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Abstract: Stress is the body’s response to something that requires action or attention. In general,
anything that poses a real challenge or threat to a person’s well-being can cause stress. Stress can
slow down a person’s well-being activities. Often, you might not know whether you are stressed, if
you are under too much stress, or when it is time to seek help. This paper presents a mathematical
model with time delay subject to a person’s stress for early stress detection to assess whether a person
is stress-free, has stress but is undetected, or has stress in any specific state such as minor, moderate,
or severe stress. Being more alert to the effects of stress and reducing the uncertainty of undetected
stress, or better, preventing it, may help people, especially teens, manage it more effectively and
cope better, even a person happens to be stressed. The model can be extended to study the effects of
multiple stress factors in light of the prolonged COVID-19 pandemic on people’s mental stress.
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1. Introduction

Stress is a natural feeling of not being able to cope with specific activities, and it can
become harmful or a chronic condition if a person does not know how to handle it in
certain situations. Such situations can be from work, relationships, and peers. It is difficult
to live stress-free in our busy daily lives. Stress levels are higher than pre-pandemic levels
according to the American Psychological Association (APA) [1]. According to the APA,
the average reported level of stress during the pandemic in 2021 among all adults was 5.0,
which was slightly higher than the pre-pandemic level in 2019, which was 4.9, and in 2017,
which was 4.8.

The outbreak of COVID-19 rapidly spread to more than 220 countries around the
world, including the United States [2]. As of 15 November 2022, there have been more
than 98 million confirmed COVID-19 cases and more than 1 million reported deaths in
the U.S. [3]. Worldwide, there have been over 635 million confirmed cases and more than
6.6 million reported deaths [3]. The COVID-19 pandemic has changed our daily lives, in
which almost everyone depends on the internet. American users spent, on average, 65 min
on social media daily in 2020 compared to 56 min in 2019 [4], and global internet users spent
2 h and 29 min on social media daily [5]. With our regular to-do list each day including
the use of social media and networks such as emails, Facebook, etc., coping with stress in
healthy ways can seem impossible to achieve. However, how do you know when you are
under too much stress, and how much stress is too much?

Stress is considered to be something that causes distress and can cause mental health
problems. If you experience lots of stress, for example, it might cause you to develop a
mental health problem such as depression. However, not all stress is bad because, on some
occasions, increased stress (i.e., healthy stress) results in increased productivity and even
can help you survive in a dangerous situation. For example, the stress of having a project
deadline for your job may push you to finish your project on time. Once you complete it,
the stress may go away.
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Many of us are often facing challenges related to work, school, financial burdens, or
relationships, which can be stressful. Learning to cope with stress early on will help you
and the people around you become more resilient. Stress can cause [6]:

e  Anger, worry, frustration, and difficulty making decisions;
e  Sleeping problems, headaches, chronic health problems, and mental health conditions.

The COVID-19 pandemic has significantly changed and affected our daily lives. It
had a severe impact on the mental stress and health of people. According to The American
Institute of Stress [7], about 33% of American people report feeling extreme stress; 77% of
people experience stress that affects their physical health; 73% of people have stress that
impacts their mental health; and 48% of people have trouble sleeping because of stress.
Based on the APA [1], more than 60% of people had gained or lost an undesired amount of
weight, at least 65% were not getting their desired amount of sleep, and about 48% said the
level of stress in their life had increased compared with before the COVID-19 pandemic.
The Global Organization for Stress [8] reported that stress is the number one health concern of
high school students. A study conducted from January to June 2021 observed that 37% of
U.S. high school students reported regular mental health struggles during the COVID-19
pandemic [9].

The Harris Poll conducted a survey in 2021 which showed that 32% of adults are
sometimes stressed about the coronavirus pandemic, and 63% agreed that the uncertainty
of the next few months likely causes them stress [10]. The pandemic also causes stress
among different groups of people. For example, Hispanic adults were more likely than non-
Hispanic White adults to say decision making has become more stressful compared with
before the pandemic (day-to-day decisions: 44% vs. 34%; major decisions: 40% vs. 32%).

After School [11] polled high school students in the U.S. in 2018, and more than
35,500 students participated in the survey on the topic of stress and mental health. The
results showed that: (i) about 45% of teens are stressed “all the time” and 37% of teens
are “sometimes” stressed, but only 6.3% of teens are “never” stressed, and 27.22% of teens
stated that relationships were the most likely cause of stress. The top five states in which
teens say they are stressed “all the time” are New Mexico (57.8%), Rhode Island (56.8%),
West Virginia (54.3%), Virginia (51.2%), and Kentucky (50.5%) based on the After School
data. On the other hand, the top five states in which teens are “never” stressed include
Hawaii (14.3%), Maryland (12%), the District of Columbia (10%), South Carolina (9.4%),
and Florida (9.3%). The results also showed that more than 82% teens in Chicago and
Houston Cityare stressed “sometimes” or “all the time”, whereas about 80% teens in Dallas
(Texas) and New York (NY) are stressed “sometimes” or “all the time”.

Schokkenbroek et al. [12] conducted an online survey among 2889 respondents be-
tween 3 and 17 April 2020. Their findings showed that people experienced more stress
during the COVID-19 pandemic lockdown than before the pandemic. According to the
National Institute of Mental Health [13], 1 in 5 U.S. adults live with a moderate to severe
mental health condition, and 1 in 20 U.S. adults experience serious mental illness each
year [14]. The WHO [15] reported that there has been a sharp rise in the number of people
experiencing mental health problems in recent years. The global prevalence of anxiety and
depression increased by a massive 25% during the first year of the COVID-19 pandemic [15].

The pandemic may cause stress for many people as they deal with uncertainty and
disruptions to their daily lives. Coronavirus has upended life in so many ways. Coping
with COVID restrictions is only part of the disruption. Many of our everyday decisions
can affect our health and safety. Quach et al. [16] conducted a study focusing on the
Asian American community’s experiences during the COVID-19 pandemic in the San
Francisco Bay area, California, between 20 May and 23 June 2020. They found that among
1297 Asian American respondents, about 67% and 22.6% reported feeling stressed and
depressed, respectively. Daimer et al. [17] showed a strong impact of the COVID-19 pandemic
and that related concerns and social adversity affected anxiety and depression based on
an online survey in Germany and the United Kingdom over 1 year during the COVID-19
pandemic. Wani et al. [18] presented an approach for early depression detection using
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advanced natural language processing and deep learning techniques in designing an
efficient system to detect major depressive symptoms at an early stage.

The COVID-19 pandemic has affected almost everyone. Schuller et al. [19] recently
discussed the impacts on mental health due to the COVID-19 pandemic. In general, the
effects of the COVID-19 pandemic were unanimously negative regarding stress, coping,
and mental outcomes [15]. Loneliness, fear of infection, the suffering and death of loved
ones, and financial worries have been cited as stressors leading to anxiety, stress, and
depression [15]. In this paper, we present mathematical modeling of multi-stage early
stress detection considering time-dependent delays using partial differential equations
to determine whether a person is stress free or whether stress can be detected in its early
stages. The model can also be used to study the effects of multiple stress factors—in light
of the prolonged COVID-19 pandemic—on mental stress.

2. Relationship between Stress and Immune System

Stress is not normally considered a mental health problem. A stressor may be a one-
time or short-term occurrence. If it happens repeatedly or lasts for days, weeks, or longer,
this is called chronic stress or long-term stress (i.e., illness or losing your job). However,
chronic stress can cause mental health problems and reduce the number of natural killer
cells or lymphocytes in the body, which are needed to fight viruses [1].

How does stress get inside the body to affect the immune response?

Stress is how our brains and bodies respond to an external cause, such as having
a lot of work or having an illness. Our body is well-equipped to handle stress in small
doses, but when it becomes long-term, it can have serious effects on the body. Stress affects
all systems of the body, including the cardiovascular and nervous systems. For example,
heart and blood vessels comprise the two elements of the cardiovascular system that work
together to provide oxygen to organs in the body. The activity of these two elements is
coordinated in the body’s response to stress. Blood vessels direct blood to large muscles,
therefore increasing the amount of blood pumped to these parts of the body and elevating
blood pressure [1].

There are many factors that can contribute to stress. However, whatever the cause,
stress creates a hormone in your body called cortisol [20]. When we are stressed out, our
body is responding to stress, and it can raise our blood pressure, heart rate, and blood
sugar levels, which is also called a “fight or flight” response. When the stressor goes away,
our heart rate returns to normal, and our muscles relax. Cortisol can suppress our immune
system’s effectiveness in fighting off invaders by lowering the number of lymphocytes
present in the blood and interfering with normal white blood cell communication.

The immune system is a complex interconnected network consisting of many parts
including organs, tissues, cells, molecules, and proteins that work together to protect the
body from illness when germs enter the body. A body’s well-functioning immune system
can prevent germs from entering the body and destroy any infectious microorganisms that
do invade the body [21-23]. As long as by developing antibodies to attack it and protect us
our immune system is working smoothly, we often do not pay much attention to or even
know about it. However, if it stops working properly because it is weak or cannot fight
particular germs or diseases, then we get sick. Germs that our body has never encountered
before are likely to make us sick [24]. Some germs will only make you ill the first time you
come into contact with them. When the body senses danger from a virus or infection, the
immune system will respond from such specific virus and germs. The main tasks of the
body’s immune system are to attack and destroy substances that are foreign to our body;,
such as bacteria and viruses, or limit the extent of their harm if they get in [25]. However,
when our immune system is not working properly, the body attacks healthy cells in which
there is no invader or does not stop an attack after an invader has been killed, resulting in
autoimmune disease [26,27].

Developing mathematical models to predict the growth of virus-infected cells and
immune cells has been of interest in the area of epidemiology research [28,29] and infec-
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tious disease epidemiology [30] in the past few decades. Many models [28,31] have been
proposed, using partial differential equations in the past several decades and delay partial
differential equations in recent years, to characterize tumor-immune dynamic growth, but
various open research problems remain regarding modeling due to the complexity of virus
infection and tumor cancer growth in the body’s immune systems [32]. There are many
aspects yet to consider when factoring mental stress into the mathematical modeling of
the immune system. Many researchers have developed models that related to COVID-19
disease analysis [2,30,33-37], yet they have not considered the uncertainty of the mental
stress related to the COVID-19 pandemic.

Stress. Stress is the body’s natural defense against predators and danger. It causes the
body to flood with hormones which prepare its systems to evade or confront danger. A
life stressor is any event or experience that causes stress. Some stressors can be minor and
relatively easy to manage, such as a lot of work to finish up quickly or a small disagreement
with a good friend. Other stressors can be harder or more severe to handle, such as a
disagreement with a loved one or severe illness such as COVID-19 infection. Some common
stressors in life are [38]:

Death of a spouse;

Divorce;

The death of a close family member;
Personal injury or illness;

A difficult marriage;

Being fired, laid off, or unemployed;
Employer reorganization or downsizing;
A change in residence;

Changing work responsibilities;
Retirement depression;

Becoming a single parent;

The Death of a close friend;

Sexual harassment at work;

Foreclosure on a loan or mortgage;
Domestic violence or sexual abuse;
Being disciplined at school or at work;
Having a child with a behavior problem;
Getting married or remarried;

Infidelity;

Experiencing or being involved in a car accident.

When humans face a challenge or threat, they have a partly physical response. The
body activates resources that help people stay and confront the challenge as fast as possible.
The body produces larger quantities of the chemical cortisol and can the physical reac-
tions, for example, increased blood pressure, heightened muscle preparedness, sweating,
and alertness.

These factors all improve a person’s ability to respond to a potentially challenging
situation. Environmental factors that trigger this reaction are called stressors. Examples
include noises, aggressive behavior, nervous moments during an interview, etc. Feelings of
stress tend to increase in tandem with the number of stressors.

The relationship between stress and the immune system. Selye [39] discussed a model that
shows how stress and immunity are related. Many researchers [40-42] studied a closer
relationship between stress and immune function and showed the immunological changes
associated with stress in response to infection. Futterman et al. [43] studied the immune
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system effects of emotional valence such as unhappiness vs. happiness, and Cohen et al. [44]
focused on the immune system closely linked to emotional arousal (e.g., stimulation).

To our knowledge, this is the first study to develop a mathematical model for the
multi-stage detection of stress which can be used to determine whether a person is stress-
free using time-dependent delay differential equations. We discuss the model formulation
in the next section.

3. Model Formulation

We first present some notations and model assumptions consisting of seven states that
represent the stress levels of an individual, where
Sq: Stress-free state (i.e., meaning a person has no stress);
Sy: Undetected stress state: A person is stressed, but it is not detected
S3: Detected stress state: A person is stressed, and it is detected
S4: Detected minor stress state: Minor stress is detected in a person
Ss: Detected moderate stress state: Moderate stress is detected in a person;
Se: Detected severe stress state: Severe stress is detected in a person;
S7: Death state due to stress;
P (t): Probability that a person is stress-free at time ¢ (i.e., P1(t) = P(51(t));
»(f): Probability that a person is stressed but it is not detected at time ¢;
53(t): Probability that a person is stressed and it is detected at time ¢;
4(t): Probability that minor stress is detected in a person at time ¢;
5(f): Probability that moderate stress is detected in a person at time ¢;
5(t): Probability that severe stress is detected in a person at time ¢;
7(t): Probability that a person is dead due to stress at time ¢.

3.1. Notation

The following notations are used in the model formulation:

a: Undetected stress rate from stress-free state (normal, healthy state);

b: Rate of detected stress from the undetected stress state;

c: Death rate from the detected stress;

dy: Proportion of detected stress that is minor stress;

dp: Proportion of detected stress that is moderate stress;

d3: Proportion of severe stress that leads to death;

dy: Proportion of severe stress that recovers and goes back to the undetected stress state;

e: Rate of stress-free recovery from detected minor stress;

f: The detected stress rate;

g Severe stress rate;

h: Moderate stress rate;

k: Constant healthy growth factor;

m: Constant coefficient of growth related to normal (healthy) state;

g: Proportion of normal recovery from detected moderate stress state;

u1: Rate of normal recovery from undetected stress state;

uy: Rate of detected moderate stress from undetected stress state;

v: Growth rate of related healthy (both external and internal) environments;

w: Undetected stress death rate;

z: Rate of detected severe stress from detected moderate stress state;

T1, T2, T3, T4: The time delays (i.e., T1 is the period of time needed before detecting
the stress).

CRChCRCRCRS
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3.2. Model Assumptions
The assumptions of the proposed stress model are as follows:
1. All the coefficients in the model are positive constants.
2. A stress-free growth rate m(t) (see Figure 1) is a time-dependent function with a

1
constant coefficient k. In this study, we consider m(t) = e~ ™"

(1-ds-da)g

Environments

km(t) s a Sz b Ss c s
> (Undetected > (Detected >
(Normal) Stress) Stress) (Death)

(1-dy-d)f

Sa D Ss " Me
(Detected Minor (Me[t‘ecte (Detected
Stress) Sot reesri;e z Severe Stress)

\

(1-g)h

Figure 1. The proposed mental stress time delay model configuration.

w

Upon being stress-free, a person will go to the undetected stress state at a rate a.

4. Inthe undetected stress state, the stress is detected at the rate b. Likewise, a person is
dead with a death rate c after detecting stress.

5. Upon detecting stress, the proportions of detected stress with minor, moderate, or
severe stress are di, dy, and (1— d; — dy), respectively.

6. A person recovers as being stress-free or having undetected stress from the detected
severe stress at the rate (1 — d3 — d4) and dy, respectively, and dies at the rate d3.

7. Thereis a period time delay 77 for a person who is stressed but between the undetected
and detected stress.

8.  There is a period time delay 7, between severe stress being detected in a person and
the person becoming stress-free after recovery.

9.  There is a period time delay T3 between stress not being detected in a person and the
person becoming stress-free after recovery.

10. There is the time delay 74 required for a person to become severely stress from the

moderate stress stage.

We can formulate a generalized stress model consisting of seven time-dependent
probability functions: P;(t), Px(t), ... , P7(t) based on the assumptions above and Figure 1

as follows:
apst(t) — ke aPy(t) +ePy(t) + qhPs(t) + w1 Pa(t = 13) + (1 — d3 — dy)gPs(t — 12) (1)
apazt(t) _ —bpz(t) =+ aPl(t) + (1 _ q)hPS(t) —+ d4gp6(t - TZ) +0— M1P2(t — TS) - MZPZ(t — TB) - pr(t — T3) (2)
7
ant(w = —cPs(t—m) — fPs(t =) +b|1— ) Pi(t)] ©)
i=1&i#2
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apgt(t) = —hPs(t) 4+ dafP3(t — 1) + upPa(t — 13) — zP5(t) 5)

apgt(t) = —qPs(t— )+ (1 —dy —da) fPs(t — 1) + zP5(t — 1) ©)

apayt(t) = cPs(t — 1) + d3gPs(t — T2) + WP (t — T3). @)

Figure 1 demonstrates the proposed mathematical presentation of the above equations.
We develop an algorithm using R software, version 4.0.3 to numerically obtain the results
of Pi(t), fori=1,2,...,7.

In this analysis, we calculate the probability that a person who has a stress at time ¢,
which is defined as

6
5(t) = __EZPi(t)- ®)

Similarly, the probability that a person has no stress or has stress but has survived at
time ¢ is defined as

Entropy is a quantitative measure of randomness [45]. It is used to help model and
represent the degree of uncertainty of a random variable. Here, we use entropy to explain
the uncertainty of each state of the entire system.

After obtaining the probability of each state P;(t), we compute the entropy value, H(X),
which measures the randomness state of the system. A large entropy value indicates a
higher level of uncertainty of the distribution function, meaning it is difficult to predict
the state of the system. In other words, a large entropy value indicates it is harder to
draw any conclusions from that information (i.e., the state of the system), meaning low
information gain, whereas a low entropy value means high information gain, where the
information gain can be thought of as the purity in the system and the amount of clean
knowledge available in a system. Flipping a coin is an example of an action that provides
information that is random. For discrete random variable X with values X7, X, ..., Xj and
probabilities P(X1), P(X3) ... , P(Xy), respectively, the entropy function H(X) is calculated

as follows:
k

H(X) = =) _P(X;) log(P(X;)) (10)
i=1

4. Numerical Results

In this section, we present the numerical results of the model using Equations (1)—(7).
Obtaining the data to estimate all 19 parameter values in the model was a challenging
task. This paper aims to present the first study of a new model with time delay subject to a
person’s stress for early stress detection using time-delay partial differential equations to
assess whether a person is stress-free, has undetected stress, or has detected stress. Our
future work will be focused on estimating model parameter values based on empirical data
from the literature including high school students’ data from After School [11]. For this
reason, in this paper, we assume that the model parameter values are given as shown in
Table 1 for the purpose of the illustration of the proposed modeling results. Researchers
can apply the proposed model to obtain the results for their specific application’s set of
parameter values.
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Table 1. Model parameter values.
a=0.025/day b =0.045/day ¢ =0.00005/day d) =0.45/day
dy =0.5/day d3 =0.02/day d4 =0.003/day e=0.08/day
f =0.085/day g =0.03/day h =0.035/day k =0.005/day
m = 0.00001/day g =0.75/day 1y =0.008/day uy = 0.002/day
v =0.001/day w =0.0007/day z =0.004/day

In this analysis, we assume the initial conditions (i.e., time t = 0) are that a person is
stress-free with the probability of 0.9 or is stressed but undetected with the probability of
0.1. That is,

P1(0) = 0.9; P(0) = 0.1; P3(0) = P4(0) = P5(0) = P¢(0) = P(0) = 0.0.

It is worth noting that the results do not necessarily depend on the assumptions of
these initial numbers; analysts can provide any numbers as initial values for the purpose of
numerically solving a system of differential equations. We now present various cases with
some parameter values of the related healthy growth rate, such as k and v, as well as the
undetected stress death rate w, where the first, second, third and fourth time delays are 1, 5,
10, and 7 time units, respectively. Results can be obtained for various parameter values and
delay times.

Case 1: k = 0.005, v = 0.001, and w = 0.0007

From Table 2 and Figure 2, we observe that in state S, (i.e., undetected stress state)
and state S3 (i.e., detected stress state), the probabilities that a person has undetected stress
and detected stress both increase significantly at the beginning but start to decrease until it
slowly stabilizes around the 50th time unit and 125th time unit, respectively. Similarly, in
state S¢ (i.e., severe stress state), the probability that a person is in severe stress increases
slowly at the beginning and then continues to increase until it slowly stabilizes around
the 185th time unit. We also observe that the probability that a person is stress-free (S1)
decreases significantly at the beginning and then continues to decrease until it slowly
stabilizes around the 115th time unit as time progresses.

Table 2. The probability results of each state for Case 1 (k = 0.005, v = 0.001, w = 0.0007).

Time (t) P1( Py (b) P3(t) Py(t) Ps(t) Pg(t) Py(t) S A

0 0.9000 0.1000 0.0000 0.0000 0.0000 0.0000 0.0000 0.1000 1.0000
5 0.8218 0.1757 0.0250 0.0014 0.0025 0.0002 0.0004 0.1779 0.9997
10 0.7545 0.2282 0.0486 0.0061 0.0093 0.00086 0.0007 0.2448 0.9993
15 0.7003 0.2617 0.0679 0.0128 0.0195 0.0020 0.0012 0.2988 0.9988
20 0.6585 0.2804 0.0820 0.0201 0.0320 0.0035 0.0020 0.3395 0.9981
280 0.5505 0.2817 0.0788 0.0378 0.1011 0.0249 0.0586 0.3909 0.9414
285 0.5500 0.2815 0.0786 0.0378 0.1009 0.0248 0.0597 0.3903 0.9403
290 0.5495 0.2812 0.0785 0.0377 0.1008 0.0248 0.0608 0.3897 0.9392
295 0.5490 0.2810 0.0784 0.0376 0.1006 0.0248 0.0619 0.3891 0.9381
300 0.5486 0.2808 0.0783 0.0376 0.1005 0.0247 0.0630 0.3885 0.9370
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Figure 2. The probability results of each state for Case 1, where the initial probabilities are P1(0) = 0.9,
P5(0) = 0.1.

The probability that a person is stressed, either undetected or detected, (state S)
significantly increases at the beginning and then continues to increase until around the 40th
unit time. The probability of a person dying from stress follows an increasing function and
is about 6.30% at time 300. The results from Table 3 and Figure 3 show that there are strong
positive correlations between state S and S5 with 0.94, S, and S3 with 0.96, and Ss and Sg
with 0.94. Similarly, there are strong negative correlations between S; and S, with —0.91,
51 and S4 with —0.94, and S; and S5 with —0.92. Figure 4 shows the results of each state,
where the initial value P1(0) = 1.

Table 3. The correlation results of the system state for Case 1 (k = 0.005, v = 0.001, w = 0.0007).
P, P, Ps P, Ps P P, S A
Py 1.00 —-0.91 —0.83 —0.94 —0.92 —0.83 —0.56 —0.96 0.56
P, -0.91 1.00 0.96 0.84 0.73 0.57 0.25 0.96 —0.25
P -0.83 0.96 1.00 0.83 0.63 0.40 0.06 0.93 —0.06
Py —0.94 0.84 0.83 1.00 0.94 0.77 0.34 0.96 —0.34
Ps —0.92 0.73 0.63 0.94 1.00 0.94 0.56 0.87 —0.56
Pg -0.83 0.57 0.40 0.77 0.94 1.00 0.73 0.70 -0.73
Py —0.56 0.25 0.06 0.34 0.56 0.73 1.00 0.29 —1.00
S —0.96 0.96 0.93 0.96 0.87 0.70 0.29 1.00 —0.29
A 0.56 -0.25 —0.06 —0.34 —0.56 -0.73 —1.00 -0.29 1.00
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Figure 3. The probability results of each state for Case 1: k = 0.005, v = 0.001, and w = 0.0007.
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Figure 4. The probability results of each state where the initial probability is P1(0) =

Case 2: k=0.01, v = 0.002, and w = 0.00035

From Figure 5, we observe that in state S, (i.e., the undetected stress state) and state
Se (the severe stress state), the probabilities that a person is stressed but it is undetected
or is in severe stress increase significantly at the beginning and continue to increase until
they slowly stabilize around the 100th and 150th time unit, respectively. We also observe
that the probability that a person is stress-free (S;) decreases significantly at the beginning
and then continues to decrease until it slowly stabilizes around the 125th time unit as time
progresses. The probability that a person is stressed, either undetected or detected (state S),
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significantly increases at the beginning until around the 35th time unit and then starts to
decrease until it slowly stabilizes at around the 250th time unit.
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Figure 5. The probability results of each state for Case 2: k = 0.01, v = 0.002, and w = 0.00035.
The results from Table 4 also show that there are strong positive correlations between
state Sp and S4 with 0.89 and Sp and Ss with 0.91. In the contrast, there are strong negative
correlations between S; and S, with —0.98, S and S4 with —0.92, and S; and S5 with —0.87.
Table 4. The correlation results of the system state for Case 2 (k = 0.01, v = 0.002, w = 0.00035).
P, P, P; P, Ps Pg P, S A
Py 1.00 —0.98 —-0.77 —0.92 —0.87 -0.73 —-043 —-0.93 0.43
Py —0.98 1.00 0.68 0.89 0.91 0.82 0.46 0.90 —0.46
P3 —-0.77 0.68 1.00 0.75 0.42 0.15 —0.15 0.91 0.15
Py —0.92 0.89 0.75 1.00 0.88 0.66 0.18 0.94 —-0.18
P5 —0.87 0.91 0.42 0.88 1.00 0.94 0.51 0.76 —0.51
Py —-0.73 0.82 0.15 0.66 0.94 1.00 0.68 0.53 —0.68
Py —0.43 0.46 —0.15 0.18 0.51 0.68 1.00 0.08 —1.00
S —0.93 0.90 0.91 0.94 0.76 0.53 0.08 1.00 —0.08
A 0.43 —0.46 0.15 —0.18 —0.51 —0.68 —1.00 —0.08 1.00

Case 3: The same as Case 2, but there is no time delay (i.e., 71 = T, = T3 = T4 = 0).

From Figure 6, we observe that in state S, (i.e., the undetected stress state) and state
Se (the severe stress state), the probabilities that a person is stressed but undetected or
is in severe stress increase significantly at the beginning and continue to increase until
they slowly stabilize around the 55th and 125th time unit, respectively. We also observe
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that the probability that a person is stress-free (S;) decreases significantly at the beginning
and then continues to decrease until it slowly stabilizes around the 75th time unit as time
progresses. The probability that a person is stressed, either undetected or detected (state S),
significantly increases at the beginning until around the 45th time unit and then starts to

decrease until it slowly stabilizes at around the 275th time unit.
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Figure 6. The probability results of each state for Case 3 (i.e.,, T1 = Tp = T3 = T4 = 0).
The results from Table 5 show that there are strong positive correlations between state
S, and S4 with 0.92, S, and S5 with 0.93, and S5 and S¢ with 0.94. In the contrast, there are
strong negative correlations between S; and S, with —0.99, S; and Sy with —0.93, and S,
and S5 with —0.91.
Table 5. The correlation results of the system state for Case 3.
P, P, P; P, Ps P P, S A
Py 1.00 —0.99 —-0.78 —-0.93 —-0.91 —0.80 —-0.51 —0.94 0.51
P; —0.99 1.00 0.75 0.92 0.93 0.84 0.49 0.94 —0.49
P3 —0.78 0.75 1.00 0.81 0.54 0.28 —0.06 0.92 0.06
Py —0.93 0.92 0.81 1.00 0.90 0.71 0.25 0.96 —-0.25
P5 —0.91 0.93 0.54 0.90 1.00 0.94 0.53 0.83 —0.53
Pg —0.80 0.84 0.28 0.71 0.94 1.00 0.72 0.62 —-0.72
Py —0.51 0.49 —0.06 0.25 0.53 0.72 1.00 0.18 —1.00
S —0.94 0.94 0.92 0.96 0.83 0.62 0.18 1.00 —0.18
A 0.51 —0.49 0.06 —0.25 —0.53 —0.72 —1.00 —-0.18 1.00
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Entropy Computation

We now compute the entropy values using Equation (10). Table 6 presents the entropy
calculation results for all three cases as discussed above. In this example, shows that an
undetected stress state (Sy) is considered riskier than other states based on the entropy
values as given in Table 6, since it indicates a high level of uncertainty of the distribution
function, and it is difficult to predict the state of the system. On the other hand, a severe
stress state (Sg) has a small entropy value, meaning a large amount of information is gained
about the state of the system, which implies a lower level of uncertainty.

Table 6. Entropy results of the system for all three cases.

Case 1 Case 2 Case 3 (Case 2 with No Delay)
Entropy (S1) 19.09624 14.75894 14.69177
Entropy (Sp) 21.63978 22.19801 22.18735
Entropy (Ss) 12.24743 9.541168 9.460033
Entropy (S4) 7.309031 5.522886 5.483794
Entropy (Ss) 13.11911 11.10765 11.10275
Entropy (Se) 4.857469 3.788707 3.760799
Entropy (Sy) 6.016198 4.250817 4.406661
Entropy (S) 22.10568 21.44766 21.40323
Entropy (A) 1.806639 1.125529 1.173666
ranking 967435128 967435182 96743582

5. Conclusions

Stress is very subjective, and therefore, diagnosing stress can be challenging, because
it depends on many uncertain factors. So, bringing more awareness to the effects of stress
and developing coping strategies before stress—if it can be detected—becomes chronic or
severe can help an individual manage it more effectively and maintain their physical health.
This paper presented a mathematical time-delay model to determine whether a person is
stress free, has undetected stress, or has detected stress in various states, including minor,
moderate and severe. Further research in the future can be extended to incorporate the
factors caused by theCOVID-19 pandemic and implement the model with real data sets to
study the effects of specific stress factors using model selection strategies [46] due to the
prolonged COVID-19 pandemic.
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