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Epidemic dynamics models on social
vulnerability and public health
measure
REJERITICHN T B RHMRHEES KURR
FENRICET ZHIEET L

The COVID-19 pandemic highlighted the impor-
tance of understanding how social vulnerability in-
fluences epidemic dynamics and the effectiveness of
public health measures. This work presents three
mathematical studies that incorporate different per-
spectives on social vulnerability and public health
strategies to investigate their impact on epidemic con-
sequences. To this end, we develop mathematical
models from multiple perspectives, including regional
lockdown policies, limited isolation capacity, and be-

havioral heterogeneity among individuals. Our re-
sults show that the complete lockdown with strict
mobility restrictions could help reduce endemic size,
while the weak lockdown with minimal restrictions
has the least effect on preventing the spread of the epi-
demic. In addition, insufficient isolation capacity may
lead to the breakdown of isolation strategies and con-
sequently result in much more severe epidemic con-
sequences in both non-reinfectious and reinfectious
diseases. Furthermore, the distribution of preventive
behavior significantly affects epidemic dynamics and
the resulting social damage. The findings from these
studies could help us understand complex epidemic
phenomena through these perspectives.
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Epidemic dynamics models on social vulnerability and public health measure
JERE AT I T 2 42 MMEseME S K O AREENRICET 280 E TV
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FAERFZRZEGERBAUTER AR P S

The COVID-19 pandemic highlighted the importance
of understanding how social and structural heterogeneity
influences epidemic dynamics. We develop mathematical
models to investigate epidemic dynamics from multiple
perspectives, including regional lockdown policies, limited
isolation capacity, and behavioral heterogeneity.

We consider a mathematical model of epidemic dynam-
ics to theoretically discuss the efficiency of lockdown, for
which we introduce some different types of lockdowns
with respect to the degree of restriction on social activity.
Our model is shown as follows:

as,
dt
dl;
dt

dHyq

dt
dHy,

dt
s,
dt
dls
dt
dHys
dt

= =115 — a1 21251 + 01 Hi1 + 02 Hoy;s

= B11151 + a1 BalaS1 — 7ily;

= (1 —=p)nli — 61 Hys;

=pyli — 02 Hyy;
= —[21252 — a 11152 + 02 Hag;

= Bol282 4+ 11152 — Y2 la;

= vola — 02 Hoo,

where S; denotes the population density of healthy indi-
viduals in area ¢ who can be infected, I; denotes that of
individuals in area 2 who have been infected and are able
to transmit the disease, and H;; denotes that of individuals
belonging to area j who are infective and under medical
treatment in area ¢. [V; is the population size in area ¢, and it
holds that Sl +I] +H11 +H21 = Nl, SQ-FIQ-FHQQ = N2
for any time ¢ with positive constants Ny and Ns. f3; is
the infection coefficient in area ¢, which represents the ef-
fective infectivity of the transmissible disease. «;/3; is the
infection coefficient during the temporary visit to area j,
which is smaller than 3; (0 < oy < 1). 7; is the treatment
rate of the infective in area ¢, and 6; is the recovery rate
by the medical treatment in area 7. p is the proportion of
infectives belonging to the peripheral area (area 1), who
get the medical treatment in the central area (area 2) with
0<p<L

The endemic size is defined as the total number of infec-
tive individuals in the community at the endemic equilib-
rium E*(ST,IT, Hyy, Hy,, S5, 15, Hy,). For our model,
itis given by ¥* := (N7 + No — ST — S3) /(N1 + Na).

S S;
1 2
’ \

B[+ LS, ||
Hip :

o |
- mh v“\_'\
(m I / 1 Y2lo I

Figure 1: Scheme of the epidemic dynamics.

Table 1: Different types of lockdown.

g (&%)

Weak lockdown type 1

0
Weak lockdown type 2+
Strong lockdown 0

0

o o o +
o + + + =

Complete lockdown

The endemic sizes under the complete, strong, and weak
(type 1 and 2) lockdowns are denoted by W7, U, Wr . and
v 5, respectively. We obtain the order of endemic sizes
P! = Ui < ¥y . Thus, the weak lockdown with minimal
restrictions has the least effect on preventing the spread of
the epidemic.

We consider the following mathematical model on the
epidemic dynamics with a reinfectious disease, containing
the isolation class (. We shall focus on the relation be-
tween the isolation capacity and the epidemic consequence.

recovery

infection /‘_\
S — 1 R
o T

reinfection
isolation discharge

0

Figure 2: Scheme of state transitions.
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) The variables S;, I;, and R; denote the sizes of the sus-
with ceptible, infective, and recovered subpopulation of cau-
tion level ¢, respectively. The total population size of the
community is given by a positive constant N, the pop-
ol for Q < Qmax; ulation size of caution level ¢ is given by N; := p;N,
2(Q.1) = with p; € (0,1), and ;" , p; = 1. It is satisfied that

for Q = Qmax

min [UI , anax]

and the initial condition (5(0),1(0),Q(0),R(0)) =
(So, Iv,0,0) where Iy > 0 and Sy = N — Iy > 0. Pa-
rameter 3 is the infection coefficient, /3 is the reinfection
coefficient (0 < € < 1), p is the natural recovery rate of
the infective individual, and « is the discharge rate for the
isolated individual after recovery. The term (@, I) gives
the net isolation rate, which depends on the accessibility
of isolation. The parameter o is the per capita quarantine
rate. As long as the isolated subpopulation size @ is less
than the isolation capacity (Jax, the isolation is available,
and the epidemic dynamics remain at the isolation well-
functioning phase with ®(Q, I') = oI. However, once the
isolation reaches its capacity Qax, the system transitions
to an isolation malfunctioning phase. The isolation still
operates even in such a situation since there are always
some individuals discharged from isolation, and then the
isolation becomes capable only for the vacancy generated
by the discharge. Any demographic change due to birth,
death, or migration is assumed to be negligible during the
epidemic season.

Our results show that insufficient isolation capacity may
lead to malfunctioning isolation and consequently result
in a much larger endemic size for a highly reinfectious
disease. In addition, for a weakly reinfectious disease,
disease elimination can be possible through a sufficiently
large isolation capacity and efficient discharge of patients.
Otherwise, the disease may become endemic.

We consider a mathematical model for the epidemic
dynamics with the heterogeneity of preventive behavior
among individuals about a disease transmission, focusing
on the relation of the distribution of preventive behavior
to the final epidemic consequence in a community. The
preventive behavior varies according to the level of caution
to the disease transmission. We assume that people could
be categorized into n classes based on their caution level
about a spreading disease. The caution level affects the pre-
ventive behavior of not only susceptible but also infected
individuals. We consider the following SIR-type model
that incorporates such a social structure with n classes of

Si(t) + Li(t) + R;(t) = p;N for any t > 0. Initial con-
ditions are given by S;(0) + I;(0) = p;N, I,(0) > 0,
and R;(0) = 0 for all . The infection coefficient for
susceptible individuals of caution level 7 is given by ¢;(.
¢; indicates the efficiency of preventive behavior, where
g; € (0,1),and 1 = &1 > &3 > ... > &,. A small
value of ¢j, corresponds to a high caution level, indicating
that susceptible individuals adopt higher-quality preventive
behaviors. Conversely, a large value of €, corresponds
to a low caution level, reflecting less effective preventive
behaviors. Within this framework, individuals of class 1
are assumed to have the lowest caution level, while those
of class n have the highest caution level. The parameter
vk € (0, 1] represents the contribution of the epidemic by
an infected individual of caution level k&, which could be
regarded as the density of the pathogen produced by an
infected individual of caution level k. The contribution
of infected individuals of caution level 1 to slowing down
the spread of the epidemic is the smallest, indicating that
1 =791 > 7 > ... > v,. The parameter p denotes the
recovery rate of an infected individual.

Our results show that the final epidemic size, which is
defined as the population size of individuals who experi-
enced infection, strongly depends on the distribution of
caution level among individuals in the community. In ad-
dition, there exists a criticality for the distribution of the
caution level that determines the severity of social damage
by the spread of the disease.

These studies provide insights into different factors influ-
encing epidemic dynamics, including regional lockdown,
isolation capacity, and behavioral heterogeneity. The find-
ings from this thesis could help us understand complex
epidemic phenomena from these perspectives.

References

[1] Fu, Z., Seno, H., SIRI+Q model with a limited
capacity of isolation, Theory in Biosciences 144
(2025), 121-144. https://doi.org/10.1007/
512064-025-00437-8



15

J XA IC XA T7I ) 2o XFolRes Fo

RRZTRFARFGE BHA

1 BErAM

7=/ 7Y XEEEKRE LEZEZNERL
TWAHAREGETH D, MgaiiE GEgEiET B )
WIREXNTWD, FER 12EELSEMINATH S5
REVITH B~ > 27— ZADBBREZEIC L b, @R
BEMICH 5, Lh L, EFE ra (FELELL, =%
KBTI/ 7Y FOMEDMELE S hT»
% (8K fth, 2017; 1UH, 2018), MRE LT, M&EEKR
BIZBUI2EERRED DD /) 3 2 EHEH ) BRE
TNz, ZHAUL. /R LR T 2 R WERIEE
X2 L VWIEHHTH 5, R TIE F a2
73 5D, HERNMEFMNZ L THAENERST Z
& (TNR(Trap(#i¥), Neuter(FNEFT), Return(7TD
BRINRT)) 7~ 37 2703 XORBIHELDH
BINEIDEFANRD, Fie, /A I IRE R
FE D & NEEDIDD D AEFITIE—EHH 72 DK
HARBEOERAI»PPZ 2 I T0D, 206D/ 3
EHIC»»2E8HEERL, 7~/ 70Uyt Fofe
IR L REN EH O H 2> & Fof e/ 4 2SS 2 5
Zb,

2 ETFI
J 3 A ERRNS T3 ) 2 afikETLE, A
oz HERTEFMZE U TEHAENEKR T TNR 7LD

DHEREZHEST 2, TNR EF LTI, I 720
DRRBIZ X 2T Z2 L TWiwn/ radERD
BAYZERET 5,

7= 3/ 7 a v X OMEEREEE Y HEEAR R
D, b LA 2 a iRt 2 e WSSO D & T
J A3 A NEFMc o2 aX s ER/MET 2D
DEFARZ, ZODOHME 1. 7 ik~ ¥ HIEEfEE
g (2 xazEERLs L, 7~/ 70y HaH
FEEARNTE T 2 I/ N OFERZ VW2 g . 2. 7 %
IR Y X HIEERRS (2 2 a2 bl 73
J 7 oH X0 HEEEBISET 3 RNOHERE
WBHRES) . 3. R a ANELARAEERES (2 % a2 AL
L. /a3 2 5/ hofigR%z Huv 2 1% T,
J 2 2 EHEARIERICHIR S 27 i D O R R 2 K
DB,

i 10

fanrse=  #ihsk

iy

27 DA

3 MRCEE

J 3 affiFxETFNLYE TNREFAT, /222X 5
BRY ) 3 R X 5 P EARBEE A LR T2,
J 2 ARETLVOME (K 1(a) LT 5 2, TNR
ETATIE, /AR EHHBRORKZVE ZATHE
RERENE ZATT I/ 70y Fo5E L i
RO RRPWNIL BB ZerbhroTz (K 1(b) /
I ACAEFME UTHENRT Z 21, /33250
DTBLELHRTTI<I ) 70U FFOHER2TH LT
IR BH DY VZ D, /AL BHEBRE AT 2
A MR (7 23— DH D ITHDEEFH IR
WA B o 2 MR (1 ERITHRE L RO ) o
BT 27201023 M) DT XD ¥ O#kEgH
BOHERE & 72 2 O E N, /23 X BHBRDOK
XV ZATHREFM 2 2 MREBUSH 2 i 2 2 MR
BOMEEREL T2, /3R by 35 BIEfEERI
BEFNCIZ 2 Z e hbh -7z (K2),

il 1
20

AT o
20

. 1820.0

TR/
KAV AE )
i e

Iun
20

%Ak aflife¥a

l 1820.0

T/
VA=A & 0]
AL

0.1 Iun 0.1
0.1

0.1 20
%Ak aflife¥a

(a) /% afliET NV (b) TNR E71L

=

10 /AR EBZWHER AMICK2MBRICEZ 7~/ Z7nvdXoff
ﬁ%ﬁ&m

=

A L BT 5 2 A
700

2 Cyy / FIEF2 % RS C

[__IPEEE EERELT G
W/ RAEAG Y ¥ H R
B/ 7 a R

50

03 0.7

s raksiifefa

2: /AT X B AR ANETFM 2 R MREWSH S 2 2 X MREIT X
%R b RRIMES 2 REIE DO 2L



16

Theoretical Study of Cultural Evolution Under Periodically Fluctuating Opportunities to Switch Cultural Traits
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