outflow from Wuhan
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B: The estimated relative outflow from Wuhan to other cities versus the observed aggregate population outflow.
C: The mobility network among these cities. The diameter of nodes indicates the size of the resident population in each city, and the gray scale indicates the relative population flow between two cities.
The undirected weighted network shows that there were high
population flows (the darker edges in Fig 1C) among the cities with the larger population sizes
(bigger red dots) and the eastern cities with more developed economies in mainland China.


Transform the mobility network to a new graph

Geographical distance

1. Derive a Markov chain
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Remark: We can map the geographical spaceto a
aiffusion space using a general kernel A(x, y).

2. Diffusion distance
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Affinity function 亲和函数：A(ij) represents the average of the relative population flow from one location x to another y and from y to x
P(ij) be viewed as the probability for a random walker on X to make a step from the vertex x
to vertex y.


Modeling the spatial spread of pathogen

. OH set December 31, 2019 January 10, 2020 January 20, 2020
MEta-pOpUIatlon model Source: anties in 1 province 113 counties in 20 provinces 627 counties in 30 provinces
(geographic space) 0CDC weekly

. n BC,SiI,

[ =— g Ll + ——Y _T.I.

i . ijlj N, ili .
i=12 .0 =S

. <1000

Report .
Reaction-diffusion model ™" ., <% f: #
(diffusion space) WAL
=
6p(t, x) ogbuin L] Guangzhou ogbuiy . Guangzhou oqBuiN . ® Guangzhou
= yAp(tl x) + R(tl x)p(tl‘x) s Fuvang bu Flyang o o Fyang
at @@;@ ) U Mwip Uy, ‘@j; o Ui,
i & _ .
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R(t,x)=BC(t,x)n(t x)—F(t,x) L I Y IR

The shorter the diffusion distance to Wuhan, the earlier the confirmed cases appear



Modeling the lockdown strategy

Normal
Party? i Reaction diffusion system

|
0 @e apg; %) _ vAp(t, x) + R(t, X)p(t, x)

Poteintial U with VU = 0.

dp
— =yAp+V.(pVU) +Rp

ot
Lockdown to counteract diffusion
ODE system
Party? dp(t, x)

5t = R(t,x)p(t, x)

Since

YAp(t,x) + V. (p(t,x)VU) =0.

Potential U = —yln(p). . _ S _ _
The mobility of infectious individuals is restricted
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The mobility of infectious individuals is restricted by these interventions


Modeling the lockdown exit strategy

Basic idea

Aim: Find a new potential V to reshape the function U such that the individuals can move following the
gradient of the proposed potential function F = U + V.

V F=U+V

+
Il

Reaction diffusion-drift system

9
a—f = yAp + V.(pVF) + Rp = V.(pVV) + Rp 3)

Note that, V = 0 (VV = 0) means completed lockdown, and V = yln(p) means completed exiting lockdown.



Lockdown exit strategy (task 1 —when and where)

A good lockdown exit strategy should not cause a second outbreak of epidemics

dp(t, x)
ot

=V.(p(t,x)VV(ty,x)) + R(t,x)p(t,x) <0, (4).
Where ty < t < ty, tp Is the initial time of travel flux —=VV(ty, x), and t; is the end time of it.
Integrating the inequality (4) on 2 = {24,2,, ...,2,,}, R(t, x) is homogeneous on £2;, we have
m
Z R(t, 0, €)I(t, Q) < 0 5).
i=1

Since the first term is the sum of inflow and out flow in 2. Where, R(t,Q;,€) = (1 — €)R(t) + €R(0).

Inequality (5) is a necessary condition for lifting the strict lockdown. The travel flux =VV(t,, x) would
exist If this condition was satisfied (our paper)!
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denote epsilon to quantify the variation in the contact rate if a new travel flux is initiated


Estimation of net growth rate

With some assumptions, from

@ = ]/Ap(t, X) + R(t: x)p(t, x)

We have, for initial outbreak city (),

d(t, Q)
—5— = ¥ol(t,2) + R(t, 2)I(t, Qo)

where yo = =y|0Q|/[0Q,] is the
total outflow rate from the initial
outbreak city.

For other cities,

di(t, Q)

-

Wuhan

Net growth rate
[=]

Net growth rate
(=]

o
ra

0.4

P w® @ ? @ ® e
Date of the oulbreak period

Wenzhou

53\\""3 jan?'o jan?'ﬁ janﬁo \:3‘0‘1

Date of the outbreak period

g2 ot ct?

Chongging

MNet growth rate
o

S
[

04
yat *

201

Reporting time-delay (days)

53“?'\ _\,aﬁ?’a g,a“e’\ \73“5 ‘;e“\g g@‘s ‘;e‘o?'o

Date of the outbreak period

—
O »

-
e

Zhoukou e —-—

388350 85 .2
o c=L 3@ £ - Lo
Eoa5o0500 B335 222088 o
=4 o N Ec@=HE 5=
SE522SG TR INEET SR8 S
YOTLOO0ZSnISNOOIOXIZZONZIF
Gity (ranked by the time-delay)

Congguan
Wi

=

ang

=S

Gui
Wuhan



Lockdown exit strategy ( when & where?)

Zero-one programing

max H, = Z £, 5)
i=1

S.L. Z{Zl R(t, .Qi, E)I(t, -Q'i)fi < 0,

fi € {011}

Where ¢; = 1 means subregion (;
Is selected. We maximize the
objective function to get more
subregions where the strict travel
restrictions can be lifted.

Feb

Until 21th

Feb

After 7th

Before 7th

Jan
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Jan

After 26th
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Note that the adjustment factor epsilon quantifies the changes of contact rate after lifting the travel restrictions (6), and the larger the value of � the higher the contact rate.

That is to say, the strict travel restrictions can be lifted early or even be
unnecessary in more cities if other mild interventions such as keeping social distance, wearing
masks and improving hygiene can maintain the contact rate at a lower level.

On the one hand, we can solve programming (9) at any fixed time t0 to get the available subregions. On the other
hand, we can also focus on the subregions to determine the available time.


Lockdown exit strategy (task 2 —how?)

Nosecond 55t x)
outbreak ot

=V.(p(t,x)VV(ty,x)) + R(t,x)p(t,x) <0, (4).

Graph Laplacian converges to Kolmogorov operator

Note that th del (3) i
(Coifman and Lafon, 2005,2006) ote that the model (3) is

0
L = 45(Qsm — E) =m=o0) £ = U(In(p)). V + = pLV + Rp.
With Therefore, inequality (4) implies that
__ 1 sreuep
Ks5(Q: Q) = /o)y ® o —> (LsmV ™ + R )p(m) < ()
Ks(Q;,Q;

Kam(ﬂi:ﬂj)= 8( : ]) , Optimization

J (B Ks (0, 0)) BT K5 (01,0))) ,

min  H, = ||V —yIn(1M)||",
Osm(0,)) = o2 ) =l o
T D Kem(00 ) St Ly V(™ + ROW < o),

Approximation theory of diffusion maps
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Given the available subregions Omega{O1, O2, . . ., Om}, infectious density p(t, x) and
growth rate R(t, x, �), we hope to determine the potential V(t0, x) by solving inequality (7).
This is a big challenge, we solve it here based on the approximation theory of diffusion maps


Lockdown exit strategy ( how ?)
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Variations in contact rate (¢)

» The cities with larger growth rates and more COVID-19 cases tend to have higher potential, but
the estimated potential does not show a clear correlation with diffusion distance;

» The estimated potential is significantly correlated with the number of COVID-19 cases when the
contact rate is relatively low and is significantly correlated with the growth rate when the contact rate
IS high .
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（a) the cities with larger growth rates and more COVID-19 cases tend to have higher potential, but
the estimated potential does not show a clear correlation with diffusion distance.
(b) the estimated potential is significantly correlated with
the number of COVID-19 cases when the contact rate is relatively low and is significantly correlated
with the growth rate when the contact rate is high 


Lockdown exit strategy

Jan €=0.50
After 2Tth
Net flow matrix i = r !
Before 26th
V(t.. Q)= V(t ,ﬂ.' Net flow matrix (e=0.5)
jijzmax[ ( 0 ‘r) (ﬂ 1),[]], C Langfang 0 0 0 0 0
Dy (‘Q"‘ {; ) Suzhou 0 0 0 0 0
. Beijing @K kELEE 0,0003912 0 0 0 0
The net population outflow from Changsha 0.0003554  3.6186-05 0 0 0
subregion Qj to another ;. Wuxi [IPER 0.0001107  5.476e-05 0 0
Ningbo R0 L] 0.0005838 0.000469  0.0004979 0
Langfang Suzhou Beijing Changsha Wuxi Ningbo
' ' ' ' e=0.4 <10 e=0.4
> A city with a higher potential also - . 4 x10° .
] ' (] ¥ E " _.-; * * *
has more outflows; Z o ° >
: £ 09 ga- .~ e
» The potential does not show a 2004 5 et
1gnifi ' ' 3 ® 32 e S
significant correlation with the 2 P 3 ST
. - - - E= = . ':"".,'*?{".'
diffusion distance, it seems that the é“-ﬂz ) 3 | R AR
outflow population from one city Is o o 2 o ;;,.
more likely to reach the closer city 0.0172 0.0175 0.0178 0.05 0.1 0.15

Potential Diffusion distance


演示者
演示文稿备注
 net flow matrix is a lower triangular matrix which means that it only
quantifies a one-way net flow of population from the place with high potential to another one
with low potential, and cannot reflect the two-way flow of population between the two cities in
the actual situation.  


Lockdown exit strategy (how)

Relative flow matrix (e=0.4)
I) Wuhan
Chonggin

Gvgn zpou

g ﬂz hen 2
han?hal

Bjj “&"‘Sng
( 1) fﬁgﬁgzhga
= (Bj _fﬁ) + (1 + 0]y Zhayang
( 0 ok ) Xi‘an
Foshan

Where { is a perturbation to the D’Px?%

) ) Kun |n
estimated flow matrix. Nanjin

Relative flow matrix

ol
Huizhou
Zhongshan

let the travel flow Bj,i =1, Rshnin
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uiyang
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Wuhan

» The cells far away from the diagonal are associated with larger absolute values;
» The travel flow from a city with a severe epidemic to a city with a mild epidemic should be smaller
than the travel flow in the opposite direction


演示者
演示文稿备注
最左上角那个格子就是说如果从武汉到贵阳的移动速率假定为1的话，那从贵阳到武汉就得是3左右。
最右下角那个格子表示从贵阳到武汉的移动速率为1的话，从武汉到贵阳就是10^(-3)次方。
虽然这只是个数字比例，但可以通过两个城市间的客运售票满足该比例实现目标。


Testable simulation

Meta-population model

dI(t, Q)
ot
m

= ) (By1(6,0) = Byl (6,0,)) + R(t 0)I(2,0,)
j=1 C

Where B is the estimated relative
population flow matrix.

» The population should move from the cities
with higher potential to low-potential cities
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Determining travel fluxes in epidemic areas

Daipeng Chen"2%, Yuyi Xue'®, Yanni Xiao'*

1 School of Mathematics and Statistics, Xi'an Jiaotong University, Xi'an, China, 2 Mathematical Institute,

» Population mobility network was reconstructed using the e
gravity model.

Abstract

> Define a diffusion distance which reshape the spatial spread — sam e i e
of infectious pathogen to a weave-like pattern. T e o T

» In the perspective of diffusion distance, the spread of
pathogen was modeled by a reaction diffusion system.

» Lockdown was represented by a potential function. A
lockdown exit strategy was proposed which answered where,
when and how the travel flux can be organized.

» Testable simulation verified the proposed lockdown exit
strategy.



	幻灯片编号 1
	幻灯片编号 2
	幻灯片编号 3
	幻灯片编号 4
	幻灯片编号 5
	幻灯片编号 6
	幻灯片编号 7
	幻灯片编号 8
	幻灯片编号 9
	幻灯片编号 10
	幻灯片编号 11
	幻灯片编号 12
	幻灯片编号 13
	幻灯片编号 14
	幻灯片编号 15
	幻灯片编号 16
	幻灯片编号 17
	幻灯片编号 18
	幻灯片编号 19
	幻灯片编号 20
	幻灯片编号 21
	幻灯片编号 22
	幻灯片编号 23
	幻灯片编号 24
	幻灯片编号 25
	幻灯片编号 26
	幻灯片编号 27
	幻灯片编号 28
	幻灯片编号 29
	幻灯片编号 30
	幻灯片编号 31

