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In this work we have studied the spread of bird flu or avian influenza by first we
considered the spread from birds to humans and to have simpler model we have consid-
ered only human-human transmission for our second model. The latter makes analysis
easier for global stability. For both models, we have determined the reproductive num-
bers of both epidemic and endemic equilibrium points. The numerical simulations are

used to verify our analyzes and optimal solutions are computed by optimal control study.

Keywords : Optimal control study, avian influenza, infectious disease.



Executive summary

In this research, we have studied several avian influenza mathematical models and
we found that many of them have not included treatment strategies to control the dis-
ease outbreaks. Therefore, in our study, we have presented a mathematical model for
avian influenza that involves both bird and human populations and that incorporates
the effects of latency and vaccination for humans, using a system of six nonlinear dif-
ferential equations. Our model employs an SI model for birds and an SEIRS model for
humans, and both bird-to-human and human-to-human transmission routes are included
in the system. We have analyzed the epidemic and endemic dynamics of the combined
model; particularly, we have established the local and global stabilities based on the
basic reproductive numbers. In addition, we have performed an optimal control study
to explore the optimal vaccination strategy in order to contain the disease outbreak in
humans. Our results show that human vaccination, when strategically deployed, can
signifficantly reduce the numbers of exposed and infectious people and help eradicate
the disease outbreak. Throughout the paper, we have utilized both analytical and nu-
merical means so as to gain deeper insight into the disease dynamics. There are several
limitations in this study which we hope to overcome in future work. We have assumed
that vaccination confers lifetime immunity, though, more realistically, we could consider
imperfect vaccination. In such a case, a new compartment representing the vaccinated
class can be added into the model, where vaccinated individuals can lose immunity over
time and re-enter the susceptible class. For simplicity, we have only considered bi-linear
incidence in this work. Similar modeling and analysis techniques can be extended to
other types of incidences (such as half saturation) for more careful investigation of the
disease mechanism. In addition, differentiating LPAI and HPAI dynamics and incorporating
the mutation of virus strains into our model will allow more detailed study, and possibly

lead to deeper understanding of avian influenza.



Objectives

1. We will study and investigate several avian mathematical models.
2. We will formulate an avian mathematical model with controls.
3. We will conduct numerical simulations to verify our results.

4. We will conclude our resutls and provide some suggestions.
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Chapter 1

Introduction

Avian influenza is an infectious viral disease of birds especially wild water fowl such
as ducks and geese, often causing no apparent signs of illness. Avian Influenza viruses
can sometimes spread to domestic poultry and cause large-scale outbreaks of serious
disease. Some of these Avian Influenza viruses have also been reported to cross the
species barrier and cause disease or subclinical infections in humans and other mam-
mals. Avian Influenza viruses are divided into 2 groups based on their ability to cause
disease in poultry: high pathogenicity or low pathogenicity. Highly pathogenic viruses
result in high death rates (up to 100% mortality within 48 hours) in some poultry species.
Low pathogenicity viruses also cause outbreaks in poultry but are not generally associ-
ated with severe disease.

The H5N1 virus subtype, a highly pathogenic Avian Influenza virus, first infected
humans in 1997 during a poultry outbreak in Hong Kong SAR, China. Since its widespread
re-emergence in 2003 and 2004, this avian virus has spread from Asia to Europe and Africa
and has become entrenched in poultry in some countries, resulting in millions of poultry
infections, several hundred human cases, and many human deaths. Outbreaks in poul-
try have seriously impacted livelihoods, the economy and international trade in affected
countries.

The H7N9 virus subtype, a low pathogenic Avian Influenza virus, first infected 3
humans 2 residents of the city of Shanghai and 1 resident of Anhui province in March
2013. No cases of H7N9 outside of China have been reported. Containment measures,
including the closure of live bird markets for several months, have impacted the agri-
culture sectors of affected countries and international trade. Continued surveillance for

H7N9 will be necessary to detect and control the spread of the virus.

THE CAUSE OF THE AVIAN INFLUENZA DISEASE
Bird flu can be transmitted from livestock to wild birds and also to pet birds,
and vice-versa. The virus spreads through infected birds, via their saliva, nasal secretions,

feces, and feed. Birds become infected when they are in contact with contaminated



excrements or secretions, or tainted surfaces. Domesticated poultry becomes infected
via direct contact with infected waterfowl, other infected livestock, or tainted surfaces of
cages and other farming equipment and installations.

There are three types of influenza viruses: A, B and C. Wild aquatic birds particu-
larly certain wild ducks, geese, swans, gulls, shorebirds and terns are the natural hosts for
all known influenza type A viruses. Influenza A viruses are divided into subtypes on the
basis of two proteins on the surface of the virus: hemagglutinin (H) and neuraminidase
(N). For example, an “H7N2 virus” designates an influenza A virus subtype that has an H
7 protein and an N 2 protein. Similarly an “H5N1” virus has an H 5 protein and an N 1
protein. There are 18 known H subtypes and 11 known N subtypes. Many different com-
binations of HA and N proteins are possible. All known subtypes of influenza A viruses
can infect birds, except subtypes H17N10 and H18N11, which have only been found in
bats. Only two influenza A virus subtypes i.e. HIN1 and H3N2 are currently in general
circulation among people. Some subtypes are found in other infected animal species.
For example, H7N7 and H3N8 virus infections can cause illness in horses, and H3N8 virus
infection can also cause illness in dogs. Three prominent subtypes of avian influenza A

viruses are known to infect both birds and people.

RISK FACTORS FOR HUMAN INFECTION

The primary risk factor for human infection appears to be direct or indirect ex-
posure to infected live or dead poultry or contaminated environments, such as live bird
markets. Controlling circulation of the (H5N1) and (H7N9) viruses in poultry is essen-
tial to reducing the risk of human infection. Given the persistence of the (H5N1) and
(H7N9) viruses in some poultry populations, control will require long-term commitments
from countries and strong coordination between animal and public health authorities.
Although avian influenza A viruses usually do not infect humans, rare cases of human
infection with these viruses have been reported. Most human infections with avian in-
fluenza A viruses have occurred following direct or close contact with infected poultry.
Ilness in humans has ranged from mild to severe.

The spread of avian influenza A viruses from one ill person to another has been
reported very rarely, and has been limited, inefficient and not sustained. However, be-
cause of the possibility that avian influenza A viruses could change and gain the ability

to spread easily between people, monitoring for human infection and person-to-person



transmission is extremely important for public health.

SYMPTOMS

The reported signs and symptoms of low pathogenic avian influenza A virus infec-
tions in humans have ranged from conjunctivitis to influenza-like illness e.g. fever, cough,
sore throat, muscle aches to lower respiratory disease (pneumonia) requiring hospitaliza-
tion. Highly pathogenic avian influenza A virus infections in people have been associated
with a wide range of illness from conjunctivitis only, to influenza-like illness, to severe
respiratory illness e.g. shortness of breath, difficulty breathing, pneumonia, acute respi-
ratory distress, viral pneumonia, respiratory failure with multi-organ disease, sometimes
accompanied by nausea, abdominal pain, diarrhea, vomiting and sometimes neurologic
changes (altered mental status, seizures). H7N9 and Asian H5N1 have been responsible

for most human illness worldwide to date, including the most serious illnesses and deaths.

TREATMENT

Treatment of patients with severe influenza e.g. those requiring hospitalization
presents multiple challenges. The effect of specific antiviral strategies in serious or life-
threatening influenza is not established from clinical trials conducted to support licensure
of oseltamivir and zanamivir, as those studies were conducted primarily among previously
healthy outpatients with uncomplicated illness. However, a number of more recent ob-
servational studies have reported that oseltamivir treatment up to 96 hours after illness
onset of patients hospitalized with suspected or confirmed influenza is associated with
lower risk for severe outcomes. For this reason, recommendations in this report do not
necessarily represent FDA-approved uses of antiviral products but are based on published
observational studies and expert opinion and are subject to change as the developmental
status of investigational products and the epidemiologic and virologic features of influenza
change over time. Initiation of antiviral treatment as early as possible is recommended
for hospitalized patients. However, antiviral treatment might be effective in reducing mor-
bidity and mortality in hospitalized patients even if treatment is not started until more
than 48 hours after onset of illness. Data from observational studies indicates the benefit
of antiviral treatment for hospitalized persons even when treatment is delayed. Careful
attention to ventilator and fluid management and to the prevention and treatment of

secondary bacterial pneumonia also is critical for severely ill patients.



PREVENTION

Currently, there is no disease bird flu vaccine that has been allowed to be used
in General, but in the near future is expected to test the vaccine in people. Best flu
vaccine used in the vaccine is a mixture of HIN1 and H3N2 strains B, which should be
injected in the Group at risk like a professional involved with chicken, duck, goose, all
poultry and birds quail farmers who end salvage staffing medical patient care bird flu. In
the area of medicine influenza and bird flu are only 2 — 3 types. For Thailand We use
the drug oseltamivir, which is used to eat. And the first phase, in the disease. However,
this type of medication should have surveillance because it was originally reported to be
drug resistant, such as reports from Japan found infections influenza drugs oseltamivir to
anti-malarial 18 percent, so those who are in high risk groups should get a vaccination
flu prevention. Medical personnel have the opportunity to bird flu infection. Although
it does not happen very often but | do work with caution, according to the international

standard (universal precaution).



Chapter 2

Basic Concepts

In this chapter, we will present some interesting mathematical models that de-
scribes the antiviral influenza dynamics. We will start with an early compartmental model
that includes only a few state equations. The more complicated antiviral influenza model
then will be studied. Finally, we will present and carefully study our model. Then, we

will extend the model and explore strategies to control an antiviral influenza outbreak.

Dr.Chairat Modnak and Dr. Jin Wang : SEIR Model[25]

They let N}, and N, represent the population of humans and birds, respectively.
The population of birds is divided into two groups: Sy and I, where S, represents the
susceptible and I, represents the infected birds. The population of humans is classified
into three classes, susceptible (Sy,), exposed (E), infective (1), and recoverd (R). We
let ¢y, represents for vaccination control. The recovered individuals can move to the sus-

ceptible class due to the temporary immunity disapperance. Thus, their purpose model

takes the from below:
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Figure 2.1: The SEIR Model




ds,

d_tb = Ny — p1pSp — BpSply,

dl

d_tb = BpSply — (s + 0v)lb,

dSh,

- Ny — BudnSp — BerSnly + 0R — p1n,Sh — ¢nSh,
dE

o = DPnlnSh+ PpnSuly — (n + 0+ R)E,
dl

= = o= (o),

dr = KE+~Il, — upR — OR

Table 1 Biological meaning of all parameters and state variables.
Parameter Biological meaning
Ny Total population of birds
Ny, Total population of humans
Sy Susceptible birds
Sh Susceptible humans
I Infected birds
I Infected humans
E Exposed individuals
R Recovered individuals
b Natural death and birth rates of birds
o Rate at which birds contract avian influenza
O Additional disease death rate due to avian strain in birds
On Transmission coefficient of the disease
BpH Rate at which bird-to-human avian influenza is contracted
o The loss of immunity period
Uh Natural death and birth rates of humans
K The recovery rate for exposed popution
v The recovery rate for infected population
« The disease induced morality rate




Md.Samsuzzoha : SEIRS Model[7]

In this model, the population under study is divided into four groups: susceptible
(those at risk of contracting the disease),exposed (those who are infected but not yet in-
fectious), infective (those who are infectious and capable of transmitting the disease), and
recovered (those who have not attained permanent immunity). It has been assumed that
only susceptible populations are affected by the infectious populations. Since recovery
does not give immunity, individuals move from the susceptible- exposed-infectious class
to the susceptible class upon recovery when the temporary immunity disappears. The

model consists of the following system of ordinary differential equations:
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Figure 2.2: The SEIRS Model
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and S+ E + I + R = N where the variables S, F/, I and R represent the proportion
of the populations in each of the four categories: susceptible individuals, exposed
individuals, infected individuals and recovered individuals, respectively. Here N
represents the total population. The parameters representation is as: (3, the
transmission coefficient of the disease; u, the natural mortality rate; r, the birth rate;o !
, the incubation period; k and -y, the recovery rate for both exposed and infected

populations; «, the disease induced morality rate and 6!, the loss of immunity period.

Table 2 Parameters used in the numerical solution.

Parameter Biological meaning Value Source
Bo Transmission coefficient 0.514000000 [7]
ot Mean duration of latency (days) 2.000000000 (7]
1 Mean recovery time for clinically ill (days) 5.000000000 [?]
51 Duration of immunity loss(days) 365.0000000 (7]
W Natural mortality rate per day 5.500x 1078 (7]
r Birth rate per day 7.140 x 107° [?]
K Recovery rate of latents per day 1.857x10~* (7]
« Flu induced mortality rate per day 9.300x 1076 (7]
€ Degree ofseasonality 0.500000000 (7]




Md.Samsuzzoha : SVEIRS Model[8]
The SVEIRS model for influenza proposed of the following system of nonlinear

ordinary differential equations:

%Z_ﬁﬁEE_S_ﬁﬁ/E—qu (1S + 6R + 6V + N,
dV
P 5655\/——55/@——#\/ 9V+¢5
dE
—555—4‘55/ +»3555v 5ﬁlﬁv — (p+ K+ 0)E,
d[ £ |
o == (ptatq),
—R— E / R — OR
- = HE+91— IR = 0R,

The diagram of this model is represented as follows:
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Figure 2.3: The SVEIRS Model
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Table 3 Biological meaning of all parameters and state variables.

Parameter Biological meaning

15} Contact rate

B¢ Ability to cause exposed by exposed individuals
o1 Ability to cause infection by exposed individuals
1—g, Factor by which the vaccine reduces infection
o~ ! Mean duration of latency

L Mean recovery time for clinically ill

o1t Duration of immunity loss

" Natural mortality rate

T Birth rate

K Recovery rate of latents

« Flu induced mortality rate

o1 Duration of vaccine-induced immunity loss

10} Rate of vaccination

State variables and their biological meaning

Proportion of susceptible population

V Proportion of vaccinated population

E Proportion of exposed population

1 Proportion of infective population

R Proportion of recovered population

N Total population

So Number of susceptible population at time ¢ = 0
Vo Number of vaccinated population at time ¢ = 0
Ey Number of exposed population at time t = 0
Iy Number of infective population at time ¢ = 0

Ry Number of recovered population at time ¢ = 0
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Table 4 Estimated parameters value for SEI RS Model.

Parameter Value(First)'  Value (Second wave)!  Source
I6] 0.502000  0.5000000 Estimated
o 0.6990000  1.0000000 Estimated
0 0.3600000  0.3400000 Estimated
) 0.0027400  0.0027400

I 0.0003671  0.0003671

r 0.0006762  0.0006762

K 0.0001500  0.0001500 Estimated
o 0.0300000  0.0300000 Estimated
So 4865.0000  3982.0000 Estimated
Ey 9.0000000  10.000000 Estimated
Iy 68.000000  79.000000 Estimated
Ry 0.0000000  0.0000000

L Unit per day where applicable.

Nyuk Sian Chong Model[11]

The population of birds and humans are represented by N, (t) and Ny (t), respec-
tively, at time ¢. The bird population is divided into two sub-populations: susceptible (.Sy)
and infected (1) birds. The number of susceptibles for the bird population is increased
by new recruitment (birth), but reduced through natural death and infection (moving to
class Ip). On the other hand, the infected bird population is increased by the infection
of susceptible birds whereas reduction is caused by natural mortality and death due to
avian influenza. The total bird population at time ¢ is formulated by N, = S, + I,. The
human population is subdivided into those who are susceptible (S},), infected with avian
strain (I,,), infected with mutant strain (I,,,), and recovered from avian and mutant strains
(Ry). The total population of humans at time t is given by N, = Sy, + I, + L, + Rp.
The number of susceptibles for the human population is increased by recruitment, but
diminished by infection (moving to class I, or I,,) and natural death. The number of
infected humans with the avian strain is increased by the infection of susceptible humans
and reduced through mutation (moving to class I,,,), recovery from the disease (moving

to class Rp,), natural death and disease death. The growth of the population of infected
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humans with mutant strain is caused by the infection of susceptible humans and muta-
tion of infected humans with the avian strain, but reduced by recovery from the disease
(moving to class Rp,), natural death and disease death.

A schematic flowchart of this model is depicted in Figure 2.4. The descriptions of
the variables and associated parameters are given in Table 4.

Considering the above formulations and the flow diagram, we have the following

system of nonlinear ordinary differential equations:

dSs B Sply,
b A S
di b HbPb H,+ 1,
i, BoSplp
— = — )l
dt Hya 1, ot o),
dSh o 5aShIa BmShIm Bthh[b
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dt H,+1, H,+1, Hy+I
di, BonSnlp BaSnl,
-, = - d a [au
dt oyt L T Hoa 1 etdtet)
- T /a - m /m7
dt b T (it atym)
o A — 1R
dt = Yadla Ym!Im HhBhR,
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Figure 2.4: Flowchart of the model
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Table 5 Description of the variables and associated parameters.
Symbol  Description
Sp(t) Susceptible birds
Iy(t) Infected birbs
Sp(t)  Susceptible humans
I,(t) Infected humans which avian strain
I,(t)  Infected humans which mutant strain
Ry(t)  Recovered humans from avian and mutant strains
Ny(t)  Total bird population
Ny(t)  Total human population
Ap(t) Bird inflow
Ap(t)  Human recruitment rate
1 (t) Natural death rate of birds
pn (1) Natural death rate of humans
Ba(t) Rate at which human-to-human avian influenza is contracted
Bim(t) Rate at which human-to-human mutant influenza is contracted
Ben(t)  Rate at which bird-to-human avian influenza is contracted
Bp(t) Rate at which birds contract aviav influenza
H,(t)  Half-saturation contant for human with avian strain
H,,(t) Half-saturation contant for human with mutant strain
Hy(t) Half-saturation contant for birds with avian strain
« Additional death rate mediated by mutant strain
So Number of susceptible population at time t =0
Vo Number of vaccinated population at time ¢ = 0
Ey Number of exposed population at time ¢t = 0
Iy Number of infective population at time ¢ = 0
Ry Number of recovered population at time ¢ =0
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Table 6  Model parameters
Parameter Sample value References Range
Ay 1,000 per day Bowman et al. (2005) [100,2,000]
Ay, 30 per day Bowman et al. (2005) [1.30]
L 5 per day Gumel (2009) [0.0005, 0.1]
Uh m per day Bowman et al. [m, m}
Ba 0.4 per day Gumel (2009) [0.05,2.5]
Bm 0.3 x (3, per day Gumel (2009) [0.01,0.5]
H, 150, 000 intdividuals  Assumed [10, 000, 500, 000]
H,, 150, 000 intdividuals ~ Assumed [10, 000, 500, 000]
o 0.06 per day Iwami et al. (2007) [0.01,0.1]
£ 0.01 per day Gumel (2009) [0.005, 0.05]
d 1 per day lwami et al. (2007) (0.05,2.5)
o 5 per day lwami et al. (2007) 1, 10]
Ya 0.05 per day Gumel (2009) [0.01,0.1]
Vi 0.01 per day Gumel (2009) [0.005, 0.05]
By 0.4 per day Gumel (2009) [0.05,2.5]
H, 180, 000 individuals ~ Assumed [10, 000, 500, 000]
Bb,, 0.2 per day Iwami et al. (2007) N/A
H, 120, 000 individuals  Assumed N/A




Chapter 3

Research methodology

3.1 Our first proposed model

From our model formulation, we next will conduct the epidemic and endemic
analysis. At the disease-free equilibrium state we have absence of infection. We let
Ny, and N, represent the population of humans and birds, respectively. The popula-
tion of birds is divided into two groups: Sy and I, where S, represents the susceptible
and I, represents the infected birds. The population of humans is classified into three
classes,susceptible (Sy,), exposed (E), infective (I1,), and recovered (R). We let ¢y, rep-
resents for vaccination control. The recovered individuals can move to the susceptible
class due to the temporary immunity disappearance. Thus, our purpose model takes the

form below: A diagram to illustrate our model is presented in Figure 3.1
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Figure 3.1: Diagram of the model.
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ds,

d_tb = Ny — 1165y — BeSuly

dl

d_tb = BSely — (o + ) Lp

dSy,

I = up Ny, — BulnSh — BeaSely — pnSy — ¢S, +0R
dv

i OSh — BuBeBvEV — BuBiBv IV — )V

dFE

o BrdnSh + BeuSuls + BrBefv EV + BuBiBv IV — (0 + pn + k) E
dl

d_th =0FE — (a+pu,+7)1

dR

E :HE+’YIh—/LhR—(SR

Written in a vector from, the above equations become

dx
= - F(X
o (X)

with

X =(S,V,E, I,R)"
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Table 7: Parameter symbols

Symbol Parameter

N, Total birds population

N, Total humans population

Sy Susceptible birds

Sh Susceptible humans

V Vaccinated population

E Exposed individuals

R Recovered individuals

I Infected birbs

I, Infected humans

1 Natural death and birth rates of birds

Lh Natural death and birth rates of humans

BB Rate at which birds contract avian influenza

BE Ability to cause infection by exposed individuals
Br Ability to cause infection by infectious individuals
By Factor by which the vaccine reduces infection

Bn Transmission coefficient of the disease

BeH Rate at which bird-to-human avian influenza is contracted
O Additional disease death rate due to avian strain in birds
) Duration of immunity loss

o The loss of immunity period

K The recovery rate for exposed population

0% The recovery rate for infected population

« Flu induced mortality rate

[0) Rate of vaccination

3.2 Epidemic analysis

In this section, we will provide the epidemic analysis which will be conducted into two

parts: for birds and for humans.
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3.2.1 Epidemic analysis for birds

The disease-free equilibrium (DFE):

[LbNb — BBSb]b — NbSb =0 (3.9)
Ny =S5 (3.10)

and the DFE for birds is denoted by
€p = (Nb, O) (3.11)

We first compute the basic reproduction number for this model using the method of

van den Driessche and Watmough. Here for birds, the associated next generation matrices

are given by
F = [ﬁBNb] and V= [,ub + (Sb]
Thus,
_ 1 BNy
FV 1 — N =
fp + Op AL f + Oy
The basic reproduction number is then determined as the spectral radius of F'V L.
Consider:
det(FV~' —XI) =0 (3.12)
Thus,
N
A=0 o A=l (3.13)
o + 0p
Therefore the reproduction number for birds is denoted by
Ny
Rb = BNy (3.14)
fy + Oy

Next, we will determine the reproduction for humans.

3.2.2 Epidemic analysis for humans:

The disease-free equilibrium (DFE):

Ny — ppSp, — ¢S, =0
_ tn N
pn + @

h
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and

OSh — BuBeBvEV — BrBrBvInV — uyV =0

S,
V= $Sh
Hh
pn + ¢
That is the DFE for humans is denoted by
N, N,
e = (Hrh akll ,0,0,0). (3.15)
pn+ On pn+ @

We first compute the basic reproduction number for this model using the method of van

den Driessche and Watmough. Here for humans, the associated next generation matrices

are given by
g _ | BulnSu+ BuBeBvEV + BuBrby 1V
i 0
[ 0511 8F1
_ | e a1
F= 0F21 0Fa21
o ol
e BrBebvV BuSh + BrBi1BvV
0 0
and
v | Gmto+mE
| 0B+ (pn+ o+ )
[ vy 9vy
_ | e a1
V= Va1 ﬁ
| oE  ai,
[ i+ o+ 0
vV — Uh T 0 T K
i —0 pun + o+

At the DFE point, we have

BrBEBY ¢Ni Bhsh‘l’ BrB1Bv N, ]

F(Eo) — Hrt@ Hrt
0 0
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The basic reproduction number is then determined as the spectral radius of F'V L.

Consider

tn+0+K 0

Vieg) =
(€0 —0 M+ oty

detV = (up+ 0+ r)(un +a+~v) —0

= (pn +o+K)(un+a+7)
T

C(11 C'12

adj.V =
Co1 Co

—,uh—i-Oé—F’}/ o
0 Up + 0+ K

—,uh—i-Oé—I—’}/ 0
o pn+ 0+ K

and hence,

L0

— g1

I A U
9192 g2

Let gy = pn+0+k, go = pp + a4+~ , gg = BLEBVENL gng g, — 3, G), 4 BnbiByoNn

tnto Hpto
Thus
_ ) .
vl — g3 g4 o
0 0 o L
L g192 g2
93 | o9s @
— g1 gi192 g2
i 0 0
and

det(FV~' — \I) = [@ + 29 } (=\) = 0.
g1 9192
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A:[@+%,O}

an 9192
Thus,
o
Ri=x=2499
g1 g192

The basic reproduction number is then determined as the spectral radius of FV 1

and it is easy to see that the reproduction number for humans is given by

R BrBeBy dNL(pn + o+ v) + aBpSh(pn + @) + o BnB1Bv ¢ Ny, (3.16)
0= .

(ttn + @) (pn + 0 + K) (pn + a +7)

and hence the basic reproduction number for our model is

Ry = max{R}, Ry} (3.17)

Theorem 3.1. The disease-free equilibrium of the model is locally asymptotically stable
if Ry < 1, and unstable if Ry > 1.

We mention that the basic reproduction number, given in equations (3.17), can also
be derived by the next generation matrix analysis.
To study the global asymptotic stabillity of DFE, we will apply the following result
introduced by Castilli-Chavez et al.

Lemma 3.2. Consider a model system written in the form

dX,

L P(X, X

dt ( 1, 2)7

dXx

d—; = G(X1,X,),G(X1,0)=0

where X1 € R™ denotes (its components) the number of uninfected individuals and
Xy € R" denotes (its components) the number of infected individuals including latent,
infections, etc; Xo = (X7, 0) denotes the disease-free equilibrium of the system.
Also assume the conditions (H1) and (H2) below:

(H1) For % = F(X1,0),X7 is globally asymptotically stable;

(HZ) G(Xl,XQ) = AXQ — G(Xl,Xg), G(Xl,Xg) Z OfOI’ (Xl,XQ) € Q, where
the Jacobian A = ;—g(Xf, 0) is an M-matrix (the off diagonal elements of A are non-
negative) and () is the region where the model makes biological sense.

Then the DFE Xy = (X7, 0) is globally asymptotically stable provided that Ry < 1.
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Theorem 3.3. The disease-free equilibrium of the model is globally asymptotic stable
if Rg < L

Proof We only need to show that the condition (H1) and (H2) hold when Ry < 1.
N N,
In our ODE system, X1 = (S, V, R), Xo = (E, I}), and X; = ( HhTh , N ,0).
pn+ @ pn+ @
We note that the system

pn Ny — i Sp — ¢S, +0R
:F(Xl,()) = ¢Sh—uhV
—/LhR —0R

ax,
dt

The system is linear and its solution can be easily found as

For R:
dR
— =—upR—0R
dt Hh
dR
— R+6R=0
0t + pn R+
R +(un+0)R=0
R(t) = R(0)e Hnto)t
For S:
ds
d_th = upNp — i Sp — @Sy +0R
s,
d_th + pnSh + @Sy = up Ny +0R
ds
=8 (an + ) = Ny + S(R(0))e (4"
e(#h+¢)t% + e(#h+¢)t<uh + ¢)Sy = e(/‘h+¢)tluhNh + e(uh+¢)t5(R(0))e*(uh+5)t
d
E<e(ﬂh+¢)t - Sp) = ettt Ny + IS (R(0))
d
/E<€(ﬂh+¢)t - Sp)dt = /e(mw)tuhthtJr/€(¢—6)t5(R(0))dt
(uh+¢)t S N e(l"h+¢)t 6 R O €(¢_6)t C
e . — . + . _l_
h= N g (R(0)) 55 O
N, (¢p—0)t
Sp(t) = 22 L S(R(0)S—— - et | et

My + @ ¢—0
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For V:
dV
P OSh — V'
dV
pr + pupV = ¢S
dV (p—0)t
= + — (b/::_ ; + ¢5(R(0))€¢ — e~ (rnto)t ¢Cle—(uh+¢h)t
tnt pnt Nht¢uh h nt A —(pnt+o)t —ot
e + et uVo=e it + et o (R(0)) 55 e + ¢Che
d (p—0)t
= (et V) yunt P Nn 4 e#ht¢5(R(O>>e

e (unte)t + ¢Cle*¢t

d N (p—d)t
/ et V)it = / et SN s (R(0) . et / 6Cre" dt

pn + @ ¢—0
SunNn | ount $I(R(0)) o0t — gt
etV = “hH;L + 220 5 + Oy — 0167
N _
N | ¢(R(0))e™™ —pnt e o)t
V(t) = + e Mt 4 Che™ Mt — O ——
= re ™ -5 ’ g

when t = 0, we have

N (6-)(0)
Sh(0) = ;Z:ib 4 5(3(0))e¢ — e~ AA)0) | o o~ (n+)(0)
palNn - 6(R(0))
= + +C
o 6—0
Ny 6(R(0))
Ci =25 — -
s A
Let C be as above in .S},
,UhNh 6(¢_5)t _ ,uhNh 6<R 0)) —
Sh(t) = + 5(R(0 et 4 1.8(0) — — ¢+t
= e OGS O e o0
)
= :hf:zﬁ + R(O))ej (); e~ (Bato)t | S(O)ef(uhﬂb)t
h _
—(pn+6
_ MhNh (o)t (5(R(O e (np+0)t
pn + @ ¢—0
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When t = 0, we have

(0) = o + 55 e k(0 4 Chern(0)
e—(Mh+¢)(0)
ot
ONy  O(RO) ., Gy
mte =5 T2
AN, (R(0)) C
Cy = V(0) — _
=V =8 %= T

Let C5 be as above in V,

N, e L oNa 6(RO) G

YO = s TR e YO T s T
—(pnt+o)t

_ C’le 5

— ¢Nh et —Hnt —Hpt _ (bNh —knt
V(t) = ot + ¢(R(0)) 5 e " +V(0)e it (be

e Hnt e Hnt e~ (Lnto)t
— RO+ O -6
Clearly, R(t) — 0, Si(t) — 'uhN};ﬁ and V(t) — M¢]j_h¢ as t — 0o, regardless

h
N, ONy, 0
pn+ @ pn+ @

of the values of R(0), V(0) and S(0). Thus X7 = ( ) is globally asymp-

totically stable.

Next, we have

BrlnSh + BeaSuly + BrBeBv EV + BrBiBv IV

dX.
d_f = GX Xo) = —(pn+0+K)E
i o — (pup +a+y)I

oG (X1,0) = A = [ BuBEByV — (th + 0 + k) BuSh + BuBrByV

9 (X, 0)=A=

- - ’ —(pn +a+7)

G r gy = A= | PuBEBYiEs =t +n) Bl BuBiby i
e ? —(pn +a+7)
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Thus,

N

G(Xl,Xg) :AXQ - G(Xl,XQ)
G(X1, Xy) =AX, — G(X1, Xs)

BrBebvV — (un + 0+ k) BrSh+ BrBrbvV
o —(pn +a+7)

B [ BrBeBvEV + BuBiBvInV — (i + 0 + K)E

oF — (pin + o+ 7)1
_ BrSrp
0

which is clearly an M-matrix. Meanwhile, we find

E
I,

- G(X1, X2) = [BrSiIn, 0"

It is obvious that G(X71, X5) > 0.

The stability at the DFE determines the short-term epidemics of the disease, where as
its dynamics over a longer period of time is characterized by the stability at the endemic
equilibrium. In this section we will analyze the endemic properties of our avian influenza

model.

3.3 Endemic analysis

The stability at the DFE determines the short-term epidemics of the disease, where as
its dynamics over a longer period of time is characterized by the stability at the endemic
equilibrium. In this section we will analyze the endemic properties of our avian influenza

model.

3.3.1 Endemic equilibrium

We first examine the existence of the positive endemic equilibrium. Denote the endemic
equilibrium of the model by €* = (S;, I}, Sf, V*, I}, R*). From equations (3.1) - (3.7)
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we obtain
dSy N -

dtb = Ny — 1Sy — BpS;I; (3.18)

o = PeSily — (u +0)1, (3.19)
dS* * * Tk * * *

dth = /JJhNh — ﬁhI;Sh - 5BHSh[b — ,LLhSh - ¢Sh + oR (320)
dv* * * * * * *

T &Sy, — BrBeBv E*VE — BrBiBv iV — u,V (3.21)
dE* * * *
—— = BudySh + BeuSiIy + BrBefv EV" + BuBiBvI V' — (0 + pn + K)E

dt

(3.22)

dI;

dth =oE" — (a+ un+7)1; (3.23)
dR*

prai kE* +~yI; — up R — OR” (3.24)

First, we find S; :
BpSy Iy — (p + 0p)I; =0,
g _ Mt 5b'
’ BB
Then, the equation (3.18) becomes
Ny — Sy — B Sy Iy =0,
( Ny 1 > _
e My + 0 Ba b
Next, we substitute I} into equation (3.22) and obtain
BudiSy + ﬁBHShMb(m a 5_3) + BrBefyv EV* + BrBiBv IV — (0 + pn + k) E* =0
(3.25)
From (3.23), we solve for E* and we have
pr = Wt at )l (3.26)

g
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Thus
R* - QQI;;
E* =1,
o _ pn Ny + 0Q2 1)
" Brly + Q3
V= (unNp + 0Q:15)
(Brdy + Q3)(QuQr I*h + Qs + 1)
+a+
Q, = Hh T 7
o
kQq +
Oy = Q1+
pn + 0
Qs = Bpuly + pn + ¢
Q41 = BnBrpbv
Qs = BuB1Bv
Now we find I; from ;
N=Si+V*+E+I;+R'
pr Ny 4 0Q2 17 (n Ny 4 0Q2 1)
Brly + Q3 (Brdy + Q3)(QuQ1 I} + Qs 1} + 1up) @l 0 Qe

(nNp 4 0Q2 I} ) (QuQ1 I} + Qs 1y + pin) + ¢(pun Ny, + 6Q:2 1)
(Budy + Q3)(QuQ1 Iy + QsI}; + pup)
n Q1L (Budy, + Q3)(QuQn Iy, + Qs Ly + pin) + L (Bl + Q3)(Qun Iy + Qs 15, + )
(Brly + Q3)(QuQ1I; + Qs + )
QoL (Brly + Q3)(Qu@Qu I} + Qs 1} + 1)
(Budf; + Q3)(QuQ1 Iy + Q51 + pup)
0=T12+Tol* + 131 + T,
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where

_ Q1Q3 B + Q1Qs6h + QuQ15n + Qs0h + Q1Q2Q48, + Q2Q55y,
QuQ1 B + Qs0n L + nBrl; + QuQ1Qs L} + Q3Qs 1} + Qs
_ Q1Q1Q20 + Q5Q20 + Q1 Bnpun + QuQiQs + Q1Q3Q5 + Lriun + Q1Q1Q3 + Q5Q3

T

T:
2 QuQ1 8% + QsBul® + 1Bl + QuQiQsI; + QsQs i + 11nQs

n Q2Bnpn + Q1Q2Q3Q4 + Q20305
QuQ1On L + Q5B 4 pn Ol + Qa1 Qs + QsQs Iy + 11, Q3
T = QuQ1pn Ny + Qspun Ny + Qopind + Q2000 + Q1Q3zpp, + Qspin + Q2Q3414
QuQ1On L + Q5B L% 4 Bl + Qa1 Qs 4+ QsQs Iy + 11, Q3
_ 143 Ni + dpin N,
 QuQiB I+ QsBrli + punBul; + Qu@iQsl; + QsQs Iy + 1nQs

which our endemic equilibrium point is

Ty

(Sp, V' E* I, R")

Theorem 3.4. The positive endemic equilibrium €* of the system (3.1) — (3.7) exists

and unique if Ry > 1, and there is no positive endemic equilibrium if Ry < 1.

3.3.2 Local stabilities

We proceed to analyze the stability properties of the endemic equilibrium. First we

establish the following result regarding the local stability.
Theorem 3.5. When Ry > 1, the endemic equilibrium €* is locally asymptotically stable.

Proof The jacobian of the system (3.1) — (3.7) at €* is given by

—3d5 — ge 0 0 —gr 0
¢ —9s —Hn 9o —99 0
J(€e)" = 9s 98 go—g1 grt+guo 0
0 0 o —92 0
L K v —91 |
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where

g1 = pp +0 + K,

g2 = Hp +a+ e
_ BuBrBvoNy
g3 = ———————

iy + @
BrB1Bv ¢ Ny,
=394 =" =
gs = BnSy nt
95 = Brly, + Beuly
g6 = pn+ ¢
g7 = BrSy,

98 = BuBEBvE" + BrBiBv I,
9o = BuBEbvV*

910 = BuBrBvV”

g1 = pn + 0,

The characteristic equation of the matrix J(¢*) is

0=|A — J()]
= (A4 95+ g6)[(A + gs + 1n) (A — go + 91) (A + g2) (A + g11)
+ 0 (=97 — 910) (A + g11) + gogs(A + g2) (A + g11) + G10g50 (A + g11)] — gr[—gsodA
— 9391100 — g50 N> — g59110\ — G5086130 — G50 [\ — G5G110 4]
— 6[gsdy0 + gsdrA + gsdrge + gsoYA + g5gsoy + gspnoy + gskA
+ g5gsKA + gspnkA + gsgak\ + g5gsgak + gsgakifin]
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=X+ g5 — go + g1 + b + g2 + 911 + g5 + 6] \* + [9891 — 999 — Gotin

+ 91ftn — 9992 + 9892 + 9192 + Goftn — Gogu1 + gggi1 + g1g11 + Giijia

+ 92911 — 9599 + 9598 + 9591 + G5ltn + G592 + 95911 — GeGo + Jegs + ge g1

+ gottn + gog2 + 9o g1 X’ + (989192 — 959992 — gogatn

+ 9192/4n — 9899911 + 9891911 — Gogi1ftn + Grgiifin

— 9992911 + 9892911 + G192911 + G291 /4 — 959899

+ 959891 — 9599kh + g591n — 959992 + g59892 + 959192

+ 95924n — 9599911 + 9598911 + g591911 + g5g1fn

+ 9592911 — 969899 + J69sgr — JeGoln + Jegi1ftn — 969992 + J69sg2

+ 969192 t gegahtn — g69og11 + Yegsgi1 + Jeg1911

+ geg11/in + Yeg2911 + g6g2911 + 95970 — 0kgs|A° + (989192911 — gsgega9n1

= 99929111k + 919291100 + 919291110 — 95989992

+ 95989192 — 959992/tn + G59192/4n — 959899911 + 9598911911 — 9599911 1n + g591911 A
= 959992911 + 959892911 + 959192911 + G59291114n — 96989992 + 969sg192 — J69ag2in

+ 969192/4n — G69899911 + g69sgr1911 — ge9ogiifn + Gegi1911fhn — g69ag2911 + Gegsg29i1
+ 969192911 + g6g29111n + 979300 + G5979110 + 597980 + g5970 H, — gsOPK — 500y
— 95980K — g50unk — GsGa0K| N — G5989992911 + 95989192911 — 959992911k + 959192911 4h
— 96989992911 + J69sg192911 — J69og2911n + geg1929111n + 979891100 + g59798g110
+ 95979110 th — g30PY0 — g3 G200k — g59s007Y — g50in07Y — g59sga0k — gsg20kipu, = 0

Now the equation can be put into the equation of the form

Z())\5 + 2’1)\4 + 22/\3 + 2’3)\2 + 2’4)\ + 25 = 0 (3.27)
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where
20:1
Z1=9s — 9o+ g1+ pun+ g2+ g11 + g5 + gs

2o = 9891 — 9899 — Goltn + G1ln — G992 + gsge + 9192 + G2fin

z3

24

Z5

— 99911 t 98911 + 91911 + Guiftn + 92911 — G599 + 9598 + 9591 + Gspin t+ G592

+ 95911 — 9699 t geJs + g6 g1 + gettn + geg2 + geg1

= 989192 — 989992 — 9ogalin + G192/n — 939gogi1 + gggigi1 — Gogiiftn + Grguifin — 9992911
+ 9892911 + 9192911 + 92911Hh — 959899 + 959891 — YsGokn + g5g1fth — 959992 + 959892
+ 959192 + G592 — 9599911 + G598911 + g591911 + gsGrifin + gsG2911 — 969399

+ 969891 — G699k + gegiin — 69992 + J69sg2 + g6 9192 + Jeg2tin — JeJogi1

+ 9698911 + 9691911 + o911t + g6g2911 + g6g2911 + 95970 — 0KGs

= (989192911 — 989992911 — Gog2911/tn + G192911[n

+ 9192911160 — 95989992 + 95989192 — J59992/n + g59192/n — g59899g11

+ 9598911911 — Ys9ogi1ftn + 9591911 Hh — 959992911 + 959892911

+ 959192911 + 9592911 /4n — 96989992 + 96989192 — J69Jog2iin + J6g192/n

— 969899911 t g69sg1911 — 969ogiifn + Geg19114n — J69gag2911 + gG6gsg29i1

+ 969192911 + 9692911 1th + G7930® + G5979110 + G597930 + G5970 fn

— 980K — G500 — g5980K — gs0fink — g5920K

= —05989992911 + 95989192911 — 959992911 }h + g59192911 n

— 96939992911 + 96939192911 — 96999291114 + G6G192911Hn + 9798391109 + G597989110

+ 95979110 th, — G300 — g3 G200k — G598007Y — G50 th07Y — G59sg20k — gs G20k
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Let ap = 20, a1 = 21,02 = 29,03 = 23,04 = 24,05 = 25

Thus the routh-hurwitz criterion requires.

ai1az — aoas

b= ——"22>0,
a1
a1a4 — AgQ
by = 1G4 05207
a1
bias — ab
L L
by -
bias — aras
CQ:b—ZO’
1

It’s not easy to solve for this equation, therefore, we omit it here.

3.4 Optimal treatments

The Basic Problem and Necessary Conditions

In our basic optimal control problem for ordinary differential equations, we use u(t)
for the control and x(t) for the state. The state variable satisfies a differential equation

which depends on the control variable:

'(t) = g(t, (), u(t)).

As the control function is changed, the solution to the differential equation will
change. Thus we can view the control-to-state relationship as a map u(t) — = = z(u)
(of course, x is really a function of the independent variable t; we write x(u) simply to re-
mind us of the dependence on u). Our basic optimal control problem consists of finding
a piecewise continuous control u(t) and the associated state variable x(t) to maximize

the given objective functional, i.e.,

max /t " (), u(t))dt.

subject to  2/(t) = g(t,z(t),u(t)), x(to) = xoandz(ty) free.

Such a maximizing control is called an optimal control. By x(t1) free, it is meant that
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the value of x(t;) is unrestricted. For our purposes, f and ¢ will always be continuously
differentiable functions in all three arguments. Thus, as the control(s) will always be
piecewise continuous, the associated states will always be piecewise differentiable.

The principle technique for such an optimal control problem is to solve a set of “nec-
essary conditions” that an optimal control and corresponding state must satisfy. It is
important to understand the logical difference between necessary conditions and suffi-
cient conditions of solution sets.

Necessary Conditions : If u*(t), 2*(t) are optimal, then the following conditions hold ...
Sufficient Conditions : If u*(t), z*(t) satisfy the following conditions ..., then w*(t), 2*(t)
are optimal.

First, let us derive the necessary conditions. Express our objective functional in terms

of the control;

J(u) = / (2 (t), u(t))dt,

where x = x(u) is the corresponding state.

The necessary conditions that we derive were developed by Pontryagin and his co-
workers in Moscow in the 1950°s. Pontryagin introduced the idea of “adjoint” functions to
append the differential equation to the objective functional. Adjoint function have a sim-
ilar purpose as Lagrange multipliers in multivariate calculus, which append constraints to
the function of several variable to be maximized or minimized. Thus, we begin by finding
appropriate conditions that the adjoint function should satisfy. Then, by differentiating
the map from the control to the objective functional, we will derive a characterization of

the optimal control in terms of the optimal state and corresponding adjoint.
Pontryagin’s Maximum Principle

These conclusions can be extended to a version of Pontryagin’s Maximum Principle.

Theorem 3.6. If u*(t) and z*(t) are optimal for problem (3.1)(3.5), then there exists a
piecewise differentiable adjoint variable \(t) such that

H(t, 2" (t),u(t), A(t)) < H(t, z"(t), u"(t), At))
for all control u at each time t, where the Hamiltonian H is

H = f(t,z(t),u(t)) + Nt)g(t, z(t), u(t)),
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and
)\/(t) _ _8H(t,x (tgxu (1), A(t))

Theorem 3.7. Suppose that f(t, x,u) and g(t, x,u) are both continuously differentiable

5 )\(tl) - O

functions in thier three arguments and concave in u. Suppose u* is an optimal control
for problem (3.1)-(3.5), with associated state x*, and X a piecewise differentiable function
with A > 0 for all t. Suppose for all ty <t <ty

0= H,(t,2*(t), u*(t), \(¢)).

Then for all controls u and each ty <t < t, we have

H(t, 2 (1), u(t), A1) < H(t, 2" (£), u*(£), \(t)).

Now we turn to the more general model (3.1-3.7) with time-dependent controls ¢ (%)
We consider the system on a time interval [0,77]. The functions ¢(t) are assumed to be

at least lebesgue measurable on [0,77]. The control set is defined as

Q= {(t)|0 < ¢(t) < bas} (3.28)

where ¢4, denotes the upper bounds for the effort of vaccination. The bound reflects

practical limitation on the maximum rate of controls in a given time period.

In this study, we perform an optimal control study to minimize the total numbers

of infections as the cost of control over the time interval [0,77];i.e.

min /0 n(t) + ennd(t)Su(t) + cand ()2 .

PeQ
where ca1 and ¢ are appropriate units defined the appropriate costs associated

with the control.
Let us first define the adjoint functions Ag, , Ay, Ag, A7, and Ag associated with
the state equations for Sp,V,E,I, and R, respectively.We then from Hamiltionian, H,
by multiplying each adjoint function with the right-hand side of its corresponding state

equation, and adding each of these products to the integrand of the objective functional.
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As a result, we obtain

H = Iy(t) + ca1¢(t) Su(t) + c00(t)?
+ Asy [n Nt — BrInSh — B Snly — punSp — ¢(t)Sh + O R
+ Av[0(t)Sh — BrBeBvEV — BuBrBvInV — upV]
+ Ae[BrlnSh + BeuSuly + BrnBebvEV + BrBiBvInV — (pn + 0 + k) E]
+ A [0E — (pn + o+ 7)1
+ ArlKE + 7T, — R — 6R)]

To achieve the optimal control, the adjoint functions must satisfy

d\s,  OH
dt 89S,
d\y  OH
dt oV’
d\p  OH
dt  OE’
d\,  OH
dt 0l
d\n  OH
dt ~ OR’

Thus, we have

d\s,
dt
dAv
dt
g

T A (BrBEBVV) = Ae(BrBeBVYV) + Ae(un + 0 + k) — A1, (0) — Ar(K),

dAr,

dt
A

dt

= —cn@(t) + As, (Budn + Buls + pn + ¢(t)) — Avo(t) — XeBuly — AeBauls,

= AN (BrBeBvE + BrBiBvin + pn) — Ae(BuBebBvE + BrBiBvIy),

= —1+ X, (BrSh) + A BrBiBvV — Ae(BrSh + BrBiBvV) + A1, (v + i + @) — Ar(7),

= )\5h<(5) + )\R(,uh + (5),
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with the final-time conditions Ag, (T') = 0, Ay (T') = 0, Ag(T) = 0, and A\, (1) =
0, A\g(T) = 0, The characterization of the optimal control ¢*(¢) in then based on the

condition
OH
i
99
respectively, subject to the constraint 0 < ¢ < @,4.-Consider %—g, which gives
OH _ g (>\Sh — Co1 — Av)
a7 = ©h
6<b 2622

Due to the presence of both initial conditions ( for the state equations ) and final time
conditions ( for the adjoint equations ), and the fact that most models of our interest
are nonlinear, the optimal control system has to be solved numerically. We will use the
Forward-Backward Sweep Method to conduct the numerical simulation.

Assume that u = u(t, z, ) can be found explicitly from the optimality condition.

Step 1. Make an initial guess for u (usually 0) on the entire domain.

« Step 2 Using the initial condition 2(0) = a and the values for u, solve x forward

in time over the domain.

« Step 3. Using the transversality condition A(T") = b (usually 0) and the values for

u and z, solve X backward in time.

+ Step 4 Update u by the new x and A values. We use the optimality condition to

update control u at this step.

+ Step 5. Check convergence. If values in this iteration and the last one are negligibly

close, output the current values as solutions; otherwise, return to Step 2.
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Next,we conduct numerical simulation to verify some of our analytical results. Opti-
mal control theory is applied to the model to seek for optimal vaccination strategies, The
numerical solution show that with a well planned of vaccination can reduce a number

of infections.

Table 8: Parameter values and symbols

Parameter Symbol Value

Total human population Ny, 10,000

Total bird population Ny 2% Ny,

Natural human birth and death rate L, (70 % 36571) /day
Natural bird birth and death rate i (10071 /day
Rate at which birds contract avian influenza Bp 0.4/200,000/day
Rate at which bird-to-human avian influenza is contracted ~ fBpp 0.2/(V, * 100)/day
Ability to cause infection by exposed individuals BE 0.5/ Ny, /day
Ability to cause infection by infectious individuals Br 0.5/ Ny, /day
Factor by which the vaccine reduces infection Bv 0.5/ Ny, /day
Additional disease death rate due to avian strain in birds 0 5/day

Duration of immunity loss in human o 5/day

The loss of immunity period o 0.699/day

Rate of vaccination ) 0.7/day

The recovery rate for exposed population K 0.00015

The recovery rate for infected population v 0.36

The disease induced morality rate o 0.03

Assuming that there are costs of group Sy Co1 0.01

Assuming that there are costs of group [y C29 0.5
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First we let (1 — By) = 0.1 which is a vaccine efficacy of 90%. The numerical

simulations are shown below:

2500

= = = With Vaccination
——— Without Vaccination

2000

1500

Infected Individuals

1000

500

60 80 100

Days

Figure 3.2: The acute avian influenza infection population : it shows that with medications

in the model can reduce the number of acute avian influenza infection group.

Figure 3.2 shows the infection curves for the model with vaccine (solid line) and that
without the optimal control of vaccination (dashed line). It is clearly seen the infection
level has been reduced due to the incorporation of vaccine. In addition, the dynamics
of exposed population is shown in Figure 3.3 similarly the exposed population to the
disease in our model with vaccine cooperated is approaching to zero faster than that
without vaccine.

This result shows that applying vaccine to susceptible humans reduces the infection due
to the avian influenza A viruses and the number of exposed humans to the disease is

reduced versus time.
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Figure 3.3: Clinical latency exposed individuals of the modified model : Similary, we can

see that the number of clinical latency state is reduced with medications in the model.
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The second we let (1 — By/) = 0.5 which is a vaccine efficacy of 50%. The numerical

simulations are shown below:

2500

= = = With Vaccination
——— Without Vaccination

2000

1500

1000

Infected Individuals

500

-~
~ - o

60 80 100

Figure 3.4: The acute avian influenza infection population : it shows that with medications

in the model can reduce the number of acute avian influenza infection group.

Figure 3.4 shows the infection curves for the model with vaccine (solid line) and
that without the optimal control of vaccination (dashed line). It is clearly seen the infec-

tion level has been reduced due to the incorporation of vaccine.
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Figure 3.5: Clinical latency exposed individuals of the modified model : Similary, we can

see that the number of clinical latency state is reduced with medications in the model.

The third we let (1 — ) = 0.7 which is a vaccine efficacy of 30%. The numerical

simulations are shown below:

Figure 3.6 shows the infection curves for the model with vaccine (solid line) and
that without the optimal control of vaccination (dashed line). It is clearly seen the infec-

tion level has been reduced due to the incorporation of vaccine but not much.
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Figure 3.6: The acute avian influenza infection population : it shows that with medications

in the model can reduce the number of acute avian influenza infection group.
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Figure 3.7: Clinical latency exposed individuals of the modified model : Similary, we can

see that the number of clinical latency state is reduced with medications in the model.
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3.5 Our second proposed model
We describe the avian influenza dynamics using a system of four differential equa-

tions. The population of humans is compartmentalized into four classes: susceptible
(S), exposed (E), infectious (), and recovered (R). A diagram to illustrate our model
is presented in Figure 3.5

We find a unique disease-free equilibrium (DFE) by setting £ = [ = R = 0 and find
S from the model. Therefore, the DFE will have nonzero states S says 9 = (.5, 0,0, 0)

By setting % equal to zero, we can find S:

(Bil+PB2E)S
T #s T HE T (atul

oE

KN S E |
—

s YE
SR Yl

MR

Figure 3.8: Diagram of the model.

We use an SEIR model to represent the disease dynamics. Since incubation period
is not given in an exact interval, therefore, we assume that susceptible individuals can be
infected from both exposed (late incubation period) and infectious people with rates of
B1 and s , respectively. Susceptible humans, once infected, will first enter the exposed
class E, and then become infectious after an incubation period, 1/c; here o is the pro-
gression rate from exposed to infectious. Both the exposed and infectious people may
recover from the disease.

We assume the natural birth and death rates are the same, and denoted by p.
We also denote the disease caused death rates by «. In addition, we represent the in-

flux rates for the population by the constant I'. For convenience of discussion, we write
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I' = uN, where N can be interpreted as the respective time-averaged population. In case
there is no disease related mortality, N = S+ E+ I + R and it represents the (constant)
total population. Finally, we incorporate antiviral drug treatments into the exposed and
infectious as disease control measures with rates of ¢ and ¢,, respectively. Our model

thus takes the form below:

% — N — (BuI + BE)S — S — 65 + 6R (3.29)
O — (BT + BE)S — (0 + 5+ )E 330
%ZUE_(MMH)[ (3.31)
‘Z_f — yE+~I— puR—6R (3.32)

where

S is the susceptible state.

E is the exposed state.

I is the infected state.

R is the recovered human population sets.

N is the total population.

- v is the natural human birth and death rates.

- o is the transition rate from exposure to infection.
- 7 is the recovery rate.

« is the disease related death rate.

¢ is the vaccination rate.

J is progression rate.
- By is transmission coefficient of the infectious initially.

- B9 is transmission coefficient of the infectious severe.
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The definition and numerical values of all the model parameters are provided in

Table 2. Written in a vector from, the above equations become

dx
== F(X) (3.33)

with X = (S, E, I, R)T

3.6 Epidemic analysis

We start our analysis of the model by studying the disease-free equilibrium (DEF)
and calculating the basic reproduction numbers.It is straightforward to obtain the DFE for

our system:

uUN — puS — ¢S =0
uN
S=—
ft¢

N
c0o=(-+—.,0,0,0).
[

Next we will compute the basic reproductive number, Ry, for this model using

Now we have the DFE:

the method of van den Driessche and Watmough. Here the associated next generation

matrices

[ (il + 5:E)S
F—

i 0

[ 0511 8Fu

_ oF oI

F= 0F21 0F 21

L OF oI

[ 3.S BiS
o[BS s

i 0 0
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and
v (c+p+7)E
| —oE+ (a+pu+)]
[ v v
_ OF oI
V= Va1 Vo
L OE oI
o+t 0
vV — oy
i —0 a—+ 4y
At the DFE point, we have
BapN  BiuN
Fleg) = | w9  nto
0 0

The basic reproduction number is then determined as the spectral radius of F'V 1.

Consider

o+ -+ 0
—0 atpty

V(eo) =

detV=(c+p+y)(a+p+vy) -0
=(c+u+y)(a+pt+9)

T
Cn Che
| Cor O

_ AT
a—+ 4y o

0 o+p+y ]

o+ p+y 0
o o+ pt |

adj.V =

and hence,




av

letay =0c+pu+vy and a=a+pu+y.

Thus
i | RS BS | &0
R B
I 0 0
and g s
alet(FV_1 —A) = (BL + fi50 — )\) (=\) =0
aq a1a9
)= PN pruNo 0}
(htd)o+pu+y) (c+p+7)(v+p+a)u+e)
Thus,
Ry= A= BapN piuNo

+ :
(ht+d)o+p+y) (o+p+1)0+p+a)(ut+o)
Based on the work in [18] , we immediately obtain the result below :

Theorem 3.8. when Ry < 1, the DFE, ¢, is locally asymptotically stable; when Ry > 1,

€o Is unstable.

To study the global asymptotic stabillity of DFE, one common approach is to
construct an appropriate Lyapunov function. We have found, however, that it is simpler

to apply the following result introduced by Castilli-Chavez et al.

Lemma 3.9. Consider a model system written in the form

dX;

L PX, X

dt ( 1, Q)a

dX

d—tz = G(X1,X), G(X1,0)=0

where X, € R™ denotes (its components) the number of uninfected individuals and
Xy € R" denotes (its compnents) the number of infected individuals including latent,
infectious, etc; Xo = (X7) denotes the disease-free equilibrium of the system.
Also assume the conditions (H1) and (H2) below:

(H1) For % = F(X4,0), X7 is globally asymptotically stable;

(HZ) G(Xl,XQ) = AX2 — G<X17X2), G<X17X2) 2 OfOf (Xl,XQ) S Q, where
the Jacobian A = ;—%(X{, 0) is an M-matrix (the off diagonal elements of A are non-
negative) and € is the region where the model makes biological sense.

Then the DFE Xy = (X7,0) is globally asymptotically stable provided that Ry < 1.
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Theorem 3.10. The disease-free equilibrium of the model is globally asymptotic stable
if Rg < L

Proof. We only need to show that the condition (H1) and (H2) hold when Ry < 1.

In our ODE system, X; = (S, R), Xo = (E,I), and X} = (:i\;,O)

We note that the system

X N —uS+6R— ¢S
d arl F(Xl,O) 2 o+ ¢
dt —uR—0R

is linear and its solution can be easily found as

For R:
dR
=—uR—0R
a - "
dR
— R+0R=0
7 + piT+
R +(u+0)R
R(t) = R(0)e~#+o)t
For S:
ds
s =uN —puS+0R — ¢S
d
—S+u5+¢5 uN +9oR
dt
ds _
b (1t 6)S = uN + 5(R(0))e 4"
,dS
elnto)t = o + Wt () 4 ¢)S = WO N + HFES(R(0))e 1+
d
dt( eIt Gy = Ot N 4 e@=I§(R(0))
d
/ S = / U Nt + / DS (R(0))dt
(u+e)t (p—0)t
(o)t . g = N - S(R(0)) - C
‘ BN - S O(R(0) - S5+ O
ILLN e(¢_§)t -~
)= 1" L+ §5(R(0 (wto)t 4 0 e~ (nto)t
(1) = L+ BRO) S - e 4 e
Clearly, R(t) — 0, S(t) — “+¢ as t — oo, regardless of the values of R(0) and

S(0). Hence X7 = ( Mﬁ;s’ 0) is globally asymptotically stable and condition H1 holds.
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Next, we have

X I E)S — E
%:G(Xl,Xg) _ (61 +62 ) (M—’—O'—i—’}/)
t I oF — (p+a+7)1
[ 3,8 — S
9G X, 0)= A= P25 = (n+0+7) B
0X2 i o —(p+a+7)
[ BauN BipuN
E(XT,O):A: e —(uto+9) s
0Xs ! o —(u+a+7)

Thus,

N

G(Xl,XQ) :AXQ - G(Xl,XQ)
G(X1, X,y) =AX, — G(X1, Xs)

o —(p+a+7) I

| (Bl + BE)E —(u+o+7)E
oF — (p+a+7)1

:[(M—(u+0+v))E+(M)I]

At u+o
oE+ —(n+a+)I1

| BT+ 5E)S = (pto+7)E
oF —(p+a+)I

BLE(HL — 8) + BuI( — )

0

which is clearly an M-matrix. Meanwhile, we find

N

. _ [gm N _ N g0l
600X = (BB -5+ (L - 5).0)

Since 0 < S < % < N it is obvious that G(Xl,Xg) > 0.

3.7 Endemic dynamics

The stability at the DFE determines the short-term epidermics of the disease, where as
its dynamics over a longer period of time is characterized by the stability at the endemics
equilibrium. In this section we will analyze the endemic properties of our avian influenza

model.
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3.7.1 Endemic equilibrium

We first examine the existence of the positive endemic equilibrium. Denote the endemic
equilibrium of the model by e* = (S*, E*, I'*, R*). From equations (3.29) and (3.30) we

obtain

_ pN +IOR" —a E”
ot

where a; = o + p + 7. From equation (3.31), we have

S* (3.34)

GQI*

%

E* =

where as = a + p + 7. Hence equation (3.32) becomes

g a2 7o)l
o(p+0)

Thus, equation (3.30) gives

alagl*

0= (611" + P E*)S™ — o

I*S* I
0 — 511*5* + BQGQ - aiaz ,
o o

0= I (ps 4 22 a
g g

o uN B ajasI* OR* Baas [ uN
O_I[&(uﬂb 0(u+¢>)+u+¢)+ o <u+¢

aapl” IR* ) B alag]

Y

olpto) nto o
_ ( pruoc N Bopt N B20y(az + o) 1 I*
arax(p+ @) ar(p+¢)  aro(p+ o) (u+9) o+
107v(ag + o) I* B BoasI* )
aaz(p+ @) (n+06)  olp+)(u+d))
- i
lo

Since all parameters are positive, thus we have

Bapt N BiuNo

R R [ ae R CEaTEt CEaEan e




51

Hence if Ry > 1, we have

BapuN BiuNo

Gt dotitr) orptNtpta)nte

where
_ BipoN Bapt N B207(ag + o)
aag(pp+ @)  a(p+¢)  ao(p+ @) (u+9)
ty = a1ago(p + ) + Baaiar — Bréyo(ay + o),

ts = araz(p + @) (1 + 6),

Thus, it is obvious that I* > 0.
Theorem 3.11. The positive endemic equilibrium €* of the system (3.21)-(3.24) exists and

is unique if Ry > 1, and there is no positive endemic equilibrium if Ry < 1.

3.7.2 Local and global stabilities

We proceed to analyze the stability properties of the endemic equilibrium. First we
establish the following result regarding the local stability. For simplicity, we assume that
=20

Theorem 3.12. When Ry > 1, the endemic equilibrium €* is locally asymptotically

stable.

Proof.The Jacobian of the system (3.21)-(3.24) at €* is given by

— (Bl + B2 E) —p— ¢ — (25 —p1S
J= Bl + B E BoS —p—0o—vy i)
0 o —(p+a+7)

at €* is given by

—(BiI* + BoE*) — pp— @ — 325" —B315"
JI = Bil* 4 Bo B BoS* —p—o —1 p1S*
0 o —(p+a+7)
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The characteristic equation of the matrix J(e*) is

0=\ — J(e")]
=(A+ (B + BB + 1)) (A — (B2S™ — a1)) (A + az) + B1S™(BiI" + Bo )0
=N+ [(BuI* + BoE* + 1) — (B2S* — a1) + ag) A\
+ ax(Bil™ + BoE* + ) — (BiI™ + Bo " 4 1) (525" — ar) — az(525" —ay) — o1 5™
+ (B + B2 E7) B2S™|A
+ [B1S™(Bil" + BoE)o — aa(B1]" + Bo E™ + 1) (825" — an)
— o1 S*(Bi* + BoE* 4 1) + ao(Bi L™ + B2 %) 5257

)
)

From matrix J(€*) can be put into a cubic equation of the form
AN’ + AN + At + Ag (3.35)
where

Az =1,

Ay = (B + BoE™ + p) — (525" — a1) + as,

Ar = ax(Bi" + BB + p) = (Bl + BoE™ + 1) (525" — a1)
—az(feS™ —ay) — af1S* + (Bl + B ™) 32S™,

Ao = BiS (Bl + BoE")o — az(Bil" + BB + p) (525 — a1)
— oB1S*(BrI" + BoE* + ) + aa(BiI™ + BoE7) 32 S™

Note that at the endemic equilibruim, the right-hand side of equation (3.22) become 0,
which yield

Since all parameters are positive, we have a; — 2.5 > 0. Thus,
Ay = B I* + BB + i+ as + ap — 258 > 0. (3.36)
Now rewrite A; as

Ay = ag(r " + BoE* 4 ) + (BrL* + B2 + p)(ag — £257) (3.37)
+ as(ar — £2S*) — 01S™ + (Bil" + B2 E7)52S” (3.38)
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From equation (3.38), consider terms

Cl2(@1 - 525*) - 0515* =aias — 526125* - 0515*
=ajay — (Peas + o p1)S”

_ _ma
_(52612 " 051) {5%2 + o1 S ]

and when Ry > 1, we have
Pap N oB1uN
(nar + dar) — arax(p + @)
asPaptN + oS uN > ajas(p + @)
N(azfop + o Bip) > araz(p + ¢)

ayax(p + )
Boaspt + o

> 1

N >
Hence it is obvious that A; > 0 since a; — 525* > 0 and Ry > 1. Next we consider Ag:

Ag = BS*(Bil" + BoE™)o — as(B11" + B2 £7 + 1) (825" — a1)
— 01 S* (B + BB 4 1) + ax(Bri I + foE7) B2S™
= 615" (B + BoE)o + (Br ™ + BoE™ + p)[aras — as5eS™ — 05157
+ ax(Bil” + BoB¥) B2 S™.

We have ajag — ay 325" —o51.5* > 0 from equation (3.41), since N > % when

Ry > 1. Thus, Ag > 0 Next we consider the Routh-Hurwitz table

A A
M A, A
A B 0
AN C 0
where
AyAl — ApA
B, = %, Cl = Ao. (3.39)
2

To ensure that all roots of equation (3.34) have negative real parts, the Routh-Hurwitz
stability criterion requires Ag, A1, As, Az, By and C all to be positive. It is straightforward
to observe that As A; > AgAs;ie, By > 0. To that end, we let Q1 = 511"+ GoE* + 11
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and Qo = B1I" + B E*. Hence

AlAg = [Ql + (a1 — BQS*) + ag][ang + Ql(al — /BQS*) (340)
+ (Gl(lg — agﬁgs* — 0515*) -+ QQﬁQS*] (341)

and
Ay = 157 Qo0 + Qrlaraz — az525™ — 0 415™] + aa@Q2 825" (3.42)

Since ay - 325 > 0, A1 > 0, Ay > 0 and Ay > 0, it is obvious that A1 Ay > AgAs.
This completes the proof.

Next, we will follow the geometric approach originally proposed by Li and Muldowney
[37,22] to investigate the global asymptotic stability of the endemic equilibrium. To that

end, we first present the following result based on the geometric approach.

Lemma 3.13. Consider a dynamical system ‘fl—‘f = f(z) ,where f : D+ R" is a C!
functionand D C R" is a simply connected domain. Assume that there exists a compact
absorbing set K C D and the system has a unique equilibrium point X* in D. Then X*

is globally asymptotically stable in D if ¢go < 0, where

t
G2 = limsup sup 1/ m(P(X (s, Xo)))ds. (3.43)
0

t—oo XoeK b

In equation (3.38) , P is a Matrix-valued function defined as
P=Q;Q7' +QJPQ, (3.44)

where Q(X) is a (g) X (g) matrix-valued C'* function in D, Q; is the derivative of Q
(entry-wise) along the direction of f, and J? is the second additive compound matrix of
the Jacobian J(X) = Df(X). Meanwhile, m(P) is the Lozinski measure of P with respect
to a matrix norm; i.e.,

I+hrP|—1

3.45
h—0t h ’ ( )

where LI represents the identity matrix.
To show the global stability of the endemic equilibrium for the system (3.21)-(3.24),

we consider a simplified case of our model by assuming ¢ = 0;i.e.,
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no treatment and no disease caused mortality,and apply the geometric approach sum-
marized in Lemma 3.11 Then S+ E+ I + R = N is a constant which allows us to drop

equation (3.24) and consider a three-dimensional system (3.21)«(3.23), written as

as
dE
dl
i oF —(a+p+7)1 (3.48)

on the feasible domain

Q=S E,N0<S+E+1<N.

Let us define

1 0 0
QS,E,I)=10 £ 0
0k
Then
0 0 0
QR =10 (HEH); 0
00 57
where £(£),; = % - 17' based on equations (3.21) and (3.22)

The Jacobian of the system (3.48)-(3.49) is

—(Bl+BE)—p  —BS  —BS
J = Bl + BoE p2S—ar 0
0 o —a2
where a; = 0 + p+ v and ay = a + p + v and thus the second additive compound

matrix associated with the Jacobian is,

a1 + ag a3 —ai3
JP = a3z @11 + as3 a12
| —as a91 Q22 + G33
—(Bil + BoE) — p+ oS — ay 0 —B1S
J& = o — (B + BoF) — pu— ay — 3,8
i 0 Bl + 5o E B2S —ay — ay
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Thus we have

(1 0 0 10 0
2]H-1 _
QEQ =10 Z o |[J]]0 £ o
00 Z 00 <
—(B1l + foE) — p+ oS — 855 S
- & —(B1] + BoE) — pu — ay — (28
i 0 il + B B2S — a1 — as
Where
I(E> BT
E\T F E I
Hence
_ _ Py Py
P=Q;Q ' +QJPQ " = (3.49)
Py Py
with
Py == (6] + BoF) — p+ 525 — aq,
Po=l 28 831
[ Ec
P21 == ! ;
0
Pyy — é(%)f—(ﬂlf—i‘ﬁQE)—M—% — 325
i Bol + BoE L(Z);+ B2S — a1 — ay

Let us choose the vector norm | | in R? as

(21, 2, 23)| = max{|x1\, |z2| + |$3|}

we need to verify the condition p(p) < 0.We have

1(p) < {sup(g1, 92)},
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g1 = 1 (Pr1) + | Piol

ST
:—51[—52E—M+525—a1+B1E
g2 = | P1| + p1(Pr2)
i E\NT/), HT® I TE\T) T

Provided that 4 < a1 = 0 + 1 4y or 0 < o + v which is always true.

Using
£ S
EZﬁlE + (25 — an,
I' oF
7T ™
Since
I(E) _E’ I
E\IJ)y E I
We obtain
< EU+[(E>
g2 = 7 E\T/; n— ag
ol E T
N
E/
and
S
g = —51]—/32E—M+525—a1+61E
from
ST
o = —511—52E—u+525—a1+51E
E FE S
= E—E—@]—@E—lﬂ-ﬁzS—ar{-&E
El
= &~ 1= (Bl + )
El

E—M

>0
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This implies that

By the uniform persistence ,there exist € > 0 and T" > 0

such that when t > T, we have

Thus

I [
<L —p=-%
g T HT Ty

which implies g < 0.Hence, we have estabished the following result:

Theorem 3.14. The endemic equilibrium of the system (3.47)-(3.48) is globally asymp-
totically stable.

From Theorem 3.14, we obtain the global asymptotically stability of the endemic
equilibrium for the original system (3.29)-(3.32) under the assumptions of no treatments

and disease related mortality.



Chapter 4

Results

Optimal treatments Now we turn to the more general model with time-dependent
controls ¢(t) .We consider the system on a time interval [0,77]. The functions ¢(t) are

assumed to be at least lebesgue measurable on [0,77]. The control set is defined as

Q= {0(t)|0 < ¢(t) < bas} (4.1)

where ¢4, denotes the upper bounds for the effort of treatments. The bound reflects
practical limitation on the maximum rate of controls in a given time period.

The presence of time-dependent controls makes the analysis of our system difficult.
In fact, the disease dynamics now depend on the evolution of controls. In what follows
we perform an optimal control study on this problem.We aim to minimize the total num-

ber of infectious people and the costs of control over the time interval [0,17;i.e.

mip [ 10+ cad(0S0) + ottt @2

The cost parameters are associated with the controls and defined by co; and
c22.Quadratic terms are introduced to indicate nonlinear costs potentially arising at high
intervention levels.

We note that our model is linear in the control variables ¢, and the control set
Q) is closed and convex. Meanwhile, the integrand of the objective functional in (3.53) is

also convex. Hence, standard optimal control teory [7,21] yields the following result:

Theorem 4.1. There exist ¢* € ) such that the objective functionalin (3.53) is minimized.

Indeed, the optimal control solution is also unique for small 7" due to the Lipschitz
structure of the model equations and the boundedness of the state variables. To pro-
ceed, we apply Pontryagin’s minimum principle to determine the optimal control. We

first define the adjoint function Ag,Ag and A; associated with the state equations for



60

S, E and I, respectively. We then form the Hamiltonian,H, by multiplying each adjoint
function with the right-hand side of its corresponding state equation, and adding each of

these products to the integrand of the objective functional. As a result, we obtain

H = I(t) + co1(t)S(t) + co0(t)?
+ As[uN — (B + B2 E)S — uS — ¢(t)S + 0R]
+ Ap[(B1] + BoE)S — (+ 0 +7)E]
+ MN[oE — (p+a+7)]
+ Ar[YE + I — uR — dR)|

To achieve the optimal control, the adjoint functions must satisfy ‘%—f = —%—g, djl‘—tE =

—g—g, % = _%_111 and d;l\—tR = —g—g. Thus, we have
% = —nd(t) + As(Bi] + BoE + p+ 8) — Ap(Bil + BoE),
dg—f = As(B825) — Ag(B2S + 0+ p+7) — M) — Ar(7),
% = —14+ Xs(£1S) = Ag(B1S) + Ai(y + p+ @) — Ag(7),
PE— As(0) + Anlp + ),

with the final-time conditions Ag(T") = 0, Ay (7)) = 0,Ag(T) = 0, and \(T) =
0, A\g(T) = 0, The characterization of the optimal control ¢*(¢) in then based on the
condition
OH
% =

subject to the constraints 0 < ¢ < @,q0.Specifically, we have

0 (4.3)

¢*(t) = max[0, min(p(t), dmaz)]

where

[(AsS = e S(1))]

2622

¢"(t) =

Due to the presence of both initial conditions ( for the state equations ) and final time

conditions ( for the adjoint equations ), and the fact that most models of our interest
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are nonlinear, the optimal control system has to be solved numerically. We will use the
Forward-Backward Sweep Method to conduct the numerical simulation.

Assume that u = u(t, z, ) can be found explicitly from the optimality condition.
+ Step 1. Make an initial guess for u (usually 0) on the entire domain.

« Step 2 Using the initial condition 2(0) = a and the values for u, solve x forward

in time over the domain.

« Step 3. Using the transversality condition A(T") = b (usually 0) and the values for

u and z, solve X backward in time.

+ Step 4 Update u by the new x and A values. We use the optimality condition to

update control u at this step.

+ Step 5. Check convergence. If values in this iteration and the last one are negligibly

close, output the current values as solutions; otherwise, return to Step 2.

The optimal control system, consisting of the state equations, the adjoint equations and
the optimality condition (3.48), has to be solved numerically. We have conducted nu-
merical simulation using various choices of cost parameters and time intervals, and have
observed a unique solution in each case. The numerical results clearly demonstrate that
an optimal treatment strategy can significant bring down the number of exposed and
infectious individuals, thus reducing the burden of an avian influenza outbreak. Some

typical results are presented below.

Table 9: Parameter values and symbols
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Parameter Symbol Value References
Total population N 10,000

The vaccination rate [0} 0.07 [28]
Transmission coefficien of the infectious intially B4 0.5/N/day [4]
Transmission coefficien of the infectious severe B2 0.5/N /day (4]
Nutural human birth and death rates i (70 % 365~1) /day [4]
Disease related death rate o} 0.012 (28]
The progression rate ) 0.01 (8]
Transmission rate from exposure to infection o 0.699/day [28]
Recovery rate ¥ 0.15 (28]

Assumming that there are costs co; = 0.2 and coo = 0.5
2000 - - —Wi"[h Control

1800 without Control

I
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Figure 4.1: Number of infectious individuals.

Figure 3.9 depicts the infectious individuals for the case without treatments (solid line)
and that with optimal treatments (dashed line). The reduction, in both the infection level
and the outbreak period, due to the incorporation of treatments is significant. Figure
3.10 shows the dynamics of the exposed individuals. Without treatments, the exposed
population (E) attains very high values immediately after the onset of the outbreak. As
S decreases,F goes down for a short period of time.Then with the increase of infectious

individuals (1), the exposed population starts increasing again and reaches a peak at
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t ~ 10 days (not that the peak of E occurs before that of I; compare Figures 3.9
and 3.10). With optimal treatments, however,E/ continues decreasing until reaching and
settling at a value close to zero, which,consequently,leads to a very low infection level
for I.
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Figure 4.2: Number of exposed individuals.



Chapter 5

Conclusions and Discussions

In this study, we have presented a mathematical model for the spread of Avian Influenza
that involves with the effect of latency and medical treatments. We have done this work
by studying in both theoretical and numerical ways. In order to observe the effect of
rate of vaccination and vaccine efficiency on the spread of disease and find ways to con-
trol the outbreak of the bird flu disease, we use the optimal control study. The model
exhibits two feasible points of equilibrium, namely, the disease-free equilibrium and the
endemic equilibrium. The stability of these two feasible points of equilibrium are con-
trolled by the threshold number Ry. If Ry is less than one, then the disease dies out
and the disease-free equilibrium is stable. If Ry is greater than one, then the disease
persists and the disease free equilibrium is unstable. We have the values is based on the
theory of Ry. We assumed that humans are vaccinated with the rate ¢(t) and thus they
became a vaccinated class. According to our study, it shows that with a good vaccination
plan, when strategically deployed, can significantly reduce the numbers of exposed and
infectious people and help eradicate the disease outbreak. Throughout the paper, we
have utilized both analytical and numerical means so as to gain deeper insight into the

disease dynamics.
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Abstract Avian influenza, caused by influenza A viruses, has received worldwide at-
tention over recent years. The viruses can spread from birds to humans as well as through
the human-to-human transmission route. In this study, we formulate a mathematical model
for avian influenza that includes bird-human interaction and that incorporates the effects
of infection latency and human vaccination. We investigate the essential dynamics of the
model through an equilibrium analysis. Meanwhile, we explore effective vaccination strategy
to control avian influenza outbreaks using optimal control theory. Our results show that
strategically deployed human vaccination can significantly reduce the numbers of exposed
and infectious persons.

1 Introduction

Avian influenza is caused by influenza A viruses. These viruses are naturally carried by wild
aquatic birds such as ducks, geese, swarms, or seagulls, and can infect local poultry and other
bird and animal species [37]. It is known that there are two categories of influenza A viruses
that may cause illness in birds: low pathogenic avian influenza (LPAI) and high pathogenic
avian influenza (HPAI). Wild birds usually spread LPAI viruses to domestic birds and, under
suitable conditions, LPAI undergoes mutation and evolves into HPAI that causes failure of
internal organs and leads to 90-100 percent of death rates among domestic birds within 48



hours. A recent HPAI outbreak among birds in the United States was reported by the US
Department of Agriculture in 2014.

Influenza A viruses can spread from infected birds to humans. Meanwhile, person-to-
person transmission of such viruses has also been documented [37]. Humans infected by avian
influenza exhibit symptoms such as fever, cough, sore throat, muscle aches, and in severe
cases can have breathing difficulty, pneumonia, acute respiratory distress, and respiratory
failure. Avian influenza subtype H5N1 has been endemic in Asia and several other places,
with 777 laboratory-confirmed human infections; among these 428, or 55.1 percent, have been
fatal [38]. The world’s first three human cases of avian influenza subtype H7N9 were reported
in China in 2013. From 2014 to February 2015, 227 deaths from 602 human H7N9 cases have
been claimed. Severe human infections of other subtypes of avian influenza (H7N3, H7TN7,
etc.) have also been reported [38]. If the situation continues without effective control, an
avian influenza pandemic could occur among humans with potentially high mortality rates.

There have been many mathematical models (see, e.g., [2,10,13,18,33]) published for the
transmission of the influenza A viruses and the spread of the infection among birds. Several
avian influenza models have also been proposed with a focus on humans and the impact of
hypothetical pandemics (see, e.g., [8,9,26,28]). Meanwhile, quite a few studies have been
conducted to link birds and humans in avian influenza epidemics. For example, Chong
et al. [4] proposed a model in 2014 for coupled bird-human dynamics with half-saturated
incidence and mutation of virus strains. Liu et al. [25] investigated avian influenza with
psychological effect and utilized an SI (Susceptible-Infected) model for birds and an SIR
(Susceptible-Infected-Recovered) model for humans, where disease transmission in humans
is solely contributed by infected birds. Gumel [12] analyzed the global dynamics of an
avian influenza model with two virus strains. Iwami and co-workers [16, 17, 19] proposed
bird-human interaction models to analyze potential avian flu pandemics and the control
strategy. Martcheva and co-workers [30-32] studied low and high pathogenic avian influenza
and the impact of seasonality on disease dynamics. Other related work can be found in
recent reviews [1,27] and references therein.

Most (if not all) of the current mathematical studies of avian influenza utilize an SIR
model for human disease transmission. In reality, however, there is generally an incubation
(or, latent) period for avian influenza that has been clinically observed as ranging from 2 to
8 days, with an average of 5 days, and possibly as long as 17 days [15,39]. It is also found
that the latency of avian influenza is typically longer than that for normal seasonal influenza
(which is around 2 to 3 days). This latent period could have important implications on the
length, frequency and severity of avian influenza outbreaks among humans, as well as on
the surveillance of patients and the control of disease epidemics, yet very little attention has
been placed on its mathematical modeling. Meanwhile, although bird/poultry vaccination
has been widely adopted in containing the influenza and investigated in several studies
(e.g., [11,13,18]), human vaccines for avian influenza are only recently available (FDA licensed
the first H5N1 vaccine in 2007) and are still used in small-scale clinical tests. More guidelines
for human vaccination and other control measures are thus urgently needed to prevent avian
influenza pandemics among humans.



The main contribution of the present work is a new modeling framework that couples
the bird and human populations and that incorporates the disease incubation period and
the human vaccination. Representing the latency in the model necessitates the addition
of another compartment, i.e., the exposed individuals, and increases the dimension of the
whole system which makes the analysis more challenging. We will utilize both analytical
and numerical means so as to gain deeper insight into the disease dynamics. Meanwhile,
our analysis and simulation results regarding the human vaccination will provide useful
information for public health administrations in the prevention and intervention of an avian
influenza outbreak.

The remainder of this paper is organized as follows. Details of our avian influenza math-
ematical model is provided in Section 2, followed by a careful analysis of the disease-free
equilibria (DFE) for both the bird and human populations in Section 3. The global stability
of the DFE for the entire system is also established. Section 4 is devoted to the analysis of
the endemic dynamics. In particular, the global asymptotic stability of the endemic equilib-
rium is investigated using the geometric approach [6,22,23]. An optimal control model for
human vaccination is constructed and analyzed in Section 5. Finally, conclusions are drawn
and some discussion is presented in Section 6.

2 Mathematical model

We describe the avian influenza dynamics using a system of six differential equations. The
population of birds is divided into two compartments: S, and [,, where S, represents the
susceptible birds and I, represents the infected birds. The population of humans is compart-
mentalized into four classes: susceptible (Sy), exposed (F), infectious (I}), and recovered
(R). A diagram to illustrate our model is presented in Figure 1.

We use an SI model to represent the disease dynamics among birds. Susceptible birds
are infected through contacts (at a rate of fp) with infected ones. The infected birds then
transmit the disease to human hosts at a contact rate Sgy. Meanwhile, the infection also
spreads among the human population through the person-to-person pathway with a trans-
mission rate [3,. Susceptible humans, once infected, will first enter the exposed class F,
and then become infectious after an incubation period, 1/c; here o is the progression rate
from exposed to infectious. Both the exposed and infectious people may recover from the
disease, and recovered individuals can lose immunity and return to the susceptible class at a
rate of 0. Hence, an SEIRS (Susceptible-Exposed-Infectious-Recovered-Susceptible) model
is employed here to describe the human disease dynamics.

We assume the natural birth and death rates are the same, and denote that by u, and py,
for birds and humans, respectively. We also denote the disease caused death rates by 4, and
«, respectively, for birds and humans. In addition, we represent the influx rates for these
two populations by the constants I', and I';,. For convenience of discussion, we write

I'y = Ny, I'n = pn N s



where the two constants, N, and N, can be interpreted as the respective time-averaged
population for birds and humans. In case there is no disease related mortality, N, = Sy + I,
and N, = S, + F + I, + R and they represent the (constant) total populations for birds
and humans. Finally, we incorporate vaccination into the susceptible human population as
a disease control measure; we assume that the vaccine will confer permanent immunity and
that vaccinated individuals are removed from the susceptible class at a rate of ¢y.

Ny Sb My S, 5

BsSply
tply ,
Spl,,
BauSnlp E ﬂ_E_..
KE
BeuSnly
BrSply
R
p Ny S |15k, SR R |Hnt,
TRy h «
E
0.5 v
BuSuln ' Vh
Iy, Hnd,
th

Figure 1: Diagram of the model.



Our model thus takes the form below:

dSy

= LNy — 1Sy — BpSply, (1)
% = BrSply — (1 + 0) I, (2)
dd_?b = un Ny — BudynSy — BeaSuly + 0R — p1,Sy — ¢1.Sh, (3)
% = BuInSh + BeraSuly — (un + 0 + k) E, (4)
% = 0E — (un + a + 7)1, (5)
C;—]: = kE + I — R —0R. (6)

The definition and numerical values of all the model parameters are provided in Table 1.
Written in a vector form, the above equations become

dX
—F(X) (7)

with X = (Sb7 Ib, Sh, E, Ih, R)T

3 Epidemic analysis

We start our analysis of the model by studying the disease-free equilibrium (DFE) and

calculating the basic reproduction numbers. Since our model contains two populations:

birds and humans, it is best that we first investigate the bird subsystem, represented by

equations (1) and (2), and then proceed to the human subsystem that consits of equations

(3)-(6). We will follow the same strategy when analyzing the endemic equilibrium as well.
It is straightforward to obtain the DFE for the bird subsystem:

€p = (Nb,O) (8)

Consequently, the basic reproduction number for birds can be easily determined as

Be N,
Ry =
My + Op

(9)

We have the following result:

Proposition 3.1. When R} < 1, the DFE, ¢, for the bird subsystem is locally asymptoti-
cally stable; when R} > 1, ¢, is unstable.



The DFE for the human subsystem is given by

o N
o+ O

To compute the basic reproduction number for humans, we use the well-known method of
van den Driessche and Watmough [34], with the associated next-generation matrices

0 Byl o+ R 0
F — H‘h+¢h d V = .
[O 0 an —0 un + o+

0,0,0). (10)

€p —

The basic reproductive number is then determined as the spectral radius of F'V~!; thus we
obtain
(b + &n)(pn + 0 + K) (i + @ +7)

b=
Consequently, we have the following result:

Proposition 3.2. When R! < 1, the DFE, ¢, for the human subsystem is locally asymp-
totically stable; when Rl > 1, €, is unstable.

Constructing the next-generation matrices for the entire model, equations (1)-(6), we can
easily obtain the basic reproduction number for the combined system:

Ry = max{ R} R!}. (12)

This expression indicates that both the bird and human subsystems will contribute to the
threshold dynamics of the full system. Based on the work in [34], we immediately obtain
the result below:

Theorem 3.3. The disease-free equilibrium of the full model (1)-(6) is locally asymptotically
stable if Ry < 1, and unstable if Ry > 1.

Next we examine the global asymptotic stability of the DFE. To that end we state the
following result introduced by Castillo-Chavez et al. [3].

Lemma 3.4. Consider a model system written in the form

dX,

(X, X

dt ( 1 2)7

dX

d—t?:G(Xl,XQ), G(X1,0) =0

where X; € R™ denotes (its components) the number of uninfected individuals and X, € R™
denotes (its components) the number of infected individuals including latent, infectious,

6



etc; Xo = (X7,0) denotes the disease-free equilibrium of the system. Also assume the two
conditions (H1) and (H2) below:

(H1) For £ = F(X;,0), X7 is globally asymptotically stable;

(H2) G(X1, X5) = AX,—G(X1, Xs), G(X1, X,) > 0for (X1, X,) € Q, where the off-diagonal
elements of the Jacobian matrix A = g’—g(X T,0) are non-negative, and €2 is the region where
the model makes biological sense.

Then the DFE X, = (X7, 0) is globally asymptotically stable provided that Ry < 1.

We now apply this lemma to our model, under the assumption that § = 0; i.e., recovery
from the disease will confer lifetime immunity. Then from equation (3), we observe that

dSp/dt < pup Ny — (pn + @) Sh , which yields S, < —;f;hﬁh-

Theorem 3.5. When Ry < 1, the disease-free equilibrium of the model (7) is globally asymp-
totic stable provided that 6 = 0.

Proof. We show that the conditions (H1) and (H2) hold when Ry < 1. In our ODE system
(1)-(6), X1 = (Sy, Sp, R), Xy = (I, E, I,), and X} = (N,, £282 (). We note that

Br+on’
e Ny — f1p,Sp
= F(X1,0) = | un Ny + R — p1n.Sp — ¢nSh
—,uhR —0R

is linear and its solution can be easily found as

R(t) = R(0)e= ™Dt Gy(4) = Ny + (Sp(0) — Ny)e+t

273 ) Ny 1)
SH(t) = Ny, + _
(1) wn+on " o —0 pn+on  dp—0

Clearly, R(t) — 0, Sy(t) = Ny and Sy(t) — 52— Nj, as t — oo, regardless of the values of
R(0), Sy(0) and S,(0). Hence, Xi = (N, -E-N,,, 0) is globally asymptotically stable for
the subsystem dX;/dt = F(X,0).

Next, we have

R(o)e—(uh+5)t + (Sh(()) _ R(O))e_(ﬂh"‘(f’h)t'

BB Sely — (pty + 0p) I
G(X1,X2) = | BuSnln + BaSuly — (i + 0 + K)E
0F — (pn + a4+ )1

We can then obtain

BNy — (1 + 0p) 0 0
A= | b, T (urorn) S,
0 o —(n +a+7)

with all non-negative off-diagonal elements. Meanwhile, we find

7



A Bely(Ny — Sp)
G(X1,X2) = | (Bpuly + Buln) (L2 — S),)

0

Since 0 < Sy, < Nyand 0 < 5}, < L%’ it is obvious that G > 0. O

We conclude this section by making another comment on the expression of Ry in equation
(12). Practically, the bird /poultry population (/N,) is much larger than the human population
(Ny) in a typical place of an avian influenza outbreak, while the transmission rates for the
birds and humans are normally of the same order [4,29]. As a result, R} > R} usually holds,
which leads to Ry = Rj. Indeed, our analysis in what follows highlights the essential role of
R} in shaping the disease endemic dynamics of the coupled bird-human system.

4 Endemic analysis

The stability at the DFE determines the short-term epidemics of the disease, whereas its
dynamics over a longer period of time is characterized by the stability at the endemic equi-
librium. In this section we will analyze the endemic properties of our avian influenza model.

4.1 Endemic equilibrium

We first examine the existence of the positive endemic equilibrium. Denote the endemic
equilibrium of the full model by

¢ = (S, I;, S5, E* It RY).

From equations (1) and (2) we obtain

%= Mbﬁzéb and &= Mb(ub]féb - BLB ’
where I} > 0 as long as Rj > 1.
Next, we substitute I} into equation (4) to obtain
B} Sk + 5BHS;;ub( M i) —(pn+ o+ K)E*=0. (13)
t+0  Op
From equation (5), we have
g i tat+ )l (14)

[

With some algebraic manipulations, equations (13) and (14) yield

(kn + 0+ 6)(pn + @ +7)
0(51112 + 5BHMb<M;Y:5b — é))

St = I




Now we substitute £*, I and S} into equation (3) to obtain

+o0o+kK + a4+ %
pn Ny — (i L(Mh 7>Ih - —
Brly + /BBHNb<#b_:5b — @)
(BT + Boain al 1)+ +¢>+K<Mh+“aﬂ>m+'ﬂ;5_ 0
v B My + 0 BB Hh " fp 40 -

This equation, after some algebra, yields a quadratic equation

ALY 4+ B +CL =0,

where
Ay =(b—a)Bn, By =unNpBy— ac—ap, —app +be, Cy = cupNp,
and where
(22)+
o WntotWlmtaty) o T\ o ’s czﬂBHMb< e
o ’ pn + 0 ’ o+ 0o Ba

The roots of equation (15) have to satisfy

Cy

I;_:l[;:Q - A_l

When R} > 1, we have C} > 0. Meanwhile we have
A= (b—a)By

:5h[“<%—aﬂ>+75 (n + 0 + 5) (0 +  + )

pn + 0 o
—bBn

and I +1,, =

B,

A_l.

(15)

).

——[u2+ui(a+7+a+m+5)+uh(aa+m+m+m+5a67+6a)+6aa

 o(un+9)
< 0.

Thus I} I, < 0; that is, the two roots of equation (15) are both real: one must be positive

and the other must be negative. Consequently, we have the result below:

Theorem 4.1. The positive endemic equilibrium €* of the system (1)-(6) ezists and is unique

provided that R§ > 1.

In addition, we note that if I = 0 (i.e., no infection persistent in birds, and thus no

disease contribution to the humans), then ¢ = C; = 0, and equation (15) is reduced to

(AT + By) =0,

9

(16)



In this case, A; < 0 still holds, and

1
By = pnfnNo — alpn + ¢n) = pnSaNa (1 — ﬁ) >0
0
if and only if Rt > 1. Consequently, equation (16) has two biologically feasible roots I, h =0
and I;, = —B;/A; > 0 when R > 1, and only one biologically meaningful root Iy =0
when Rl < 1.

These analytical findings show that in the absence of birds, the human subsystem (3)-
(6) is reduced to a normal SEIRS model whose threshold dynamics are determined by the
human reproduction number R}. In contrast, when the bird-human interaction is included,
the endemic dynamics of the combined system are characterized by the bird reproduction
number RS, a somehow surprising result. We observe, however, that the infected birds (I;)
directly contribute to a positive growth of the exposed and infectious humans in our model.
Hence, the implication is that an avian influenza outbreak among birds (where R} > 1) will
always lead to disease outbreak and persistence in a completely susceptible human population.
Using vaccination to reduce the number of susceptible individuals in the human population,
therefore, would be an important control measure to protect humans against the infection
and to contain the disease outbreak.

4.2 Local and global stabilities

We proceed to analyze the stability properties of the endemic equilibrium. First we establish
the following result regarding the local stability.

Theorem 4.2. When R} > 1, the endemic equilibrium €* is locally asymptotically stable.

Proof. The Jacobian of the system (1)-(6) at €* is given by

—(Bndn + Berly) — (pn — ¢n) 0 —BrSh 0
J(er) = Bnly, + Beuly —(pn + 0 + k) BnSh, 0
0 o —(pn +a+7) 0

0 K gt —(pn +9)

The characteristic equation of the matrix J(e*) is

0 =det|\ — J(&*)]
=N+ [(Brd; + Bea LD+ (un + 0 + )Y\ =+ (s + o+ )N+ (s + 6))
— (A + (pn +6))o 8BSy
+ (Buly, + Bpuly)[60y — K6(A + (pn + @+ 7)) + 0BuS,(A + (un + 9))]. (17)

Let @ = Brl} + Bprly;. Equation (17) can be put into a quartic equation of the form

a At 4 as\® + a ) + a ) + ag, (18)

10



where

as =1,
as = (pp + 0+ L)+ (un + 0+ K) + Q + 2up + § + ¢p,
ay = (pun + 0 + K)(pn + a +7) — o BS;,
+(Q +2un + 0+ én)2un + a4y + 0+ K)
+ Q(un +0) + (n + &n)(pn +0),
ar = (Q + 2up + 6+ dn)[(un + 0 + K) (n + @+ ) — 0 BS;)
+ [Q(un + 6) + (n + &n) (pn + )] (1 + @+ ) + (i + 0 + K)],
ap = [Q(pn + 0) + (pn + &n) (pn + O)][(n + 0 + K) (pn + @ + ) — 0 BRS}].

Using equation (5), at the endemic equilibrium we have I} = u;i—iﬂ Thus equation (4)
yields
(un + @ +7)BeuSily

(pn + 0+ K)(pn + o +7y) — poS;, = >0

E*
as long as Rg > 1. Therefore, we obtain a; > 0 for 0 < i < 4. Next we consider the
Routh-Hurwitz table [20]

)\4 aq4 Q2 Qo
)\3 as Qg 0
M |b by, O
)\1 C1 0 0
Nld, 0 0
where
p = (02w doas o by —aghy o, b
as as by c1

To ensure that all roots of equation (18) have negative real parts, the Routh-Hurwitz stability
criterion [20] requires by, by, ¢; and d; all to be positive.

It is straightforward to observe that azas > ajay; ie., by > 0. Since ag > 0, we have
by > 0 and d; > 0. For ¢, we note that

2 2
. ai1asa3 — (CLl + CL3CL0)
— a3y = a .
3

a3 — A1Qy

a1by — agby = a4 [ a
3

We proceed to show that ajasas > a} + aZag. For ease of comparison, we denote A =

Q+2u+6+¢n, B=(pn+o+k)(un+a+vy)—obnSi, C = Q(un+06)+ (un+ on)(pn +96),
and D = (up, + a+7v) + (u+ 0 + k). Note that A, B,C, D > 0. Then we can write

ajasaz = (AB+ CD)(B+ AD + C)(D + A)

11



and
ai + ajap = (AB+ CD)* + (D + A)*CB.

Simple algebra then yields ajasasz > a? + aZay; i.e., ¢; > 0. This completes the proof. O

Next, we will follow the geometric approach originally proposed by Li and Muldowney
6,22, 23] to investigate the global asymptotic stability of the endemic equilibrium. To that
end, we first present the following result based on the geometric approach.

Lemma 4.3. Consider a dynamical system %X = f(X), where f : D — R" is a C" function
and D C R” is a simply connected domain. Assume that there exists a compact absorbing
set K C D and the system has a unique equilibrium point X* in D. Then X* is globally

asymptotically stable in D if ¢ < 0, where

G2 = limsup sup 1/0 m(P(X(s, XO))) ds. (19)

t—oo  XpeK

In equation (19), P is a matrix-valued function defined as

P=Q;Qt+QJPQ",

where Q(X) is a (72‘) X (g) matrix-valued C* function in D, Q; is the derivative of @ (entry-

wise) along the direction of f, and J? is the second additive compound matrix of the
Jacobian J(X) = Df(X). Meanwhile, m(P) is the Lozinskii measure of P with respect to
a matrix norm; i.e.,

m(P) = lim +hP| -1

h—0*+ h 7
where I represents the identity matrix.

We start our global stability analysis by considering the bird-only subsystem. The fol-
lowing result can be easily established:

Theorem 4.4. When Rf > 1, the endemic equilibrium (Si, I}) of the bird-only subsystem
15 globally asymptotically stable.

Proof. Let us rewrite equations (1) and (2) as

s

d_tb = Ny — Sy — BSply = fl(Sba Ib)v
dl,

d_tb = BSply — (,ub + 617)]17 = f2<Sb7]b>‘

We already know that when R} > 1, the disease-free equilibrium (Ny,0) is unstable and the
endemic equilibrium (Sy, I;) exists and is unique. Let h(S, ) = Ii,, which is positive and
smooth on the domain R2 £ {(S, I,)|S, > 0,1, > 0}.

Then aisb(flh) + %(fgh) = —4 — [, < 0 throughout the domain R%. Based on the
Bendixson-Dulac criteria, there is no closed orbit in the region R%. Hence (S, I}) is globally
asymptotically stable. O]
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Now, to show the global stability of the endemic equilibrium for the full system (1)-(6),
we only need to consider the subsystem (3)-(6) with the bird components already at the
endemic steady state [25]. Still, the subsystem (3)-(6) is four-dimensional and challenging to
analyze in general. In what follows, we consider a simplified case of our model by assuming
¢n = a = 0; i.e., no vaccination and no disease caused mortality, and apply the geometric
approach summarized in Lemma 4.3. Then S, + E+ I, + R = N, is a constant which allows
us to drop equation (6) and consider a three-dimensional system (3)-(5), written as

dSh

dat i Nw = BulpSy — (b + Brly)Sh + 6(Np — Sp — E — 1), (20)
dE
at BrlnSp — (pn + 0 + K)E + Bpul; Sh, (21)
dl,
d_th =0E — (pn + 7)1, (22)

on the feasible domain
Q={(Sh, E, 1) |0 < Sp+ E+ I, < Np}.

We shall mention that although the system (20)-(22) is slightly simpler than the original
system (3)-(6), it is still an SEIRS model with an additional, but essential, incidence term
(contributed by the infected birds). It is thus different from a typical SEIR model analyzed
in the literature. When RY > 1, the disease-free equilibrium of the system (20)-(22), located
on the boundary of the domain €2, is unstable. This implies that the disease is uniformly
persistent. It then follows from the compactness of the domain and the uniform persistence
of the system that there exists a compact absorbing set in 2. By the geometric approach, it
remains to verify the generalized Bendixson criterion ¢g; < 0, where ¢ is defined in equation
(19).

Let us define

1 0 0
Q(ShaE>Ih): 0 % 0
00 £
Then
0 0 0
Q7 = |0 %) 0,

0 0 G

where %(%)f =L % based on equations (3) and (4).

The Jacobian of the subsystem (20)-(22) is

—Bplpy —di—6 —0 —ppSp—9
J = Brly + ds —dy BrSh )
0 o —dy

13



where

di = pn + Beuly, do=pn+o+k, ds=pPpul,, and dy=

/’Lh+77

and the second additive compound matrix associated with the Jacobian is given by

Jui BnSh BrSp + 0
JE = o J22 —0 ;
0 Buly+ Beuly J33

where
gn = —Buly—90 =2 — 0 — Kk — Beuly,
Joo = —Bply —0 = 2up — v — Beuly,
Js3 = —2Up—0—K—7.
We thus have
L0 0 [ju BrSh BuSp+o| |1 0 0
QIPQ =10 £ 0] |0 oz ) 0 & 0
0 0 £]10 Buln+Bsuly J33 0 0 &
—Bndy — 6 —2up — 0 — k — Bpuly Br Sk L (8,5, + 6)
= 0% —(Budn + 0 + 2pup +v + Bouly) —0
0 Brln + Beuly —(2up + 0+ K +7)
Hence
p— QfQ_l + QJ[Q]Q—I _ {pn p12:| ’
P21 P22
with
pi = —Pulp — 06 —2up — 0 — k — Bpuly,
_ [5 Sh[h <5hSh +5)Ih}
P12 h £ B )
oZ
P21 = [ 6"”} )
and
Do — BBy = Buln — 6 = 200 — v — Bouly —0
- Brln + Beuly %(ﬁ)f—wh—a—ﬁ—v
Let us choose the vector norm | - | in R? as

!($1,$27$3)\ = maX{|$1|a |$2| + |$3|}

14



One can then verify that the Lozinskii measure m(P) with respect to this norm can be
estimated as

m(-P) S Sup{glaQQ}a

where

g1 =mq(p11) + |p12l,
g2 = |pa1] + mi(p22).

Here |p12| and |po;| are matrix norms induced by the L; vector norm, and m; denotes the
Lozinskii measure with respect to the L; norm. We thus obtain

Sp+6)1
gl:_Bhlh_é_zuh_g_"{_ﬁBHIb*—Fw’
E I, /E I/ E
92 alh—l—max{E([h)f Hh — 7 E\T,); [ K—+
I, /E E
< —=(+) —0—2un— =
_E([h>f Hn ’V+alh,
provided that 26 < o + k. Using
£ ]hSh *Sh
5 = P TPl — (it o+ 5),

I E
]—h—UI—h—(Mh+7)7

[h<E> BT
f

E NI,

E I

we obtain

E 1)
glsf—é—thrmaX{E—ﬁh, 0},

!
g2 < T 0 — [ -
By the uniform persistence of the system, there exist ¢ > 0 and 7" > 0 such that when

t>T,wehaveE2gand@<5—+2@. If(5<eﬁh,then%—ﬂh<0Whent>T,and

1 [ log E(t )
;/m(P)dt<OgT()—(5+,uh)<— *;“Z
0

which implies g2 < 0. Hence, we have established the following result:

Theorem 4.5. When RS > 1, the endemic equilibrium of the system (20)-(22) is globally

asymptotically stable provided that 6 < min (UTJFH7 eﬁh).

15



Combining the results in Theorems 4.4 and 4.5, we obtain the global asymptotic stability
of the endemic equilibrium for the original system (1)-(6) under the assumptions of no vacci-
nation and disease related mortality as well as small immunity loss. A numerical illustration
of this global endemic stability result is provided in Figure 2.

x 10"

45 . : T T r T
1000 | (0);10 : ; ; . IO //-*“\\
h 4ff - - -1,(0)=1000 ) Ve N\
- - -1,(0)=100 1,0=10000| / \
800 - ——— g 35 ) \
1,(0)=1000 - ~ ~—~— / \
= ) ~. / \
g yd N 3 / \
Qo N\ 2 \
£ 600 // \ £ s ) / \
z / \ z / \
2 ,// \ g 2 / \
£ 400t / \ 8 / \
2 / £ 15 / S \
< / / // .
I / 1 / / AN \
200 / / / N \
1 /,/ - _—~\ \ \
{ /’ - — \\‘\‘ ] 0.5 \ \ \ 1
, . - —
0 | Qo N ol L L L ( = > ,L_\
4000 5000 6000 7000 8000 9000 10000 23 2.5 27 28 29
Susceptlble Number Sh Suscepllble Number S M 105

(a) (b)

Figure 2: Phrase portraits for Ry > 1 with different initial conditions. (a) I, vs. S,. All the
curves converge to the endemic equilibrium with [} ~ 4.01, S} ~ 7799.9. (b) I, vs. Sp. All
the curves converge to the endemic equilibrium with I} ~ 988, S; &~ 2.5 x 10°.

5 Optimal vaccination

Now we turn to the more general model (1)-(6) with a time-dependent vaccination profile
¢n(t), and conduct an optimal control study. We consider the system on a time interval
[0,7]. The function ¢(t) is assumed to be at least Lebesgue measurable on [0,7]. The
control set is defined as

A= {¢h(t) | 0< ¢h(t) < ¢max}7

where ¢,,,, denotes the upper bounds for the vaccination rate. The bound reflects practical
limitation on the maximum rate of control in a given time period.

Our optimal control study aims to minimize the total numbers of infectious people and
the cost of control over the time interval [0, T7; i.e

T

min [ [1(t) + cion()Sh(0) + cach (0)] de (23)
h

0
where the linear and quadratic terms are introduced to account for the costs at different
intervention levels [36], and ¢; and ¢, are cost parameters (with appropriate units) associated
with the control.
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We note that our model is linear in the control variable ¢, and that the control set A
is closed and convex. Meanwhile, the integrand of the objective functional in (23) is also
convex. Hence, standard optimal control theory [7,21] yields the following result:

Theorem 5.1. There exists a ¢}, € A such that the objective functional in (23) is minimized.

Indeed, the optimal control solution is also unique for small T due to the Lipschitz
structure of the model equations and the boundedness of the state variables [7]. To proceed,
we apply Pontryagin’s minimum principle to determine the optimal control. We first define
the adjoint functions Ag, , Ag, Aj, and A associated with the state equations for Sy, I, Ij, and
R, respectively. We then from the Hamiltonian, H, by multiplying each adjoint function with
the right-hand side of its corresponding state equation, and adding each of these products
to the integrand of the objective functional. As a result, we obtain

H = I(t) + c19n(t)Su(t) + 205 (t)
+ As, [MhNh — B11Sh — BeuSkly + 0R — 1y, Sh — ¢h5h]
+ Ap[BInSh + BpnSuly — (un + 0 + 1))

+ )\Ih [O’E - (ﬂh +« +")/)[h:|

Y An|KE + 41 — unR — 53]

To achieve the optimal control, the adjoint functions must satisfy dt;h = —g—g, d;l\—f = —2—1;,
di\,‘lih = _g_i, and ‘Z‘—tR = —g—g. Thus, we have
dXg,
o= —a0n(t) + Xs, (Bl + Brly + i+ 0n) = Ap (Bl + Boly), (24)
d\
d\
déh = =1+ A5, BSh — ApBSh + Ar, (tn + +7) — Ar7, (26)
d\
R = g8+ Anlm +9), (27)

with the final-time conditions Ag, (') = 0, A\;, (T') = 0, Ag(T) = 0, and Ag(T) = 0. The
characterizations of the optimal control ¢,(t) is then based on the condition

oH
3o, =" (28)

subject to the constraint 0 < ¢, < Grqs-
The optimal control system, consisting of the state equations, the adjoint equations and
the optimality condition (28), has to be solved numerically. We have conducted numerical
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Table 1: Model parameters and values

Parameter Symbol Value Source
Averaged human population Ny, 10,000 Assumed
Averaged bird population N, 300 * N, Assumed
Natural birth and death rate of humans L (70 % 365)~" /day  [4]
Natural birth and death rate of birds i (100)~!/day 4]
Contact rate for birds BB 0.4/200,000/day 4]
Bird-to-human transmission rate B 0.2/(N, *100)/day [4]
Human-to-human transmission rate B 0.5/N, /day 4]
Disease related death rate for birds 0 5/day 4]
Disease related death rate for humans et 0.03/day [29]

Rate of immunity loss J 0.699/day [29]
Transition rate from exposure to infection o 0.2/day [15]
Recovery rate for exposed people K 0.00015/day [29]
Recovery rate for infected people Y 0.16/day [29]

simulation using various choices of cost parameters and time intervals, and have observed a
unique solution in each case. The numerical results clearly demonstrate that an optimal vac-
cination strategy can significantly bring down the number of exposed and infectious human
individuals, thus reducing the burden of an avian influenza outbreak. Some typical results

are presented below.

2500

m— \\/ithout Control
= = = \Vith Control

2000

1500

Human Infections

1000

500

80 100

Days

Figure 3: Number of infectious humans.
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Figure 3 depicts the infectious humans for the case without vaccination (solid line) and
that with optimal vaccination (dashed line). The reduction, in both the infection level and
the outbreak period, due to the incorporation of vaccination is significant. Figure 4 shows
the dynamics of the infectious human population for a much longer period of time. We
observe that when vaccination is not deployed, the infection curve, after several epidemic
oscillations (with decaying magnitudes), eventually approaches a positive endemic state. In
contrast, with an optimal vaccination strategy, the infection is quickly reduced to a level
very close to zero, and stays there for all the time afterwards.
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300
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0 il — = ——
0 1000 2000 3000 4000 5000 6000
Days

Figure 4: Number of infectious humans for a long term.

In addition, the dynamics of the exposed humans can be observed from Figure 5. Without
vaccination, the exposed population (F) attains very high values immediately after the onset
of the outbreak, mainly due to the contribution from the infected birds (I,). As I, and S,
decrease, E goes down for a short period of time. Then with the increase of infectious
humans (1;,), the exposed population starts increasing again and reaches a peak at ¢ ~ 10
days (note that the peak of E occurs before that of I,; compare Figures 3 and 5). With
optimal vaccination, however, E' continues decreasing until reaching and settling at a value
close to zero, which, consequently, leads to a very low infection level for .
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Figure 5: Number of exposed humans.

6 Conclusions

We have presented a mathematical model for avian influenza that involves both bird and
human populations and that incorporates the effects of latency and vaccination for humans,
using a system of six nonlinear differential equations. Our model employs an SI model
for birds and an SEIRS model for humans, and both bird-to-human and human-to-human
transmission routes are included in the system. We have analyzed the epidemic and endemic
dynamics of the combined model; particularly, we have established the local and global
stabilities based on the basic reproductive numbers. In addition, we have performed an
optimal control study to explore the optimal vaccination strategy in order to contain the
disease outbreak in humans. Our results show that human vaccination, when strategically
deployed, can significantly reduce the numbers of exposed and infectious people and help
eradicate the disease outbreak. Throughout the paper, we have utilized both analytical and
numerical means so as to gain deeper insight into the disease dynamics.

There are several limitations in this study which we hope to overcome in future work.
We have assumed that vaccination confers lifetime immunity, though, more realistically, we
could consider imperfect vaccination. In such a case, a new compartment representing the
vaccinated class can be added into the model, where vaccinated individuals can lose immunity
over time and re-enter the susceptible class. For simplicity, we have only considered bi-linear
incidence in this work. Similar modeling and analysis techniques can be extended to other
types of incidences (such as half saturation) for more careful investigation of the disease
mechanism. In addition, differentiating LPAI and HPAI dynamics and incorporating the
mutation of virus strains into our model will allow more detailed study, and possibly lead to
deeper understanding of avian influenza.
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