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Abstract

Terry D. Easlick, Ph.D.
Concordia University, 2023

This thesis is comprised of three parts which collectively serve as a study of stochastic epi-
demiological models, in particular, the susceptible, infected, recovered/removed (SIR) model.

We propose a unified stochastic SIR model driven by Lévy noise. The structural model allows for
time-dependency, nonlinearity, discontinuity, demography and environmental disturbances. We
present concise results on the existence and uniqueness of positive global solutions and investigate
the extinction and persistence of the novel model. Examples and simulations are provided to
illustrate the main results.

11

This part is twofold; we investigate the parameter estimation and forecasting of two forms of a
stochastic SIR model driven by small Lévy noises, and we provide theoretical results on param-
eter estimation of time-dependent drift for Lévy noise-driven stochastic differential equations. A
novel algorithm is introduced for approximating the least-squares estimators, which lack attain-
able closed-forms; moreover, the presented results ensure the consistency of these approximated
estimators.

IT1

We apply the previous results to study the COVID-19 pandemic using data from New York City,
New York. This application yields parameter estimation and predictive analysis, including the
unknown period for a periodic transmission function and importation/exportation of infection.
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Chapter 1

Motivation

Mathematical and scientific understanding of our world is an incremental endeavour to which we
wish to add contributions herein. In this endeavour, there are far too many questions arising to
be answered by our work or the work of others alone to be all-encompassing; thus, in the following
pages, the reader will find many contributions, and many cited works attempting to answer some
of these questions. Care and diligence were taken to ensure our contributions were novel and
relevant.

1 Introduction

Real-world phenomena have been extensively modelled using deterministic systems and increas-
ingly by stochastic systems. Uncertainties in the real-world necessitate the use of stochastic
systems for modelling problems in many branches of science. One such interdisciplinary field is
epidemiology, and there is no end in sight to the usefulness of modelling in this field. The recent
COVID-19 pandemic shines a light on the importance of mathematical epidemiology. More-
over, the pandemic exhibited many uncertainties, thus justifying the investigation of stochastic
modelling modes. To establish more realistic predictions of such phenomena, it is necessary to
go beyond the deterministic models by including random perturbations. Stochastic differential
equations (SDEs) have made such modelling possible.

In order to adequately investigate epidemiological phenomena, one must begin by establishing
a model. Assuming a suitable model has then been established, it is necessary to study the dy-
namics of the model; namely, in the case of epidemiology, one particular question arises, "What
information does the model provide about the extinction or persistence of disease?".

The epidemiological model we investigate is known as the susceptible, infected, recovered /re-
moved (SIR) model introduced by Kermack and McKendrick [38] in 1927. This model is comprised
of three compartments, the aforementioned susceptible, infected and recovered/removed. In its
simplest form, a population (nearly in its entirety) begins in the susceptible compartment, then
moves to the infected compartment according to some transmission rate 3, and finally to the re-
covered /removed compartment via a recovery rate y—a visual representation is provided in Figure
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Figure 1: Diagram of compartments in the basic SIR model.



Remark 1.1 For the recovered/removed compartment, the use of the words recovered or removed
may be done exclusively. The former conveys the scenario where recovery is the primary end
result, whereas the latter encapsulates the scenario when death and disease recovery is possible.
As a real-world example, consider the common cold versus COVID-19.

This thesis is the culmination of our work to establish a stochastic epidemiological model
framework, study the dynamics of the model, form a parameter estimation regime and apply the
work to the COVID-19 pandemic. The thesis is structured in the following manner:

Chapter 2: Necessary background

Given the interdisciplinary nature of this thesis, we include all the necessary preliminaries,
including a review of epidemiological models, stochastic processes and SDEs with jumps
such as

dXt = b(t, Xt>dt + O'(t, Xt)dBt
—l—/ H(t, X,_, u)N(dt,du) + / G(t, Xi—,u)N(dt,du), (1.1)
{lul<1} {

lul>1}
along with important definitions and theorems necessary for the topics in the subsequent
chapters.

Chapter 3: Establishing the unified stochastic SIR (USSIR) model
We define a generalized stochastic model of the SIR using coupled SDEs (dX;,dY;,dZ;)
driven by Lévy noise

(

dXy = bi(t, Xy, Y;, Z)dt +_ o15(t, X, Yy, Z,)d By

j=1
+ Hl(taXt—aY;f—aZt—au)N(dtvdu) + / Gl(taXt—aY;f—aZt—au)N(dtadu)v
{lul<1} , {lul>1}
dY; = by(t, Xe, Yo, Ze)dt + Y o0(t, X0, Vs, Z,)dBY
J=1 (1.2)
+ HQ(t,Xt_,Yt_,Zt_,u)N(dt,du) +/ Got, Xi—, Y, Zy—,u)N(dt, du),
{lul<1} . {lul>1}
dZy = bs(t, Xy, Vi, Zo)dt + Y 03(t, X, Yy, Z,)dBY
j=1
+ Hg(t,Xt,,Y;,,Zt,,U)N(dt,dU) + / G3(t7 Xt,,Y;,,Zt,,u)N(dt,dU),
\ {Jul<1} {lu[>1}

with the convention dX; corresponds to the suceptible compartment, dY; to the infected
compartment, and dZ; to the removed/recovered compartment. Stochastic epidemiological
models, including the SIR, are an ongoing study (cf., e.g., [6], 13| 14} 16} 17, 18] 23], 24] 28|
29, [30] 35] 36}, 43|, 44, 5], 59, 64]). It is common in the literature to work with a specific,



explicit form of a stochastic SIR model. Contrast this with the model ; it provides a
foundation from which we obtain results concerning the dynamics of the model without the
limitations of an explicit form. More specifically, our presented results on extinction and
disease persistence are then readily applied to explicit stochastic SIR models. Simulation
studies of explicit stochastic SIR models accompany our theoretical results.

Chapter 4: Parameter estimation of a novel stochastic SIR model

With a specific application in mind, parameter estimation of stochastic SIR models with
periodic transmission (this work falls under the domain of the USSIR), we build upon the
work of Long et al. [45] [46] in estimating the drift parameters of discretely observed small
Lévy noise driven SDEs. Namely, given the SDE parameterized by 6 with the inclusion
of a small dispersion coefficient &

dX: = b(t,Xf,G)dt+e<a(t,Xf)dBt

+/ H(t, X: ,u)N(dt,du) + / G(t, X, u)N(dt, du)),
{lul<1} {

lul>1}

and given finitely many, say n, observations, we perform estimation by the method of least
squares via a contrast function of the form

Voo (0) =n)_ Br(O)P0),
k=1
where {t; = %,k =1,2,...,n} and

9).

PLO) = Xi, = X, — bl X5,
In the pursuit of estimating time-dependent drift parameters, it is required to have the
necessary theoretical underpinnings to support the validity of estimators. We provide an
extension of the drift parameter estimations results by Long et al. [45] [46] to the scenario
of time-dependent drift. Moreover, we take a more general approach to the driving noise;
in particular, it may be singular or have an unobtainable explicit form. We include a novel
approach to approximating the sought-after estimators for those without a readily available
closed-form. The study of small noise-driven SDEs is an active domain of research (cf., e.g.,

127, [37], [39], [45], [46], [55], [56], [60], [62]).

Chapter 5: Application to the COVID-19 pandemic using real-world data

Indeed, events such as COVID-19 will spur further epidemiological research, and SDEs
serve as remarkable tools for such research. Some notable recent works are available in the
literature cf. [1], 2, 4] [10; 133} 148, (50} 57, 58, 63]. In fact, the various waves occurring during
the COVID-19 pandemic have also been studied (cf. 2], 48] 50]).



Data availability has increased immensely in recent years, including data for the COVID-19
pandemic. Collecting COVID-19 data is far from a perfected task; that is, a lot of noise
arises, given the complexity and sheer scale. However, with valiant efforts made by many
to ensure adequate data collection, we applied our theoretical results to real data. John
Hopkins University was a leading institution in the collection and distribution of pandemic-
related data for a wide variety of geographic locations. More specifically, COVID-19 Data
Repository by the Centre for Systems Science and Engineering (CSSE) at John Hopkins
University is the primary source of data utilized in this chapter. For our application,
we honed in on New York City for reasons such as the density and population size, the
availability of quality data, and it is a commonly visited geographic location. We introduce
a stochastic SIR model with attributes such as the periodic transmission of infection and the
importation/exportation of infection. Moreover, both attributes are natural to consider as
COVID-19 occurred in waves, and there is no shortage of far-reaching travel in the modern
world. This model is given by

ix, ()XY, + o) dry’
AV, | = |BOXu(Yi + o) —AYe| dt + eo(t. Xio, Yie Zi) [dLP |
iz, Y, dL;”

where L, = [Lgl), LEZ), ng)] is Lévy noise.
Chapter 6: Discussion
The thesis closes with a discussion of the contributions of the work completed herein. In-

cluded is a mention of future directions for the work as new questions have arisen during
these studies.



Chapter 2

Preliminaries

2.1 Epidemiological models

The earliest known mathematical model of epidemiology dates back to the 18th century with the
advent of a model for smallpox by Daniel Bernoulli. Many of the foundations for the modern
study of mathematical epidemiology were developed in the early to mid-20th century. These
foundations remain useful in recent times for the study of diseases, especially in the case of
epidemics and pandemics such as the SARS epidemic of 2002-03 and the recent COVID-19 pan-
demic. As mathematical epidemiology is invaluable to society for the formulation of new policies
and measures to curtail disease spread; moreover, mathematical models alleviate the absence
of validation by experiment—an absence given such experiments would have questionable ethi-
cal standings. Nonetheless, there has been no shortage of disease outbreaks; hence there is no
shortage of models and, subsequently, questions to consider. For a thorough introduction to
mathematical epidemiology, we refer the reader to the exploratory texts of Brauer et al. [11],12].

Communicable diseases are a fact of reality and the method of transmission is generally done
via viral infection. These infections may occur horizontally (e.g., human-to-human interaction via
biotic/abiotic methods) or vertically (e.g., parent-progeny relationship). Our focus is on COVID-
19 which spreads primarily horizontally but may spread vertically during childbirth. Kermack
and McKendrick [38] laid much of the groundwork in 1927 for epidemiological compartmental
models, that is, a disease model in which the population is segmented into different compart-
ments depending on their health status in relation to the disease. The starting point of much
of this work on compartmental models was the introduction of the susceptible, infected, and
recovered /removed (SIR) by Kermack and McKendrick [38]; moreover, the study of this model
continues today. Commonly the SIR model given in the following version uses (deterministic)
differential equations

% = _/BXt}/;fa
i — (BX,— 7)Y, (2.1)
& — 4y,

where 3 is the transmission rate and v the recovery rate. Additionally, vital demographics may
be introduced to include birth rate A and mortality rate p as:

e :A_MXt_ﬂXt}/tu

dt

G = [BXe = (n+ 7)Y, (2.2)
iz

o
=

=Y — uz;.

The basic SIR models (2.1)) and (2.2)) have many variations or related models (cf. e.g., [5],
[12]). The most notable related models which are also of interest to those active in the field are
the susceptible, infected, susceptible (SIS); susceptible, infected, recovered /removed, susceptible
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(SIRS); susceptible, exposed, infected, removed /recovered (SEIR). This is a non-exhaustive list,
and the specific model considered will be disease dependent. Our focus has been the extension of
the (stochastic) SIR model, but our work can be extended further to include related models.

The introduction of stochastics to mathematical epidemiology gave way to a currently active
research area. Namely, the study of these models using SDEs as opposed to deterministic differ-
ential equations has a growing sector of active research (cf. e.g., |6, [13} [14] [16] [17] (18] 23] 24} 28]
29, 130}, [35], 36|, [43] 441 51, [59] [64])—including for a stochastic SIR model commonly given in a basic
form

L = —BX,Y, — 0 X,Y,dB,,

O = (BX: =) Vi + 0 X, YidBy, (2.3)
dz,

i = VY

and as before, the model (2.3)) also yields many variations and related models (cf. e.g., [5], [12]).

The mathematical necessities are given in the following section prior to the presentation of our
results.

2.2 Stochastic differential equations driven by Lévy noises

We refer the reader to [3] for the notation and terminology used below. Let (2, F,{F;}i>0, P)
be a complete probability space with filtration {F;};>o satisfying the usual conditions (i.e., it is
increasing, right continuous and Fy contains all P-null sets).

Definition 2.2 An adapted continuous-time R™-valued stochastic process X = (X;)i>0 with Xo =
0 a.s. is a Lévy process if

1. X has increments independent of the past, i.e., X; — X 1s independent of Fs for any
0<s<t.

2. X has stationary increments, i.e., X; — Xs ~ Xy for any 0 < s < t.

3. X 1is stochastically continuous, i.e., Xy — Xy in probability s — t for any t > 0.
Remark 2.3 [t can be shown that any Lévy process has a unique modification which is cadlag,
i.€., the paths t — X, are all right-continuous with left limits. In this thesis, we will only consider
cadlag stochastic processes; hence, we will often omit the word cadlag with the understanding it is

implied. The standard n-dimensional Brownian motion (Wiener process) (By)i>o and the Poisson
process (Ny)i>o with intensity A > 0 are two typical examples of Lévy processes.

Let X be a Lévy process. We define the jump process AX = (AX;);>o of X by

AXt:Xt—Xt_, t>0



Hereafter X, denotes the left limit at the point ¢. For t > 0 and A € B(R" — {0}), define

N(t,A) = 3 14(AX,),

0<s<t

and
u(A) = E[N(1, A)].

w is called the Lévy measure (intensity measure) of X. We have

/ (1A [yP)uldy) < oo.
R~ {0}

Hereafter |y| := (Z?_l yf) denotes the Euclidean norm. We define the compensated Poisson
random measure by B

N(t,A) = N(t,A) —tu(A).
For A € B(R™ —{0}), (N(t, A)):>o is a Poisson process with intensity p(A).

Theorem 2.4 (Lévy-Ité decomposition) (cf. [3, Theorem 2.4.16]) Let (X;)i>0 be a Lévy pro-
cess on R™. Then, there exist b € R™, a Brownian motion B* with covariance matriz A, and an
independent Poisson random measure N on Ry x (R™ — {0}) with compensated Poisson measure

N and Lévy measure u, such that for each t > 0,

X, =bt+ B + / zN(t,dr) + / xN(t, dz).
{l=>1}

{lel<1}

An adapted stochastic process (X;)i>0 on (Q, F,{Fi}i>0, P) is called a semi-martingale if it
may be written as
Xy =Xo+ My + Ay,

where (M;)>o is a local martingale and (A;);>o is an adapted process possessing finite variation.
Proposition 2.5 (c¢f. [3, Propostion 2.7.1]) Every Lévy process is a semi-martingale.

Let B be a k-dimensional standard Brownian motion and N an independent Poisson random
measure on R, x (R —{0}) with intensity measure p. The SDEs driven by Lévy noise considered
herein are of the form

dXt = b(t,Xt)dt+U<t,Xt)dBt (24)
+ / H(t, X;_,u)N(dt,du) + / G(t, X;_,u)N(dt, du),
{Jul<1} {

lul>1}
with Xy € Fy. We assume that the coefficient functions b(¢,z) : [0,00) x R* — R", o(t,x) :
[0,00) x R® — R™k H(t x,u) :[0,00) x R*" x R = R" and G(¢,x,u) : [0,00) x R* x Rl — R"
are all Borel measurable.



Let CY*(Ry x R™;R) be the space of all functions f(¢,z) from R, x R" to R such that
they are continuously differentiable and twice continuously differentiable with respect to t and =z,

respectively. Hereafter, we set f; = %, fe=V.f and f,.,. = (%aij)nm- A vital theorem used in

virtually any discussion or application of these SDEs is the following

Theorem 2.6 (Itd’s formula for SDE driven by Lévy noises) (cf. [3, Theorem 4.4.7])
Let {X;} be the solution to the SDE (2.4). Then, for f € C**(R; x R";R), we have

df(t, Xe) = folt, Xe)dt + (fu(t, X), b(t, Xo))dl + %trace (07 (t, X)) faalt, Xo)or(t, X)) dt
+/{u§} [F(t, X+ H(t, Xy, u)) — f(t, X)) — (folt, X)), H(t, Xy, w)] pu(du)dt
H(fult, Xo), ot Xi))d B, + /{ e [f(t, Xom + H(t, Xo—,u)) — f(t, X,2)]| N(dt, du)
b X Gl Ko ) = e X0)] Nt ),
Moreover, consider a function V € C'2(R; x R R), define the operator £ on V' such that
LV(t,x) = Vi(t,x) + (Va(t,2),b(t,2)) + %traCG(UT(t,x)Vm(t,x)U(t,x))

+/ V(t,x + H(t,z,u)) — V(t,x) — (Vo(t,x), H(t,z,u))]p(du)
{lul<1}

—I—/ V(t,x+ G(t,x,u)) — V(t,z)|p(du).
{lu[>1}

The following result gives an inequality which proves invaluable when dealing with SDEs-as
will be seen in later chapters.

Proposition 2.7 (Gronwall’s inequality) (cf. |3, Proposition 6.1.4]) Let [a,b] C R be a closed
interval and «, 5 : [a,b] — R be non-negative such that « is locally bounded and (3 is integrable.
If there exists C' > 0 for which all t € [a,b],

a(t) < C +/ a(s)B(s)ds

a(t) < Cexp (/atﬁ(s)ds).

The following result provides a valuable inequality in the study of the long-time average limit;
namely, it is helpful in our study of the persistence of disease.

then we have



Lemma 2.8 (c¢f. [36, Lemma 5.1]) Let f € C([0,00) x$2; (0,00)). If there exist positive constants
Ao, A such that

log(f(t)) > A\t — )xo/ f(s)ds+ F(t), a.s

or allt > 0, where F' € C([0,00) x ; R) andhmHoom—Oas then
[

t—o00

lim inf — /f s>—as

2.3 Parameter estimation of SDEs and optimization

The study and subsequent parameter estimation of discretely observed diffusion processes began
in earnest in the 1970s with the works of Dorogovtsev (|20]) and Le Breton (|41]). The former
focused on approximations of the maximum likelihood, and the latter turned their attention to
(conditional) least-squares estimators. Given some diffusion process (X;):>o along with a sequence
{Xk }r<n of observations, the (conditional) least-squares estimation regime set out to minimize a
function .

Z (th - thfl - M(@, k-1, th71)Atk)2

n(0) = ’
Q ( ) UZ(tk_l,th_1)Atk

k=1

where the timesteps are evenly-spaced such that A;, = %, T > 0. Dorogovtsev (1976) [20] proved

weak consistency of the obtained (conditional) LSE estimator émT for T — oo,% — 0. Later

in 1988, Kasonga [37] proved strong consistency of the same estimator. Later in the 1990s, the
work of Genon-Catalot [26] and Laredo [40] established results for drift parameter estimation for
discretely observed diffusions with a small dispersion coefficient ¢ tending to 0. Moving forward
to the previous decade, the work of Long et al. [45]46] extended the drift parameter estimation of
small diffusions to small jump-diffusions, namely, SDEs driven by Lévy noises. Their work directly
inspired our work; namely, we are still considering discrete observations, yet now our processes
are time-dependent jump-diffusions or time-dependent SDEs driven by Lévy noises with a small
dispersion rate ¢ tending to 0. For a thorough treatise of the history and many of the available
methods in SDE parameter estimation, we refer the reader to [9, Bishwall.

The following two theorems are necessary for our results on parameter estimation given in
Chapter 4.

Given a random variable sequence {&,},>0 which converges to 0 in probability we will then write

fn = OP(l).

Theorem 2.9 (cf. [61, Theorem 5.7]) Let M,, be random functions and M be a fized function of
0 such that for every e > 0,

sup | M, (8) — M(6)| 2 0,
0cO

sup  M(0) < M(6y).
6:d(6,00)><

Then any sequence of estimators 0, with M,(8,) > M,(6,) — op(1) converges in probability to 6.

9



Theorem 2.10 (¢f. [61, Theorem 5.9]) Let V,, be random vector-valued functions and ¥ be a
fized vector-valued function of 0 such that for every e > 0,

sup [|[W,,(6) — ¥ (9)] = 0,
0cO

Then any sequence of estimators 6, with U, (6,) = op(1) converges in probability to 6.

In an attempt to estimate parameters, it is reasonable to view the estimation problem as an
optimization problem. Namely, given some function f(#) of the parameters we wish to estimate,
we can approach this by asking "what value of 0 optimizes the function f?". Moreover, as is
the case for our studies, finding a closed-form of our sought estimator 6 is not possible; thus, an
approximation 0* is the next best option. A concept from optimization we make use of is the
method of gradient descent (cf. [T, Chapter 8|). Briefly, suppose we are given an R-valued, convex
objective function f(#) and wish to minimize to find

arg min f(6).

The method of gradient descent accomplishes this by using an update rule
g+l — gk) _ nkvf(g(k))

for some initial estimate #(®) and learning rate (stepsize) n > 0, where k denotes the current
iterations. The number of iterations varies depending on the complexity and accuracy desired /-
possible. Gradient descent is widely used in unconstrained optimization; however, as will be seen
in our work, constraints are often present, and the use of gradient descent is still possible. In the
presence of constraints, a specialized version of gradient descent called projected gradient descent
(PGD) is utilized (cf. |7, Chapter 10]). Again, given an R-valued, convex function f along with
a constraint set C C R™ we can proceed via a modified update rule

€40 = ) — (W), 60 = argmin € — 6] (25)

Namely, it is very similar to the (unconstrained) gradient step but the inclusion of one more step
where we obtain the updated parameter value £#* then project to obtain an updated 6%+,

The method of determining 7, is known as a line search algorithm (cf. [, Chapter 8|), the
most common method of this is called steepest descent and in this 7 is chosen according to the
rule

m. = argmin f(0%) — v f(0F))).
n=>0

The following lemma and theorem are known results regarding the convergence analysis of this
methodology.

10



Lemma 2.11 (Descent lemma) (cf. [7, Lemma 5.7]) Let f : R™ — R be a function satisfying
IVf(61) = Vf(02)]l < L[|61 — 62, L > 0.

Then for a convex set D and for any 01,0, € D we have

F(6) < F(O) + (VF(60), 02— 1) + 5161 — 6o

Given a function f on R” for which we wish to optimize over a constraint set C, we note
in f(0) = i 0 0
argmin f(¢) = arg min{ f(6) + x(0)},

where x(6) takes value 0 for 6 € C; otherwise, takes value co.

Theorem 2.12 (O(k™') rate of convergence of PGD) (cf. [1, Theorem 10.21]) Let f : R* —
R be a convex function satisfying

IVf(01) =V f(02)]] < Ll[62 — o], L > 0.

Assume the following

(i) the problem mingegn{ f(0) + x(0)} has a non-empty optimal set denoted ©F,
(ii) {0®)} is a sequence of values generated by the application of the PGD method (cf. )

any 0* € ©*, and k > 0,

o — o]
2nk 7

Then for fized stepsize n < 7,

FOP) = fo <

where fo is the optimal value.

This has been a brief introduction which is sufficient for the understanding of the material
contained in Chapter 4. We refer the reader to [7, Beck| for a more in-depth exploration.

2.4 Scientific programming with Julia

With the increase in data, there is also an increased need for computational performance. For
those possessing (scientific) computational tasks, there are many options available, including
Fortran, Julia, MATLAB, Python, and R. For the work of this thesis, being able to perform
computational tasks such as simulation studies is of great importance—both for the theoretical and
applied. The Julia programming language was explicitly designed for mathematical and scientific
computing (cf. [8, Bezanson et al.]). The primary centre for the development of Julia is the Julia
Lab at MIT; however, active research and development are ongoing at numerous institutions
worldwide-it is open-source with 1000s of active contributors. A strong benefit of Julia is the
intentional development for use in the computational sciences; it comes with immense capability
from the start, and there is a growing ecosystem of packages (supplementary functionality) to
suit any conceivable computational need. Julia is

11
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a high-level programming language; namely, it affords the user strong abstraction while
being easily readable by users;

general purpose meaning that it applies to building software in a wide variety of domains;

dynamically-typed allowing users to write more concise code which is versatile and flexible;

fast; namely, when its code is optimized, it competes with some of the fastest languages
such as C++ and Fortran.

Beyond the "out-of-the-box ready-to-use" Julia, there exists the Julia SciML ecosystem which
is a robust collection of Julia packages for computational needs. For instance, needs such as ours
in the simulations of the USSIR model simulation or our parameter estimation efforts. Two vital
packages in this ecosystem are DifferentialEquations.jl and Optim.jl (cf. [47] and [53]).

2.4.1  DifferentialEquations.jl

In short, DifferentialEquations.jlis a package with the sole intent of solving differential equations;
moreover, it covers many varieties of DEs, from ordinary (ODE) to partial (PDE) to random
(RDE) to stochastic (SDE/SPDE) (cf. [53]). Our domain of use is for SDEs, and given the
robustness of this package, we were not constrained in our ability to model and simulate the
SDEs describing the USSIR. Namely, everything from defining an SDE problem, including the
customizability of the driving noise to the ability to plot simulations, is provided. As a brief
example of use, consider a basic stochastic SIR taking the form

dX; = XY, — 0 X,Y,dB,
dY, = XY, — Y, + o X Yid By,
dZy = 7Y;.

We can then use DifferentialEquations.jl to simulate this model using the following code:

using DifferentialEquations

function drift (du,u,p,t)

du[l] = -B*ull]*ul2]

duf2] = B*ulll*ul2] —y*ul2]
du[3] = vy*ul2]

end

function noise(du,u,p,t)

dul[l] = —ul[l]l*ul2]

du[2] = u[l]*ul2]

end

ug = [x 0,y _0,z_0]

dt = 0.001

tspan = (0.0, 1.0)

prob = SDEProblem(drift, noise, ug, (0.0, 1.0)
sol = solve(prob, EM(), dt = dt)

12
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2.4.2  Optim.jl

Optim.jl provided all the functionality necessary for our parameter estimation efforts, recall we
approached this problem from the perspective of optimization (cf. [47]). This alleviated any
need to write and test code for the execution of gradient-descent necessary in our methodology;
furthermore, also made writing the necessary code less cumbersome for executing the LS-GD
algorithm introduced in Chapter 4. Consider the example immediately above, and say we would
like to estimate the parameters 5 and vy by use of our contrast function U, . (cf. Chapter 4); we
can then use gradient descent via Optim.jl. First, assume we have n-many observations of the
model, then take this collection of observations and save it as sol in the form of a readily-useable
data structure (commonly a CSV file), then define our problem in code as

using Optim; Using Dataframes
function contrast (par)
sol = DataFrame (CSV.File ("/pathname_to_sol"))
® = ]
sampN = \# of observations
for i in l:sampN-1
xk = sol[i+1,2];yk = sol[i+1,3];zk = sol[i+1l,4]
xj = sol[i,2];y] = sol[i,3];z] = sol[i,4]

t = solli,1]

B = par[l]; v = par[2]

pk = [xk - xj - (-B*xj*xy]j/sampN)
vk - v - (B*xJxyJj-7y*yJ)/sampN)
zk — z3 — y*yj)/sampN ]

$x = transpose (pk) *xpk
push! (®, Pk)

end
sampN*sum (D)
end
initial_x = [B_0, ~_0]
results = Optim.optimize (contrast,initial_x,GradientDescent ())

The returned results will be saveable for future uses (e.g., simulations using the found parameter
values).

Ultimately, the ease of use and performance of Julia with these two packages allowed for
less time writing and testing code and more time completing the necessary simulation studies
presented here.

13



Chapter 3

A unified stochastic SIR model driven by Lévy noise with
time-dependency

Introduction

Epidemiological compartment models have garnered much attention from researchers in an at-
tempt to understand better and control the spread of infectious diseases. Mathematical analysis
of such models aids decision-making regarding public health policy changes — especially in the
event of a pandemic (e.g., COVID-19). Recall the aforementioned basic SIR by Kermack and
McKendrick [38§]

% = _BXt}/;a
Ci = (X, — 7)Y, (3.1)
& — 4y,

where [ is the transmission rate and = the recovery rate. As mentioned prior, the basic SIR
model (3.1) has many variations, including the SIRD, SIRS, SIRV, SEIR, MSIR, etc. (cf., e.g.,
[5], [12] and [54]). The deterministic model has proven a useful tool, and to instill further realistic
behaviours, there are been varying stochastic framework extensions. (cf. e.g., [6 13} [14] [16] 17,
18], 23] 241, 28, 29] 30, B5] 36], 43| 44] 511 59] [64]). The existing models are often analyzed with
a focus on specific diseases or parameters. Such studies have been very successful in achieving
new results; however, often, it is the case that structural variability is lacking in these models.
To overcome the drawbacks inherent in traditional approaches, we propose and investigate in this
chapter the unified stochastic SIR (USSIR) model.

Hereafter, R, denotes the set of all positive real numbers, <B§1), cee Bg”) is a standard

>0
r-dimensional Brownian motion, N is a Poisson random measure on R, x (R’ — {0}) with in-
tensity measure p satisfying le—{0}<1 A ul*)u(du) < oo and N(dt,du) = N(dt,du) — p(du)dt,
(Bt(l), e Bt(r)> and N are independent, b;, 0;; : [0,00) xR} — R, H;, G; : [0,00) x R x (R'—
>0

{0})) = R, 1 =1,2,3, j =1,2,...,n, are measurable functions.
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The USSIR model is defined by

(

Xy = bi(t, X0, i, Z)dt + Y 015t X, Vi, Z,)ABy

j=1
+ Hl(t,Xt,,}/;,,th,'U/)N(dt,dU) + Gl(tuXt77}/:f77Zt77u)N(dt7du)7
{lul<1} ) {ul>1}
d}/;/ = bQ(ta Xt7 Ka Zt)dt + Z U2j (ta Xt7 }/;fa Zt)dBt(J)
= (3.2)
+ H2(t7Xt—7)/t—7Zt—7U)N(dt7du) + / GQ(taXt—7)/t—7Zt—7u)N(dt7du>7
{lul<1} {lul>1}

dZy = by(t, Xe, Yy, Zo)dt + Y o3(t, X,, Y, Z,)dBY

j=1

+ HS(taXt—7}/t—7Zt—au)N(dt7du) + / G3(taXt—7}/t—aZt—vu)N(dtvdu>'
{

\ {lul<1} lul>1}

In this chapter, based on [2I, E. and Sun|, results are given of a model that allows for
time-dependency, nonlinearity (of drift, diffusion and jump) and demography. Environmen-
tal disturbances can profoundly affect transmission, recovery, mortality and population growth,
and the above model encapsulates such stochastic perturbations driven by Brownian motions
(BY) with intensities 0,j(t, X4, Y:, Zy) and a Poisson random measure N (dt, du) with small jumps
H;(t,X;_,Y,_, Z;_,u) and large jumps G;(t, X;_,Y,_, Z; ,u). An important structural feature we
emphasize is time-dependency; this feature can capture the progression of a disease insofar as mu-
tations/transmissibility (e.g., Delta and Omicron variants of COVID-19, vaccination programs).

In the following sections, we establish results on the existence and uniqueness of positive
global solutions, extinction and persistence of diseases, and provide illustrative examples and
simulations. Section 3.1 is concerned with the USSIR model for population proportions,
whereas Section 3.2 covers the USSIR model for population numbers. Both approaches are
commonly found in studies of SIR models; hence, the importance of investigation for a unifying
model. In section 3.3, we present simulations which correspond to examples given in the previous
two sections. At the time of writing [21], there was no existing work on the USSIR model, and
the aim was to add a novel model as such to the existing literature.

3.1 Model for population proportions

In this section, we let X;, Y; and Z; denote respectively the proportions of susceptible, infected
and recovered populations at time t. Define

A={(z,y,2) ERS :x+y+2=1}
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For t € [0,00), (7,9,2) € A and u € (R' — {0}), define

k.(t’x’y,27u) — 1( ﬂL',y,Z,U) + 2( 7x,y7Z,U) i 3( 7ZIZ,y7Z,U)
X ) z

I { (1 N Hl(t,;z:,y,z,u)) (1 N Hg(t,x,y,z,u)) (1 N Hg(t,x;y,z,u)) }  (33)

4 )

For any T > 0, let L% [0, 7] denote the set of positive, integrable functions on [0, 7]. We make

the following assumptions.

(A1) There exists (2o, Yo, 20) € A such that for any 7" € (0,00) and i = 1,2, 3,

bi('ax07yl)>z0)7 Z‘O_ij('7$07y0720)’ S L2[07T]7 / ‘Hi('axmyOaZOau)’Q,u(du) € Ll[OaT]
j=1 {lu|<1}

(A2) For any T € (0,00) and N € N, there exists Ky € L1[0,T] such that

3

3 r
Z|bi(t, r1, 91, 21) = bi(t, 22,92, 20)[* + Z Z|0ij(ta 21,91, 21) — 045(L, 22, Y2, 22)

i=1 i=1 j=1
3
+ / |Hi(t,$1,y1,217u) - Hi(taiUmyz,Z%U)PM(du)
i—1 VY {lul<1}
< Knr(t)[(z1 — 22)* + (1 — 1) + (21 — 22)%],

1 11°
vVt € (0,7, (z1,y1,21), (€2, Yo, 22) € {N’l_ N} .

(A3) For any t € (0,00), (7,9,2) € A and u € (R' — {0}),
3 3
Zbi(t,x,y,z) =0, Zaij(t,x,y,z) =0forj=1,2,...,n,
i=1 i=1

3 3
ZHi(t,x,y,z,u) =0, ZGi(t,x,y,z,u) = 0.
i=1 i=1

(A4) For any (x,y,2) € A, t € (0,00) and u € (R' — {0}),

Hi(t H H
<1+ 1( 71‘7y72:7u)>7 <1+ Q(tal‘)yvz)u)>’ (1+ 3(taxayazvu)) >O,

x Y z

and
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(A5) For any T € (0,00),

inf {b1<t7‘r>y72> + b2(t,$72/7 Z) + b3(t>x7yaz)} > —00,

1mn
tel0,T), (z,y,2)EA T Yy ¥

i: sup {|01j(t,x,y,Z)! N o9 (t, 2, y, )] N \ggj(t,x,y,z”} e
j=1 te[0,T], (z,y,2)EA T Y > )

and there exists gy € B(R') such that

nr > 0, / nr(u)p(du) < oo, (3.4)
{lul<1}
and Lt
Sup <7$7y7zﬂu) <OO
t€[0,T7], (z,y,2)EAue(RI—{0}) nr(u)

First, we discuss the existence and uniqueness of solutions to the system ({3.2]).

Theorem 3.13 Suppose that Assumptions |(A1)+(A5) hold. Then, for any given initial value
(Xo, Yo, Zo) € A, the system has a unique, strong solution taking values in A.

Proof. By|(A3),|(A4)|and the interlacing technique (cf. [3]), to complete the proof, we need
only consider the case that G; =0, i = 1,2,3. Then, equation (3.2) becomes

4 r . ~
dXt = bl (tu Xta Yta Zt) + Z 01j (t, Xta Yta Zt>dB1$]) + f{‘u|<1} Hl (tu Xt—7 E/t—u Zt—’ U)N(dta du),
=1 =

d}/; - b?(t7 Xt7 }/;57 Zt) + Z 0-2j<t7 Xt7 }/;7 Zt)dBt(J) + f{|u|<1} HQ(t7 Xt*7 }/t*? Zt*? U’)N<dt7 du)7 (35)
=1 =

dZy = bs(t, X0, Yi, Zi) + 3 035, Xo, Ve, Z)ABY + [,y Ha(t, Xoo, Yio, Zoo,u)N(dt, du).
\ J=1 B

By |(A1l)|and [(A2)| similar to [31, Lemma 2.1|, we can show that there exists a unique local
strong solution to equation (3.5)) on [0,7), where 7 is the explosion time. We will show below
that 7 = oo a.s.. Define

1 17°
TN:lnf{tE[O,T)(Xt,n,Zt)gl—l——} }, NEN,

and

Too = lim Ty.
N—oo

We have that 7, < 7 so it suffices to show 7., = 0o a.s.. Hence assume the contrary that there
exist € > 0 and T > 0 such that
Pt <T) > ¢,
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which implies that
Pty <T)>¢e, VNeN. (3.6)

Define

and
Wt = (Xt7 }/;7 Zt)

By 1to’s formula, we obtain that for ¢t < 7y,

V(W) = V(W) + /L’V(s W)ds+/t<V (W,), o(s, Ws))dB,

/ / V(W + H(s, Ws_,u)) — V(W,_)] N(ds, du),
{\u\<1}
Hereafter, for ¢t > 0 and w = (wy, wy, wy) € R3,
LV (t,w) = (Vy(w),b(t,w)) + %trace(UT(t,w)wa(w)a(t,w))

-I—/ V(w+ H(t,w,u)) — V(w) — (Vy(w), H(t,w,u))|p(du),
{lul<1}

2y

with Vi, = VoV = (505, 5y o) a0 Viw = (505, )1<ij<3- Then, by [(A5), there exist Cr > 0

Owy’ Ows’ dws

and nr € B(R?) such that (3.4) holds and
(InN)P(tn < T) — V(Xo, Yo, Zo)
E [V(XTATN7 YT/\’T'N; ZT/\TN)] - V(X()a YO; ZO)

IN

TATN
= F {/ ,CV(S,XS,Y;,ZS)CZS}
0
AN (b (s, Xs, Ya, Zs)  ba(s, X4, Y, Zs)  bs(s, Xs, Y, Z,)
— _E 1 9 S Sy S bl Sy Sy S 9 Sy Sy S d
UO { x. v Tz } S}

1 T TATN 0-2, S,XS,Y;,ZS 0'2. 37XS,Y;,ZS 0'2~ 57X37}/57Zs
+5)E / il ) ), 7l A
2 4 o Xz Y2 z2

- TATN
Hﬂ/ / M&&J@%MMMM%
0 {lul<1}
2

T
I +@T/ (),
{Ju|<1}

< CrT+

which contradicts with (3.6). Therefore, 7 = 0o a.s. and the proof is complete. 0

Now we consider the extinction and persistence of diseases. Namely, we investigate whether
a disease will extinct at an exponential rate or will be persistent in mean. The system (3.2)) is
called persistent in mean if

t—o00

t
liminf%/ Y.ds >0 a.s..
0
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Theorem 3.14 Suppose that Assumptions |(A1)+{(A5)| hold. Let (X;,Y:, Z;) be a solution to
equation with (Xo, Yo, Zo) € A. We assume that

< (1)
/0 —(1+t)2dt<oo, (3.7)

where

(z,y,2)€A Y Y

fon b5 )

; { [bg(t,x,y,z) Z;:l Jgj(t,x,y,z)]
a = limsupq sup _

oo | (@az)ea y 292
Hy(t Ho(t
+/ sup |:1n (1+ 2(,x,y,z,u))_ 2(,x,y,z,u)
{lul<1} (yy,2)€A Y

Gt
+/ sup {ln (1 + l ,x,y,z,u))] p(du)
{lul>1} (z,y,2)eA Y

(t) . sup {Z;:1 :gj(t,%y,z) / |:h'l (1 + ]iQ(t;xyy; Z, u)>:|2 (du)
! ’ 2 o
{lul<1}

then

InY;
lim sup 2 <aas. (3.9)

t—o00

(i) If there exist positive constants N\g and A such that

1 [t X, Y. Z t 028, X, Y, Zg
hmlﬂf—/ {AOX/S—F b2(37 Sy 48 s) . Zj_l 2]( )
0

t—o0 Y; 2Y;2
Hy(s, X5, Y-, Zs, Hy(s, X5, Y-, Zs-,
+/ {ln (1+ 2(s: u)) _ (s v) p(du)
{lul<1} Y- Y-
Go(s, Xs—, Yo, Zs—,
+/ In (1 + 2(s: u)) ,u(du)}ds
{Jul>1} Y,
> )\ (3.10)
then
S A A
liminf — [ Yids > — a.s.. (3.11)
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(i) If there exist positive constants Ao and A such that

b t 7,1_ 0'2' t,aj, , 2
liminf inf {/\oy+ 2(’9”79’2’)_23_1 2;( Y, 2)

t—o0  (z,y,z)EA 2y2
Hy(t Hs(t
+/ |:hl (1+ 2( 75177.%2’7“)) . 2( axvyazvu):| /,L(d'LL)
{|ul<1} Y Y
Gt
-I—/ In (1 + 2( ,m,y,z,u)) ,u(du)}
{lu|>1} Yy
> A (3.12)
then
1 t
liminf—/ Y.ds > i a.s..
Proof. (i) By Ito’s formula, we get
t T 2
b2(S7X37}/S7Zs> Z‘:l O-Zj(SaX&Y:S’Zs)
nYy, = lnYO—i—/(; Y, - = I ds
t H X, Y. . Z,_ Hy(s, X, Y, Z,_
+/ / [ln (1_'_ 2(57 3 ) ,U)) . 2(57 9 9 7u> ILL(dU)dS
u|<1} Y, Y,_

e X, Y. 7.
+/ / ln (1 + GQ(SJ ) ) 7“)) M(dU)dS
{ul>1} Y-
/Z] 102] SX&Y;?Z)ngj)
X,_,Y._. Z ~
// ln( Ha(s, X, = ))N(ds,du)
{Jul<1} Y

Xo Yo 2, .
+// In (1+ 2(5, Xo Yoo, 2 ’u))N(ds,du). (3.13)
0 J{jul>1} Y-

Denote the martingale part of InY; by M;. Then, by (3.13]), we get

/ > 1 05;(s, Xsu}/mZ)d

S

2
/ / |:1I1 ( H2<57Xs—aY:9—7ZS—7U’)):| ,u(du)ds
{ul<1} Y,
X, Y.  Z, 2
+// {ln (1+G2(8’ L ,u))} p(du)ds.
0 J{u>1} Y,

By (3.7) and the strong law of large numbers for martingales (see [42, Theorem 10, Chapter
2]), we get

M,
lim Tt =0a.s.. (3.14)

t—o00
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Then, (3.9) holds by (3.8]), (3.13) and (3.14).
(ii) By (3.10) and (3.13), if we take n € (0, A) then there exists T,, > 0 such that for ¢t > T;,

¢ 025(s, X, Y5, Zs :
mY, > InYp+(A— n)t—)\g/Yder/ 217 >dBt(’)

Y
/ Z] 1U2J<S Xs7}/;’Z )dBLg])

Xs—7 }/8—7 Zs—7 \7
/ / In <1 | s, “)> N(ds, du)
{Jul<1} Y-

Xs—vifs—vzs—7 \7
+/ / In <1 | Gl “)> N(ds, du).
0 J{jul>1} Y-

Thus, by following the argument of the proof of [36, Lemma 5.1|, we can show that (3.11)) holds
by (3.14).

(iii) Obviously, condition (3.12)) implies condition (3.10). Hence, the assertion is a direct
consequence of assertion (ii). 0O

Remark 3.15 If we take the following assumption of our model:

bQ(taxayVZ) = b?,l(tvxayvz> - b2,2(t7x7y72>7

where by ;(t,z,y,z) > 0 for any (t,z,y,z) € [0,00) X A, i = 1,2, then condition (@ can be
strengthened to

* : b3 (t, .y, 2) _ boa(t x,y,2)
o = limsup sup
t—o0 (zy,2)€EA QZ] 102](t 7,y 2) Y
Ho(t H(t
+/ sup |}Il (1 + 2( >$;y,Z,U)) . 2( y L, Y, Z,U):| ,u(du)
{lul<1} (my,2)eA Y Yy
Go(t
+/ sup [ln (1 + 2( ,$,y,z,u))} p(du)
{lul>1} (z,y,2)€A Y
< 0, (3.15)

In fact, we have a < a* and hence condition implies that

) InY; .
limsup — < a* a.s..
t—o0

Denote by L0, 00) the set of all bounded, non-negative, measurable functions on [0, co). For
f € LY[0,00), define

fi= sup f(t), f:= inf f(t).

t€[0,00) - t€[0,00)
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Example 3.16 In the following examples, we let d = 1 and the intensity measure p of the Poisson

random measure N be given by
dpu = 19 9(z)dz,

where dx 1s the Lebesgue measure.

(a) Let 3,7,&, 01,02, 01,02, 93 € ch[()a o) and Hy, Hy, Gy, Gy € Lf(—oo,oo). Define
ot z,y) = o)z + @a(t)y + ws(t)zy,  (t,7,y) € [0,00) x R

We consider the system

( _ BwxEWy; o1() X1 Y, (1)
dXy = — i amm® — Toixan 1B = Jyu<y Hi(w)Xe Yo N(dt, du)

- f{\u|>1} G (u) XY N(dt,du),

x5y, o 1 2
1% = [F55 — 0] dt + 2R84 0a()YiZid

+ f{\u|§1}[Hl (U)Xt_}/t— — HQ(U)n_Zt_]N(dt, du) (316)
+ f{‘u|>1}[G1(U)Xt—Yt— — Gy(w)Y,_Z,_|N(dt, du),

dZ, = y(t)Yidt — 02(t)Y, ZdB® + [0y Ha(w)Yio Zy_ N (dt, du)

+ Jijus1y G2(W)Yi Z N (dt, du).

Suppose that S
ézla H17H27G17G2<1'

We have % + % + % = 0. Hence, by Theorem the system has a unique, strong

solution taking values in A. If o
ﬁ +2G1 < 7

then by Theorem|3.14)(i) and noting that In(1+xz) —x < 0 for x > —1, we obtain that the disease
will go extinct at an exponential rate:

—aZZ—B—QG_l.

Additionally, a vital feature of the system to note is that the transmission function is in
the form of a power function which differs from the often-seen bilinear form.
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(b) Let 3,71,72,0 € LY[0,00) and Hy, Hy, G1,Gy € LS (—00,00). We consider the system
(dX; = —B(1)XeYedt — o () X,Yi Zd By — [{1<qy Hi(0) Xo Vi Z, N(dt, du)
— Jiupory C1(@) X Ys Z, N(dt, du),
dYy = [B(t) Xt — 71(t) + 72(t) Z] Yidt + 20(t) XY, Z,d By
+ [{ugeny [Hi(w) = Ho(u)] X, Y, Zp N(dt, du) (3.17)
+ [y [G1(w) = Go(w)] X, Y, Z, N(dt, du),

dZt = [’yl (t) — vg(t)Zt]}/tdt — O'(t)XtY;thBt + f{|“|§1} HQ(U)Xt_}/t_Zt_N(dt7 du)

+ f{|u|>1} GQ(U)thYFthN(dt, du).

\

We have % + % + % = 0. Hence, by Theorem the system has a unique, strong
solution taking values in A.

Suppose that -
Hy, Hy, G, G2 <1, 71 < B <7,

and o
S+ —In{(1-TH)(1 -Gy} < Z . n

Set
Ao = Y2, )\:fﬁ—ﬁ—Z[EQjLE—ln{(l—E)(l—G_g)}].

Then, condition is satisfied. Therefore, by Theorem|3.14\(iii), we obtain that the disease is

persistent and
t

liminf1 Y.ds > % a.s..

t—o00 t 0 0

3.2 Model for population numbers

In this section, we let X;, Y; and Z; denote respectively the numbers of susceptible, infected and
recovered individuals at time t. We make the following assumptions.

(B1) There exists (g, Yo, 20) € R? such that for any T € (0,00) and i = 1,2, 3,

bi(+, o, Yo, 20), Z |03 (++ o, Yo, 20)| € L?[0,T1, / | Hi(:, %0, Yo, 20, w) [*p(du) € L0, T).

j=1 {lu|<1}
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(B2) For any T € (0,00) and N € N, there exists Ky € L [0,T] such that

3 3 T
Z|bi(t, 21,41, 21) — bilt, 2,92, 22)[° + Z Z|0ij(t, 21,91, 21) — 045(L, 22, Y2, 22)
i=1 =1 j=1

3
+ / |Hi(t, 21,91, 21,u) — Hi(t, 22, Yo, 22, ) > pu(du)

i=1 7 {lul<1}
< Eyr)[(@1—22)" + (11 — 12)" + (21 — 22)7),

1

3
vVt € (0,7, (z1,y1,21), (%2, Yo, 22) € [N’N] .

(B3) For any (z,y,2) € R3, ¢ € (0,00) and u € (R" — {0}),
(1+ Hl(t,l',y,Z,U)) : <1+ Hg(t,l’,y, Z,U)) ’ (1+ Hg(t,:zz,y,z,u)) > O,

Z Y

and

(1 + Gl(taxhyaZ?u)) : <1+ G?(taxyyv Z,U)> ’ (1 + G3(tax7yazvu)) > 0.

Z Y

(B4) For any T € (0, 00),

{(ZE — 1)b1<t,$,y,2) + (y - 1)b2<t,$,y,2}) + (Z — 1)b3(t,$€,y, Z)} < o0,
x Y z

sup
t€[0,T1, (z,y,2)€RY.

- sup {|Ulj(t7ajay>z)’ + |O'2j(t,$,y,2)‘ + ‘Ugj(t,l',y,Z)’} < 00,
=1 t€0,T], (z,y,2)€RY z Y z
and there exists y € B(R') such that (3.4) holds and
k(t
Sup ( 7x7 y’ Z? u) < OO7
t€[0,77, (z,y,2)ER? ,ue(R!—{0}) nr(u)

where k(t, z,y, z,u) is defined by (3.3)).
Now we present the result on the existence and uniqueness of solutions to the system (|3.2)).

Theorem 3.17 Suppose that Assumptions |(B1)H(B4)| hold. Then, for any given initial value
(Xo, Yo, Zp) € Ri, the system has a unique, strong solution taking values in Ri.

Proof. By |(B3)|and the interlacing technique, to complete the proof, we need only consider
the case that G; = 0, i = 1,2,3. Then, equation (3.2) becomes equation (3.5). By [(B1)| and
(B2)| similar to [45, Lemma 2.1]|, we can show that there exists a unique local strong solution
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to equation (3.5) on [0, 7), where 7 is the explosion time. We will show below that 7 = oo a.s..
Define

1

3
TN:inf{te[O,T):(Xt,}/t,Zt)g|:N,N:| }, NGN,

and

Too = lim 7x.
o N—o0

We have that 7, < 7 so it suffices to show 7., = 0o a.s.. Hence assume the contrary that there
exist € > 0 and T" > 0 such that
P(reo <T) > ¢,

which implies that
P(ry <T)>e, VNEN. (3.18)

Define
V(a:,y,z) = (SL’ —-1- 11133‘) + (y —1- lny) + (Z —-1- lnz)a (Z‘,y,Z) € (0700)3'

By Itd’s formula and there exist Cp > 0 and 5y € B(RY) such that (3.4) holds and for
t S TN,
E [V(XT/\TN7 YT/\TN? ZT/\TN)] - V(X()a YEJ? ZO)
_ E |:/T/\TN {(Xs - 1)b1(87X87Y;7 Zs) + (}/S - 1)b2(S7XS7}/:‘;7 Zs) + (Zs - ]-)b3<57XS7}/:97 Zs) } d8:|
i X, Y, Z,

J=1 0

X? Y2 72

S

T/\TN
| [ [ ke XY Z (s
0 {lul<1}

C2T
< CrT+ + CrT nr(w)p(du).
2 {lul<1)

However, by (3.18]), we get

E[V(XT/\T]\M YT/\T]\H ZT/\TN)] > €

1
<N—1+1DN)/\(N—1—1HN> — 00 as N — oc.

We have arrived at a contradiction. Therefore, 7 = oo a.s. and the proof is complete. 0O

Similar to Theorem we can prove the following result on the extinction and persistence
of diseases.

Theorem 3.18 Suppose that Assumptions |(B1)H(B4)| hold. Let (X, Yy, Zt) be a solution to
equation with (Xo, Yo, Zy) € Ri. We assume that

* p(t)
/0 i+ t)zdt < 00,
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o) = sup {22_1 U%j(tv$7yaz) +/ {ln <1 N Hy(t,x,y, Z’u>>]2u(du)
: 2
{lul<1}

Y

+/{u>1} {m (1 + GQ(t’x’yy’Z’“))ru(du)} .

(1) If
; b2(t7$,y72) Z;:l U%(t,l’,y,Z)
a = limsup sup — ;
t=oo | (z,y,2)€RY Y 2y
Hy(t Hy(t
+/ sup [ln (1 + 2 ,x,y,z,u)) _ o ’x7yazau):| p(du)
{lul<1} (2y,2)€RE Y Y
Go(t
+/ sup |:1n (1+ 2(,27,y>27u))] M(du)
{lul>1} (z,y,2)€RY Y
< 0, (3.19)
then
) InY;
limsup — < «a a.s..
t—o0

(i) If there exist positive constants \g and A such that

e ba(s, X0, Vs, Zs) 251038, X, Ys, Z)
hggfg/o {/\OYS+ Y. — oV
Hy(s, X5, Y5, Zs-, Hy(s, X5, Y5, Zs-,
+/ {ln (1—|— 2(s: u)) I v) p(du)
{lul<1} Y- Y-

X, Yo, Zy,
+/ In (1 + Gals, u)) u(du)}ds
{Jul>1} Yo

Y
>

then

t
liminfl/ Y,ds > i a.s..
tJo A

t—o0 0

(i) If there exist positive constants Ao and A such that
b t,l’7 ,Z ,r": 0—2' tax7yaz
{)\Oy+ 2( Yy )_Z]l 2](2 )
2y
|+ Hg(t,x,y,z,u)) _ Ho(t,w,y, 2,u)

{lul<1} Yy )
/
{

In (1 + G2(t7x7yaz7u)) M(dU)}
lu|>1} Yy

liminf inf

] pi(du)

v
>
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then

lim inf

t—o00

dX; = [A(t) - ( )Xt -
dY; = [B(1) XY
dZ;

Suppose that
By (3.20), we get

which implies that

taking values in T' by Theorem [3.17
Define

Then, we have that

condition

a = limsup sup

|4

1 t
i

Example 3.19 Let A,v,3,v,¢,0 € L]0, 00)

> 0.

A
I:.= {(I,y,z)GRi:x—Fy—i-zg—}

v
is an invariant set of the system . Hence, the system has a unique, strong solution

v 5(002 = (0 4 2(0) + el0) -

A
Y.ds > — a.s..
0

Bt)X;Yildt — o(t)X,Y:dB,
() Xy, = (w(t) +y(8) + (1)) Vi]dt + o () X, Yid By,
=h@K—VUZMt

< a<a*<0
—— w2 =2
. BA a’N" B
& a :max{7—(u+’y g) — 5,7 297
- L _
=2 (ytyte)-2h <0, if > <2,
= By = —
a*=2, —(v+v+e) <0, if 02 > 2.
Thus, by Theorem [3.18(i), we obtain that if
3 - BA 2N
< g and R b — U
A viv+y+e)

. We consider the system

(3.20)



then the disease will go extinct at an exponential rate:

then the disease becomes extinct at an exponential rate:

This result generalizes the results in [36, Theorem 2.1].

By , we get

Xi+Y,=Xo+ Y+ /0 [A(s) —v(s)Xs — (v(s) +7(s) +e(s))Ys]ds.

Since _
A
X:+Y, < > vVt >0, (3.21)
we get
1 t
1thm i A(s) —v(s)Xs — (v(s) +7(s) +e(s))Ys]ds =0,
—00 0
which implies that
1 [t A — =, = pt
lim = [ X,ds> = — lim 22 7F / Yids. (3.22)
t—o0 0 7 t—o0 vt 0
Suppose that
i A 2R
RO : 6_ c 1.

_l’_
Recall the quantity bs(s, X, Yy, Zs) = B(s)X,Ys — (v(s) +v(s) +(s))Ys. Then, by (3.20)-(5.22),

we get

tIBw+7+¢ 20 v2
hmlnf 1 / [M . }/S + b2(87 XSJ Y:% Zs) o g (S)Xs ds
t—o00 0 U Y; 5
PA N

> = _—(U+7y+8) - .
S (T+75+2) 2

Therefore, by Theorem (iz'), we obtain that the disease is persistent and

1 [t 7(Ry— 1
liminfg/ stszm a.s..
0

t—o00 5

This result generalizes those in [36, Theorem 3.1].
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Let M > 0 be a fixed constant. For x > 0, define

o =xAl, zl=xAM.

Example 3.20 We revisit Example |3.16) with some changes for the population numbers model.
Let d =1 and the intensity measure p of the Poisson random measure N be given by

dp = 1_g 9 (x)dz.

((l) Let A7 v, ﬁ? V15725 V35 Vs 57 01,02, ¥1,¥P2,P3 € LT[O, OO) and Hla H27 H37 G17 G2 S Li_o(—OO, OO)
Define
p(t,z,y) = e1(t)z + @2ty + es(t)zy,  (t,7,y) € [0,00) x R
We consider the system

;

_ b pwxty Y i RACRRARIY
dX; = [A(t) —vOX] - a2 dt - SRR dB:

ey HV (X2 Y — Hy(w)Xp Z IN(dt du) — [y, Gr(uw) X7 Yy N(dt, du),

+6(t)

qy, — [B(t)Xf Y,

a (X)) 1 2
Toaxyy T () —v(t) — 73(15)3?)3/7:1 dt + %d&( "+ oa(t)Y ZldB?

Tte
+ f{|u|§1}[H1(u)Xt*—Ks*_ — Hy(w)Yy ZF |N(dt, du) (3.23)
+ [y [GH (@) XY — Go(w)YE Z2 IN(dt, du),

dZ; = [%(t)YJ — () + ()2 ] dt — oo ()Y, Z/dB®

+ fugeny [Ho Y2 ZE = Hy(u) X Z3 IN(dt du) + [0, G2(w)Y 25 N(dt, du).

Suppose that L
§>1, Hi,G; <1, =123, j=12.

Then, Assumptions|[(BL)H(B4)| hold. Thus, by Theorem (3.17), the system has a unique,

strong solution in R‘j’r. Assume that
U < 7, 12 + 020 +2[H, — In{(1 — Hy)(1 — G)}] <2min{M,fﬁ—ﬁ}.

Set

a1 + 0’

T+ = In{(1 - TR)(1- G}

Ao =73+ 1, )\:min{M,ﬁ—ﬁ}—{
Then, by Theorem (3.18)(iii), we obtain that the disease is persistent and

t
liminfl/ Y.ds > i a.s..
tJo A

t—o00 0
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(b) Let A,v,B,71,72,0 € LY[0,00) and Hy, Hy, H3, G1,Gy € L (—00,00). We consider the

system

(dX, = |A() = v()X] = BOXIY + (2] dt = o(t)x]Y, 2] aB,
— Jypupeny () = Hy(u)| XY, 27 N(dt, du)
= [y [Gr(w) = Ga(w) X Y Z; N(dt, du),
4, = [BOXIY] — (1) + (0¥, ] dt + 20 () X]Y; 2} B,
+ fueny 1 (0) — Ha(w)] X2 Y2 Z7 N(dt, du) (3.24)
+ Sy [G1(w) = Gaw)| XYy Z2 N(dt, du),
dZ; = (DY, = () + () Z])dt - o () XY/ 2] B,

+ f{\u|§1}[H2(u) — H3(w)) X} Y Z N(dt,du)

+ [uoy [Ga(w) — Ga()] XY, ZE N(dt, du).

Suppose that

H,G;<1, i=1,23 j=12.

Then, Assumptions|(B1)H(B4)| hold. Thus, by Theorem (3.17)), the system ({3.24) has a unique,

. . 3
strong solution in R7. If

B+2G, <+,

then the disease will extinct at an exponential rate:

—a >y +v—B-2G.

3.3 Simulations

We now present simulations corresponding to Examples [3.16], and Simulations are
completed using the Euler scheme with a time step At = 0.001. We include stochastic and deter-
ministic results to demonstrate the effect of noise on such systems. The time t is epidemiological
time without a specific unit; however, we may imagine the time units represent days, weeks or

months.

(i) We assume that the system (3.16) in Example [3.16(a) has initial values (Xo,Yp, Zg) =
(0.8,0.19,0.01) and set the parameters in Table 1:
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f@) ! !
B(t) = 0.3 + 0.1 sin(4t) 0.2 | 04
() = 0.8 + 0.04 cos(7t) 0.76 | 0.84
€0 =1+ 4 L] e
i(t) = 0.01 + 0.005 cos(t),i = 1,2 | 0.005 | 0.015
@3(t) = 14 0.5sin(15¢t) 0.5 1.5
o1(t) = 0.5 + 0.01 cos(Tt) 049 | 0.51
oa(t) = 0.4+ 0.01sin(7t) 0.39 | 0.41
Hy(u) = 0.01 — | =
Ha(u) = 0.025 — | =
G1(u) =0.1 — —
Golu) = 0.12 — | —

Table 1: Parameters for simulation of the system (3.16).

In Figure [2| below, it is illustrated that the extinction of the disease occurs at an exponential rate.
In accordance with Example m(a), the disease will extinct with exponential rate

Proportion

0.800
0.795
0.790
0.785
0.780
0775

Deterministic

0.80
075
0.70

Diffusion Noise

0.65

0.80
075
0.70
0.65
060

Jump Noise

—a >~ —f-2G; >0.16.

—Z

01s5F
o10F
0.05F

0.0k

o0as}
030

L 025
020

028
F ozt L‘i_mL'
L 24| r—lj
L 22l P
S ST |

I
10 0 2 4 6 8 10

Time

Figure 2: Row 1 gives a simulation of the stochastic simulation using the discretization scheme of the system (3.16), row 2 is the
corresponding deterministic simulation, and rows 3 and 4 are the drift-free simulations of the diffusion and jump noise, respectively.

(ii)) We assume that the system (3.17) in Example [3.16(b) has initial values (Xo, Yy, Zo) =
(0.85,0.1,0.05) and set the parameters in Table 2:
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f(®) i Ji
B(t) = 0.17 + 0.01 cos(20¢) 0.16 0.18
1) = 0.12 4 0.01 cos(t) 0.11 0.13

71

0.57

®)
Y2(t) = 0.56 + 0.01 sin(t)
o(t) = 0.141 + 0.02(sin(t) + cos(t))

0.141 — 0.02v2

0.141 + 0.02v2

Hy(u) = 0.019

Hy(u) = 0.018

Gi(u) =0.11

G(u) =0.1

Table 2: Parameters for simulation of system (3.17).

We achieve results that illustrate the disease’s persistence, as is displayed in Figure [3| below.
Furthermore, we have \g = 0.55, A = 0.0776367 and

Proportion

t—o0

t
lim infl/ Y.ds > W > 0.14115.
t Jo 0.55

—x

0150 —,
—z

0125

0100

0.075

0.050 L L L L

Deterministic

0

—

2 4
012
0.10 e
0.08] —
0.06

h 2 7 :

2

[

© 0.850

8 ouss 01010 ose I
E 0.845, 0.1008 oo R

£ 0844 2;::: { 1JL'-J 0052 I—’,__r-'—/_r

= 0842 L L L L L 1 0. 1 L L L

Figure 3: Row 1 gives a simulation of the stochastic simulation using the discretization scheme of the system (3.17), row 2 is the
corresponding deterministic simulation, and rows 3 and 4 are the drift-free simulations of the diffusion and jump noise, respectively.

(iii) The simulations are concerned with Example system (3.20). The initial condition is
set to (Xo, Yo, Zp) = (2.0,0.8,1), where the starting population is 3.8 million. In the following
simulations, the parameters will change to demonstrate their effects on a system with unchanging
initial conditions. The first two simulations illustrate the extinction of the disease, and the final
simulation will illustrate the persistence of the disease. We initially set the parameters in Table

3:
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f) i jj
B(t) = 0.13 + 0.01 sin(t) 0.12 0.14
4(t) = 0.9 + 0.02sin(t) 0.88 0.92
£(t) = 0.15 + 0.07 sin(t) 0.08 0.22
o(t) = 0.12 4 0.01(sin(t) + cos(t)) | 0.12 — 0.01v/2 | 0.12 + 0.01v/2
A(t) = 0.5 + 0.06 sin(t) 0.44 0.56
v(t) = 0.07 + 0.004 cos(t) 0.066 0.074

Table 3: Parameters for simulation 1 of the system (|3.20).

Since the initial condition is unchanging, it is essential to note that it forces two parameters,
namely A(t) and v(t), to remain unchanged for these simulation purposes. Moreover, we have
that

< | =

= {(x,y,z) ERY :z+y+2< :8.484848}

as the invariant set for the system (3.20)), that is, this system has a unique, strong solution taking
values in I' per Theorem [3.17| Given these parameters and following Example we have

—_— _2 J—
- A 2\
I R <07646 <1, o <0.0121 < 0.0165 = 25
viv+y+eg) 2 (v+y+e) A
As demonstrated below in Figure [4] the disease will go extinct at an exponential rate:
—a>(v+7v+g) <1 — E’o> > 0.241.
nsi 1ak ﬂ‘/\“*f—r\\ :y:
é 06 l|‘ 127“" &
_E. U 114‘
§ “I Hl [
g \ 1of
g oo N\
. *\“%T—\i B 08
N g T

Time

Figure 4: Row 1 is the discretization scheme simulation 1 of the system (3.20) illustrating disease extinction, and row 2 is the
corresponding deterministic system.

We now only alter a single parameter in the system (3.20). Assume that o(¢) has the form
given in Table 4:

£ f f

a(t) = 0.55 + 0.003(sin(t) + cos(t)) | 0.55 — 0.003v/2 | 0.55 + 0.003v/2
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Table 4: Parameters for simulation 2 of the system (|3.20).

This alteration yields
—2

2 ZB B
g”>0.29 > 0.0165 > max{ =, ———
A’ 2v+y+e)

Thus, we have a scenario in which the disease goes extinct at an exponential rate:

Moreover, if we compare Figure [5| to the above Figure [4] although initially, the disease dynamics
appear more volatile, we notice the disease appears to go extinct at a faster rate which is as
expected given the above results.

— %,

Population (in millions)

Deterministic

Time

Figure 5: Row 1 is the discretization scheme simulation 2 of the system (3.20) illustrating disease extinction, and row 2 is the
corresponding deterministic system.

Now assume that the parameters for the system (3.20) are given in Table 5:

f(t) [ 7
B(t) = 0.56 + 0.01 sin(4t) 0.55 0.57
~(t) = 0.25 4 0.1 cos(5t) 0.15 0.35
a(t) = 0.24 + 0.01(sin(t) + cos(t)) | 0.24 — 0.01v/2 | 0.24 + 0.01/2

Table 5: Parameters for simulation 3 of system (3.20).

This modification yields




In Figure [6] below, we see such a modification yields disease persistence as opposed to disease
extinction achieved in the previous two simulations for the system (3.20).

20| _—
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Figure 6: Row 1 is the discretization scheme simulation 3 of the system (3.20) illustrating disease persistence, and row 2 is the
corresponding deterministic system.

(iv) We assume the system ({3.23)) has initial conditions (3.75,1.15,1.1), where the values are
taken to be in millions. Set the parameters in Table 6:

f@®) / i
M =2 — —
A(t) = 0.15 + 0.006 sin(t) 0.144 | 0.156
V(t) = 0.002 + 0.0001 cos(t) | 0.0019 | 0.0021
B(t) = 0.18 + 0.01 sin(2t) 017 | 0.19
Y (t) = 0.15 + 0.004 cos(t) 0.146 | 0.154
() = 0.12 + 0.02 cos(t) 01 | 0.14
~s(t) = 0.12 + 0.04 cos(2¢) 0.08 | 0.16
Ya(t) = 0.1+ 0.04 sin(4¢) 0.06 | 0.14
E(t) =1+ In(1 + |sin(t)|) 1 1+1In2
¢i(t) = 0.01 + 0.005 cos(t),i = 1,2 | 0.005 | 0.015
@s(t) = 1+ 0.25sin(15t) 075 | 1.25
o1(t) = 0.15 + 0.01 cos(t) 0.14 0.16
05(t) = 0.12 + 0.01 sin(t) 0.11 0.13
Hy(u) = 0.0001 — —
H(u) = 0.00025
Hj(u) = 0.0009
G (u) = 0.001
Gs(u) = 0.0012

Table 6: Parameters for simulation of system (3.23).
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We have \g = 1.16 and A > 0.075 and
t
lim infl/ Y.ds > M > 0.064.
t—soo 0 1.16

The resulting persistence of the disease is illustrated below in Figure [7]
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Figure 7: Row 1 gives discretization scheme simulation of the system (13.23) illustrating disease persistence, and subsequent rows give
corresponding deterministic, diffusion noise and jump noise simulations, respectively.

(v) We assume the system (3.24) has initial conditions (7.27,1.5,1.11), where the values are
taken to be in millions. Set the parameters in Table 7:

j{0) Ji 7
M=15 —
A(f) = 0.09 + 0.01 cos(t) 0.08 0.1
v(t) = 0.003 + 0.001 sin(t) 0.002 0.004
B(t) = 0.14 + 0.005 cos(10t) 0.135 0.145
7 (t) = 0.002 + 0.002 cos(25¢) 0 0.004
Y (t) = 0.35 + 0.04 cos(15¢) 0.31 0.39
o(t) = 0.3125 + 0.002(sin(t) + cos(t)) | 0.3125 — 0.002y/2 | 0.3125 + 0.002v/2
Hy(u) = 0.0001 —
Hy(u) = 0.0004 —
Hy(u) = 0.0009 —
G (u) = 0.001 —
Ga(u) = 0.007
Gs(u) = 0.005

Table 7: Parameters for simulation of system (3.24).

The extinction of the disease is illustrated below in F;igur Moreover, as in Example (3.20))(b),
the disease will go extinct with rate —a > 79 + v — 6 —2G; > 0.165.
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Figure 8: Row 1 gives discretization scheme simulation of the system (3.24) illustrating disease extinction, and subsequent rows give
corresponding deterministic, diffusion noise and jump noise simulations, respectively.

3.4 Conclusion

In this chapter, we propose and investigate the USSIR model given by the system . We
have presented two forms of the novel model-one for population proportions and the other for
population numbers. We note that either form of the USSIR model could be studied in isolation
and it would be possible to derive the results regarding the absent form. However, from the
viewpoint of applications, it makes sense to consider both forms since differing scenarios may be
more suited to utilize one form over the other.

For both forms of the model, we have given results on the extinction and persistence of
diseases; moreover, we have shown that these results still hold with time-dependent, nonlinear
parameters and multiple Lévy noise sources. Notably, we give examples and simulations that
agree with the theoretical results and illustrate noise’s impact on a given SIR model system.
Moreover, the ability to allow time-dependency and multiple noises coincides with real-world
occurrences of infectious disease spread due to environmental noises or time-dependent events
such as temperature, climates, seasons, and so forth. The more general nature of the USSIR
model allows for many tailored use cases, some of which are explored in upcoming chapters.
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Chapter 4

Parameter estimation of stochastic SIR model driven by small
Lévy noises with time-dependent periodic transmission

Introduction

The advantage of small noise is that we can maintain the realistic behaviour of random per-
turbations in observations while circumventing the necessity of placing stringent conditions on
our SDEs to estimate drift parameters (e.g., no ergodicity or moment conditions are necessary).
This aligns well with real-world circumstances, as we are able to consider randomness without
assuming too many hypothetical properties of that randomness. Indeed, we go as far as to take
the assumption we need only know minimal information regarding the noise; in fact, all we re-
quire is the noise is of the Lévy type and that there is this small dispersion ¢ tending towards
0. The former assumption is reasonable given the generality of Lévy processes. The latter arises
naturally; for instance, considering the scenario of obtaining more and more observations of a
phenomenon involving humans, from a macro point-of-view, one should not expect the intensity
of the noise to become increasingly erratic. That is, with an increasing number of observations
of a sizeable population, time and time again, we have found detectable patterns despite the
presence of random perturbations.

This chapter, based upon [22, E. and Sun|, is concerned with the parameter estimation of
small noise Lévy-driven SDEs as applied to the USSIR model. Recall the USSIR model ([3.2) is
defined as

(

dX; = bi(t, X0, Ye, Zo)dt + Y o1;(t, X4, Vs, Z,)dBy”

j=1
+ Hl(t,Xt,,Y;,,Zt,,U)N(dt,dU) + / Gl(t,Xt,,Y;,,Zt,,U)N(dt,dU),
{lul<1} ) {ul>1}
_ , ()
dY, = by(t, Xy, Yy, Z)dt + Y 03;(t, X, Yy, Z,)dB;
=1 (4.1)
+ HQ(t,Xt,,}/;,,th,'U/)N(dt,dU) + Gg(t,Xt,,}/;,,Zt,7’U/)N(dt,dU),
{lul<1} ) {lul>1)
— , ()
dZt - bS(ta Xt7 }/;fa Zt)dt + Z 03] (ta Xt7 Ka Zt)dBt
j=1

+ HS(taXt—7)/t—7Zt—7U)N(dt7du) + / G3(t7Xt—7)/t—7Zt—vu)N(dt7du>‘
{

\ {lul<1} lul>1}

It is a natural question to ask if disease transmission is periodic, and understanding this
periodicity dramatically aids in predicting possible outcomes. The specific application is the
study of periodicity in the COVID-19 pandemic, as well as future pandemics. However, similar
to the previous chapter, it is now subjected to a small dispersion coefficient ¢.
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In our study, we lay a solid theoretical foundation upon which we can estimate parameters and
forecast future disease dynamics. Additionally, given the complexity of the model, optimization
techniques are harnessed to solve for approximations to the estimators iteratively. The method-
ology presented herein is directly inspired by the results of Long et al. in [45] and [46]. We also
use the least-squares method to estimate the true value of parameter 6, of a discretely observed
stochastic process. We introduce a contrast function from which we are able to derive the least-
squares estimators (LSEs) when the drift is time-dependent and the explicit expression of the
noise is unknown-also given are proofs on the consistency and results on the rate of convergence
of the estimators.

Let (Bi)i>0 = (Bt(l), . ,B§’"))t20 be a standard r-dimensional Brownian motion and N a
Poisson random measure on Ry x (R' — {0}) with intensity measure p satisfying [o,_ {0}(1 A

lul>)u(du) < co. We assume that (By);>o and N are independent. Define N(dt, du) = N(dt, du) —
p(du)dt. Consider a stochastic process (S ):>o which satisfies the SDE:

dS: = b(t, S5, 0)dt

+e {a(t,Sf)dBt +/ H(t,S;_,u)N N (dt, du) + / G(t, Sf_,u)N(dt,du)},
{lul<1} {lul>1}
(4.2)

where 0 < ¢ < 1,t € [0,1], S§ = s € RY 6 € O, the closure of an open convex bounded
subset © of R?, b(-,-,-) : [0,00) x R x © — R? o(-,-) : [0,00) x R — R>" H(-,-,-), G(-,-,") :
[0,00) x RY x (R! — {0}) — R? are Borel measurable functions. Suppose (Sf)s>¢ is observed at
regularly spaced time points {t; = %, k=1,2,...,n}. For a matrix M, we denote its transpose
by M*. Define the contrast function

(0) =n>_ Pr(0)P(6

where

0).

tp—1?

1
Pk:(e) = SE ka L ﬁb(tk_l’ S

Let 0, be a minimum contrast estimator, i.e., a random variable satisfying

A

Op.c = arg ming.q W, .(6).

As will be seen in the following pages, given the complexity of the USSIR model, finding a
closed form for the LSE Hn . can be quite difficult; thus, we look for suitable approximations 9

of ana. In the vernacular for optimization, we may refer to our contrast function W, .(6) as an
objective function. Recall the discussion of estimation as optimization in Chapter 2; namely,
given an objective function that one wishes to minimize for parameter estimation purposes, a
commonly utilized method is gradient descent (GD) (cf. [7, Chapter 8]) and in our case projected
gradient descent (PGD) (cf. [T, Chapter 10]).
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4.1 Least-squares estimators for time-dependent SDEs driven by small
Lévy noises

4.1.1 General time-dependent SDEs driven by small Lévy noises

In this subsection, we investigate LSEs for discretely observed stochastic processes driven by
small Lévy noises. The results presented here generalize the results of Long et al. in [45] and
[46]. Our contributions are the generalization to a time-dependent jump-diffusion model, which is
more general to include different (singular and non-singular) coefficient functions for the Brownian
motion, small jump and large jump portions. Also noteworthy, although we use a contrast function
which is different from that in [46], we make mention of a result extending the asymptotics of
their contrast function in the presence of time-dependency and non-singular noise. These results
validate our use case, and the proofs are given at the end of this chapter.

4.1.2 Statement of main results

Consider an underlying deterministic (ordinary) differential equation denoted as
dS) =b(t, S, 00), t €[0,1], S =s,

where 0 is the true value of the drift parameter. Denote by CTl’k’l([O, 1] x R? x ©;R?) the class
of functions f € CT*{([0,1] x R? x ©;RY) which satisfy

sup sup|9,°0.20;  f(t,z,0)] < C(1+ |:L"|)’\
tel0,1] /€O

for some constants C' and >\ Where vy, vy, and 1/3 are non-negative integer-valued multi-indices
satisfying 0 < 1, < 1,0 1/2 <kandz ( <lI.

We take the following assumptions, which are modifications of those given in [46].

(A1) For any € € (0, 1), the SDE (4.2) admits a unique, strong solution S¢ (cf. [31, Theorem 2.2]
for concrete sufficient conditions).

(A2) There exist K > 0 and 7,¢ € B, (R!) such that for any t € [0,1], z,y € R% v € R' — {0}
and 4 € O,

bit..0) = Wty O <Ko=yl [ qu(a) <,
{Iv\<1}

)
1{‘u|§1}|H(t7 Z, U’)| + 1{|u\>1}|G(t7 x, u)|
n(u) §(u)

b(t,x,0)| + |o(t,z)| + < K(1+4 |x]).

(A3) b(-,-,-) € C1H2([0,1] x R? x ©;RY).

(A4) 6 +# 0y < Tt € [0,1] such that b(t, S?,0) # b(t, SP, 6p).

(A5) o(-,-) is continuous on [0,1] x R? and H(-,-,u), G(,-,u) are continuous on [0, 1] x R? for
any u € R — {0}.
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(A6) ¢ = ¢, — 0 and ne — oo as n — oo.

Due to the nature of the work herein obtaining a closed-form of an estimator én,g is not always
possible hence it makes sense to consider approximations of these estimators. We denote these
approximations by 6}, _.

Recall the notation o,(1), which is short for a sequence of random vectors that converges to

P
zero in probability, and the notation ~2% which is short for convergence in probability under F,.
By virtue of [61, Theorem 5.7|, similar to [45], 46, Theorem 2.1], we can prove the following result
on the consistency of the LSEs.

Theorem 4.21 Let é;a be any sequence of estimators with \I/M(éjge) < W, .(6p) +0,(1). Then,
under conditions (A1)-(A4), we have

é;E—P—g%QO ase — 0 and n — oo.
Define the matrix 1(9) = (Iij(e))lgi,jgp by
1
19 () = / (90,5)" (1, 5°, 0)09,b(r, 52, 0)dr-
0

Similar to [45] 46, Theorem 2.2|, we can prove the following result on the rate of convergence of

the LSEs.

Theorem 4.22 Assume that conditions (A1)-(A6) hold and 1(0y) is positive definite. Then,

~

1
) ) ([ @5t ot st
0

+/ H(r, S,E),u)]v(dr, du) —i—/ G(r,SY, u)N(dr, d@})
{lul<1} {

ul>1} 1<i<p

as e — 0 and n — oo.
Remark 4.23 Consider the following SDE:
dS; = b(t, S5, 0)dt 4+ eo(t, S) {dBt + / uN (dt, du) + / uN (dt, du)} :
{lul<1} {lul>1}

In the event the diffusion matriz oo* is invertible, we may use the following contrast function
from Long et al. [40]:

00c0) = (Y FONLRO ) 1o, (43)
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where

te—1’

1 .
Pk(Q) = ka - ka_l - ﬁb(tk—17 S 0), Ak—l = [O'O'*](tk_l, Stk—l)’ D= inf 1det Ak

Define the matriz 1(0) = (I7(0))1<i j<p by

Y T

17(0) = /01(89ib)*(r Sy, 0)[oa*] 7" (r, S2)p,b(r, Sy, 0)dr. (4.4)

We make the following additional assumption.

(AT) There exists an open convex subset U C R? such that SP € U for all t € [0,1], o is smooth
on [0,1] x U, and oo* is invertible on [0,1] x U.

Following the arguments of [45, 46, Theorems 2.1 and 2.2/, we can prove the following result.

Corollary 4.24 Assume that conditions (A1)-(A7) hold and 1(6y) defined by is positive
definite. Then, the assertions of Theorems |4.21] and |/.22 hold for the LSE derived from the

contrast function .

4.1.3 Application to USSIR model with periodic transmission

Setting d = 3, we use equation (4.2) to write the USSIR model as

de bl<t7Xfu}/;a7Zf’0)
dYF| = |bo(t, X7, YE, Z5,0) | di + 6{0(@X§,Yti Z;)dB; (4.5)
A bs(t, X5, Ye, Z5,0)

s HEXEYEZE 0N (o)
{lu|<1}

[ etz N
{lu|>1}

such that all previously stated assumptions hold. Above in equation , the drift function
b = (b1, b, bs) is given in more general terms but in the subsequent sections, explicit instances
will be given. Moreover, at the centre of our focus in this chapter is the presence of a periodic
transmission function. Since any well-behaved periodic function may be approximated using a
Fourier series; we consider the drift function to contain a periodic transmission function of the

form .
2wkt 2wkt
t pr— — ] e 4'
B(t) = ag + k§1 ary j, COS < 7 > + g sin ( 5 > , (4.6)

where 0, ap, a1 5, 0 > 0,1 < k < K. This leads to the contrast function being denoted by
W, (0, ap, (1 &, )X ) so that our parameters are represented by the vector (6, ag, (v p, o x)E_)
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€ RiK +2_ Moreover, assume that 6 € [0,1], a natural assumption to make given the estimation
happens from time ¢t = 0 to ¢t = 1. The contrast function ¥, (6, ap, (a1 4, a2x)K ;) is not glob-
ally convex; however, for a fixed 6, it becomes convex in the remaining parameters. Hence, we
introduce the following algorithm:

Algorithm 1 Linear-Search Gradient-Descent (LS-GD)
For ¢ in 1 to M,

Fix a test value of 6: 0; € (%, ﬁ),
Set the initial value (o, (ag?;, océ?,)c)szl);

Run Gradient Descent on the function W, .(6;, ap, (1 5, a2x)E_ ;) with update rule

l I+1 [+1 l l [ l l l
(af, (@77 i) = (0, (0% 0K =0V g an psan iy Tne (B 0 (), 050K

._ : K
Store U} := arg min K\Ifnvg(ei,ao, (01 oy Q2 k) jey)-
{a0,(01,k,02,k) 1y
End

Return min;egy

-----

The returned value min;ey,.. a3 U will be the approximation (6%, af, (af . a5, )f_) of the LSE

(8, &, (G 4, o)) we seek.

Remark 4.25 The above algorithm can be modified for PGD, which we do indeed use, as will be
seen in the simulation studies.

For the remainder, we take K = 1, that is we consider the case when (t) = ag+ay cos(2nt/0)+
ag sin(2nt/#). Choosing K > 1 does not contribute any more insights. Additionally, choosing
K > 1 would be more computationally expensive to evaluate in our simulation studies.

Recall that one of our primary goals is the estimation of the unknown period ¢ and the
coefficients (g, a1, ) of the periodic transmission function [(t). Noise ensures this is a more
realistic model; moreover, we make no assumptions about the exact forms of the noise coefficient
functions o, H, G.

4.2 Simulation study of SIR model for population proportions

For this study, the unknown parameters are represented by the vector (6, ag, a1, az) € R and our
objective function is denoted V,, . (0, o, a1, a2), where n is the number of observations we have
and € € (0,1). For a fixed 0, recall the convexity of ¥,, . (0, ap, a1, ap) with respect to (ayg, aq, az)
one only needs to check the Hessian matrix is positive semi-definite.

As mentioned before, we use the Julia programming language for our simulation and numerical
estimation results. Using Julia and utilizing the package DifferentialEquations.jl, we are able to
generate synthetic data for our testing purposes. Namely, a discretization of the USSIR model is
used, from which we take 100 observations to utilize in the estimation of the unknown parameters.
We next construct the contrast function and approximate the LSE by use of the LS-GD algorithm.
We accomplish the task of implementing the LS-GD algorithm with the aid of the Julia package
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Optim.jl. Optim.jl handles the projection to the constraint set for us; namely, as we are not
computing these estimates by hand, we are able to reasonably circumvent the difficulty presented
by projecting to the constraint set—all that is required of us is passing the constraint set C as
an argument to the suitable method from Optim.jl. The learning rate 7, present in the update
rule in (Algorithm 1), is chosen by a Hager-Zhang line-search algorithm. For a more in-depth
exploration, we refer the reader to the Optim.jl documentation in [47] and also to the paper by
Hager and Zhang [32].

Noteworthy is that the contrast function ¥, . is non-linear in the unknown parameters. This
is clear by the definition of §(t). Hence, there is an inter-play or sort of dependence of optimal
estimators between «; and 6 for i« = 1,2. Moreover, this leads to the interesting result that we
are able to estimate two or more unknown parameters which are present in a dependent setting
of a multiplicative form.

Remark 4.26 Through some heuristics, we arrived at the initial value (oz((]o), ago), ozéo))

= (0.5,0.31,0.21); which is used in all implementations of the LS-GD algorithm for this chapter.
There is nothing particularly significant about this value; hence we have no reason to believe it
had any impact on our findings.

For choosing the test values of 0;, we chose them such that 6; ~ Um'form(%, ﬁ) As the value

M increases, it does not make a difference if we individually choose the value or allow it to be
randomly assigned within each subinterval.

4.2.1 Model for population proportions

Consider the following model for population proportions:

dXt —/B(t)Xt}/; —O'Xt,}/;,Zt,
dY; | = |BO)X.Y; =Y, | dt + €| 20X, Y, Z,_ | dL, (4.7)
dZ; 0ne —0X, Y, Z,_

where

t
L, = B, +/ / ulN (ds, du),
0 J{u/>0.1}

and as before,

2mt

2mt
ﬁ(t) = o + Q1 €OS (%) + 2 sin (7) ) NS [07 ]_],Oé(),Oél,OéQ > 07

v,0 > 0 are constants, and N = N; + Ny such that Ny, Ny are independent Poisson random
measures with respective intensity measures p; and po:

(4.8)

Ny ~ IXdtps(du) with pz = 6({0.0,—0.1,0.1}),

44



where A ~ Uniform({1,2,3,4}).

By [21, Theorem 2.1], the SDE (4.7) has a unique, strong solution taking values in the set
A ={(z,y,2) € R} : z+y+z=1}. It is easy to verify that all assumptions of Theorems 2.1
and 2.2 hold. We use the following contrast function:

100
\IIE,n(ea Qp, O, 042) - 100 <Z P];;k(ea g, O, aQ)Pk:(ea Qp, O, a?)) )

k=1
where
Xi, — Xop oy — 155 [—Bte-1) X, Y, ]
BP0, 0,01, 00) = |V, =Yy, | — 155 [Bt-1) X0 Yoo s — VYo ]

1
Ztk - Ztk—l - m,}/nk—l

4.2.2 Parameter estimation

We generate the synthetic data 10000 times and randomly choose 1000 such data sets to perform
estimation upon. Set v = 0.07142, ¢ = 0.5 and (X, Yy, Zp) = (0.84,0.07,0.11). For the unknown
parameters, the true values for use in generating the synthetic data are randomly decided upon
as follows

¢ ~ Uniform(0,1), «p ~ Uniform(0.1,0.8), o, as ~ Uniform (O, %) : (4.9)

It is noteworthy that although the distributions of oy, as are dependent on the distribution of «ay,
their specific values are not. The reasoning for this dependency is we require 5(t) > 0. Also note
that for each generation of synthetic data, the jump parameter X is randomly chosen as described

in (4.8).
The subsequent plots and table contain our findings, and the metric we use to test our method-
ology is

1000

_ [y — Uil
MAE_ZZ_I: 1000

where y; is the true value and 7; is the estimated value for 6, o, aq, .
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€ Parameter MAE
0.3
0 0.0980807
ap 0.021481
o 0.055916
9 0.058691
0.1
0 0.0416584
Qap 0.009259
oy 0.034566
1o 0.0368507
0.01
0 0.021081
Qg 0.005788
o 0.033258
o 0.0333328
0.001
0 0.0205791
Qg 0.005601
o 0.03208
1o 0.03183

Table 1: Metrics of estimated parameters for 1000 estimations of 100 observations using 200

values of 6.
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Figure 9: Estimates against true values for 1000 estimations of 100 observations using 200 values of 6§ while e = 0.3.

oy

01 02 03 04 0506 0.7 0.8 0.0 0.2 0.4 0.6 0.0 0.2 04 0.6

00 02 04 06 08 10 ’ 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.0 0.2 0.4 0.6 0.0 0.2 0.4 0.6
i n o =

Figure 11: Estimates against true values for 1000 estimations of 100 observations using 200 values of 6 while € = 0.01.
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Figure 12: Estimates against true values for 1000 estimations of 100 observations using 200 values of 6 while € = 0.001.
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4.2.3 Forecasting

We now take the results from the previous section to complete a prediction simulation study of
the model (4.7). We make use of a similar methodology and carry out our study as follows.

1. We generate a true parameter vector (0, ag, a1, ) and use this to create synthetic data for
training.

2. We train the model using 100 observations on the time interval [0, 1] by using the LS-GD
algorithm with 500 test values of the period 6.

3. Once training is complete, we simulate model (4.7)) on the time interval [0, 3] with both the
true and trained parameters vectors.

We generate the initial conditions as

Y

(Xo, Yo, Zo) ~ <Uniform(o.4, 1), 1—Xo (1=Xo)(n— 1)),
n n

where n ~ Uniform{2, 3,4, 5,6, 7}. The reason for this is the SIR model has the requirement that

Xt‘l‘Y;f‘FZt:l, tZO

We use a component-wise form of mean-squared error as the metric of the trials. We run 1000
prediction trials, and for each trial, we have 100 observations/samples. Hence for each trial j,
j€{1,...,1000}, we compute the following sum.

100
1 . . .
Tj - m Z [(th - th)Qa (Y;ﬁk o Y;fk)27 (Ztk o Ztk)2 :
k=1
Then, we compute ﬁ ;2010 T;. This metric allows us to check each component error individually

while providing insight into the error of the trials of the whole model.

Remark 4.27 There is nothing particularly special about our choice to randomly generate X
and then use its value to assign values to Yy and Zy. Additionally, nothing special about the
assignment of the factors 1/n and (n — 1)/n — merely a convenience for computation.

48



The following table includes the true values against the trained (estimated) values for the
proportional model.

(0, o, ar, as) (0.26836304, 0.15114833, 0.0621514, 0.096762)

(é, do, Gy, Ga), € = 0.3 (0.27069755,0.1707693,0.11016354, 0.082015210)

(é, do, Gy, Ga), € = 0.1 (0.261749799, 0.1717002782, 0.025364225, 0.1017260206)

(é, o, G, Ga), € = 0.01 (0.2668796604, 0.146115022, 0.04899088, 0.0966312804)

(é, o, G, Ga), € = 0.001 | (0.26743667816,0.151314344, 0.058359562, 0.0989769703)

Table 2: True parameter values versus trained parameter values for proportional model.

The subsequent figures give simulation results using the true values and the trained values for
the parameters. The true parameter observations are marked by a +, while the trained parameter
observations are marked by a dot.

k
A 0 0.155 0.435
Xty . g Y + H6y) -
0.45 %‘, s f
Wik, b ¥ 0.430
L 0.150 T ¥
0.44 h % 0.425
ok Fom .
‘hﬂ‘ . 0.145 LA R . 0.420
0.43 Ran : PE 7 i
" \ fg P 0.415
S 0140 (=L
s 87
0.42 ;:‘m ¥ 0.410
A 0.135 0405 P
0 1 2 3 1] 1 2 3 0 1 2 3
t t t
Figure 13: Simulation of model 1} for e = 0.3.
0.75 0.145 0.150
0.74 0.140 0.145
0.140
0.73 0.135
0.135
072 0.130
0130
071 -y
0.125 0125

0 1 2 3 0 1 2 3 0 1 2 3

Figure 14: Simulation of model 1} for e = 0.1.
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o031 } 2

0.9225 0.056

0.030
0.055
0.9200 0.029
o~ 0.054

0.9175 0.028 |
0.053

0.027 |
0.9150 0.052

0.026 +

0.9125 0.051

Figure 15: Simulation of model 1' for e = 0.01.

A
0435 | 0141 Fif ’ 0.450
Vil
0430 ¥ :‘ﬂ A 0.445 1
0140 Vift
Vit 0440
0425 | ViA
¥ \’,'“ 0435
0420 | 0139 .f
3 " 0430 |
0415 A
0138 F ¥y, 0425
0.410 ¥

Figure 16: Simulation of model 1i for £ = 0.001.

€ Component-wise MSE: (X’t,fft, Zt)
0.3 (0.000024732 0.00006754 0.00001291)
0.1 (0.000009734 0.00001537 0.000002157)

0.01 (0.000002564 0.000003539 0.0000006851)

0.001 | (0.0000001432 0.00000003593 0.00000007774)

Table 3: True parameter values versus trained parameter values for model 1)

4.3 Simulation study of SIR model for population numbers

4.3.1 Model for population numbers

In this subsection, we consider the following model for population numbers:

dX, A—vX, — B(H) XY, oX, Y, Z_ 0 0 arL

dYy | = |BO)XY: = (v +7)Ye | dE + € 0 o X Y 7y 0 dL? | .

dz, VY, — vZ, 0 0 oX, Y, Z, | |dL{?¥
(4.10)
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where

NW(ds du)
Lgl) / /{u|>o 1}
@

¥ = |B uN® (ds, du)
{Jul>0.1}

B® 4+ ulN® (ds, du)
{Jul>0.1} |

2mt 2mt
B(t) = ap + g cos (%) + ap sin (%) ,  0€]0,1], a0, 1,5 > 0,

A,v,~,0 > 0 are constants, and N, N® N® areiid. copies of N = Ny + N, as given in (4.8).

By [21, Theorem 3.1|, the SDE ‘} has a unique, strong solution taking values in R3. We
utilize the contrast function (4.3)), which is similar to that given in [46] and takes the explicit
form:

100
\Ils,n(ga Qgp, 01, a2) = 100 <Z P;; (97 Qq, 01, a?)AlzilRfk (97 g, 01, a2)> ’

k=1
where
X th 1 100 [A - Vth,l - B(tk—l)th,lytk,J
By (0, a0, a1,00) = | Yy, =Yy, — 155 [Be-1) Xe Yo, — (W +9)Ye ] |
Ly, — Ly, — ﬁ (’Y}/}k,l — I/Ztkil)
and
0 X, Yi  Zi ) 0 0
Njr = 0 oX,, Y Zi ) 0
0 0 0Xi Yo  Zi )P

4.3.2 Parameter estimation

We generate the synthetic data 10000 times and randomly choose 1000 such data sets to per-
form estimation upon. Set A = 0.018,v = 0.00042, v = 0.07142, ¢ = 0.5 and (X, Yy, Zy) =
(2.3,0.19,0.25) (taken to be in millions). Again, for this study, we keep the jumps simple; namely,
there is no compensated jump portion. We also use the same metric MAE to test our results,
and the true values for the synthetic data are generated as given in (4.9)).
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€ Parameter MAE
0.3
0 0.0944492
p 0.023988
oy 0.0563110
Q9 0.058243
0.1
0 0.03130246
p 0.00960035
aq 0.0365961
Q9 0.0369104
0.01
0 0.01966768
Qp 0.0057932
oy 0.0283396
Q9 0.0291711
0.001
0 0.01657112
Qp 0.0056
oy 0.02781
o 0.0294392

Table 4: Metrics of estimated parameters where 1000 estimations are completed given 100 obser-
vations and we used 200 test values of 6.
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9 ¥ a @

Figure 18: Estimates against true values for 1000 estimations of 100 observations using 200 values of 6 while e = 0.1.

00 02 04 06 08 10 01 020304050607 08 0.0 0.2 04 0.6 0.0 0.2 04 0.6
i @ @ @

00 02 04 06 08 10 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.0 0.2 0.4 0.6 0.0 0.2 0.4 0.6
i ™ o =

Figure 20: Estimates against true values for 1000 estimations of 100 observations using 200 values of 6 while € = 0.001.
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4.3.3 Forecasting

In a similar fashion to the previous subsection, we perform a predictive simulation study. The
primary difference being the initial conditions are randomized such that

(Xo, Yo, Zy) ~ (Uniform(1,4), Uniform(0.1, 1), Uniform(0.1, 1)).

Otherwise, the methodology is the same as before, including using the component-wise MSE. The
following table includes the randomly-generated true parameter values against those we obtained
in the estimation. The subsequent figures below display the simulation of the model using
the true parameters and the values of the trained parameters. The true parameter observations
are marked by a +, while the trained parameter observations are marked by a dot.

(07 g, 1, 052)

(0.26836304, 0.15114833,0.0621514, 0.096762)

(é,do,dl,dg), e=0.3

(0.2759104, 0.15106501, 0.09268711, 0.0418802)

(é,do,dl,dz), e=20.1

(0.268413479, 0.14653753, 0.058398519, 0.116306536)

(0, &, Ay, Ga), € = 0.01

(0.26945644,0.1511415,0.0667543397, 0.09347593)

(8, 69, 611, é3), € = 0.001

(0.26857489, 0.151209307, 0.06245031, 0.0967899)

Table 5: True parameter values versus trained parameter values for model 1}

25 u;.--n-'-‘-v.:f"-;_.w..-‘” .
2.0
15

1.0

0.5

+H+eoe®

35

3.0

25

2.0

15

1.0

05

s 1 1]
DEnNEx

Figure

22: Simulation of model (4.10) for € = 0.1.
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Figure 23: Simulation of model (4.10) for € = 0.01.
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Figure 24: Simulation of model (4.10) for e = 0.001.

€ Component-wise MSE: (X't, Y, Zt)

0.3 | (0.119862755 0.4229034 0.1641841226)

0.1 (0.01354954 0.0286335 0.01803421)

0.01 (0.00032701 0.0003369 0.00015043)

0.001 | (0.000221016 0.000165453 0.0000109)

Table 6: True parameter values versus trained parameter values for model 1}

Remark 4.28 Mean-squared error is scale-dependent; hence, comparing the metrics, we have for
the two model versions is of no practical use. The former model only takes values in the interval
[0, 1] whereas the latter model can take values larger than 1.

4.4 Proofs of main results

In this section, we only give the proofs of Theorem and [4.22] Following the similar arguments
of [46] with suitable modifications presented in this section, we can prove Corollary The
details are omitted here.

Set Y, = ant] Jn- For convenience, we will use C' to denote a generic constant whose value
may vary from place to place, and use ¥ and P to denote Fy, and Fy,, respectively.
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4.4.1 Proof of Theorem m

Lemma 4.29 Suppose (A1) and (A2) hold. Then, {Y,"°} converges uniformly on compacts in
probability to the deterministic process {SP} as e — 0 and n — co.

Proof. We follow the argument of [46, Lemma 4.1|. Let
Ji = N([0,] x {[u] > 1}),

which is a Poisson process with intensity A = p({|u| > 1}). Denote by 74 < 75 < -+- < 7, < -+ -
the jump times of {J;}. We have lim,,_,o, 7,, = 00 a.s.. We use the interlacing technique (cf. [3])
to construct the solution (S5%);>0 of (4.2). Set 7o = 0. Let {Z7(¢) : t > 0} be the unique, strong
solution to the SDE:

Zi (1) = Z5(1 b(s, Z:(i),0)ds o(s, Z:(1))dBs(i H(s, Z:_(i),u Nz ds,du) ¢,
()= 2300+ [ 00s,2:00).0) +e/0{< (i) <>+/{|u§}< (i), u) R >}
Z(i) = 52

Ti—1’

where By(i) = B,,_ 1+ — B,,_, and N;([0,t] x A) = N([ri_1, 7,1 +t] x A) for any A € B(R! —
{0}). Furthermore, let Z? : t > 0 be the unique, strong solution to the underlying deterministic
differential equation:

Ti—1"

Zto(z'):Zg(i)—l—/o b(s, Z2(i),0)ds, ZJ(i) = S?

By (A1), we find that

St e 0<5t<m—Tig,
5
and SE = S5 +¢eG(r;-, 55 &), where {& : i € N} are i.i.d. R'-valued random variables with

common probability distribution w First, we take i = 1. Then, Z5(1) = x € R% Let
e > 0 be fixed,

Zi (1) =

=1 —Ti-1,

T =1inf{t: |Z; (V)| Vv |Z;_(1)] > M},

and
f € CE(R?) such that f(x) = |z if |z| < M.

By It6’s formula (cf. [52]), we find that

F(Zeps (1)) = fa) — / AR (ZE () ds

is a martingale, where

A = zd:b‘(s ) Q)O_f(x) + 3¢ Ed: i"k(s z)o] (s, ) TS (0
s = s (AN 85L‘k 2 i 1\ 1S, axk(‘)m]
d
+ /{|u|§1} flx+eH(s,x,u)) — f(x) — ekz:; Hy(s, x,u)aa_szw) p(du).
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Now we consider
t t
)= 200) = [ s Z20).0) ~ bls, 200 0)ds < [ as, ZE)B) (411)

0 0

t
+5/ / H(s, Z5_(1),u)Ny(ds, du).
0 J{Jul<1}
By Doob’s inequality and (A2) given Equation (4.11)), we get

E [sup 1Z5(1) — Zg(l)@

0<s<t

IA

4E(Z; (1) = Z/ ()]

12E{ /t b(s, Z5(1),0) — b(s, Z°(1), 0)ds

12K2{tE{/0t\Z§(1) —Zg(l)ﬁds} +52E[/0t(1+ yzgu)\)?ds}

= [ / t /{ GO rzs_<1>|>2u<du>ds] }

12K2{ (t + 2e? + 2¢° /{uél} nQ(u),u(du)> E[/Ot\zju) — 22(1)12451
+2te?(1 + |z])? {1 +/{ n2(u)p(du)] }

Then, by Gronwall’s inequality, we obtain that

2

IN

2
+e? + &2

/0 o(s, Z5(1))dBs(1)

/Ot /{|u|31} H(s, 25 (1), u) N (ds, du)

)

IA

IN

lu|<1}

E { sup |Z£(1) — Zf(l)F} —0ase— 0. (4.12)

0<t<1

For any small § > 0, there is a T sufficiently large enough such that P(7; > T') < §. Recall
that the processes (S5)i>0 and (S?)i>o are cadlag and continuous, respectively. Then, by (4.12),
we get

P<sup |Sf—S?\>7) < P(sup |Sf—S?|>7;7’1§T>+P(7'1>T)

0<t<m 0<t<m

< p ( sup |Z¢(1) — Z20(1)] > ,y) 45

0<t<T
— 0as €, 0—0.

Additionally, note that S7 =52 +eG(m—, 5% ,&1). Since S _ L S? . we get

€ € € P
1S5, — S0 | < |85 — S%| +eK(1+ S5 _|)|&i| = 0.

1 —
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Thus,
P( sup |Sf—S?|>7> —0ase —0.

0<t<m
Next, we consider {Z(2) : t > 0}, where Z§(2) = 5% . We have
t
252~ 20) = S5 -85+ [ [bls. Z3(2).6) ~ bls. Z2(2), O))ds
0
t t
—1—5/ o(s, Z5(2))dBs(2) + 5/ / H(s, Z5_(2),u)Ny(ds, du).
0 0 J{lul<1}
Using the arguments above here will yield the result

i | sup |2(2) - 28215 sy a0
e—0 OStST 1 1

=0.

For any small § > 0, there exists M > 0 such that P(]S%| > &) < 4. Then, we have that

limsupP( sup  |Z5(2) — Z2(2)| > 7)

e—0 0<t<TATs

< nmsupp( sup [ Z5(2) — Z0(2)| > 7|5, +19%| < M)

e—0 0<t<T
M M
+limsup P |S¢ —S%| > — ) + P ([|S%]| > —
e—0 ' ! 2 ! 4
< 0.

Recall S5, = 52, +¢eG(m—, 5%, , &) and thus as before we have

P( sup |Sf—5?|>'y)—>0ass—>0.

T1<t<T2
By induction on ¢ > 1 we now have

P( sup ]Sf—S?\>”y>—>Oase—>O.

Ti—1<t<T;

As i — o0, it happens to be 7; — 00 a.s., thus for any given T' > 0,6 > 0 there exists 7o € N such
that when ¢ > iy implies P(1; < T) < g. Moreover, we have for every i > 0,6 > 0 there exists &g
such that for all € < g

P( sup  |S¢ — SP| >7) <

T <t 2t

Then, for € < g,

P( sup [S; — S| >7> <
k=

0<t<1

)
P( sup |Sf—5’?|>7><—_.
1 Tp—1<t<7g 210
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Thus,

P( sup |S; — S?| > ’y)
0<t<1

= P( sup |S5 — SP| > ;7 <1) +P( sup S5 — SP| > v, > 1)

0<t<1 0<t<1

< P<7i0<1> ZP(sup 1S5 — SY; 7 1<t<7'k)

0<t<1

< 0.

To wrap it up, since S§ is a semimartingale, by [52, Theorem II.11], we find that for any fixed
e >0,

P
sup |V, = S;| = 0 asn — oco.
0<t<1

Therefore, we can ascertain

P<sup |Yt”’6—Sf|>'y)—>Oase—>O,n—>oo. O
0<t<1

Lemma 4.30 Suppose (A1) and (A2) hold. Let f € CTl’l’l ([0,1] x R? x ©). Then,
_thk 1,5, ——>/fsSO
as € = 0 and n — oo, uniformly in 0 € O.

Proof. We follow the argument of |45 Lemma 3.3|. Using the condition imposed on f and
Lemma [4.29, we get

thk LS /fsS“

tr
/ |f(tk_1,ka_1,0) f(s, Y5, 0) |ds+sup/ |f(s, Y5, 0) f(s,Sg,9)|ds
t

0e0 1= Ju 0cO

IA IA
i 32
\ M

n tr 1
</ sup [(Vef)(tr—1 + v(s — tp1), Y5, 9)|dv) |s —tr_1|ds
1 0

k=1 ti 0cO
1 1
+/ (/ sup|(V.f) (s, 50 +u (Y)* — 50) ,0) ]du) |V — S0%ds
0 0 6€0
’ 1
< C (14 sup [SY+ sup [S5|| |=+ sup [¥]° — S|
s€[0,1] s€[0,1] s€[0,1]

Py,
— Oase —0,n— oo. O
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Define
=inf{t>0:|S;|V|Se | >m}, 720 =inf{t>0:]S}|>m}.

Similar to [46, Lemma 4.3], we can prove the following lemma.

Lemma 4.31 Suppose (A1) and (A2) hold. Then, for any m > 0, 75, Do, 0 ase — 0.

Lemma 4.32 Suppose (A1)—(A3) hold. Let [ € C’Tl’l’l ([0,1] x R x ©). Then, for1 <i<d,

Py,

Zf by, S5 )(S“ e —bi(tk_l,kail,Og)Atkﬂ) o,

as € — 0 and n — oo, uniformly in 6 € O, where Sf’i and b; are the 1™ components of S¢ and b,

respectively, and Ay, | =ty —ty—1 = %

Proof. Recall that

. tg
Sy = kaz . /t bi(s, SZ,00)ds —i—a/ (O’l s,5%)d
k—1

+/ H;(s,55_,u)N(ds, du) +/ (s,55_,u)N (ds,du)).
{lul<1} {\u|>1}

60



Then, we have

i Fltior S5, 0 0) (S7 = S, = biltior, S5 00) D, )
- Z t RN (b (3,58,00)—bi(tk_l,ka_1,90)> ds
— Ju s
+5Z f tio1, S5 0)0i(s, S5)dB,
+5Z ftk 1S5 1,9)/ H;(s,55_,u)N(ds, du)
{lul<1}

+€Z "l S5 1,0)/ Gi(s, S5, u)N(ds, du)
th—1 {|u|>1}
- / F(s, Y, 6) (bu(s, S5, B0) — bils, Y70, 60)) ds
0

1
+€/ f(s, Y% 0)o;(s, S5)dBs
0

1
te / F(s,Y7,0) / Hi(s, 55, w) N (ds, du)
A {lu|<1}

1
ve [ 60720 [ Gils. S wN (s, dw
0 {lul>1}
n th
+ Z / [f(tk—h ka_la 0) - f(37 Y;ME’ 9)] (b (37 Siv 00) - bi(‘sv st’57 00)) ds
k=1 tk—1

+Z " F(ten, S50 0) (bi(s, Y5, 00) — bilty 1, Y%, 00)) ds
th—1

= / [ teen S5 0) — f(5, Y%, 0)]ou(s, S7)dB,

k=1 tk—1
n th

e [0 e SE ) = £GP0 [ il S )N (s, du)
— i {ul<1}

+52/k [f(tk1,s;k1,9>—f(s,1g"»€,e)]/ Gils, S5 u)N(ds, du).

k=1 tp—1 {‘u|>1}

Using the condition imposed on f, (A2), (A3), Lemma Lemma and following the
argument as in the proof of [45] Lemma 3.5|, we can show that all of the above terms converge
to zero in probability as ¢ — 0 and n — oo, uniformly in 6 € ©. O
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Proof of Theorem [4.21. Define

D, .(0) =V, (0) — U, ().

We have )
Ope = argming o P, -(0),
and
- € € * € € 1 €
Cpe(0) = =23 (b(ter, S;,_,.0) — b(te—1, S5,_,.00)) (stk = S = bl S 90))
k=1

1 n
+— > Ib(te—1, S5,_,.0) = b(tr—1, S5, 00)]
k=1

= 31 (0) + 22 (h).

P
By Lemmal4.32{and letting f (¢, z,0) = b;(t, x,0)—b;(t, z,6p), 1 <i < d, we get supgee \@%12(9)] 0
0 as ¢ — 0 and n — co. By Lemma and letting f(t,z,0) = |b(t,z,0) — b(t,z,0)|?, we get

P
SUPpeo |<I>7(122(9) — F(6)] % 0ase— 0and n — oo, where

1
F(6) = / b(t, 52, 60) — b(t, S°, 60)dt.
0

Then, we have that

P
sup|®, () — F(0)] = 0 as e — 0, n — oo.
0co
By (A4) and the continuity of S°, we get

sup —F(0) < —F(0y) =0, V¥é>0.
|0—00]>5

Therefore, the proof is complete by [61, Theorem 5.7|. O

4.4.2 Proof of Theorem M

Note that

n

VoPpe =—2) (Vo) (t-1, 55, ,,0)(S5, — 5;

tk—1
k=1

— b(ty—1, S;

tp—1?

0)A,_.).

Define G c(0) = (G}, .)i<i<p, Where

n

Groc(0) =) (00b) (k1,570 0)(S7, = S, = blth1,55,_,,0) A, ,),  1<i<p,

k=1
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and define
K, :(0) = VG, (0),
G

n
namely, a p X p matrix comprised of (0, ;75)1973-3,. Lastly, define

1

K (9) = / (90, 00,b)" (s, 5%, 0) (b, S°, ) — b, S°, 0))ds — I (9),

) S?

0

and

K(0) = (K7(0))1<i,j<p-

Lemma 4.33 Suppose (A1), (A2) and (A5) hold. Let f € C%’l’l ([0,1] x R? x ©). Then, for
1<i<d and each 0 € O,

127
thk 1%y )(/ o(s,S5)dB, +/ / H;(s,S5_,u)N(ds, du)
te—1 {lul<1}

/ /|u>1} (s, 95, u)N (ds,du))

Lo, /f(s,sg,e)( Z(s,Sg)st+/ H;(s,5° u)N(ds, du)
0 {|u|<1}

4 / Gi(s, S, u)N (ds,du>),
{|u|>1}

as e — 0 and n — oo.

Proof. We follow the arguments of [45] Lemma 3.4] and |46, Lemma 4.6]. Define

n tr
Ane = Zf(tkl,Sf“,@)(/ (s,5%)dB, +/ / H;(s, 55, u)N(ds, du)
th—1 |u|<1}

/ /|u>1} (5,55, u)N (ds,du)),

B = [ 105 vre0) (s a4 [ A 550 s du)
0 {lul<1}

+/ Gi(s,Sc_,u)N (ds,du)).
{lul>1}

We can show that A, . = B, . +op(1). In fact, we have

‘An,s_Bn,sy
n th
<y / b, S5 ,0) — F(s,Y7,0) (s, 57, u) | N (ds, du)
k=1 th—1 {\u|>1}
n th
3 / [f(tk1,ka1,9>—f<s,n"vf,9>](oi<s,ss)d38+ / Hi(s, S, u) N (ds, du))\
k=1 Y tk—1 {lul<1}
= ]n,e+Jn,57
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n e 1
he < sy | ( / r<vtf><tk_1+v<s—tk_1>,m"ﬂe>|dv)|s—tk_1|
0€© V1 Jitpa 0

/ |Gi(s, Sc_,u)|N(ds, du)
{lul>1}

A+l
K
¢ <1+ sup |Sf|> / E(u)N(ds, du)
{Ju[>1}

< =
n t€[0,1]

i 0ase—0,n— oo.
For J, . and 1 > 0, using the stopping time 7;,, Lemma[4.29] Markov’s inequality, and dominated

convergence we have

n t
P( Z [ [f(tkfla Stgk—1 ’ 9) - f(87 }/:snﬁ? 9)] (Ji(s7 Sj)l{SSTrEn}dBS
k=1 " "k-1

+/ Hi(87 Si_a U)]-{SST,,ER}N(dS7 du)) ‘ > n)
{lul<1}

1/2
0) — f(s, Y%, 0)[0f (s, 55)1{s<rfn}d8} )

1 N
(e / Flto, S5
T]( tk1|(k1 et
1 1/2
e )
n

n te
+ ( {Z/ ’f(tkfla ka,la 9) - f<87 YZL’E? 9)‘21{8§Tfn}d5
k

—1 Ylk—1

IN

1 1/2
[ |Hz'(8a5§aU)|2M(dU)1{s§rfn}}d8)

{lul<1}

t 1 2 1/2
/ (/ (Ve f)(tg—1 + v(s — tr—1), Y, 0)|dv|s — tk_1|) 07 (8, S5) L{s<re yds )
t 0

k—1

IN
3| =
Sl=
&
& ——
i

no oty 1 2 1/2
( { / (/ [(Vef)(te—1 +0(s — ty—1), Y5, 0)|dv|s — tkl‘) 1{897%}6[3} )
t_1 0

e
Il
—

1 1/2
E{[ [ 1esi Puldo) e s} )
0 {|u

no 2 1/2
/ (0(1 + \Ys"’aDA) Ls<re yds )
k tp—1

=1 -

1 1/2 1/2
(B{ [asmrrenal ) ([ )
0 {lul<1}

— Oase—0,n— oo,

64



and

P [ st 0 s, 722,00 (165, 55008

k=1 tk—1

+ /{MSI} Hi(s, S5_,u)N(ds, du)) ‘ > n)
< P( >

n th
[ 50 - s 0 (o—i<s, 5%)1(ucrsy 0B
k=1"tk—1

+/ H;(s, Sﬁ_,u)l{s<m}ﬁ(d$,du)>‘ > n) + P(r, < 1)
{lul<1}

— Oase—0,n— o0,

by Lemma 4.31]

Finally, using the condition imposed on f, (A5), [25, Problem 13, page 151], the continuous
mapping theorem, Lemma 4.29| and similar arguments as above, we can show that

1
B,. % / f(s,Sg,G)(ai(s,Sg)st—i— / Hy(s, 5, u) N (ds, du)
0 {

lu|<1}

+/ Gi(s, Sg,u)N(ds,du)>
{lul>1}

as € = 0 and n — oo. |

Lemma 4.34 Suppose (A1)—(A6) hold. Then, for 1 <i <p,

1
e'GY _(6) Do, /((%ib)*(s,Sg,Ho)<a(s,S§)dBS—|—/ H(s,S% u)N(ds, du)
0 {lul<1}
+/ G(s,SS,u)N(ds,du))
{lul>1}

as e — 0 and n — oo.

Proof. We follow the arguments of [45, Lemma 3.6] and [46] Lemma 4.7]. For 1 < i < p, we
have

5_1Giz,a (90)

= &) (09,b)" (teo1, 55, 00)(S5, — S5, — b(tk1, S5, 00) A1)

k=1
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n tr
= ') (Oo,b) (te1, S5, 00) / (b(s, S2,00) — b(tr—1, S5, 00))ds
k— lg—1

1

n tr ~
+ ) (09,b) (g1, S} 90)/ (U(S,Sj)st—l—/ H(s,S:_,u)N(ds,du)
tk—1

te—17
k=1 {lul<1}

—l—/ G(s,Xj_,u)N(ds,du))
{lu[>1}
= HJ(00) + H(0p)-

Using Lemma with f(t,z,0) = (9p,b;(t,2,0))*(t,x,0) and 0 =6, for 1 <i <p, 1< j <d,
we get

1
o) [ ony (o5t (o6, B+ [ Hs 00N (s
0 {lul<1}
+/ G(S,SE,U)N(dS,dU))
{lul>1}

as € — 0 and n — oo.

For Hﬁg(@o), given s € [ty_1, tg], we have that

S; — S5

s tk—1

_ / (b(r, 5%, 00) — b(ts_. S5 00))dr + b(ts_, S5 00)(s — ty1)
tp—1

Y T

+5/ <0(3,S§)dBS—|—/ H(S,Si_,u)]v(ds,du)—i—/ G(s, Si_,u)N(ds,du)).
th1 {Ju[>1}

{lul<1}

Using the Lipschitz condition on b and the Cauchy-Schwarz, we get

s 2
|S§ - ka71 |2 S 2 / (b(’/’, S:f, 90) - b(tk_l, Stsk—l’ 90))d7“
tp—1
—I—Z{ b(tk—1,S%,_,,00)[(s — tp1) + 5/ (0(7’, S2)dB,
tp—1

2
+/ H(r, Sf_,u)]v(dr, du) +/ G(r,S;_,u)N(dr, du))}
{lul<1} {lul>1}

s 2
2K2n_1 </ |S§ - kail |d7”) + 2{n_1|b(tk_1, Stek,ﬂ 60)|
t

k—1

IN

/ (0(7’, S:)dB, + / H(r,S;_,u)N(dr,du)
te—1

+e& sup
{lul<1}

t—1<s<tg

2
+/ G(r,S;_,u)N(dr, du))’} :
{lul>1}
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Now applying Gronwall’s inequality, we get

sup |SE —

t—1<s<ilg

V2eKn™? (nl |b(tr—1, 55, 60)]

tk 1|

IN

+& sup

tp—1<s<ty

/ o(r, 5°)dB, + / H(r, S, ) N(dr, du) + / G(r, S u)N(dr, du)
t—1 {lul<1} {lu[>1}

Further, by the Lipschitz condition on b and (A3), we obtain that

|H) (00)| 111272

tg
< ¢ Z ’(89 b>*(tk*1’ Stgk_lveo)’ ’ / |(b(3> S§> 90) - b(tkfb kav 90))’1{S§Tfn}ds
k=1 tp—1
n e
< e 1(00) (tho1, S5, 00)] [/ K|S5 = 55, lds + Cn~' (1 4+ m)*
k=1 th—1
< Z] (09,0)" (tk-1, 55, 00) [K! sup |55 —S; 1\+C’(1—|—m)
te—1<s<tg
S ﬁ(ng)_lKeKQn ! Z | a@ tk,’ 17 ,90)’ : |b(tk:—17 Stak_ly 90)‘

V2 LK Z| (Op,b)" (tr—1,S;,_ 5 00)]

sup
te_1<s<tp

+C( Z’ 89 tk 1, tk 1790>’

AV (00) + H: 2>(9 )+ HP (0).

n,e

/ o(r, Sf)dBT—l—/ H(r,S:_,u)N(dr, du) + / G(r,S;_,u)N(dr,du)
th—1 {lul<1} {lu|>1}

By (A2) and (A3), we can show that all of the above terms converge to zero in probability as
£ — 0 and n — oo. Finally, the proof is completed by Lemma [4.31] 0

Lemma 4.35 Assume that conditions (A1)-(A6) hold and I(6y) is positive definite. Then,

P90

sup [ K (0) — K(0)] —
/e

as e — 0 and n — oo.
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Proof. We follow the argument of [45] Lemma 3.7|. For 1 < i,j < p, we have
Krlzj,a(e) = 693' G}n,a(e)

= > (99,00,0)" (tr-1, S5, . 0)(S5, — S5, = b(ta1, S5, 00) A, )
k=1

+n_1 Z ((89].(991.6)*(15;@_1, Stsk—l’ 9) (b(tk_l, ka—l’ 80) — b(tk_l, Stak,lﬁ 9))

k=1
—(0p,b)" (tr—1, 5%, ,,0)00,b(tr—1,5%, ., 9))
— K0+ K20,

By application of Lemma and setting f(t,x,0) = 0y, 00,bi(t, 2,0), 1 < 1,5 <p,1 <1< d, we
get
g P
sup |K;{;:_(1)(9)| % 0 ase— 0,n — oo
e

By application of Lemma and setting f(t,2,0) = (0p,09,0)*(t, x,0)(b(t, x,00) — b(t,z,0)) —
(O;0)*(t,2,0)00,b(t, x,0), we get

g g P
sup ]K;L{;S(Q)(Q) — KY9(0)] =% 0 as ¢ — 0,n — 0o,
0€0

Therefore, the proof is complete. O

Proof of Theorem [4.22] The proof is very similar to that given in [45]. For the sake of
completeness, we still include it here. We follow the arguments of [60] and [45]. Consider the
closed ball

B(0o;p) :==1{0:10 — 6| < p}, p>0.
Using the established consistency of estimator én’s from Theorem we can find a sequence
Mne — 0 as € = 0 and n — oo such that

~

B(eo;'f]n,g) C @ and Pgo(en,s € B(Ho,nw)) — 1.

By application of Taylor’s theorem when énﬁ € B(0o;nnc), we get

A

Dn,aTn,a - 5_1(Gn,€(9n,a) - Gn,a(QO))a

where D, . = fol K, e(6p + u(éna — 0y))du and T, . = zs_l(én,E — 0) as B(6o;nne) is a convex
subset of the parameter space ©. We have

‘Dn,s - KTL,E(OO)‘1{0An,5€B(90§7]n,6)}
sup K (0) — K o(60)]

0€B(60;1n,c)

< sup [Kn (0) - K(0)|+ sup  |K(0) = K(6o)| + [Kne(0o) — K(6o)]-

0€B(00;mn,c) 0€B(00;Mn,c)

IN
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Hence, by Lemma we obtain that

Py
D,.— K,. —0ase— 0,n— cc.

Noting that K () is continuous with respect to § and —K(6y) = I(fy) is positive definite;
hence, there exists 6 > 0 such that

inf |K(6)w| > 26. (4.13)

lw|=1

Choosing such a § > 0, there exist €(d) > 0 and N(J) > 0 such that for all £ € (0,¢(d)), n > N(9)
we have

J
B(0o; nne) C © and |K(0) — K(6y)| < 3 for 0 € B(0y; ).
Choose a 0 > 0 satisfying (4.13]) and set

~

)
e = { sup |K,:(0) — K(6p)| < =;6nc € B(bo; nma)}.

|0—00|<nn,e

\)

Now, for € € (0,£(0)) and n > N(6), on the set I', . we have

sup |(Dn,e — K(6o))w|

lw]=1

< sup

lw|=1

1
<Dn,€ - / Kn,zs(eo + U(énﬁ — 90))du)w'
0

+ sup

jwl=1

( /0 Ko (B0 + u(By — 60))d — K(GO))w‘

)
<  sup  |K,(0) - K(@©O)|+
16—60|<mn < 2
< 0
Namely, on the set T',, . and the result of (4.13), we have

inf |D, w| > |iI|1_f1 |K(0p)w| — inf |(Dye— K(6p))w| > 6 > 0.

|lw|=1 |w|=1
Set ©,,. = { D, is invertible, én,a € B(6p;mn:)}. Then, by Lemma we get

Py, (D) > Ppy(I'yc) > Lase — 0,n — oo.

Set
Un,e = Dn751©n,5 _'_ Ipxp1®%767

where I, is the identity matrix. Now,
P
|Un,6 - K(‘90>| < |Dn,s - K(QO)HDW + |IP><P - K(QO)HD%,e —90_> 0
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since Py, (®,,) — 1. Thus, by Lemma we obtain that

Tn,a = U;;Dn,aTn,e 1©n,5 + Tn,a 1@%,5
= Upi(—e (Gne(00)))1o, . + Tnelo;,

Py 11(9y) ( / Oy (r 59,9){a(r, S0)dB,

+/ Hr, Sf,u)]v(dr, du) +/ G(r,S% u)N(dr, du)})
{lul<1} {Jul>1}

1<i<p

as € — 0 and n — oo. The proof is complete.
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4.5 Conclusion

The novelty of this chapter is:

e Estimating the unknown period of a time-dependent periodic transmission function as well
as its unknown coefficients.

e The introduction and use of a Linear-Search Gradient-Descent algorithm to iteratively solve
for suitable approximations to the LSEs.

e Parameter estimation results for when the noise coefficient (diffusion matrix) is a non-square
or non-invertible matrix.

e Extending asymptotic results for consistency and rate of convergence given by Long et al.
in [46] to include SDEs driven by general Lévy noises with time-dependent coefficients.

We aimed to study the ability to estimate periodic transmission parameters for a stochastic
SIR model. The model comes in one of two forms, population proportions or population numbers,
both of which we have given simulation studies on which we are able to estimate the period of a
periodic transmission function effectively.

The theoretical results show that these estimations efforts hold in general. These results aid
in generalizing existing efforts in the literature on parameter estimation for SDEs driven by Lévy
noises with small coefficient €. Moreover, despite our use case, the given results on asymptotics
are not limited to the study of epidemiological models.
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Chapter 5

Parameter estimation of stochastic SIR model with COVID-
19 data from New York City

5.1 Introduction

The COVID-19 pandemic erupted in early 2020, with the disease spreading at an alarming rate
towards the end of 2019 and the beginning of the new year. Several factors contributed to this,
including widespread travel, insufficient testing in the early stages, and a lack of preventative
measures to control the spread of the infection. Indeed, events such as COVID-19 will spur
research using SDEs and parameter estimation to understand the event better. Some notable
recent works are available in the literature (cf. [1}, 2 14l 10} 48] 33, 50l 57 58, 63]).

Over three years since the pandemic began, we have gained valuable insights into its behaviour.
With this knowledge, we are better equipped to face future pandemics caused by similarly infec-
tious diseases. One of the defining features of the pandemic was the recurring waves of positive
cases that surged and subsided as preventative measures were implemented or relaxed. Moreover,
the abundance of infectious waves raises the question of how we can study these seemingly peri-
odic occurrences and in fact, the study of the various waves occurring in the pandemic has been
studied as well (cf. |2, 48] 50]). We also observed different variants of the disease, each with vary-
ing transmissibility levels and specific symptoms. Another notable driving force of the pandemic
was that worldwide travel is commonplace; hence it is necessary to consider the importation and
exportation of disease as another defining feature of the pandemic.

The classical SIR model can provide a basic understanding of pandemics, but it falls short
when capturing the reality of COVID-19 as it does not contain the complexity possible in the
USSIR. Our studies not only confirmed the existence of unique, strong solutions for USSIR but
also delved into the long-term behaviours of the disease. However, as the COVID-19 pandemic
is a recent event, it will take time to study the dynamics of disease persistence and extinction
thoroughly. Hence, in this chapter, the work is an application of the theoretical results presented
in Chapter 4 (cf. [22, E. and Sun]).

Many epidemiological models include birth and natural mortality rate; however, we omit these
features here as this study was not concerned with a long period of time, and over a matter of a few
years, birth and death rates remain relatively stable. Moreover, the population we consider is in
the millions; hence, minor birth and natural death variations will not make a noticeable difference.
Also noteworthy is that the distribution of vaccinations in the United States commenced in the
latter part of 2020, approximately one year following the onset of the pandemic; moreover, it’s
important to remember that the vaccine’s widespread administration to prevent infections was
not an immediate process. Thus, in the studies herein, we do not yet consider the impact of the
vaccines.

72



5.2 Model and methodology

As before, we make no assumptions about the explicit form of the noise, simply that it is a Lévy
noise with a small dispersion rate given by e. Consider the following small-noise proportional
stochastic SIR model, which generalizes equation (1) given in [57] by N. Stollenwerk et al.

X, —B()X(Y; + 0) dL;"
dY, | = [B()X:(Y + 0) — 7Y, | dt + eo(t, X, Y, Z4) dL?) ) (5.1)
dZ, 7Y; dng)

where in the drift portion 5(t) is a non-negative periodic transmission function, ¢ € R is the
import/export rate and 4 > 0 is the removal rate. As for the noise portion, £ € (0,1) is the
small dispersion rate and o(t, X;_,Y;_,Z, ) is an unknown time-dependant noise coefficient of
the present Lévy noise L; = [Lgl), L£2), L§3)].

We consider two versions of 5(t):

(V1) B(t) = ap + ay cos (%t) + ag sin <277rt>

or

2 2 4 4
(V2) B(t) = ap + a cos (%t) + aysin (%t) + a3 €os <§t> + ay sin (%t) :
with 8 € (0,1),a; > 0;7 € {0,1,2,3,4}.

Stochastic SIR model generalizes model (1) given in [57] by N. Stollenwerk et al. by the
inclusion of small Lévy noise and a periodic transmission. Moreover, model is an explicit
form that falls under our work on the USSIR in |2I]. Furthermore, we can ascertain the existence
of a unique, strong solution by [2I, Theorem 2.1, E. and Sun].

In order to complete our parameter estimation, we recall the contrast function given in Chapter
4 as

where
Xt — X — 3=t ) XL + )
PL(U) = | Yo — Yyl — L(B(ty0) Xpta (Vo' 4 ) = Yi)
data data 1 data
Ztk o Ztk—l o ﬁfYY;kq
arising from the real-world data for k € {1,...,n}, where n is the number of observations. Let

Up be a minimum contrast estimator, i.e., a random variable satisfying

~

Up e = argming oW, (V).
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As we pointed out in Chapter 4, finding a closed form of @n,a is rather difficult; hence, in the
same fashion as our previous work, we find suitable approximations 19;5 of 19,1’6. We do so by the
same methodology in that work, using the LS-GD algorithm. In order to make use of the LS-GD
algorithm, we need to set the test values of the unknown period 6. As before, we perform our
estimation from the time ¢t = 0 to ¢ = 1 thus we chose 100 test values of #, denoted by 6 such
that 6 ~ Uniform(i=t, ) (cf. [21, Algorithm 1, page 7, E. and Sun]).

100 ’ 100

The unknown period parameter § and the import/export parameter ¢ are central to our
interests here. Given our estimation from time t = 0 to 1 and the correspondence to the data
being daily, each test value 0 taking some value s € (0,1) then corresponds to a proportion
(percentage) of time for the unknown transmission period; hence the found value is translatable
to the number of days corresponding to the same proportion for the total observed days.

As the values for susceptible, infected and removed /recovered are represented proportionally,
we interpret the import /export rate o value to correspond to a proportional quantity of incoming
or outgoing infectives. Moreover, if the value obtained is negative, then we take this to signal
that the number of infected being exported is greater than the number imported and should that
value be positive, then we take it to mean the inverse.

Upon finishing the estimation, we continue following our previous study regime, where we
take the real-world data and compare it to the estimated outcomes using the returned parameter
values. The real-world data is used to specify the three compartments: susceptible, infected and
recovered /removed. This conversion gives us the data in a form where it is possible to compare
with the estimated results of each compartment quickly.

5.3 Data for NYC

For our data analyses, we use data available for New York City, which was made publicly available
at JHU CSSE COVID-19 Data (cf. [19]). More specifically, the data we utilize is the daily
confirmed cases from which we can obtain the cumulative confirmed cases and the daily deaths
which are COVID-19 related. Although this data is incomplete, as is often the case with real-world
data, it is sufficient to accomplish our estimation efforts. In Figure [25/ below, the confirmed cases
for the first 6560 days of the pandemic are displayed. The recommendation to stay-at-home began
on 14 March 2020 in New York, and on 20 March 2020, the governor of New York implemented
the PAUSE order mandating the first lockdown for the state-including New York City.
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Figure 25: NYC confirmed cases for the first 650 days beginning 1 March 2020.

In the work we completed in [21, 22], we consider a model in which each compartment has
a non-zero initial state, and this is true of our application here. The first cases of COVID-19
appeared in NYC at the start of March 2020, and by the lockdown mandate on 20 March 2020,
there had already been both infections and deaths, thus giving us suitable data to study the model
with non-zero initial values in each compartment: susceptible, infected and removed. This gives
us a sample size of 630 days to work with for our estimation regime. NYC is an ideal candidate for
our study as there is readily available data, and it is also a densely populated and well-travelled
geographical location (i.e., the importance of the inclusion of import/export in the model )

Vaccination in NYC began at the start of 2021; however, according to NYC Health vaccination
data only 24.2% of the city had received at least the first dose of the vaccine by 20 March 2021
(cf. [49]). This is a full year (365) days after the day we utilized as the start of our studies;
namely, there remained millions of susceptible people in NYC. Moreover, as seen in Figure [25],
the second significant wave of confirmed cases peaked not much after 300 days since 1 March
2020. The importance of this information is that in our study, as mentioned, it took much time
to ensure enough of the population was vaccinated to impact the spread of COVID-19; hence we
are justified in the omission of vaccination in the work presented here. Moreover, it was not for
another 7-14 days after the second dose that protection from infection was in effect, where the
second dose would be administered four weeks after the first dose—this further elaborates the time
needed for widespread vaccination to become effective in infection prevention and future work
will include the consideration of vaccines.

5.4 Available data conversion to susceptible, infected and removed com-
partments

John Hopkins University (JHU) mortality analyses study of COVID-19 gave a case fatality be-
tween 0.1% —4.9% depending on country with the United States having a rate at 1.1%. We use an
average of 14 days for recovery from COVID-19 since many sources have estimated the recovery
period to be between 7 and 21 days.

Since we make use of available data on confirmed cases and deaths, it makes the most sense to
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begin to construct the infected compartment of the model. Along with the available data, we form
the infected compartment for a given day n by taking the total cumulative amount of confirmed
cases up to that day and removing 98.9% of the confirmed cases for the preceding 14 days prior to
day n when n > 14 and also subtracting the number of deaths which occurred that day-the 98.9%
originates from 1.1% case fatality rate given by JHU. The susceptible compartment is calculated
by starting with a population of 8 million and subtracting the infected amount. Finally, the
removed amount is calculated as the sum of the deaths and those removed from the infected
compartment after the 14-day recovery period has passed.

Lastly, each compartment is normalized by the total population. Per the obtained results in
Chapters 3 and 4, we find no detriment to our studies by choosing the proportional model form for
this data analysis. Moreover, the proportional model has an advantage in that it quickly provides
the percentage of the total population that each compartment contributes; moreover, percentages
are more easily understood than raw numbers, especially given the population of NYC is in the
multi-millions.

5.5 Results

Below we include plots, values of the estimated parameters and a metric of the estimation. The
metric we use is the same as given in |22 Section 3.3, E. and Sun]|, that is, the component-wise
MSE; the component-wise MSE allows us to measure our results for each component. To recall
its form, it is given as

630

1 , A , )
MSE(Vl) = @ Z [(chata o Xte:tzmated)27 (Y;;lata o Y;istzmated)Q’ (Zzi]:zta _ Zf:tzmated)Q ,b = 17 2.
k=1

The results for model (5.1)) with (V1) and (V2) of 5(t) will appear on the next two pages,
respectively.

Remark 5.36 Recall the number of days we use is 630; hence, the appearance of 630 in the above
sum.
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First, we begin with the results of the estimation for model (5.1)) with (V1) of 5(¢) as follows
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Figure 26: Data and estimation results compared using (V1) B(%).

0 0.4253264872306153

o 16.512145245907206

oy 6.650423177688102

% 0.353434244651672

o | 0.0027282688418273957

0 29.11209168217865

Table 7: Estimated parameters of model 1) for (V1) of p(t).

These parameters yield

0.0016169192753345636
MSEw1) = [4.4186570235619574 - 1076
0.0016169192753345636
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We present here the results when utilizing (V2) of (¢):
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Figure 27: Data and estimation results compared using (V2) B(%).

0 0.4149391426488074

oo 20.46707762062233

o 0.852151299221485

% 7.654681611402113

o 6.85271727216665

oy | 3.542677117346328 - 10712

o | 0.0016373669036948662

y 28.98752767851761

Table 8: Estimated parameters of model || for (V2) of g(t).

These parameters yield

6.190004147478986 - 10~°
MSE~2) = [4.837478808802567 - 1076
6.190004147478986 - 10~°

As we can see in the metrics for (V1) and (V2), the accuracy with respect to the infected
compartment of (V1) is marginally better than (V2); however, given how close they are this is
not of concern. Another finding of interest is that in the plots, we can see (V2) does yield more
similarity to the path of the data than that of (V1); regardless, at present, there seems little to
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no benefit in increasing the number of «;,7 > 4 in §(¢)-this would only increase the time cost of
computation.

Given the results above, periodicity is clearly a feature of the COVID-19 pandemic. Moreover,
our findings yield a period in real-world days to be in the vicinity of 260 days. There is still
much to learn about what forces impact this periodicity, but we are now better equipped to study
and understand this phenomenon. Additionally, the inclusion of import and export is a logical
topic of study, given the disease would not have grown to be a pandemic had it not been for
the importation and exportation of the disease occurring due to travelling infected people. Both
estimations presented here (i.e., the use of (V1) and (V2)) yielded a positive import /export rate o
which signals there was a net increase of infected coming into NYC-from a real-world perspective,
this is reasonable as NYC is a very popular travel destination.

With the estimation results in hand, predictive analysis is performed on 315 days beyond the
630 days utilized in the estimation regime. As (V1) yielded the smaller metric (with respect to the
infected compartment), we use the resultant parameters from (V1) to complete our prediction.
Recall that time ¢t = 0 to 1 corresponds to 630 days beginning on 20 March 2020; thus, in the
following for time ¢ > 1, the correspondence is with days 651 to 965. Namely, the following plot
contains the simulation using the found parameters against the data for time t = 0 until ¢ = 1.5
corresponding to 945 days commencing from 20 March 2020.

0.04 H

0.0 0.5 1.0 1.5 0.0 0.5 1.0 15
t t t

Figure 28: Data and predictive analysis simulation using (V1) 3(¢).

Given this plot, there are two key characteristics to take away: the first is the significant spike
in the infected compartment shortly after time t = 1; the second is that despite the significant
spike in infected, the estimated infected Y,%™ma¢d ig reasonably close to the data infected Y2t
after the significant spike, that is the section between approximately time ¢ = 1.15 to 1.5. At
initial thought, the significant spike and seemingly inaccuracy of the prediction for the time
approximately ¢ = 1 to 1.15 appear concerning, but if we revisit the data, we find an explanation.
Namely, if we consider the number of confirmed cases and the number of COVID-19 tests over
the first 965 days, we see a clear explanation—see the following plot.
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Figure 29: NYC daily tests and daily confirmed cases for first 965 days.

As can be seen in the plot, there is a sharp increase in both cases and COVID-19 tests
simultaneously. This is no accident; these spikes began with the start of the holiday season in
December 2021; namely, a time of year with an abundance of travel and at a time there was fear of
another potential lockdown; hence many more tests were being administered, which indeed would
correspond to an increase in confirmed cases. Recall that confirmed cases are the most crucial
data we have for the modelling and estimation completed herein, and this signals the importance
of data reporting at all times but especially during a pandemic. Moreover, it would be unwise
to think that the amount of data available captures the actual number of infected; that is, we
should expect the data to give an underestimation of the actual number of infected ultimately.

5.6 Closing remarks and data availability

These results are novel in the realm of studying epidemiological phenomena by use of SDEs. In
the study and parameter estimation of a (stochastic) SIR model, the number of parameters is
often limited to a transmission rate S and recovery rate ; however, we established results inter-
pretable in the real-world via a much more complex system than that of the classical formulation.
Furthermore, the presence of time-dependency and periodicity contributed to a much more real-
istic scenario. Additionally, these results validate the theoretical results given in Chapter 4 (cf.
22]).

All data and sources used herein are cited and available for use by the public. The data
from John Hopkins University is licensed under the Creative Commons Attribution 4.0 Interna-
tional (CC BY 4.0) by John Hopkins University on behalf of its Centre for Systems Science in
Engineering. (©)John Hopkins University 2020.
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Chapter 6
Discussion

This work stems from the novel results we accomplished across [21], 22] E. and Sun| and ultimately
adds to the available literature for future studies of computational epidemiology. Here we give a
discussion of these contributions and paths forward for those who wish to continue this work.

6.1 Contributions of thesis

The contributions of the thesis are:

e Novel framework (the USSIR) generalizing the study of stochastic SIR models
This work establishes a framework to more readily handle the complexity of disease out-
breaks as they happen in the real-world. For us, COVID-19 was the disease studied, but
the results are not isolated to this particular disease. Moreover, the robust model includes
two forms (proportional and population numbers), time-dependency, periodicity and driving
noise that can be made rather general and complex. Results were provided to understand
a disease’s critical extinction and persistence dynamics without relying on an explicit form
of coefficients determining these behaviours.

e Parameter estimation of a time-dependent stochastic SIR model with periodic
transmission
Periodic behaviour is a natural occurrence in the world; thus, questions about the existence
of periodicity in disease dynamics are a logical inquiry. As seen with COVID-19, there have
been waves, and where there are waves, there is periodicity.

e Contrast function V¥, .(¢) for obtaining least-squares estimators for time-dependent

models without explicit knowledge of noise

Many models require time-dependency; for us, that necessity was the notion of periodic-
ity of transmission. The presence of unavoidable noise is a fact regarding data collection.
Fortunately, Lévy noises are general enough that it is reasonable to assume the noise may
be modelled by a Lévy process but beyond this, we cannot always ensure we can precisely
give the explicit form of the process. Our contrast function ¥, () and the consistency and
rate of convergence results show that we can still obtain relevant results when estimating
parameters without abundant information on the noise-including time-dependent models.

e The linear-search gradient-descent algorithm
Given an estimation regime, obtaining estimators in closed-form is not always a convenient
task; furthermore, it simply may not be possible, as is often the case in theory and prac-
tice, it suffices to find suitable approximations, specifically for us, approximations to LSE
estimators. Estimation is no easy task; if there is interaction among parameters, the task
becomes even more difficult. Recall the definition of our periodic transmission function /3(t),
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and so it is easy to see that given the multiplication of an unknown scalar parameter and
a trigonometric function with an unknown period parameter, inter-play occurs between
unknown parameters. Thus, the power of LS-GD was the ability to iteratively circumvent
this problem by fixing an unknown period and then carrying out the estimation of the scalar
factor by established methods.

e Application to real-world COVID-19 data

The work would have been incomplete without some validation of the theoretical work
herein. In a world where data collection is at an all-time high, applying the theoretical
results we have achieved to some real data was a reasonable task. Namely, the data for New
York City is plentiful; however, data collection is far from perfect. The use of a periodic
transmission function was validated and provided insight into the different waves of COVID-
19. The importation and exportation of COVID-19 is a reality, one which did not require
the work here to ascertain, but nonetheless, our work shows it is possible to quantify this
feature, thus expanding our ability to understand pandemics.

6.2 Future work

Work of this sort answers some questions but ultimately opens up new questions. Some potential
follow-ups we wish to explore are:

e Continuing studies of the USSIR
The USSIR model is very general, but this can be made more general. Namely, since our
work focused on strong solutions to the coupled SDEs it merits an investigation into weak
solutions under weaker conditions placed upon the coefficient functions.

Another direction worth pursuing is, if we consider the COVID-19 pandemic, some events
impacted disease spread, such as the widespread use of lockdowns or the development of
vaccinations. For such scenarios, it could be advantageous to have a model which considers
these (time-dependent) events. An investigation into a piece-wise USSIR model would
allow for the inclusion of time-dependent events, which can significantly impact the form
of the model. Namely, a model in which there are no features for lockdown or vaccination
prior to some time 7" but after this time, such features are present (e.g., the widespread
administration of vaccines is an event that can shape the dynamics of disease spread, thus
making sense to include two different transmission functions triggered by some time 7T,
say [B1(t),t < T and fBy(t),T > T, which are pre-vaccine and post-vaccine, respectively).
This is especially important when considering estimation, as the parameter values can differ
between the absence of vaccinations and the abundance of vaccinated (immune) people).
Additionally, using real-world data, we acknowledge that the reported quantities are not
the true values of the quantities we wish to study. Hence, in the future, we will consider
a filtering approach to data analysis with real-world data to account for the disparities
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between the observed quantities and the true quantities. To further investigate the gaps
between observed and true states, we wish to include the introduction of hidden states
in subsequent studies and applications of the USSIR model-particularly when considering
real-world data.

Another area of interest is the inclusion of random coefficients in the SDEs defining the
USSIR. Higa et al. [34] have previously considered and obtained results on the existence
and uniqueness of solutions to Stratonovich SDEs with random coefficients. The use of Lévy
noise to drive our SDEs dramatically increases the realism of our model; that is, this captures
the environmental fluctuations. Now consider the scenario in which the transmission or
recovery from the infection is modelable by a random process; namely, they have their own
"noise" disjointed from the environmental noises explained by the driving Lévy processes.
Gourieroux and Lu [28] considered a remarkable deterministic SIR model with functional
transmission; they then extended it to a stochastic transmission; in other words, they
considered a random differential equation SIR model. Diseases and how they spread are
indeed very complex, and to understand them better, we should consider all the possible
ways in which noise (randomness) impacts the disease-spread dynamics.

e Optimization of LS-GD
The LS-GD was immensely useful in our work but was also computationally costly; hence,
optimizing the algorithm would significantly improve its applicability. The fastest way to
optimize it would be to reduce the time of the linear-search portion, that is, the part of the
algorithm utilized for fixing the unknown period parameter in our periodic transmission.

We wish to thank Professor Michael Kouritzin for invaluable discussion, insights and suggestions
regarding future work we aim to pursue.
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