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Abstract

Time scales theory has been in use since the 1980s with many applications. Only very
recently, it has been used to describe within-host and between-hosts dynamics of infec-
tious diseases. In this study, we present explicit and implicit discrete epidemic models
motivated by the time scales modeling approach. We use these models to formulate
the basic reproduction number, which determines whether an outbreak occurs or the
disease dies out. We discuss the stability of the disease-free and endemic equilibrium
points using the linearization method and Lyapunov function. Furthermore, we apply
our models to swine flu outbreak data to demonstrate that the discrete models can
accurately describe the epidemic dynamics. Our comparison analysis shows that the
implicit discrete model can best describe the data regardless of the data frequency. In
addition, we perform the sensitivity analysis on the key parameters of the models to
study how these parameters impact the basic reproduction number.

Keywords SIR epidemic models - Difference equations - Positive equilibrium
points - Local stability - Global stability - Lyapunov - Influenza outbreak in rural
campus

B Naveen K. Vaidya
nvaidya@sdsu.edu

Giilsah Yeni
gzy5088 @psu.edu

Elvan Akin
akine @mst.edu
1 Department of Mathematics and Statistics, Missouri S & T, Rolla, MO 65409, USA

Department of Mathematics, Center for Infectious Disease Dynamics, Pennslyvania State
University, University Park, PA 16802, USA

Department of Mathematics and Statistics, Computational Science Research Center, Viral
Information Institute, San Diego State University, San Diego, CA 92182, USA

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s00285-023-02015-2&domain=pdf
http://orcid.org/0000-0003-3502-2464

6 Page2of16 G.Yenietal.

Mathematics Subject Classification 65Q10 - 39A30 - 97M60 - 92B99

1 Introduction

Mathematical models in the form of differential equations have a long history of
providing important contributions to the study of infectious diseases. One of the most
frequently used model classes is based on SIR (susceptible-infected-recovered) type
formulation, which describes the transmission dynamics of diseases. In the basic SIR
model, the population is divided into three compartments as the susceptible, S, the
infected, I, and the removed/recovered, R. A basic continuous SIR (C-SIR) model
with susceptible recruitment and natural death rate similar to the one introduced by
Kermack and McKendrick (1927) is:

S =—BSI—yS+a,
C-SIR Model: { I' = BST — (y + M), (1)
R =1l —yR.

In this model, the susceptible individuals are infected upon successful contact with
infected individuals at the transmission rate 8 per individual per unit time. The infected
individuals are recovered from the disease at the per capita recovery rate A per unit
time. The parameters « and y represent the recruitment rate of susceptible individuals
per unit time and the per capita death rate of the population per unit time, respectively.
Many variants of the incidence rate 857 have been considered, including a nonlinear

BSI BSOIU=1) 4q in Cooke

form T1ar @8 in Capasso and Serio (1978) and the form TFal(—7)

(1979); McCluskey (2010a); McCluskey (2010b). Here, t indicates the time delay
required by the infected individuals from the time they contract pathogens to the
time they become infectious. The global stability analysis of these models have been
extensively studied, including the one by McCluskey (2010b), who considered the
system with % incidence rate and established the global stability analysis of
the equilibrium by constructing Lyapunov functions.

The continuous SIR models are often validated using the data-fitting process, which
provides reasonable estimates to the model parameters. However, the data are discrete
in general, quite often collected with varying time intervals. In this regard, the discrete
models may be suitable to recover parameters from the discrete data sets. While some
other continuous and discrete SIR models have been investigated (Allen 1994; Jang and
Elaydi 2003; Saito 2016; Kermack and McKendrick 1927; Enatsu et al. 2010, 2012),
including some for the transmission dynamics of HIN1 (Kim et al. 2017, 2020; Lee
et al. 2021; Tan et al. 2012; Vaidya et al. 2015), the application and analysis of time-
scale based discrete models in the context of infectious diseases are not well-advanced
yet.

In Akin and Yeni (2020), the unification of continuous and discrete models of SIS
(susceptible-infected-susceptible) is formulated on an arbitrary closed subset of real
numbers, so-called a time scale. The discrete SIS model in Akin and Yeni (2020) is
given as a system of two nonlinear dynamic equations, and the exact solution is derived
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by the approach of the Bernoulli equation on time scales (Akin-Bohner and Bohner
2003). Motivated by Akin and Yeni (2020), we consider two variants of the discrete
SIR model, one with the explicit formulation and another with the implicit formulation.
In the explicit formulation, we assume that the incidence rates are calculated based
on the population interaction in the previous time. The explicit discrete SIR (ED-SIR)
model we introduce takes the following form:

-y
ASn = —'81_'_—13;;5”1” — )/Sn +O[,
; : I-y)
ED-SIR Model: { o; _ ﬂl +;31):, Sl — (7 + ). @)
ARy, = Ay — y Ry,

with initial conditions So > 0, I[p > 0 and Ry > 0. The numbers of susceptible,
infected, and recovered individuals for n > 0 are denoted by S, I,,, and R,,, respec-
tively. We assume that all parameters are positive and y < 1.

In the implicit formulation, the incidence rate is computed according to the popula-
tion interaction at the present time. This assumption allows us to develop the following
implicit discrete SIR (ID-SIR) model:

B —y)
AS ==L g~y S+,
" U Bl ! Yo e
§ : Bl —y)
ID-SIR Model: oy — BU=V) o (0 3
]+ﬂ]n+l
ARn = )\In+1 — )/Rn+l~

We begin by introducing the preliminary results for the system of difference equa-
tions and discrete stability analysis and refer readers to two books introducing the
theory of time scales by Bohner and Peterson (2001, 2003). In Sect.3, we derive
disease-free equilibrium (DFE) and endemic equilibrium (EE) points and compute
basic reproduction number (% ) for the ED-SIR model (2). We note that ED-SIR
model (2) and ID-SIR model (3) have the same equilibrium points and the same %
formulation. In Sects.4 and 5, we discuss the necessary conditions for their local and
global stability analysis for the ED-SIR model (2) and ID-SIR model (3). In addition,
we consider the swine flu (HIN1 influenza) data in a rural university campus and
study how these discrete models (2) and (3) are different from continuous model (1) to
describe this data set (see Sect. 6). In the last section, we conclude our results, discuss
the importance of the theory of time scales, and share some open problems.
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2 Preliminaries

In this paper, we discuss the stability analysis of ED-SIR and ID-SIR models, (2) and
(3), respectively. Therefore, we first present some necessary definitions and results
related to stability theory from the books written by Elaydi (2005) and Kelley and
Peterson (2001).

The following system of m linear equations:

x1(n+1) = anx1(n) + appxo(m) +--- + ayXm ()
xo(n+1) = anx1(n) + anxo(m) + - -+ amXm(n)

Xm(m + 1) = amix1(n) + amax2(n) + -+ + ammXm (1)
may be written in the vector form
x(n+1) = Ax(n), “4)

where x(n) = (x1(n), x2(n), -+ , xp())T € R™ and A = (ajj) is an m x m real
nonsingular matrix. System (4) is considered autonomous or time-invariant, since the
values of A are all constants. The spectral radius of A is defined as

r(A) = max {|€| : £is an eigenvalue of A} .
We consider the vector difference equation

x(n+1) = f(x(n)), )

with x(ng) = xo, where x(n) € R¥, f : RE — Rk is continuous. A point x* in R¥
is called an equilibrium point of (4) if f(x*) = x™* for all n > ng and is classified as
follows:

Definition 1 ((Elaydi 2005), Definition 4.2) The equilibrium point x* of (5) is said to
be:

(i) Stable if given € > 0 and ngp > O, there exists § = §(e,ng) such that
[lxo — x™|] < & implies ||x(n, ng, x9) — x*|| < € for all n > ny.
(ii) Attracting if there exists some constant i = w(ng) such that||x(n, ng, x9) — x*||
< wimplies lim x(n, ng, xo) = x*.
n— o0
(iii) Asymptotically stable if it is stable and attracting.
(iv) Globally asymptotically stable if ;© = oo in parts (ii) and (iii).

The next theorem summarizes the main stability results for the linear autonomous
system (4).

Theorem 1 ((Elaydi 2005), Theorem 4.13) The following statements hold:

(i) The zero solution of (4) is stable if and only if r(A) < 1 and the eigenvalues of
unit modulus are semisimple, i.e., if the corresponding Jordan block is diagonal.
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(ii) The zero solution of (4) is asymptotically stable if and only if r(A) < 1.

For two dimensional systems, if
[rA| < 1+ detA <2 (6)

holds, then the zero solution of (4) is asymptotically stable, see Elaydi (2005).

Let x™* be an equilibrium point of f in (4). A real-valued continuous function V on
some ball B about x* is called a "Lyapunov function" for f at x* provided V (x*) = 0,
V(x) > 0forx # x*in B, and

AV (x)=V(f(x) =V(x) <0 (N

for all x in B. If the inequality (7) is strict for x # x*, then V is a "strict Lyapunov
function". We have the following theorem, which plays an important role in showing
the global stability of an equilibrium of the system of autonomous difference equations.

Theorem 2 (Lyapunov Stability Theorem) Let x* be a equilibrium point of f, and
assume [ is continuous on some ball about x*. If there is a Lyapunov function for
f at x*, then x* is stable. If there is a strict Lyapunov function for f at x*, then x*
is asymptotically stable. Moreover, if V(x) — o0 as ||x|| — oo, then x* is globally
asymptotically stable.

3 Equilibrium points and the basic reproduction number
In this section, we derive equilibrium points and % of ED-SIR and ID-SIR models

(2) and (3), respectively. The first two equations of ED-SIR epidemic model (2) can
be rewritten as

A —vy)

Sip1=——m——8S L+ (1 —y)S, +«
n+1 1+ 1, nln + ( Y)Sn ©
=Py~
14 81,
It is clear that the equilibrium solution of (2) has
I*
gt = 2 Hapl” ©)
y +BI*

From the second equation of (2), one can get B(1 —y)S*I*+(1—y —AM)I*(1+B8I1*) =
(1 4+ BI*)I*. Simplification yields I* (BI*(y + 1) +y + A — BS* + By S*) = 0.
Therefore,

I*=0 or BI*(y +A) +y +r— BS* + ByS* =0. (10)

@ Springer



6 Page6of16 G.Yenietal.

Now we want to solve (9) and (10). If I* = 0, then S* = % Iy +X)+y+r—
BS* + By S* =0, then

2, (ry+1 aly—DY\ | y ,aly—1DY) _
! +< TS )I +(F+ﬂ<y+x>)_0‘ (an

Solving the algebraic equation (11) gives

2
_(y+l | ey-D y+1 | ay=D\" _ Y o ay=D
(5 + )i\/(_ﬁ +e50) —a(p 50

2

* —_—
11,2 -

To find I} and I} values, the expression in the square root needs to be simplified as
follows

y+1 ay—D) (y oe(y—l)) 2[1 20 o2 }

L —4( = =(yv—1 —

( I y+x) 2 ) Y T E B T
1

= 71>2[—+L]2
-V B y+rl’

Using the fact that y < 1, we get

+1 =D 1
-(F ) 20 -n [+ %]

Iy =
1,2 2
Hence,
el iy — and 1=t
‘T8 y i O
If I* = I}, then substituting /* into (9) gives §* = ayta; 11: = Y*% | o immediately.

Therefore, ED-SIR model (2) with initial conditions has a disease free equilibrium
Ey = (Sa‘, Ig‘, R(”)‘), where

S{{:%, IF=0, and Ri=0 (12)

and a positive endemic equilibrium ET = (S*, I'*, R*), where

w«_ Y FA % Y o
S*="—"" o I'=-+U-y)—,
B B Y+ A
A y o
Rf==(->+0-yp) ) (13)
V( B Y+ A
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Note that DFE and EE points of ID-SIR model (3) are equivalent to DFE and EE
points of ED-SIR model (2) and are given as in (12) and (13), respectively. Now
we define the threshold index, called the basic reproduction number, which helps
us establish the stability of discrete models. For our models, we define the basic
reproduction number as

%:%H—(ij). (14)

Note that I* = m (%9 — 1) and R* = m (%o — 1). Therefore, the endemic
equilibrium exists if and only if Zy > 1. We note that for our time-scale-based discrete
model formulation, the basic reproduction number, %, may differ from the general
basic reproduction number defined in an epidemiological context and/or continuous
model. The basic reproduction number derived here should be interpreted as a critical
threshold for stability.

We now analyze the stability of the equilibria of ED-SIR model (2) and ID-SIR
model (3) in the next sections based on the basic reproduction number (14).

4 Local stability of equilibrium points of ED-SIR model (2)

In this section, we show that if %y < 1, then all solutions of ED-SIR model (2)
approach DFE as in (12). For the proof, it is sufficient to consider system (8).

Theorem 3 If %y < 1, then the disease free equilibrium Eq of ED-SIR model (2) is
locally asymptotically stable, and if Zo > 1, then Ey is unstable.

Proof The Jacobian matrix for the variables of system (8) is

-y Bly—=DS
1+81 (1+81)?
J(S, 1) = . (15)

BU—pI BU—DS 4y

1+B1 (14+81)?
For the disease free equilibrium (S, 0) of system (8), the Jacobian matrix is given by
_ (y=Dap
1—vy ”
J(85,0) =
I T

whose eigenvalues are

fi=1—y and ngw—}-l—y—k. (16)

It follows that if Zy < 1, then |£1| < 1 and || < 1. Therefore, (S, 0) is locally
asymptotically stable. If %y > 1, then |&| > 1 and thus (S, 0) is unstable. Now one
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can consider ED-SIR model (2), where R,+1 = Al, + (1 — y)R,. In this case, the
Jacobian matrix for E is given by

_ (y=Doap
11—y ” 0
J(Eo = (8),0,0)) = 0 %—1—1—)/—)» 0
0 A I—y

whose eigenvalues are &1, & given as in (16), and &3 = 1 — y. Since y < 1, we have
|&3] < 1. Therefore, if Zy < 1, then Ej is locally asymptotically stable, and unstable
if Zo > 1 by Theorem 1. Hence, the proof is completed. O

Following similar steps as in Theorem 3, one can also show that if %y > 1, then
all solutions of ED-SIR model (2) approach E* = (S*, I*, R*) as in (13). Note that
one can get the DFE, i.e., S5 = %, If =0,and Rj = 0if %y = 1.

Theorem 4 If Zy > 1, then the endemic equilibrium point E* of ED-SIR model (2)
is locally asymptotically stable.

Proof Assume %y > 1.Inthe proof of Theorem 3, the Jacobian matrix for the variables
of system (8) is computed as in (15). Hence, for the endemic equilibrium (S*, I*), the
Jacobian matrix is

r 1=y Bly—1DS*
1+B1* (1+B1%)?
J(§*, I*) =
BU—pI* p—y)S* oy
L 1+BIF  (1+BI*)2 tl-y—2
r y+A . (y+1)2
y+itap (I=y)(y +r+ap)

ap (y+1)?
LY+ y5ra Tormap Ty T4

To show that (S*, I'*) is locally asymptotically stable, condition (6) needs to be held
for J(S*, I*),i.e.,

|trd (8%, 1*)| < 1+ detd (S*, I*) < 2. (17)
First, note that
dety (5%, %) — (v + )7 <y+x L 9P _y)
A=)y +r+ap) \y +r+af y+r+top
)
+ﬁ(1—y—x)
(y +1)? Y+ d—y—2)

Ty tAtaB  ytrtap
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A
= L (18)
y+A+af
The assumption %y > 1 implies that
A
v+ —1<0. (19)
A=y +r+ap)
Therefore,
A 1)?
y+it+aof A—-—p)y+Ai+apf)
Y+ A y+A )
=1+ —"—"—+(+A —1
y+itap T )((l—y)(y+k+aﬁ)
< 14detJ(S*, I (20)
by (18) and (19). Furthermore,
A 1
Ifdetd (S5 1) =14 Y2 141 o @1
y+r+ap 1+ 2

Hence, (17) holds from (20) and (21). For system (2), the characteristic equation is

det(J(ET = (8*, I*, R*)) — rlzx3)

y+A _ (y+1)? 0
y+Aitap (I=y)(y+r+ap)
= ap y+1)?
—Y+ y5te TnoTem Ty -4 0

0 —a l—y—r

= det(J((§*, 1)) —rhx2) x (1 —y —r) =0,

where [;; is the i x i unit matrix for i = 2, 3. We already have the conditions to
be held for r; and ry of det(J((S*, I*)) — rlrx»2). Since r3 = 1 — y follows from
the characteristic equation, we finally get |ri| < 1, |r2| < 1, and |r3] < 1 by (17).
Following from Theorem 1, the endemic equilibrium E is locally asymptotically
stable if Zy > 1. O

5 Global stability of the endemic equilibrium for ID-SIR model (3)

In this section, we show the global stability of the endemic equilibrium E* of ID-SIR
model (3) by using a suitable Lyapunov function.
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Theorem 5 If %y > 1, then the endemic equilibrium ET of ID-SIR model (3) is
globally asymptotically stable.

Proof Let f(x) = HXW and g(x) = x — 1 —Inx, x > 0. It is clear that g has
minimum at x = 1 such that g(1) = 0 and g(x) > 0 for x > 0. We define the
following Lyapunov function

I*
t Vi, (22)

Vn:V(Sn, Ins Rn): ﬂ(l—y)S*f(I*)

! V
BU— 11D

S I
Vs, =g (S—) V=g (1—) : (23)

Now we calculate AVs, and AV;, in order to show AV, < 0.

Sna S,
Avsn=g( gi )—g(s—’;)

where

_ Sn—H - Sn +1n Sn
§* Sn+1
Spi1 — S*
=< (Sp+1— Sn) (m

S*Su1 S*F(I%)  Sut
(24)

Spt1 — §%)? Snt1.f (I s
:_y( +1 ) —ﬂ(l—y)f(l*)( +1f( +1)_1)<1 >’

where we use In (1 — x) < —x for x < 1 and replace @ by (1 — y)S* f(I*) + y S*.
Similarly,

It 1
= (5) ()

_ In+1 —1I +1n I,
I* It
Ly —I*
< ([, — 1 PR —
= n+1 n) < I*In—H )
_BU=S U (S f ) Lt (| I 05)
I~ S*f () I* Int1)’

since (y + A)I* = BS* f(I*). Therefore, from (24) and (25)

AVy =V = Vy

ey G s <Sn+1f(1n+1) . 1) (1 s )
= B =) fUHS S S* (%) Su+1
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S, 1, 1, I*
n i1/ Unt D) Ing {_ ' 26)
S £ (1%) I In+1
S, 1, 1
For simplicity, let x| = g——:l, Va1 = ’;—Il and F(yp11) = f;(';;)_ Then, (26)
becomes
(Sut1 — §*)° Xnt1
AV, < — + F(ypg1) — F(yne1) — — V1 +2. (27
yﬁ(l =) fI*)5*Sup ) Yn+1 Ornt1) Xn+1 el @7
Adding and subtracting In 2L F(y,,1) in (27) yield
Yn+1
(Suy1 — 8%)? 1 Xntl
AV, < —y g — g = F(nr)
B —y)fU*)S*Sp41 Xn+1 Yn+1

+F(Vnt1) — Ynr1 +Inyper —In F(ypy1). (28)

Leth(z) = F(z) —z+1Inz — In F(z), where z = y,11. Then, h(1) =0 and 4'(z) =

(1—72) (%) Hence, h'(z) > 0ifz < 1and h'(z) < 0ifz > 1.

From the above discussion and the fact that g is nonnegative, if (S,+1, I,+1) =
(§*, I*), then h = 0 and AV, = 0. If (Sy+1, In+1) # (S*, ), then h < 0 and
hence AV, < 0foranyn > 0 from (28). Since V is a monotone decreasing sequence,

lim V,, > 0and nll)nolo (Vg1 — Vi) = 0. Therefore, (27) implies that

n—oo

lim S,+; = S*. (29)
n—oo
By solving the first equation of system (3) for 7,41 and using (29), we have

4 DSpir + S s
lim Iy = lim S DSt Se e =S (30)
n—00 n—oc B(2Sy41 — S —a) B(S* —a)

From the third equation of system (3) and (30), lim R, = R* can be shown similarly.
n—o0
Hence, we obtain lim (S,, I, R,) = (S*, I'*, R*). Therefore, the endemic equilib-
n—oo

rium E of ID-SIR model (3) is globally asymptotically stable by LaSalle Invariance
principle. O

6 Application of models to Swine flu data

In this section, we apply our discrete models (2) and (3) to the epidemic spread of
the HIN1 influenza (swine flu) outbreak in a rural university town. It is well known
that HIN1 in humans is an airborne disease, so transmission from infected individ-
uals to susceptible individuals occurs via direct interaction between susceptible and
infected individuals. Therefore, our models is suitable to describe HIN1 transmission
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Data frequency: Daily Data frequency: Every 2 days

1000 1000
Il Swine Flu Data Il Swine Flu Data
== C-SIR Model

== C-SIR Model

) ]
(] 3]
3 800} ~e- ED-SIR Model 3 800 ~e- ED-SIR Model
= ~* ID-SIR Model = ~¢- ID-SIR Model
el T
£ £
kel - 600
[ [0)
© ©
L 2
£ £ 400
© k]
g g 200
S [S
> =}
=z =z

OI

0 10 20 30
Days Days
1000 Data frequency: Every 3 days 1000 Data frequency: Every 4 days

® Il Swine Flu Data » Il Swine Flu Data
S = C-SIR Model S = C-SIR Model
T 800 ~e- ED-SIR Model S 800 ~e- ED-SIR Model
= ~® ID-Model = ~¢- ID-SIR Model
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£ £
- 600 °
[ [0)
© ©
2 2
£ 400+ £
N o—
[e] o]
g 200 g
g [S
> =}
=z z

0

0 3 6 912151821242730333639 0 4 8 12 16 20 24 28 32 36
Days Days

Fig. 1 Fitting of C-SIR, ED-SIR, and ID-SIR models to Swine Flu Data from WSU (Vaidya et al. 2015)
for the data frequency of daily, every 2 days, every 3 days, and every 4 days. The fixed parameters are
So = 18223 and « = y = 0 corresponding to the HINT outbreak situations in WSU (Vaidya et al. 2015).
Since most infection occurs early during the semester, we have considered only 40-day data to capture
critical transmission events. Also, the prevalence given in Vaidya et al. (2015) has been converted to the
actual number of infected individuals for more clarity

dynamics. We used the published epidemiological data (Vaidya et al. 2015) of HIN1
influenza cases among students of Washington State University (WSU). Note that
our models do not include the vaccination group because the vaccination data were
unavailable, and vaccination against seasonal flu may not be effective against HIN1
strains. Since in the rural university town of WSU, with students as the majority of the
population, birth-death is zero during a single semester of the data collection period,
we took o = y = 0 to make it consistent with the data.

We fit all of C-SIR (1), ED-SIR (2), and ID-SIR (3) models to the data for 40 days
and compare the models using the Akaike information criterion (AIC) described by
the following formula (Akaike 1974; Burnham et al. 2011):
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Table 1 Model comparison based on AIC values

AIC Values
Data frequency C-SIR Model ED-SIR model ID-SIR model
Daily 381 390 341
Every 2 days 196 204 165
Every 3 days 136 145 109
Every 4 days 104 110 90
SSR\ 2n4(n,+1)
AIC = nglog + u , 31
ng ng—np—2

where ng represents the number of data points, 1, represents the number of param-
eter estimated, and SSR represents the sum of squared residuals given by SSR =
Z” y (Imodel — Ida,a)z. Here Iy0401 and 144, represent the infected populations pre-
dicted by the model and given by the data, respectively. The lower the AIC value, the
better the model to fit the data.

The data-fitting process indicates that each model can capture the epidemic trend
of the HIN1 Influenza outbreak (Fig. 1). However, the computed AIC values (Table
1) indicate that the ID-SIR model fits the data best, followed by the C-SIR model and
then by the ED-SIR model (AIC = 341, 381, 390 for ID-SIR, C-SIR, and ED-SIR
models, respectively). To represent the situations, in which the frequency of the data
is limited, we considered three data subsets by selecting the influenza cases every 2,
3, and 4 days from the original daily data set. For each data subset, we performed
model fitting and comparison. We found that the order {ID-SIR, C-SIR, ED-SIR} of
the goodness of the models remains the same for each data subset (Fig. 1, Table 1),
indicating that implicit discrete formulation (ID-SIR model (3)) may be the suitable
strategy to describe discrete epidemiological data best.

The best model, ID-SIR model (3), and the corresponding %, formulation provide
the basic reproduction number of HIN1 outbreak in WSU to be 1.35. Note that in the
case of « = y = 0in WSU, «/y (an indeterminate form) needs to be replaced by the
initial susceptible population, Sp, (i.e., entire susceptibility, Sy & SE’)‘, the disease-free
equilibrium) in the formulation of %.

We also considered the wider parameter space of two important parameters,
(transmission rate), and A (recovery rate), and observed how %, changes across these
parameter spaces (Fig.2). We identified the combinations of 8 and A corresponding
to Zo = 1 (line in Fig. 2), below which %y < 1 (DFE is stable, implying the outbreak
is avoided) and above which %y > 1 (DFE is unstable, and the outbreak occurs). The
decrease in B and increase in A cause a decrease in %, eventually bringing it below
unity. In practice, the decrease of B can be linked to the contact reducing preventions,
such as wearing masks and self-protection through awareness, and the increase in A can
be linked to the preventions such as detection and isolation of infected individuals. In
Fig. 2 (right), we present the bifurcation diagram showing the stability of equilibriums
(disease-free and endemic) using % as bifurcation parameters.

@ Springer



6 Pagel4of16 G.Yenietal.

The basic reproduction number 10 Bifurcation diagram

Z £

2 8
S
1.5 §-

¥ wm 6
o °
= 1 2
X 3

©.0.4 = 4
05 %

5 2
0 2
]

0.5 0.75 1.25 1.5 0 0.5 1 1.5 2

1
A

The Basic Reproduction Number

Fig.2 [Left] The basic reproduction number, %, corresponding to the best-fit ID-SIR model for different
values of B and A. The line represents the combinations of 8 and A corresponding to %y = 1. Other
parameters used are So = 18223 and @« = y = 0 corresponding to the HINI outbreak situations in
WSU (Vaidya et al. 2015). [Right] Bifurcation diagram showing infected class at equilibriums with %
as a bifurcation parameter. To observe endemic equilibrium, the parameters used are y = 6.85 x 10~4
(corresponding to the average university period of 4 years) and « = y Sp (assuming that the system was in
equilibrium before the outbreak)

7 Conclusion

In this paper, we propose two discrete epidemic models, ED-SIR (2) and ID-SIR (3),
and develop the basic reproduction number, %, for the models in order to obtain the
stability of disease-free and endemic equilibria. We show the local stability of disease-
free and endemic equilibria of ED-SIR model (2) by the linearization method, yet the
global stability is left as an open problem. On the other hand, we successfully show
the global stability of the endemic equilibrium of ID-SIR model (3) by constructing a
suitable Lyapunov function, but the global stability of the disease free equilibrium is
still not known. We also apply our discrete models, namely ED-SIR (2) and ID-SIR
(3) together with continuous model C-SIR (1) to data from Swine Flu outbreak in a
university community, and find that ID-SIR model (3) can describe the outbreak best
among these models based on AIC value (31). We also compute the value of %, for
the best model ID-SIR (3) and discuss the stability with % as a bifurcation parameter.
Note that our discrete models, ED-SIR (2) and ID-SIR (3), motivated from the time-
scale modeling approach developed by Akin and Yeni (2020) for infectious disease
models, have the same equilibria (12) and (13) and the basic reproduction number
(14), respectively.

Now we would like to mention our observations and the importance of studying the
theory of time scales. Note that the incidence rates of discrete models ED-SIR (2) and
ID-SIR (3) depend on the death rate y and the transmission rate § while continuous
model C-SIR (1) has the incidence rate independent of y . For the theory of time scales,
we define the forward jump operator o, giving the next point in a time scale. In our
paper, our time scale only consists of integers Z for the discrete models and o (n) =
n + 1, n € Z. Note that the incidence rate of ID-SIR model (3) involves the forward
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jump operator but not the incidence rate of ED-SIR model (2). Therefore, taking o
into account provides an opportunity for studying discrete analysis theory. Importantly,
the forward jump operator allows us to consider variants of a discrete model with the
required time scale, while the continuous models lack this advantage since o () = ¢
for ¢t € R. In the theory of time scales, we can define the step-size function p giving
the distance between two consecutive points in a time scale, i.e., u () = o () —t. Note
that . = 0 allows us to recover the continuous models. We observe that AIC values for
each model are smaller for a larger data frequency, indicating that a choice of suitable
time-scale may be important for modeling. Therefore, it is worthwhile to consider
other variants of discrete models (Akin and Yeni 2020) with the step-size function
w other than 1. For example, one can investigate the stability of equilibrium points
of explicit and implicit discrete models on hZ, h > 0 and estimate % to determine
the suitable time scale for the best model describing infectious diseases. Considering
models on 4Z might result in %, that depends on 4.

In summary, we provide time-scale-based discrete models, which may describe the
epidemiological data better, presumably because of the discrete nature of the data. Our
results underscore the importance of time-scale modeling for applications of infectious
disease models for their control and prevention.
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