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Abstract

We investigate a discrete-time model, PLSCQ, to describe interactions among fast food consumer cat-
egories, among five population categories: potential consumers (P), moderate consumers (L), excessive
consumers (.S), obese individuals (C'), and individuals who have ceased fast food consumption (Q). We
seek for an optimal strategy that minimizes the excessive consumer and obese populations while maximizing
the number of individuals who stop or recover. We incorporate three control measures, representing media
and education for potential consumers, healthy eating campaigns for excessive consumers, and treatment for
obese patients. Employing the discrete-time Pontryagin maximum principle, we derive optimal controls and
numerically solve the system in Matlab, verifying the strategy’s effectiveness through simulation results.
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1. INTRODUCTION

Besides water and air, food is one of the most essential requirements for sustaining life. Since ancient
times, humans have always prioritized obtaining food, whether through traditional home-cooked meals or
modern fast food outlets. Fast food consumption can become addictive, similar to smoking, drinking, or
substance abuse. Today, fast food addiction has become a widespread social phenomenon, affecting societies
in both developed and developing nation. Fast food appeals to people of all ages, cultural backgrounds, and
socioeconomic levels. However, it is particularly popular among young people and teenagers.

The change in the lives of individuals today, which I research, is characterized by speed of life and work,
as well as the transformation of the roles, of men and women in their daily lives and women working daily
and spending long hours outside the home, and delayed sleep schedules among parents and subtle media
campaigns The distance between the workplace and the accommodation for workers, students, and pupils
has led individuals to rely on fast food for their daily lunch. All of these factors led to the increase in eating
out at restaurants, especially those that provide fast food, which became a major reason why children and
families without considering the negative effects of frequent fast food consumption. A 2016 WHO report
indicates that more than 650 million adults aged 18 and over were classified as obese. Among adults, obesity
rates were 11% for men and 15% for women. The global obesity rate nearly tripled from 1975 to 2016 [24].
By 2016, overweight and obesity impacted around 41 million children under five years of age. This issue,
once more common in rich countries, is increasingly affecting developing countries, particularly in urban
areas. In Africa, overweight rates among children under five have experienced a notable surge, nearly 50%
since 2000, and nearly half of obese children under 5 reside in Asia. Furthermore, as of 2016, more than
340 million adolescents between the ages of 5 and 19 fell into the overweight category. Overweight and
obesity now lead to more deaths worldwide than underweight does, with global figures showing more obese
individuals than underweight ones, except in certain regions of sub-Saharan Africa and Asia.

During 2015-2016, 39.8% adults in the U.S. were obese, affecting about 93.3 million people. Obesity was
most common in adults aged 40-59 42.8% over 41.0% among those aged 60, and 35.7% among those aged
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20-39. From 1999-2000 to 2015-2016, obesity rates significantly increased among both U.S. adults and youth,
though the change between 2013-2014 and 2015-2016 was not significant. In Morocco, the total number of
obese adults over 18 increased from 5.3 million in 2004 to 7 million in 2014, mirroring a global trend of
rising adult obesity (see [14]).

According to a Food and Agriculture Organization (FAO) report, published in September 2018, fast food
is widespread in Pacific small island developing countries, where most of their food must be imported. The
obesity rate among women in Fiji is over 30%, and in American Samoa it is as high as 80%. In at least 10
pacific countries, more than half of the population (some even reaching 90%) is overweight, primarily due to
the overconsumption of imported processed foods rich in sugar, salt, and trans fats. Currently, an estimated
2.6 billion individuals are overweight, and global obesity prevalence has risen from 11.7% in 2012 to 13.2%
in 2016. Health authorities should encourage a healthy and diversified diet and support the integration of
local products into the market. Initiatives like school feeding programs that connect local production with
school meals can both strengthen the local economy and promote healthier diets for children, see [5].

Addiction to fast food can lead to partly due to its negative impact on cholesterol levels—specifically,
raising LDL (bad cholesterol) and lowering HDL (good cholesterol). Additionally, excessive intake of fast
food can contribute to obesity, which further elevates the risk of heart disease. The impact on the liver is
another concern, as fat from fast food can accumulate there, potentially causing damage, infections, and
even scarring. Obesity also raises the risk of diabetes, a condition where the pancreas struggles to produce
sufficient insulin to convert sugars into energy, leading to increased glucose in the blood and a greater
risk of type 2 diabetes. Stroke, hyperlipidemia, hypertension due to white bread and pastries, degenerative
inflammation of the knees and constipation of the lungs, family damages, and overweight and obesity rates
have increased significantly in recent decades, representing a health pandemic in the US and in other countries
[24], [18], [14]. There are also family damages, including the dismantling of family burdens and extra family
budgets. Fast food has several effects on the individual, including a shift in their relationship with his family
members, a lack of interest in young people to sit with family members around one table, the spread of
diseases, especially food poisoning, the lack of interest of young people in traditional dishes, increasing
women’s dependence on fast food for food, a change in family income, and youth spending heavily on fast
food.

Numerous studies in the field psychology and social sciences have investigated these topics; see, for
example, [2], [19], [23], [16] and references therein. [21] stated that the overweight/obesity prevalence rates
have surged significantly in recent decades, becoming a health crisis in US. Unhealthy eating habits are
one of the determinants that negatively affect weight in early adulthood. The aim of this exploratory study
was to identify the factors (barriers and facilitators) that American college students believe influence healthy
eating habits using a qualitative research design. Parents eating behaviors and social pressure from friends
are believed to have both negative and positive effects on people’s eating behaviors. The study emphasized
the significance of involving college students in establishing nutritious eating patterns on campus, such as
adopting healthy food options and conducting awareness campaigns. It also underscored the need to consider
both individual variables and socio-ecological contexts in the evaluation [21]. Therefore, some mathematicians
strive to understand and explore the obesity dynamics, reduce the harm to individuals and society, and
minimize the number of obese and non-obese excessive fast food consumers. For example, Chunyoung Oh
[3] studied the dynamics of an obesity model. The model shows a ahead bifurcation at the threshold value
Ry = 1. If Ry < 1, obesity does not persist, wile if Ry > 1, the model has locally asymptotically stable
(LAS) endemic equilibria. To control the epidemic and decrease obesity at this equilibrium, strategies were
boarded, utilizing the Pontryagin maximum principle to prevent the overweight and obesity spread. Using
numerical techniques, the study reveals effective control strategies, such as reducing social interaction with
obese individuals or promoting exercises. In communities facing a significant obesity challenge, educational
efforts and awareness campaigns emerged as particularly effective. However, lowering the social contact rate
may lead to unintended consequences, like as depression and the infringement of individual rights.

Shah, N.H. et al. provide an abstract model addressing the causes of infertility linked to obesity [22].
Furthermore, by meeting all the conditions, the system demonstrated both local and global stability at the
equilibrium points. The reproduction number was calculated to be 0.1752, which indicates that 17% of
women are affected by infertility due to high-calorie foods. In fact, infertility tends to increase in proportion
to obesity. It is impossible to avoid this risk without losing weight, making it very important to maintain
health through regular physical activities or other means. Everyone should pay attention to their health to



68 Difaa, Y., Khajji, B. and Benaissa, H.

avoid future risks. This model will help educate the society to improve health awareness. D. Aldila [1] used
the nonlinear mathematical XY Z model to study the connection among wholesome, overweight, and obese
individuals within a random heterogeneous population. They divided the population into three categories:
healthy individuals (X), overweight individuals (Y"), and obese individuals (Z). The model implemented two
intervention program scenarios: healthy lifestyle exercise and nutrition program for overweight individuals
and a treatment program for obese individuals. They discussed the presence and stability of both endemic
and disease-free equilibria. The analysis identified a free disease equilibria, endemic equilibria, and a basic
reproduction rate Ry as indicators of the epidemic Ry < 1. It was determined that the disease-free equilibria
point exhibits local asymptotic stability if and only if Ry < 1. They concluded that improving the proportion
of diet and treatment programs would significantly reduce Rj. Since the control rate is continuous over time,
the control method is employed here to determine the most effective method for increasing the overweight
and obese individuals [6], [9], [10], [17]. Numerous other models have been extensively utilized to investigate
this phenomenon; see, for instance, [ 1], [15], [13].

In this study, we use discrete-time models since statistical data is gathered at specific time intervals (days,
weeks, months, and years), and the vaccination/treatment of some individuals is also administered at discrete
intervals. Therefore, using discrete-time modeling is more accurate and convenient than using continuous-
time modeling to describe phenomena and using discrete models to overcome some mathematical difficulties,
such as the solution regularities. Therefore, difference equations (DEs) seem to be more adequate to describe
epidemic models. In addition, the numerical solution of our difference system adopts discretization, which
leads us to directly apply DEs. The numerical study of discrete models is relatively simple, so even non-
mathematicians can easily implement it. We will also study the fast food consumption dynamics using
the mathematical model PLSCQ, which categorizes fast food consumers into the following six distinct
compartments: Potential consumers of fast food (P), Moderate consumers of fast food (L), Excessive
consumers of fast food (S), Obese patients (C) and individuals who stop fast food consumption (Q).

Throughout this paper, we aim to identify the best approaches to reduce the number of excessive fast
food consumers and obese patients, while optimizing the rate at which people quit fast food consumption.
The paper attempts to showcase the underlying causes of these phenomena and identify the best prevention
and treatment approaches. To this end, we employ optimal control techniques involving three interventions:
1) includes awareness campaigns targeting fast food consumers, 2) includes dietary program for excessive
individuals consumers of fast food with a healthy life campaign, 3) includes the treatment for obese patients.
(©).

The paper’s contents are as follows: we present in Section 2, we present our discrete PLSCQ model
that gouvernes the interaction among fast food consumer classes. In Sections 3-4, we address the control
approach for the considered model, discussing the existence of optimal control and characterizing it using
the discrete-time Pontryagin maximum principle, while Section 5 is devoted to numerical simulations.

2. MODEL SETTING AND ITS FORMULATION

We present here a discrete model PLSCQ), designed to describe the fast food consumption behaviour within
a given population. The total population N, := Pp+ Ly +S¢ + Cp + Q, at time £ is supposed to be constant.
This population is assumed to be divided into five compartments, P, L, S, C, and Q, as illustrated by the
diagram in Figure 1.

Let us consider the system below of the classical PLSCQ model of differential equations:

P L

Pri=b-p5 JZV E‘i‘(l — ) Py,
¢
PL,

Loyq= 51TZ+ VQp+(1—p— Pa) Ly,
Ser1= BoLe+(1 — p— 6, —an—a2) Sy, @
Cri1= 1S+ (1 — p— v — d2) Cy,
Qry1=a2Se+vCo+(1 — p—79)Q,,

where Py > 0, Ly > 0, Sy > 0, Cy > 0, and Qg > 0 are the initial data. Here is a description and explanation
of the compartments from the previous problem:
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Figure 1: The PLSCQ model.

Compartment P: includes individuals who may potentially start consuming fast food. This compartment
increases at the recruitment rate b and decreases due to effective interactions with moderate consumers at a
rate of 51 (/31 represents the rate of transmission due to social influences on fast food consumption, including
family, friends, marketing, and TV) and death rate . It is believed that individuals may acquire fast food
consumption habits and become moderate consumers through interactions with others moderate consumers
during social events such as ceremonies, weekend parties, and year-end celebrations... . In other words, it is
supposed that the spread of fast-food eating habits is likened to the transmission of an infectious disease.

Compartment L: includes moderate fast food consumers who partake in fast food occasionally or in a
manner not obvious to their social circles. It grows as potential individuals transition to moderate consumption
with a rate parameter ;. This class diminishes when moderate-level consumers shift to excessive consumers
at a rate 5 (the rate at which a moderate consumer shifts to excessive consumption) and due to natural death
with rate p.

Compartment S: includes the excessive fast food consumers. It becomes larger as the excessive fast food
consumers grow with rate S5 and declines as a portion stop consuming at a rate «s (o rate at which an
excessive consumer of fast food individual becomes a quit from consumption of fast food) and outer becomes
obesity patients (C') at rate a3 (aq rate at which a frequent fast food consumer becomes due to continuous
fast food consumption). Additionally, this compartment diminishes because of death rate x4 and from diseases
caused by excessive fast food consumption at a rate of J;.

Compartment C: describes the population of obese patients; this compartment increases at a rate of a;
and decreases due to v and (p + d2), where ~y represents the rate at which an obese individual ceases fast
food consumption, and J- is the rate of death from obesity-related diseases caused by excessive fast food
consumption.

Compartment Q: contains individuals who stop fast food consumption. This class gains individuals at a
rate v and loses them at rate ¥ (9 rate at which an quit and recovered individual from consumption of fast
food individual becomes a moderate consumer of fast food) and p.

3. OPTIMAL CONTROL APPROACH

This control aims to reduce the population of excessive fast food consumers and obese individuals while
increasing the number of people who quit fast food and recover from obesity within the time period from
¢ = 0 to ¢ = T. Additionally, we aim to minimize the costs associated with awareness programs and
treatments. To do that, we define control variables: w; representing the efforts of awareness programs to
prevent potential fast food consumers from becoming high-risk, us measuring the efforts of dietary programs
aimed at excessive fast food consumers, promoting a healthy lifestyle, and the third control u3 measures
the treatment efforts for individuals who are already obese. Furthermore, the control function € uy stands for
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Table 1: Meaning of Parameters.

Parameter Meaning
b Rate of individuals who may potentially start consuming fast food,
b1 Rate of transmission due to social influences that leads to fast food consumption,
”w Natural death rate,
B2 Rate of moderate consumers shift to excessive fast food consumption,
[e % Rate of excessive consumers of fast food quit consumption,
@ Rate of frequent fast food consumer becomes obese,
01 Death rate from diseases caused by excessive fast food consumption,
¥ Rate of obese individual ceases fast food consumption,
o2 Death rate from obesity-related diseases caused by excessive fast food consumption,
9 Rate of individuals transitioning from quitting fast food to moderate consumption.

the fraction of excessive fast food consumers who will be treated and become moderate consumers, while
(1 — &) uz represents those who will receive treatment and recover from obesity. Thus, the control system is
characterized by the difference equations:

PyL,
Pi=b—-p5 N +(1 = p)Py—u1 P,

¢
Lyp1= 54 P]zVLe 19@[4’(1 _N_52)Lz+(1 _6)u2,€ S27

£

Spr1=BaLy+ (1 —p—01 —ay —az) Sy —uz2. S, @)

Cg+1= ang—i—(l — U=y — 52) C@—Ug)g Cy,

Qer1= a2 Se +7Cp+(1 — pp—9) Qptu1 e P, + euz oS +us o Cy,

where Py, Lg, So, Co, and Q¢ were defined before. The optimal control problem associated with our model
consists of minimizing the following objective function:

T-1
A A A
J(uryuzyug) = Sp+Cr = Qr+ Y [Se+Co— Qe+ Shud  + 20ud, + 03], )
£=0

where A; ¢, A3, and Az ¢ are non-negative parameters chosen to reflect the relative significance of the costs
associated, respectively, with awareness programs, dietary programs, and treatments. The aim here is to get
a control (uj”, us”, us’) verifying

J(utljpa ugpa ng) = ~m~in J(ﬁlv {)27 63)5 (4)
(01,02,03)€Uad

where, the subset of admissible controls U,q is given by
Uad:{(ulauQaui’)): OSujfmin Sujfgujél S17 j:172a37€:0a1a“7T_1}- (5)

max

The theorem below provides criteria for the existence of an optimal control for Problems 2 and 3.

Theorem 3.1. There exists an optimal control (uSP, udf, us?) verifyin
D 15Uy, Ug 8

J(u?, ugf us’) =  min J (01, 02,73), (6)
(01,02,03)EUq4q

under System 2 and its initial conditions.

Proof: Given the boundedness of the state coefficients, and the finiteness of the time steps, we have

P=(Py,P,P,,...,Pr), L= (Lo,L1,La,...,L7), S =(S0,51,52,...,57)

02(007017C2a”'7CT)7 Q:(Q03Q17Q27 """"" 7QT)7
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are uniformly bounded for all (ug,us,us) in Uyg. Therefore, J is a bounded functional over U,4, and thus

inf J(u1,ug,us) < +00.
(u1,u2,u3)EVad

Then, there exists a sequence (u!,u, u}) € U,q such that

; Joad ad) — ;
im (ug,ud,ul) = inf J(u1,ug,uz).
Jj—=+oo (u1,u2,u3)EUad

Consider their corresponding sequences of states P7, L7, S7, CV and 7. Given a finitely number of bounded
sequences, there exist (u(”, us?, ug’) € Uyq and P°P, LP, S°P, C°P, Q°P € RT+! such that

lim (u), ud), u}) = (W, ud?, u?), lim P = P°P,
J+oo Jj+oo

lim L7 = L°? | lim S/ = S°P, lim C7 = C°?, lim Q' = Q°".

j4oo j4oo j4oo jHoo

We recall that (u{”, us”, u3") is an optimal control with the associated states P°P, L°P, S°P, C°P and Q°P.
Ultimately, because of the finite-dimensional nature of System 2 and the cost function .J, we can derive

T ) = (0T, T),

(01,92,03)€Uqd

4. CONTROL APPROACH AND ITS CHARACTERIZATION

We utilize the discrete form of the Pontryagin maximum principle, as described in [4], [7], [8], [20], [12]
and [25]. The core concept involves introducing the adjoint functions, which connect the system of DEs to the
cost function, forming the Hamiltonian functional. This principle remodels the problem of determining the
optimal control into optimizing the Hamiltonian at each point while adhering to the state difference system
and initial conditions.

We now write the Hamiltonian functional H, defined at time step ¢, as below:

2 2 2
1,6U7 ¢ AM“z,z A3,W3,z

A
H, = _
=8¢+ Cp— Q¢+ 5 5 3

5
+ Z Nijeg1 fisegts @)
i1

where fj.41 is the right-hand side of System 2 of the it" state variable at time-step £ + 1.

Theorem 4.1. Given a control (ui”,u3’, ug’) € Uqq and solutions P;*, L)*, S;¥, C}* and Q} for System
2, then there are adjoint functions A1, Aa, A3, A4, and X5 fulfilling the conditions below

My =0H /0Py = (A2041 — AMe+1) B1 Le/Ne + (A5 o401 — Aer1) wre + Ae1 (1 — o),
Ao = O0Hy/OL; = (Ao041 — M o41) B1 Po/Ne + Ba Az o1 + Aoop1 (1 — pp — Ba),
Ag e =0H;/0Sy =14 €uzpAs 41+ A3 041 (1 —p—01 —a1 — oo —ug ) + 0 Agpy1

+ (1 =€) uze) Aaey1,
A =0H/0C, =145 (N5 041 — A1) + (1 — g —02) Aaoyr +uz e (Aser1 — Aaer1)
As e =0H;/0Qr = =1+ Y (A2 041 — Aseq1) + As o1 (1 — p),

®)

together with the transversality relations imposed at time T':

M(T)=A(T) =0, As3(T)=M(T)=1 and \s(T) = —1. ©9)
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Then, for each i = 0,1,..,T — 1, we get the optimal control (uj",,us",, us"), given by

A - A P,
( 1,4+1 5,£+1) l]’uwmax}

U(f)z = min { max [ulmm, i,

_ _(1—
ngg — min { max [U2m;n, (/\3,é+1 e/\5,e+1A2 g( 6)/\2,e+1) Stz] , u%mx}’ (10)
ugpg = min { max [U3 min; Qs ;1:\5’“1) CZ] ; u3/mx}.

Proof: The hamiltonian operator H, at time step £ is as follows :

A17gu2 ¢ AQ,[UQ ¢ A3 gu ¢
Hy=5+Cy— Q¢+ 5 LE 5 204 2 Z)\1Z+1fz£+l

2 2
ALWLE A2,€U2,e A37W3,5
2 2 2

+ Ao+ foert + Az o1 faerr + Aa o1 faer1 + As o1 o041

+ A1 fre

=S +Cr— Q¢+

Al’g’u2 A214U2 A375U2
:Sé“l‘CZ_QZ"‘ 21,€+ 22,Z+ 23,@

PL,
Ny

+(1 = ) Py—ur s P,)

P L,
Ny

+ A1t (b b1
(

+ Ao Br +9Qu+(1—p—B2) L+ (1 —€)ugy Se)

+ Asoq1 (B2 Lo+ (1 — p— 61 — a1 — a2) S — ua 0 St)

+ Mey1 (a1 Se+(1— p— v — 62) Co—usz 0 Cy)

+ Xser1 (a2 Se+ 7 Cot (1 — p—9) Q4ure Py + eug o S, 4us e Cp).

For ¢ € {0,..,T — 1}, the adjoint as well as the transversality relations, are derived utilizing a discrete-time
Pontryagin’s Maximum Principle, as outlined in [4], [7], [8], [20], [12] and [25], as follows:

aHg 8H4 aHZ
= — Ty, X\ Xo(T), A A3 (T
AL 8Pg>\( ), Aoy = L, (T), Agp = a5, 3(T),
0H 0H,
M= 2 M(T), Ase = 2 As(T).

aC, aQ,
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Then, we can get

OH L
A= == (A2,041 — A1e41) B+ (As,041 — Ayegp1) Ut + Aregr (1 —p),
oP, Ny
0H, P,
Ao = L= (A2 641 — M o41) B~ + fa A3 041+ A2 (1 — po— fBa),
8Lg NZ
0H,
Az = e €Uz Ase41 + A3 o1 (1 —p— 01 — a1 — g —ugp)
+ a1 Age1 + (1 =€) uze) Aaoy1,
0H,
Mg = ac, ~ T4+ (As,e41 — Aayeq1) + (1 — g —02) A o1 +us e (Ase41 — Aaogi) s
0H,
A5 = e (A2,e41 — Ase41) + Ase1 (1 — 1),
0Qe
and
ALEUQ A2$ZU2 A37£U2
Hy =S+ Cyp— Qut 1, 2,0 3,0
2 2 2
+ (As,e41 — A1) ur,e Pr4 (M1 (1 — €) = A3 eq1 + As eq1€) uze Se
+ (A5 e41 — A1) use Co + Mep1 b+ Ao (1 — ) P
+ (1= = B2) Ao 41 + A e4182) Lo
+ (1= p =081 — a1 — @2) Az o1 + Ageq1 1 + As o1 @2) Se
+ (L= p =7 = 02) Aaor1 +YAs,041) Ce
P L
+ (X201 + (1= —9) As.041) Qe+ (A2e1 — A1eg1) B ;Vizz
For £ =0,...,T — 1, the optimal controls u‘l’p s u;p , and ugp , can be obtained from the optimal conditions:
0H,
3 £ = Aqpur g+ (s o401 — A1) P =0,
Ui,¢
OH
3 £ = As gua g+ (Aaer1(1 —€) — Az o1 + A5 pq1€) Se =0,
U2 ¢
and
0H
3 £ = As puz ¢+ (A5 41 — Aa 1) Ce = 0.
U3, 0

So, we can conclude that
ut,e = (M e41 — Ase+1) Pe/A1 e,
Uze = (g1 — Ase1 — Az (1 —€)) Se/ Az,
uze = (Ag,er1 — Aseq1) Ce/Asz .

Finally, by the bounds of the controls in U,q, we can find ui¥,, us", and u3",, like in relations (10).
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5. NUMERICAL ANALYSIS AND INTERPRETATION

We address here the numerical solution of the optimal control for our PLSCQ model. By deriving the
optimal conditions from the state and adjoint equations, we identify the suitable control approach. This
involves solving a set of six difference equations with initial conditions, which can be efficiently approached
by an iterative technique. Starting with an initial control uy ¢, ug ¢, and us ¢, the variables P, L, S, C, and @
are provided ahead, and furthermore the adjoint parameters A; fori = 1, ..., 5 are solved backward from ¢ = 0
to £ = T. If the new state and the new adjoint variables differ from the oldest values, the control variables are
updated, and the process is repeated until convergence. Subsequently, we provide numerical simulations to
validate our results, considering System | with the parameters: b = 300, N = 1000, §; = 0.002, 2 = 0.002,
w=0.035, B = 0.75, By = 0.1, oy = 0.3, ag = 0.001, v = 0.001, ¥ = 0.002, and initial data Py = 600,
Ly = 200, Sy = 100, Cy = 70, and Q¢ = 30. We first present the model evolution with and without controls,
as shown in Figures 2.

The control strategy used here achieves several goals. The first one is to protect and prevent potential
consumers from developing fast food addiction, and for that, we implement control u;. This involves applying
awareness and educational programs to inform potential fast food consumers about the risks and associated
social and health damages. Figure 2a illustrates that the moderate consumer number decreases from 2200
(without control ;) to 1500 (under control u;) at the end of the adopted program. The number of excessive
fast food consumers decreases from 650 (without control u;) to 450 (with control u) at the end of the applied
control strategy (see Figures 2b). Figure 2c proves that, with control u;, the number of obese individuals
decreases to 3000 by the end of the adopted strategy, compared to 4400 in the absence of control. This
indicates that our objective has been successfully met.

2000
= Lut
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1800 =——Lm

—Sm

1600
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5 10 15 20 2 30 35 40 a5 50 55 60 5 10 15 20 25 30 35 40 45 50 55 60
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4500
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3500 [
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©

Figure 2: Fast food consumers class with and without control .
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Figure 4: Fast food consumers class with and without controls u; and wus.
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The second objective is to decrease the number of excessive fast food consumers. To achieve this, we
exclusively the control us, i.e., the healthy diet program campaign of the excessive consumers of fast food
(see Figures 3). Figure 3b shows a notable reduction in the number of excessive fast food consumers when
control measures are applied, compared to a scenario with no control, with the reduction reaching 38% by
the end of the chosen control strategy. Figure 3c illustrates that the number of the obese patients decreases
from 4400 (C' without control us) to 4000 (C' with control ug) at the end of the chosen control. Figure 3a
proves that the number of people who stop fast food consumption (without control wus) increases appears
under control wusy. This increase is not sufficient since the number of people who stop fast food consumption
has become moderate consumers of fast food. To improve this situation, we can consider another control
corresponding to the obesity treatment for patients.

The third objective is to protect and prevent potential consumers of fast food and the Healthy Diet Program
campaign of excessive consumers of fast food. To do this, we utilize the controls u; and us, i.e., the unawares
program of potential individuals consumers of fast food and the dietary program of excessive consumers of fast
food (Figures 4). Figure 4a shows that the number of moderate-income consumers of fast food decreases from
2200 (without control) to 2000 (under control) at the end of the chosen program. The number of excessive
fast food consumers decreases from 650 (without control) to 450 (with control) by the end of the adopted
control strategy (Figure 4b). We observe in Figure 4c that the obese patient number decreases and reaches
2900 (with control) compared to the scenario without any control, 4400 at the end of the adopted strategy.
The number of individuals ceasing fast food consumption rises dramatically from 100 (without controls)
to 2100 (with controls) (Figure 4d). This increase indicates the achievement of the objective through the
implementation of these controls.
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Figure 5: Fast food consumers class with and without controls w1, u2 and us.
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The fourth objective concerns prevention, a Healthy Diet Program campaign for excessive consumers of
fast food, and treatment for obesity patients (see Figures 5). To meet this aim, we explore the controls uq, us,
and ug, i.e., awareness programs for the potential individuals consumers of fast food, a healthy diet program
campaign for excessive consumers of fast food, and treatment for obesity patients. Hence, we conclude

Figure 5a shows that the number of moderate individuals consumers of fast food decreases from 2200
(without control) to 2050 (with control) by the end of the applied program.

Figure 5b shows that the excessive consumer number increases from the early days but then decreases
from 650 (without controls) to 475 (under controls).

Figure 5c shows that the obese patients number increases from the early days but then decreases from
4400 (without controls) to 1100 (under controls).

Figure 5d illustrates a clear increase in the count of individuals who stop fast food consumption from
100 (without controls) to 3800 (with controls). As a result, the previous objective has been attained.

CONCLUSION

We introduced below a discrete model of fast food consumption with the objective of minimizing the number
of excessive consumers and maximizing the number of individuals who stop fast food consumption. The results
showed that those awareness programs, healthy diet program campaign and treatment have real influence
on of fast food consumption dynamics, and can considerably impact the spread of fast food consumption.
We introduced three controls representing awareness programs, encouragement, and follow-up. By applying
control theory, we determined the optimal controls. Numerical simulations showed that these control strategies
are effective.

ACKNOWLEDGEMENT

The authors thank the reviewer for all the constructive comments.

[1]

[2]

[3]

[4]

[5]

[6]

[7]

[8]

[10]

(11]

(12]
[13]

[14]

REFERENCES

Aldila, D., Rarasati, N., Nuraini, N. and Soewono, E., Optimal control problem of treatment for obesity in a closed population,
International Journal of Mathematics and Mathematical Sciences, 2014(1), p. 273037, 2014.

Barich, F., Zahrou, FE., Laamiri, FZ., El Mir, N., Rjimati, M., Barkat, A., Rjimati, E.A. and Aguenaou, H., Association of
obesity and socioeconomic status among women of childbearing age living in urban area of Morocco, Journal of Nutrition and
Metabolism, 2018(1), p. 6043042, 2018.

Oh, C. and MA, M., Optimal intervention strategies for the spread of obesity, Journal of Applied Mathematics, 2015(1), p.
217808, 2015.

Ding, W., Hendon, R., Cathey, B., Lancaster, E. and Germick, R., Discrete time optimal control applied to pest control problems,
Involve, a Journal of Mathematics, 7(4), pp. 479-489, 2014.

Food and Agriculture Organization of the United Nations, Aquecimento global pode aumentar risco de incéndios florestais no
mundo inteiro, 2024. http://www.fao.org/news/story/pt/item/1152439/icode/, Accessed on June, 2024.

Farhan, M., Shah, Z., Ling, Z., Shah, K., Abdeljawad, T., Islam, S. and Garalleh, H.A., Global dynamics and computational
modeling for analyzing and controlling hepatitis B: A novel epidemic approach, Plos One, 19(6), p. e0304375. 2024.

Guibout, V. and Bloch, A.M., A discrete maximum principle for solving optimal control problems, In Proceedings of the 43rd
IEEE Conference on Decision and Control (CDC), 2, pp. 1806-1811, 2004.

Hwang, C.L. and Fan, L.T., A discrete version of Pontryagin’s maximum principle, Operations Research, 15(1), pp. 139-146,
1967.

Jan M. N., Zaman, G., Ali, N., Ahmad, I. and Shah, Z., Optimal control application to the epidemiology of HBV and HCV
co-infection, International Journal of Biomathematics, 15(3), p. 2150101, 2022.

Jan, M.N., Ali, N., Zaman, G., Ahmad, I., Shah, Z. and Kumam, P., HIV-1 infection dynamics and optimal control with Crowley-
Martin function response, Computer Methods and Programs in Biomedicine, 193, p. 105503, 2020.

Ejima, K., Aihara, K. and Nishiura, H., Modeling the obesity epidemic: social contagion and its implications for control,
Theoretical Biology and Medical Modelling, 10, pp. 1-13, 2013.

Lenhart, S. and Workman, J.T., Optimal control applied to biological models, Chapman and Hall/CRC, Boca Raton, USA, 2007.
Jodar, L., Santonja, F.J. and Gonzalez-Parra, G., Modeling dynamics of infant obesity in the region of Valencia, Spain, Computers
& Mathematics with Applications, 56(3), pp. 679-689, 2008.

Morocco World News, 7 million Moroccans suffer from obesity: UN Report, 2017. https://www.moroccoworldnews.com/2017/
09/228827/7-million-moroccans-suffer-obesity-un-report/, Accessed on June, 2024.


http://www.fao.org/news/story/pt/item/1152439/icode/
https://www.moroccoworldnews.com/2017/09/228827/7-million-moroccans-suffer-obesity-un-report/
https://www.moroccoworldnews.com/2017/09/228827/7-million-moroccans-suffer-obesity-un-report/

78

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]
[23]

[24]

[25]

Difaa, Y., Khajji, B. and Benaissa, H.

Safan, M., Murillo, A.L., Wadhera, D. and Castillo-Chavez, C., Modeling the diet dynamics of children: the roles of socialization
and the school environment, Letters in Biomathematics, 5(1), p. 275-306, 2018.

Murillo, A.L., Safan, M., Castillo-Chavez, C., Capaldi-Phillips, E.D. and Wadhera, D., Modeling eating behaviors: the role of
environment and positive food association learning via a ratatouille effect, Mathematical Biosciences and Engineering, 13(4),
pp. 841-855, 2016.

Nawaz, R., Khattak, A., Akbar, M., Ahsan, S., Shah, Z. and Khan, A., Solution of fractional-order integro-differential equations
using optimal homotopy asymptotic method, Journal of Thermal Analysis and Calorimetry, 146, pp. 1421-1433. 2021.
National Center for Health Statistics (NCHS), Adult obesity facts, 2024. https://www.cdc.gov/obesity/data/adult.html, Accessed
on June, 2024.

Nibedita, C., A scio-psychological analysis of eating behaviors at fast food restaurants, PhD Dissertation, University of Toledo,
Toledo, Ohio, 2012.

Pontryagin, L.S., Boltyanskii, V.G., Gamkrelidze, R.V. and Mishchenko, E.F., The Mathematical theory of Optimal Processes,
John Wiley and Sons, London, UK, 1962.

Sogari, G., Velez-Argumedo, C., Gomez, M.I. and Mora, C., College students and eating habits: A study using an ecological
model for healthy Behavior, Nutrients, 10(12), pp. 18-23, 2018.

Shah, N.H., Mathematical model of infertility due to obesity in female, Journal of New Theory, 2018(25), pp. 38-49, 2018.
Wang, Z., Zhai, F., Du, S. and Popkin, B., Dynamic shifts in chinese eating behaviors, Asia Pacific Journal of Clinical Nutrition,
17(1), pp. 123-30, 2008.

World Health Organization, Obesity and overweight, World Health Organization, Geneva, Switzerland, 2018. http://www.who.
int/mediacentre/factsheets/fs311/en/, Accessed on June, 2024.

Zhang, D.C. and Shi, B., Oscillation and global asymptotic stability in a discrete epidemic model, Journal of Mathematical
Analysis and Applications, 278(1), pp. 194-202, 2003.


https://www.cdc.gov/obesity/data/adult.html
http://www.who.int/mediacentre/factsheets/fs311/en/
http://www.who.int/mediacentre/factsheets/fs311/en/

	Introduction
	Model setting and its formulation
	Optimal control approach
	Control Approach and its Characterization
	Numerical analysis and interpretation
	References

