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Abstract: Our goal of this study is to prevent marijuana smoking in the human population. In this
manuscript, an updated mathematical model was established by incorporating two additional
compartments: The hospitalized class and the prisoner’s class. The updated model was validated, and
it was shown to be novel compared to the non-user, experimental, recreational, and addicted (NERA)
users’ model. This distinction was crucial as it was challenging to prevent marijuana usage without
these realistic classes. The entire population was split into six primary groups, including these new
classes: non-users, experimental, recreational, addicted, hospitalized, and prisoners’ class. Additionally,
control techniques for marijuana prevention in the population were addressed with the aid of sensitivity
analysis. The important point at which we may have determined the preliminary transmission rate of
marijuana smoking was the basic reproductive number R,. Utilizing MATLAB, the Runge-Kutta
method of order four was employed for the numerical simulation of the updated model to investigate
the impact of control measures on marijuana smoking prevention.
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1. Introduction

Marijuana stands as one of the most widely misused substances globally, primarily derived from
the buds of the hemp plant with a lesser proportion originating from other plant components.
Comprising dried leaves, seeds, and flowers exhibiting a blue-black hue marijuana represents a
composite product sourced from the hemp plant [1]. Hash oil manifests as a dense, dark fluid, while
hashish is a highly potent, adhesive variant. Various terms such as Mary Jane, Smoke, Cannabis, Ganja,
Bud, Wheezy, Grass, Reefer, Herb, Weed, Endo, Dope, Chiba, Green, Pot, and Buddha are employed
to refer to marijuana [2].

Marijuana contains approximately 400 different chemicals with tetrahydrocannabinol (THC)
identified as the most hazardous substance, leading to user intoxication. THC induces psychoactive
effects, categorizing marijuana as a psychoactive drug. Intoxication results in alterations both in
physiological functions and cognitive processes. There exists a potential for addiction or dependency,
compelling individuals to seek continued use despite potential harm to their well-being [3].

Following only a few instances of consumption, discernible psychological and physical effects of
marijuana emerge. These include impaired memory and learning, challenges in problem-solving and
reasoning [4] diminished academic or occupational performance [5], strained interpersonal
relationships with family or friends, compromised driving safety, irregular heart rate, and heightened
levels of nervousness [6].

Beyond its short-term effects, marijuana usage is associated with enduring consequences for the
user. Long-term use has been correlated with elevated risks of respiratory and cognitive disorders [7],
heart-related issues, compromised immune system function, and indications of depression [8].
Moreover, the prolonged use of marijuana is linked to the development of abuse and dependence,
exerting detrimental impacts on driving proficiency, memory, learning, and both academic and
occupational performance [9].

In various countries such as Japan, Spain, Ireland, France, and China, the legal cultivation of
hemp is permitted. Commercially available products derived from hemp, such as hemp milk and other
cannabinoid-free items, are legally produced. It is noteworthy that marijuana is sourced from the buds
of the hemp plant, and the cannabinoids in marijuana contain carcinogenic compounds comparable to
those found in cigarette smoke. The dried leaves, flowers, stems, and seeds of the Cannabis
sativa/Cannabis indica plant can be amalgamated to produce marijuana. Additionally, the cannabis
sativa plants harbor over 100 molecules chemically identical to THC, the principal intoxicating
compound in marijuana, along with more than 400 other substances [10].

As more states legalize these items for both pharmaceutical and social reasons, marijuana
consumption and its variations are on the rise. The American Heart Association has issued remarks in
response to the legalization of smoking and the increased use of new tobacco products, including
electronic cigarettes and hookahs (waterpipes) [11,12]. Furthermore, an escalating number of reports
indicate the proliferation of lung diseases and pulmonary hypertension, both of which pose health risks
associated with smoking [13]. As the prevalence of marijuana use increases, patients are increasingly
inquiring about its impact on cardiovascular health, especially when used concurrently with regularly
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prescribed heart treatments. Nonetheless, the circulatory effects of marijuana remain inadequately
understood, and the cardiovascular community lacks comprehensive research findings and guidance
on this matter [14].

Marijuana smokers can be explained as:

Experimental Smokers: This demographic initiate marijuana use as an experimental endeavor
for the first time, primarily due to a lack of sufficient understanding regarding the use of marijuana
and its implications for the future.

Recreational Smokers: Given their ability to regulate the type of marijuana, the quantity
consumed, and the specific setting for consumption, it can be asserted that these individuals
infrequently partake in marijuana use, or more precisely, engage in controlled consumption. They
typically exercise discretion in deciding whether to consume marijuana, often opting to do so within
social settings.

Addicted Smokers: This user category encompasses individuals characterized by habitual
marijuana consumption. These individuals engage in regular and frequent use, developing a
dependency on the substance resulting in both physical and psychological challenges. The compulsive
need for marijuana surpasses other fundamental necessities, indicating a perceived inability to navigate
daily life without it, seeking solace or escape from routine existence. While encouraging alternative
and enriching lifestyles may be effective for other users, those classified as addicts exhibit a persistent
desire to perpetuate drug use indefinitely. The deleterious effects of drugs intensify in this group as
they pursue frequent and escalating drug consumption, emphasizing quantity over quality. For these
individuals the act of smoking marijuana assumes paramount importance [15].

The concept suggesting that the most frequent marijuana users often initiate their substance use
with less harmful drugs forms the foundation of the gateway hypothesis for drugs. This hypothesis
likens the progression to a staircase, transitioning from lighter substances such as tobacco to
progressively more potent drugs like heroin, ice, and beer [16,17].

A significant proportion of women engage in marijuana use, with approximately half of these
users indicating an inability to cease consumption during pregnancy [18]. This prevalence has the
potential to impact up to 34% of births, signifying a noteworthy percentage. Factors contributing to
the increased incidence of maternal marijuana consumption include the perceived stability and safety
of marijuana during pregnancy, the ongoing trend toward drug prohibition, and its appeal as a potential
remedy for common pregnancy-related ailments such as nausea. Given the expression of cannabinoid
receptors in the developing womb and brain, coupled with the ease with which the active component
in marijuana, THC, traverses the uterus [19,20] causes concerns regarding potential adverse and lethal
effects. Current available data on marijuana exposure during pregnancy suggest a potential for prenatal
disturbance associated with maternal marijuana smoking. Adverse outcomes linked to marijuana usage
during pregnancy encompass mortality, severe growth limitations, and potentially fatal neurological
effects. Limited well-designed research exists to thoroughly investigate the impact of marijuana use
during pregnancy on parental and foetal outcomes. This paucity of research is partly attributed to
historical perceptions of marijuana as an illicit substance, hindering comprehensive exploration of its
health consequences during pregnancy [21,22].

The assessment of perceived risks associated with medicinal marijuana was adjusted based on
research examining factors influencing opinions on marijuana legalization in Michigan [23].
Historically, the Malaysian government had contemplated legalization within a dual-policy framework,
with a predominant focus on hard narcotics like heroin and opium, primarily administered through
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intramuscular injection, posing a heightened risk of HIV transmission. In the case of individuals with
drug abuse issues (PWID), access to free needles was facilitated through the nationwide needle exchange
program (NNEP) or enrollment in the marijuana substitution treatment program (MSTP) [24]. Regarding
marijuana, the consideration of legalizing it for medicinal purposes revolved around granting
individuals’ access to treatment through medical marijuana when supported by appropriate scientific
and clinical evidence [25]. The dissemination of medical cannabis-related information online may
influence the current perception of cannabis in terms of its medicinal hazards, potential harm from
usage, and the legalization debate, potentially resulting in underreporting to the National Anti-Drug
Agency (NADA). Since 1975 [26,27], these trends have been observed among many U.S. adolescents
as part of a national survey on drug use, encompassing the consumption of other illicit substances. The
survey findings revealed an increasing perception of marijuana as having a low risk, low likelihood of
harm, and high acceptability [28].

Founded on historical biological evidence and classical literature on medicinal herbs, marijuana
has traditionally served as a remedy for alleviating symptoms associated with illnesses, notably severe
pain and epilepsy, showcasing specific medicinal attributes [29]. Despite its historical medicinal use,
contemporary associations with criminal activities, social problems, and recreational use prevail in the
context of cannabis usage. Consequently, within the scope of this research, the term “medical
marijuana” is employed specifically to denote the use of marijuana for medicinal purposes [30].

In Thailand, a parallel situation exists, where the utilization of marijuana for medical purposes is
sanctioned under the condition of having a prescription from a licensed member of the Thai traditional
medical community, a physician, or a dentist. We aim to gauge the willingness to decriminalize
medicinal cannabis among individuals in Selangor Malaysia, while also examining the prevalence of
such acceptance and the influencing factors. The outcomes can inform the formulation of policies that
strike a delicate balance between instigating reform and the potential expansion of healthcare coverage,
aiming to grant patients in need access to medical marijuana treatment, akin to the approaches adopted
by Thailand, Canada, and Germany [31].

Between 2018 and 2019, Malaysia experienced an 8% increase in the count of drug users and
addicts [32,33]. Notably, Selangor exhibits the lowest percentage of substance abusers and drug addicts
relative to the estimated total population, distinguishing it from other districts. This observation may
be attributed to heightened awareness among individuals residing in metropolitan areas regarding the
hazards and risks associated with drug misuse and addiction [34].

Residents of Selangor Malaysia, aged 18 or older were required to meet the inclusion criteria to
participate in this study [35]. Despite limited scientific evidence supporting the therapeutic efficacy of
medical marijuana for various symptoms, public interest in its purported health benefits remains
substantial. Notably, awareness of diverse national policies on marijuana uses in other countries,
particularly in industrialized nations, has triggered public discourse. These comparisons compel the
population to assess the existing governmental approach, which treats medical marijuana issues as
criminal offenses. In Malaysia as of 2017, there were 1122 individuals on death row with 71%
convicted for drug smuggling, including marijuana-related offenses [36].

An enhanced iteration of the NERA model, incorporating the traditional predator-prey concept, was
subsequently developed by Ginoux et al. In this updated model, drug users are analogized to predators,
while non-users are regarded as prey. The stochastic mathematical model accounts for fluctuations in the
numbers of each group, influenced by interactions with other groups. These interactions are defined by
the impact of an individual from one class on an individual from another class.
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This phenomenon elucidates why individuals transition from one group to another, indicating that
some individuals shift from their original group to join another. Following the predator-prey concepts,
the factors contributing to fluctuations in group membership can be conceptualized as one group
exerting influence on another. In this framework, non-smokers serve as prey for three other groups:
Experimental smokers (E), recreational smokers (R), and addicted smokers (A). Addicted smokers (A)
act as predators to all recreational users (R), experimental users (E), and non-smokers (N), while
recreational users (R) act as predators to both experimental smokers (E) and non-users (N).

Two distinct types of “functional responses” are employed to model the dynamics of prey (non-
users) and predators (experimental, recreational, and addicted users). In the absence of a predator
population, the growth of prey (N) is intentionally slowed for stability reasons, while the saturation of
the predator percentage (indicating the influence of one predator group on the others) must be taken
into account [37] has a destabilizing effect.

Previous research has established a mathematical framework for marijuana consumption. However,
a significant oversight in these studies involves the exclusion of crucial classes, specifically the
hospitalized class (comprising individuals under treatment) and the prisoner’s class. We address this
limitation by adapting the existing model to incorporate these essential classes. The inclusion of these
realistic classes is imperative for effective control measures in the context of marijuana smoking. The
NERA model is the system of mathematical equations that follows, and Figure 1 is a geometric
representation of the previous model.

dN

T B — (B +nrE+1rR)N+nrE +15R + 164,
dE
E = —(ﬁ + T3 - T'lN + rzR)E + T'lNR,

dR 1)
E = _(B + " + s — rzE)R,

dA

E = T'4_R - (B + T'6)A.

T

Ty s

EECREATIONAL (R)

Figure 1. A graphical depiction of the previous model [38].
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2. Model formulation

The process of formulating a model is a critical step in translating our comprehension of a natural
system into a mathematical representation. It involves two pivotal stages: Constructing a conceptual
model and subsequently converting this conceptual model into mathematical equations.

Initially, the identification of primary components, termed state variables, and the dynamics
defining flows is crucial. Applying the principle of conservation, the equations of the conceptual model
articulate the rate of change of state variables, reflecting the sum of all incoming flows minus the
outgoing flows from each compartment. This can be visually represented through a conceptual diagram
or flow chart, where state variables are depicted by boxes connected by arrows representing the flows.
In the subsequent stage, the flows are precisely defined and expressed as mathematical equations.

In this section, we will introduce an enhanced iteration of the NERA model, emphasizing the
understanding of the dynamics of a social epidemic. The entire community under examination is
categorized into two principal groups: Marijuana smokers and non-smokers. Smokers are further
subdivided into five distinct stages, each representing different progressions toward addiction. The
individuals are categorized into distinct classes: Sy, , representing non-users; Ej,,, denoting the
experimental class; Cy, , signifying casual smokers; A, , characterizing addicts; and H,,y, ,
representing the hospitalized category. Additionally, there is a specific class for prisoners, denoted as
Jmu- The total population T,,(t) at any given time “#” is described by Eq (2):

Tp(t) = Snu(6) + Epgy (£) + Cap (8) + Apgu (6) + Hpgoo () + Ty (2). (2)

Individuals (non-smokers) to the influence of smoke are designated as susceptible and are
assigned to the susceptible class Sy,,. The ratio of recruitment in this class is denoted as [;,, with
recruited individuals having an average age of approximately fourteen years. Some individuals
naturally exit the class due to mortality. Moreover, certain individuals are swayed by interactions with
casual smokers, leading them to initiate experimental smoking and be categorized into the
experimental category. Another subset of susceptible individuals adopts casual smoking because of
interactions with addicts, placing them in the casual smokers’ class. The quantity of individuals within
this group is contingent on their level of interaction with addicts. A heightened rate of interaction
corresponds to an increased influx of individuals into the experimental class Ej,, and the casual
smokers’ class Cy,,. The term a,Cy, Sy, represents the interaction between susceptible individuals
Syy and casual smokers Cpp, , while the term a,A, Sy, signifies the interaction between
susceptible individuals Sy, and addicts A,,. Consequently, we express the dynamics through the
following differential Eq (3) to delineate the alterations in the non-smoker’s population.

Snu = I, — a1 Cyy Sy — AaApySny — WSny + a3Eyy + asCyy + agHyy, + a10(1 — @)y (3)

The contact rate between members of the susceptible class and the casual class is denoted as “a;”,
while the contact rate between susceptible individuals and the addicts are expressed as “a,”. Other
contact rates include “az”, “as”, “ag”, and “a,,”, which signify the ratios of individuals from the
experimental class Ej,,, casual smokers’ class Cyy,,, hospitalized class H,,,, and prisoners class Jy,
respectively, who cease smoking and transition to the susceptible class due to various reasons. The
mortality ratio within the susceptible class is denoted as “uSy,”. The term Sy, represents the
temporal change in the susceptible class Sy,,. Within the susceptible class, aCy, Sy, individuals

migrate to the experimental class. Consequently, the evolution of the experimental class Ej;,, is
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described by the ensuing differential Eq (4).

EI;/Iu = a1 CyySnu — Q2Epy — a3Epy — WEpy- “4)

The rate of recruitment from the non-smokers to the experimental smokers Ej,,, is given by the
term a, Cy, Sny - Additionally, the rate at which experimental smokers join the casual smoker’s class
Cyy 1s expressed as a,. A subset of individuals discontinues smoking in the experimental class,
transitioning back to the susceptible class. The natural death ratio within this experimental class is
denoted as WEj;,, . The temporal evolution of the experimental class E,;,, is captured by the
differential Eq (5), reflecting the changes occurring over time.

Cru = AAuuSnu + a2y — a6Chy — a5Chy — RCpus- ®)

The rate at which individuals are recruited from the experimental class Ej;, into the casual
smokers’ class Cp, 1s denoted as a,Ej,,, while the rate of recruitment from non-smokers class Sy,
is expressed as a4 Ay, Syy- The natural death ratio within the casual smokers’ class is represented by
UChy - A segment of individuals in this class transitions to the addicted class after a certain duration in
Cyu» Occurring at the rate agCyy, . Additionally, within the casual smokers’ class a proportion of
individuals becomes susceptible with an increase in the percentage denoted by as. The dynamics of
the addicted smokers’ class are encapsulated in the subsequent nonlinear system of differential Eq (6).

Ay = a6Crpy + @10y — A7 Auy — oAy — €Apy — WAppu- (6)

Upon concluding their tenure in the casual group, individuals proceed to enroll in the addicted
category at a rate denoted as agCyp, - Subsequently, upon serving their prison sentence, some
individuals reintegrate into the addicted class at a rate of a. The law enforcement diligently pursues
gang members, apprehending them at a continuous rate represented by “aq”. Certain addicted
individuals are compelled to undergo treatment at a rate denoted as a-, subsequently being categorized
in the hospitalized individuals H,;,. Within this class a natural death rate is denoted as pA,,,, while
during police intervention, a mortality rate denoted as “e” is observed among certain individuals within
the specified group. The dynamics of the hospitalized class are governed by the ensuing system of non-
linear differential Eq (7).

HI;/Iu = a7Ayy — agHyy — WHpyy- (7

Individuals from the hospitalized class H,,, rejoin the susceptible (non-users) class Sy, Wwith a
percentage of ag. Some individuals in this family pass away naturally at a rate of pwHy,,,. Individuals
transitioning from the addicted class to the incarcerated class occur at a rate of “aq” and their departure
from this class transpires at a rate of a,,(1 — a). Within this class, a natural mortality rate of u/y,,, is
attributed to certain individuals. The dynamics of the jail class are delineated by the differential
equation as stipulated in Eq (8) below.

]IV.Iu = AgApy — A10/mu — Wmu- (8)

The ensuing non-linear differential equations encapsulate the entirety of marijuana smoking
behaviors, while Figure 2 serves as its graphical representation.
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(Snu = I, — a1 CruSnu — AaAmuSnu — WShu + @3Eyy + asCuy
+agHyy, + a10(1 — @)y

Eny = a1CrySnu — 2By — a3Epy — HEpy,

) Cru = AaApuSnu + @2 Epy — a6Cpy — @5Cry = HCpru

Ay = A6Chpy + @100y — A7 Ay — A9Apy — €Ay, — WAy,

H.I-Vlu = a7Apy — agHyy — Wy,

Ivu = A9Apy — @10 mu — Wy
\

)

Figure 2. A geometric depiction of the modified model [39].

Table 1 provides a compilation of descriptions for the parameters involved in the current model.
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Table 1. Description of the parameters.

Notations Definitions of the parameters Values References

1B The individual’s recruitment ratio in 0.0015875 day ! [40]
susceptible class

a; The contact rate between members of the 0.446 day ! [38]
susceptible class and the casual class

a, The rate at which experimental smokers join 0.5 day ! [38]
the casual smoker’s class

as Proportion of experimental users who quit ~ 0.17 day™ [38]
smoking because of counselling

a, The rate at which susceptible individuals 0.001201 day! [39]

interact with addicts and subsequently become
casual smokers
ag Proportion of occasional marijuana users 0.002 day! [38]
quitting consumption due to a constrained
environment

ag Post-adjustment period, the rate at which 0.025 day! [38]
occasional users transition to addiction

a, Rate at which addict’s moving transitionto  0.22 day ! Assumed
the hospital because of heavy usage

ag Addicts’ recovery rate after proper treatment 0.2010 day ! Assumed

ag Proportion of addict’s entering the penal 0.0157871 day ! Assumed
system

ajo The rate at which prisoners undergo 0.0331 day* Assumed
rehabilitation

o The likelihood of individuals rejoining the ~ 0.03 day* [41]
addicted class after serving their prison term

e The ratio of police encounters with addict’s  0.0005 day ! [41]

m Individuals’ natural death ratio 0.006 day! [40]

2.1. Invariant region

Given the mathematical formulation describing the dynamics of the human population, it is
presumed that all state variables and parameters within this framework possess non-negative values at
the initial time point, denoted as t = 0 [42]. This assumption extends to encompass the collective
behaviors of the entire human population, as elucidated by the differential equation representing the
total population [43,44]:

Tp = Syvu + Epu + Cyyy + Ay + Hy + I (10)
Upon solving Eq (10), the resulting solution yields:
Ty = I, — uT, — ey, [41]. (11)
Upon resolving Eq (11), the derived solution is:
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T, < T,(0)e Mt + %’(1 —eH) > T, < ’;—” when t - oo [41]. (12)

The mathematical model is explicitly delineated from both mathematical and epidemiological
perspectives [40,45], constituting a positively invariant domain wherein all pathway borders
exclusively progress in the forward direction. In essence, this implies a restriction on the population.
In accordance with the prior examination, we posit an additional assertion:

The suggested model’s region is specified by

~

Q = [(Snvw Emuw Cyvwr Avor Huo Jui) € ]R?—' Tp <-? I (13)

m
is a positively invariant set of T),. Furthermore, we chose the initial data from Q to study the dynamics
of the system (9) [46].

2.2. Basic reproduction number

This section addresses the initial propagation of marijuana within the population. When an
individual who smokes marijuana integrates into a population entirely susceptible to the drug, it elicits
the attraction of other individuals towards substance use, thereby leading to an augmentation in the
number of drug users. The term “reproduction number” denoted as (R,), signifies the initial rate of
such dissemination. The determination of the initial transmission rate is achieved through a well-
established technique known as the “next generation MATRIX method”. R, = p(FV~1) [40,47] as:

Ry = p(FV~1) [48, 49]. (14)

In this context, the spectral radius is given by p. The Jacobian matrix of “f’represented as F and
defined as F = ;.

. :fl a1 CyuSnu
f=11f|= (a4AMuSNu>» (15)
f, 0

Those people who develop addiction are symbolized by the column specified in Eq (15).

Fii Fiz Fis 0 aSyu 0
F=(Fy Fuy Fpy|= (0 0 a4SNu> [48]. (16)
1'::31 1'::32 l:*‘33 0 0 0
For the sake of simplicity, we express Eq (16) in the following manner:
0 Py O
F= (0 0 132) [48, 50, 51]. (17)
0 0 O0/wrr

where p; = a; Sy, and B, = asSyy

Similarly, the Jacobian matrix of “¥” is denoted as V and is defined as V = J;; where,
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) ¥y —(az + az + WEyy,
V=1V, |= azEyy, — (ag + as + WCyy ), (18)
V3 aeCpyy — (a7 + ag + e + WAy,

The individuals entering or leaving the addicted category, excluding those originating from the non-
smokers category, are illustrated in the column of the matrix V, as specified in Eq (18).

Vig Vi Vg
V= \721 \722 \723 ’ (19)
Vi Vs Vi
—(a; +az; + ) 0 0
V= a, —(ag + as + W) 0 [48,52], (20)
0 ae —(a;,+ag+e+p

(MFE)
For the sake simplicity, we express Eq (20) in the following manner:
—Hy; 0 0
\7 == < az _H:)z 0 ) . (21)
0 g  —H3

(MFE)

The principal eigenvalue of the product of F and the inverse of V, denoted as FV~! and
consequently the quantity R, is as follows:

Ry = \/((a1 * H*ay) /(1 * Hy)), (22)
_ alazl’p 3
o ju(az +as +10)(as + as + 1) 29

2.2.1. Reproduction number in biological perspective

In a biological context, the term “reproduction number” typically refers to a key epidemiological
parameter denoted as R, and read as (R-naught). In the realm of infectious diseases or addiction,
particularly in epidemiology, the reproduction number is crucial for assessing the potential for an
outbreak to become an epidemic or pandemic. It serves as an indicator of the infectiousness or
addictiveness and transmissibility of a pathogen, influencing the dynamics of disease spread within a
given population. A reproduction number greater than 1 suggests the potential for sustained
transmission, while a value below 1 indicates that the disease is likely to decline over time.
Understanding the reproduction number is fundamental in formulating effective public health
strategies and interventions to control the spread of infectious diseases or addiction.

In Eq (23), the term “a;” signifies the impact rate of experimental marijuana smokers on non-
smokers, while “a,”” shows the influence ratio of casual smokers on experimental users. Consequently,
the expression “a,a,l},” within the context of R, indicates that a subset of individuals in the
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susceptible (non-users) category will initiate marijuana use, subsequently joining the user’s group due
to the influence of marijuana smokers on susceptible individuals. This results in the propagation of
marijuana from users to susceptible individuals. It is important to note that the additional terms
(parameters) incorporated in R, contribute solely to determining the magnitude of R,.

2.3. Sensitivity analysis of R,

Alterations in certain parameters induce changes in interconnected variables. This proportional
variation is termed ‘“‘sensitivity” with respect to the parameters [53]. The sensitivity of the given
function (k) concerning a specific parameter (n) is established under the condition that the function is
differentiable with respect to that parameter.

Y= 252 [4g]. (24)

T n &

Table 2 presents the sensitivity indexes associated with the parameters, and Figure 3 graphically
depicts the visual representation of these sensitivity indexes.

Table 2. Indexes reflecting the sensitivity of parameters.

Parameters Values Sensitivity indexes
a, 0.446 +0.5000
a, 0.5 +0.1309
as 0.17 —0.1258
as 0.002 —0.0303
ag 0.025 —0.3788
m 0.006 —0.5954
L, 0.0015875 +0.5000
06

04F

02}

-0.2¢

04f

-0.6

as a3 a6 mu az at Me
Figure 3. The visual depiction of the sensitivity indexes associated with the parameters.
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3. Control strategies

When a parameter exhibits a positive sensitivity index, as exemplified by the human birth rate’s
(I) sensitivity index of +0.5000, its value directly correlates with the initial rate of transmission Ry.
Conversely, if the parameter's index is negative, as seen in the sensitivity index of p at —0.5954, the
parameter’s value is inversely proportional to R,. A higher sensitivity index for a parameter implies
a more substantial influence on marijuana transmission. Nevertheless, certain attributes, such as the
natural mortality ratio and the human birth rate, remain unavoidable despite possessing high sensitivity
indices. We modify five parameters, including “a;” the impact level of the experimental class (Ej,)
on the non-user’s group (Sy,) and “a,” the impact level of the casual group (Cy,) on the
experimental group (Epq). “as” the rate at which the affected class recovers by obtaining the
counselling of elders, due to the restricted environment, “as” represents the rate of recovery from
casual smokers, while “ag” represents the probability of transmission that the casual smokers will
become addicted. The maximum values of these interventions are represented by the control strategies
shown in Table 3.

Table 3. The parameter values corresponding to different strategies are detailed as follows.

Strategies as ae a, as a;
Strategy-1 0.002 0.025 0.5 0.17 0.446
Strategy-2 0.0621 0.215 0.002 0.367 0.000511

4. Results and discussion

The anticipated results of the proposed strategies are depicted in the ensuing figures. We have
considered initial values for each state variable in our projections. Sy, (0) = 1000, E,;,(0) = 20,
Cp(0) = 20, Ay, (0) = 20, Hpp(0) = 10, and [y, (0) = 10 Utilizing MATLAB, we employ the
fourth-order Runge-Kutta (RK4) method to numerically simulate the designed strategies. The RK4
method, renowned for its multiple advantages, stands as a widely adopted numerical technique for
solving ordinary differential equations (ODESs). In the numerical simulation of the ten first-order ODEs
with boundary conditions, RK4 proves to be the preeminent approach, recognized for its efficiency
and reliability across diverse domains, as indicated by comparative data in [54]. In contrast, findings
from [55] underscore that RKS5 and RKS8 exhibit lower efficiency compared to RK4, attributed to the
latter’s ability to achieve comparable accuracy with reduced computational time in calculating the
truncation global error within the numerical solution.

RK4 consistently yields precise solutions, particularly for ODEs characterized by intricate
behaviors. Its general stability surpasses that of several alternative numerical methods employed in
ODE solving. The method's robustness extends across a wide spectrum of ODEs, demonstrating
resilience against stability challenges and rendering it suitable for diverse applications. RK4’s
adaptability is evident in its efficacy for both stiff and non-stiff systems. Notably, in certain contexts,
RK4 has exhibited superior energy conservation compared to simpler methods, a critical consideration
in simulations of physical systems where energy preservation holds paramount importance.
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Figure 4. The numerical findings present a comparison of the effectiveness of various
strategies employed to discourage marijuana use within the experimental, recreational,
addicted, hospitalized, and prisoner groups (referred to as Strategy 1).
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Figure 5. The numerical findings present a comparison of the effectiveness of various
strategies employed to discourage marijuana use within the experimental, recreational,
addicted, hospitalized and prisoner groups (referred to as Strategy 2).

4.1. Outcomes of strategy 1

Upon implementing Strategy 1, the regulation of marijuana smoking becomes achievable within
a nineteen-month timeframe. Figure 4A illustrates the gradual reduction of the experimental cohort to
zero over 80 days, resulting in the recovery of 996 individuals. In Figure 4B, the casual smokers’ group
diminishes to zero within 109 days, accompanied by the recovery of 600 individuals. Similarly, Figure
4C portrays the addicted class converging to zero in 123 days, with the restoration of 92 persons. In
Figure 4D, the hospitalized category reaches zero over 135 days, leading to the recovery of 66
individuals. The prisoners’ class follows suit in Figure 4E, attaining zero over 149 days, and witnessing
the recovery of 11 individuals.
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4.2. Outcomes of strategy 2

Through the implementation of this approach, a decline in marijuana utilization can be realized
over a duration of approximately 66 months. In 356 days, the prevalence of experimental smokers as
portrayed in Figure 5A, decreases to zero. Figure 5B depicts the reduction of casual smokers to zero
within 385 days, and Figure 5C emphasizes the gradual decrease of addicted smokers to zero over 400
days. Additionally, Figure 5D denotes the hospitalization category reaching zero in 416 days, while
Figure 5E indicates the prisoners class reaching zero in 442 days. Concurrently, the conclusion of these
categories is marked by the recovery of 148, 258, 212, 213, and 62 individuals respectively.

4.3. Comparison of the proposed strategies

The evaluation of implemented strategies for controlling marijuana smoking reveals a significant
distinction in their impact on usage reduction. Strategy 1 proves effective within a nineteen-month
timeframe, gradually decreasing marijuana consumption across various classes. In contrast, Strategy
2 extends the intervention period to around 66 months, resulting in a more prolonged timeline for
achieving reduction objectives. Despite both strategies yielding recoveries in affected categories,
Strategy 1 accomplishes this in a comparatively shorter duration, emphasizing a swifter approach to
curbing marijuana consumption. In comparing the suggested approaches, Strategy 1 exhibits a notably
higher daily recovery rate of 19.26 individuals, whereas Strategy 2 achieves a more modest recovery
of 2.27 individuals per day. This numerical contrast underscores the distinct efficiency levels of the
two strategies in mitigating marijuana smoking, highlighting their unique characteristics and
effectiveness in usage reduction. As a result, Strategy 1 is more effective than Strategy 2.

5. Conclusions

In this work, the author enhanced the NERA model by introducing two additional compartments:
The prisoner's class and hospitalized class (smokers under treatment). The inclusion of these classes is
deemed realistic, and their absence posed challenges in mitigating and recovering the prevalence of
marijuana smokers within the population. The mathematical formulation employed in this study
utilized a system of first-order non-linear ordinary differential equations. We addressed various aspects,
including the basic reproduction number, invariant region, and sensitivity analysis, each serving
distinct purposes. The invariant region was solved to validate the modified model. The basic
reproduction number was computed for the initial rate of marijuana smoking transmission, and
sensitivity analysis identified the most crucial parameters influencing marijuana transmission. To
curtail marijuana smoking, two strategies were derived based on the most sensitive (targeted)
parameters. Through numerical simulation, the results indicated that Strategy 1 proves to be more
efficacious than Strategy 2 in controlling marijuana smoking. Moreover, the modified model exhibited
more rapid convergence compared to the previous model, leading to the conclusion that the modified
model holds greater significance. We suggest potential future research directions, including the
exploration of novel techniques such as “optimal control problems” and “threshold conditions”, to
optimize the control of marijuana smoking with minimized costs and time investment.
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