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Abstract: In this paper, we present a novel approach to inventory management modeling, specifically
tailored for growing items. We extend traditional economic growth quantity (EGQ) models by
introducing the fractional economic growing quantity (FEGQ) model. This new approach improves
the model’s symmetry and dynamic responsiveness, providing a more precise representation of the
changing nature of inventory items. Additionally, the use of fractional derivatives allows our model
to incorporate the memory effect, introducing a new dynamic concept in inventory management.
This advancement enables us to select the optimal business policy to maximize profit. We adopt the
fractional derivative in terms of Caputo derivative sense to model the inventory level associated
with the items. To analytically solve the (FEGQ) model, we use the Laplacian transform to obtain an
algebraic equation. As for the logistic function, known for its symmetrical S-shaped curve, it closely
mirrors real-life growth patterns and is defined using fractional calculus. We apply an iterative
approximation method, specifically the Adomian decomposition method, to solve the fractional
logistic function. Through a sensitivity analysis, we delve for the first time into the discussion of
the initial weights, which have a massive impact on the total profit level. The provided numerical
data indicate that the firm began with a favorable policy. In the following years, several misguided
practices were implemented that led to a decrease in profitability. The healing process began once
again by selecting more effective strategies.

Keywords: economic order quantity growing items; fractional differentiation and fractional integration;
memory-dependent derivative

1. Introduction

The economic order quantity (EOQ) model is a fundamental inventory management
tool used by businesses to determine the optimal order size that minimizes the total costs
associated with inventory, including ordering and holding costs. Harris [1] made the first
inventory model in the second half of the 1800s, which was the beginning of the field of
inventory modeling. Later, Wilson [2] built on it by using a mathematical model to come up
with methods for obtaining economic order quantities. The model is known as the classic
EOQ. The classic EOQ model is based on certain assumptions, such as a constant demand
rate, a fixed ordering cost, and a steady holding cost per unit. Despite its simplicity, the
EOQ model has been widely used in various industries to streamline inventory processes
and reduce costs. However, the utility and dynamic nature of real-world systems often
deviate from these assumptions. Traditional EOQ models may not adequately capture
the complexities of growing items, fluctuating demand, or time-dependent changes in
inventory levels (ILs). To address these limitations, advanced mathematical techniques,
such as fractional calculus, have been integrated into inventory modeling.
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Fractional calculus is a novel area of applied analysis that works with complex or real
derivatives of any order. By extending the concepts of differentiation and integration to
non-integer orders, this approach offers a more thorough foundation for comprehending
dynamic systems. In contrast to integer-order calculus, fractional calculus, which was
once thought to be abstract, developed quickly in the 19th century and provided a more
accurate explanation of natural and practical processes. Since then, numerous academic
fields, including mathematics, economics, physics, and engineering, have given it serious
consideration [3-7]. Fractional calculus is a useful tool because it can take into account the
memory effect, which is frequently disregarded in models that rely on differential equations
of integer order. Fractional calculus is a framework that generalizes integer-order calculus
and better reflects the complexities of dynamic systems, improving our knowledge and
modeling abilities in a variety of domains. A notable advancement in inventory modeling
came with the introduction of fractional calculus. Pioneered by Das and Roy in 2015 [8],
fractional calculus has been utilized to extend EOQ models, incorporating time-varying
demand and memory effects through fractional differential equations. Two years later
(2017), Das and Roy [9] made a further attempt, providing an appropriate mathematical
model for inventory management using fractional calculus while the production rate, as
well as the demand, is considered constant. In 2018, Pakhira et al. [10] introduced a
fractional approach to a classical inventory model with quadratic demand rates. Unlike
in the previous models ([8,9]), in their study, they delve into various approaches and
explore the macroscopic behavior of the model across a spectrum of memory ranges, from
long to low. This was the first time the memory effect was considered in an inventory
model. In the same year, Pakhira et al. [11] developed another model that generalizes
the inventory model. Three types of generalization with fractional computation have
been proposed: in the first model, only demand rates change fractionally; in the second
model, the demand ratio and the stock level are extended with the identical fractional
index; in the third model, the rate of demand and the level of inventories have been
aggregated, if necessary, in the same fractional index. All fractional models are governed
by the Caputo fractional order derivative. Fractional calculus concepts were applied to
the inventory control problem in 2020 by Rahaman et al. [12]. During their research,
they examined many scenarios and improved the fractional-order economic production
quantity (EPQ) model by incorporating a uniform demand and production rate, as well
as a uniform demand, production rate, and deterioration. The problem is solved by using
the rational approximation approach of the generalized Mittag-Leffler functions, which
involves different poles. In the same year (2020), Das et al. [13] proposed a fractional-
order generalized economic order quantity (EOQ) model with constrained storage capacity,
wherein demand varies inversely with unit production cost. They employed geometric
programming techniques to obtain the optimal solution for the fractional-order EOQ
model. In 2021, Rahaman et al. [14] studied the impacts of memory and learning due
to experiences on the decision-making process. The demand is modeled as a function
of price. Fractional calculus is integrated into the model as an effective tool to study the
memory effect; on the other side, fuzzification is used as a tool to represent experience-
based learning. Later (2022), attempting to find a more generalized version of the classical
EOQ, Rahaman et al. [15] utilized fractional calculus concepts to address inventory control
problems under fuzzification. Two main impacts have been studied in this research: the
effect of uncertainty, which is represented by the notion of fuzziness, and system memory,
which is represented by the fractional derivative. These advancements highlight the
potential of fractional calculus to improve the robustness and accuracy of inventory models,
especially in cases involving dynamic and non-linear processes. Despite the substantial
benefits of fractional calculus in creating more precise and adaptive inventory models,
its application to the EOQ model for growing items, known as the Economic Growing
Quantity (EGQ) model, remains unexplored. Since Jaafar [16] pioneered the EGQ model, all
studies have used the first differential equation to describe its parameters, such as feeding
cost, holding cost, and inventory level. This unexplored research opportunity represents
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a significant gap, as harnessing the sophisticated mathematical framework of fractional
derivatives could lead to the development of a fractional economic order quantity (FEGQ)
model specifically tailored for growing items. This innovative approach aims not only to
enhance the precision of inventory management for dynamically growing items, but also
to pave the way for a new paradigm in the field, addressing complex growth dynamics
and offering transformative potential for modern inventory strategies. Unfortunately,
the models considered in quantitative economic growth models implement an integer
derivative to describe item growth and inventory levels. In addition, it is well known that
the rate of temporal change of integer derivatives is predetermined by the characteristic of
differentiable functions of time only in extremely close proximity to the current moment.
Consequently, marginal output is expected to fluctuate momentarily as input levels change.
Consequently, the effects of dynamic memory are not observed in the conventional model.

In this paper, we introduce a fractional economic order quantity (FEGQ) model for
growing products to account for the memory effect. In fact, in the fractional derivative,
the rate of change is influenced by all the points in the interval under consideration, thus
incorporating the system’s memory, and the fractional order is physically treated as a
storage indicator. It can therefore overcome system forgetting. To build the FEGQ model,
we first describe the logistic evolution of growth using p-fractional logistics. In addition, we
describe the dynamics of IL using an a-fractional differential equation. Next, the evolution
of the holding cost is described using a J-fractional differential equation. To explain the
total profit equation, we apply the Adomian decomposition method to reveal the growth
function equation. Next, we use the Laplacian transformation to explicitly determine the IL
equation. In this sense, three essential cases of study are examined: (a) short-term memory
of holding costs, (b) short-term memory of inventory levels, and (c) long-term memory of
inventory levels and holding costs. We used the proposed model to determine the optimal
length of the consumption period and the maximum total profit expected in the context of
the chicken breed. The experiment was based on real-life data. The results obtained were
compared with those obtained by conventional EOQ models.

The main contributions of this work are summarized as follows:

¢ Memory augmentation of the EGQ model by introducing the fractional logistic func-
tion to the EGQ problem to describe item growth;

*  Memory augmentation of the EGQ model by introducing the fractional IL to the
EGQ problem;

*  Memory augmentation of the EGQ model by introducing the fractional version of the
total profit that implements previous fractional dynamic models;

*  Application of the resulting fractional economic growing quantity model, considering
different fraction order, to estimate an optimal policy for a particular breed of chickens
using the Adomian decomposition method.

This paper is organized as follows: Section 2 presents the methodology adopted in
the paper. Section 3 gives the fractional calculus basics. Section 4 presents the classical
economic growth quantity model. Section 5 introduces the proposed fractional economic
growth quantity model. Section 6 provides several experimental tests of the proposed
model. Section 7 gives some conclusions, limitations, and future scope of this research.

2. Methodology

In this section, we give the main steps adopted to build our model; see Figure 1.

In the following, we shall give the idea behind each component:

First, we recall the main important components of the classical EGQ model that
implement simple logistic and describe the IL using a first-order differential equation.
When generalizing this model, the following assumptions are adopted:

Al The item’s annual demand remains consistent over time.

A2 The shortages are prohibited.

A3 The items ordered can grow before being slaughtered, and the cost of feeding them
depends on the weight gained.
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A4 The items with poorer quality and the items disposed of due to mortality are not consid-
ered.

Second, we extend this model memory by introducing fractional logistic (to describe
the evolution of the item’s growth) and the fractional order of IL.

Third, to make the fractional total profit explicit, we use the Adomian decomposition
method and the Laplacian operator. This allows for distinguishing three main study cases
that need to be known: short growth memory, long growth and IL memory, and short
IL memory.

Fourth, to illustrate the performance of the proposed method, we use the FEGQ model
to describe the evolution of breeds of chickens and to estimate the optimal duration of the
maturation process, the length of the consuming period, and the quantity of newly hatched
chicks requested at each breeding cycle.

CLASSICALEGQ MODEL FRACTIONALEGQ MODEL
Growth model: Simple logistic M Growth model: Fractional logistic Cantto fractional
Inventory level: Ordinary order dynamic % Inventory level: Fractional order dynamic W Fractional calculus
Total Profit=Total Revenue- Total Cost EXIENSION | practional TP= TR~ Fractional TC

Duraticn of the
maturation process

Short growth memory
ici i L thand . .
Explicit F.ractlonal .ong growth an Adomian decomposition
economic growth model inventory level memory .
Laplacian transform
z
g=] .
§ Shortinventory level
5 memory
3
Breed of chickens
| Optimal |
L= —
Length of the Quantity of newly hatched chicks
consuming period requested each breeding cycle

Figure 1. Methodology adopted in this paper to build the FEGQ model.

3. Fractional Calculus Basics

In this section, we briefly review the fractional derivative of Riemann-Liouville and
Caputo. In addition, we give the principle of the Adomian decomposition method.

3.1. Fractional Derivative of Riemann—Liouville and Caputo

Within this part, we are going to provide two significant definitions: the Riemann—
Liouville (RL) definition and the Caputo—Fabrizio (CF) definition. In addition, we shall
incorporate the fractional Laplace transform method into the construction of this work.
Before proceeding, we outline the definition of the gamma function.

The gamma function is a mathematical tool that takes the place of the factorial operator
to extend factorials for non-integer numbers and is written as follows:

I'(a) = /O+oo r*~le " dr. (1)

where & is non-integer number.
The RL integral is defined as follows:

K1s(r) = g [ =9 s(e)ds re R @
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The fractional derivative, known as the RL fractional derivative of any order, is defined as

dar (r
BD8() = oy g, (19" (o)ds re R ©)

The CF derivative is defined as

cDig(r) = 1"(711—04) /ar(r - s)”_"‘_lg(”)(s)ds reR. (4)

In this paper, we intend to generalize the EGQ model by introducing the fraction EGQ
model that implements the CF derivative.

3.2. Laplace Transformation of the Fractional Derivative and Integral

The Laplace transform (LT) and its inverse constitute a powerful technique for solving
linear differential equations that are difficult to solve directly. To this end, LT converts the
differential equations into algebraic equations, which are often easier to solve [17]. In this
section, we define the Laplace transform and some of its properties.

The Laplace transform of the function g(t) is defined as

+o0
O(s) = Lig(t) = [ e g(a,

where s > 0.
The inverse Laplace transform of a function ®(s) is given by

L (®(s)) = g(t) = /+°° LD (s)dt.

—00

The LT for integer numbers can be expressed as shown in Equation (5).

-1
L(g? (1) = sPa(s) — T s7*-1gk(0) ®
k=0

The LT for non-integer numbers is given by the following equation:

L(g"(t)) = s"®(s) — mi:l sk F10) (m—1) <a < m. (6)
k=0

In Section 5.2, we shall implement Equation (4) to make the fractional IL explicit.

3.3. Principle of the Adomian Decomposition Method

Unlike in linear fractional equations, finding an exact solution to nonlinear fractional
differential equations, such as the logistic function, poses a challenge. In his paper [18],
West proposed an exact solution to the fractional logistic equation; unfortunately, his
solution is valid only for « = 1 (see [19]). Consequently, an approximate method takes
its place. To handle this problem, we utilize in this paper the Adomian decomposition
method (ADM). In this method, the solution is assumed to be of the form Z;;°1° v;. The
idea of this iterative method is to decompose the fractional derivative operator D* by
expressing it as a sum of simpler differential operators. In order to solve equations without
the need for linearization, discretization, perturbation, or any other limiting assumptions,
we employ an approach that involves dividing the problem into two distinct forms: linear
and nonlinear. Adomian polynomials are employed to decompose the nonlinear expression,
and a recursive iterative algorithm is employed to obtain the solution [20-22]. Next, we
provide how to use Adomian polynomials to approximate the solution. Consider the
following equation:

t(0) +p(0) + (o) —h =0, )
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where 7 is the highest-order derivative, p is a linear differential operator, # represents the
nonlinear terms, and / is a given function.
We apply 7! to Equation (7) and obtain

v=0v9+T 'h—11p(v) — 1t 1y(v). (8)

The nonlinear operator in the equation is decomposed by an infinite series of polynomials;
those polynomial terms are called the Adomian polynomials, and they are expressed as

—+o00
1(v) = ; A

The Adomian polynomials can be calculated for all types of nonlinearities by using
the following algorithm proposed by Adomian:

Ag=L.20 io AR =12

n—n! a/\nﬂ L Ok n=12...
i=1 A=0

By substituting in Formula (8) we obtain
+o0 —+o0 —+o0
Yvi=vg+t h—t o[ Yo | -7 )Y A
i=1 i=1 i

Iteratively, we determine the term of the sequence v;,.
We are going to apply that to the fractional logistic function.

3.4. Kernel-Dependent Derivative
The derivative of a function x(s) with the help of the kernel k(s — s’) is given by:

da;is) =- /ﬂs k(s —s')-g(s")ds' )

where g(s) is an integrable function of one variable.
To derive the concept of memory effect, we consider kernel function in terms of

power law in the form k(s —s’) = %, the Equation (9) can be reduce to the form
L = —aDs “Vig(s))

The parameter « in fractional calculus governs the memory strength of the system. As
« approaches 1, the system weakens in terms of memory, and when & tends to 1, the system
becomes completely memory-less. A lower value of a signifies stronger memory retention
within the system.

4. Classic EGQ Model

In this section, we present the fractional economic growth quantity (FEGQ) model,
which generalizes the EOQ model based on the classical derivative.

In this section, we give the classical mathematical model that can be used to describe
the evolution of the growing entities; Table 1 gives the list of symbols adopted in the paper.
In this sense, we consider a scenario where a company purchases newborn animals, raises
them, and subsequently slaughters and trades them in the marketplace. The organization
aims to determine the optimal quantity of newborn animals to procure and the optimal
day to butcher them in order to fulfill demand.
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Table 1. Parameters and decision variables of the EGQ model.
Parameters

wo Weight of newly hatched chicks (g)

wq Desired mass (g)

N Item’s yearly demand rate (g/year)

A Carrying capacity (g)

n Integration constant of the growth function

A growth rate

Decision Parameter

Quantity of newly hatched chicks requested at
y each breeding cycle
T Time span of the consumption phase (in years)

Cost components

P Price per unit (ZAR/g)

s Price of selling an individual item (ZAR/g)
The expense associated with storing a single

H unit of an item throughout the period of

consumption (ZAR /g/year)
Cost of maintaining a single unit item during

h the breeding period (ZAR /items)
K Capital of setting required for each growth
cycle (ZAR)
q Vaccination expenses
c Feeding expenses (ZAR/g)
Time period
t Duration of the maturation process (in years)
T Length of the consuming period (in years)

The general mathematical model implements two main terms (TC: Total Cost and TR:
Total Revenue) described by Equation (10) [23].

Total Profit (TP) = TR — TC. (10)

In the following, we define the TR and different types of costs:
Total revenue: Given the selling price of an item as s, the total revenue equals

TR: total revenue = s. y - w;.

The total cost implements five kinds of cost: purchasing cost (PC), setup cost (5C),
feeding cost (FC), holding cost (HC), and vaccination cost (VC).

Purchasing cost: At the start of the cycle, the corporation purchases y items at a cost of
p per item, each with a starting weight of wy. Therefore, the purchase cost is

PC: the purchasing cost = p -y - wp.

Setup cost: This cost includes all expenses related to the procurement of inventories,
as follows:
SC: The setup cost =K,

where K is constant.
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Feeding cost: It refers to the feeding expenses required for a newborn chick to reach
maturity. Here, we employ the logistic function to illustrate the progression of weight over
time, as follows:

delt) — A w(t) —b-w(t),
{ " w(0) = m, (1)

where A is the growth rate, A is the carrying capacity, and b = %. To make the feeding cost
explicit, we solve Equation (11) and we obtain the following equation:

A . A—m

w(t)

Using a simple analytical calculation, we can find the duration time ¢ needed to reach
the targeted weight w, as follows:

b=—in(5- (2 -1)) /A
n W1
Figure 2 illustrates the progression of broiler chicken weight over time. In this regard,

the weight first exhibits a modest increase, progressively gaining momentum until the hens
attain the target weight.

Inventory level

YW [mmm e s e s e m e ——— - =

S

ty

Figure 2. The evolution of the weight of newborn chick per time.

Holding cost: This cost encompasses all expenses associated with holding items in
inventory. Given H, the cost of holding a single unit, which is assumed to be constant in
our model, the total holding cost is obtained by multiplying the IL by H. The inventory
dynamic can be expressed by Equation (12).

di(t
{ =N, (12)
I(i’l +T)=0and I(tl) =y w.
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By solving Equation (12), we obtain
I(t)=-N-(t—tH)+y-wy=-N-(t—t)+DT.

Therefore, we obtain
I(t) =N(T+t)—N-t

Figure 3 depicts the duration of consumption. Once the newly hatched chickens reach
the desired weight wq, they are slaughtered and prepared for consumption by consumers.
The IL subsequently declines until it hits zero at time T.

Inventory level

t T

Figure 3. Evolution of inventory system over time.

Vaccination cost: It pertains to the expense of vaccinating each item at the start of
the cycle.
VC=gq-y.

Towards the end, the total profit equation of the system during the whole-time cycle is
given by Equation (13).

t .
TPU =5y w; — (p~y+c~y~/01wtdt+l<+h-y+ H-(T-y2w1)+q~y). (13)

To obtain the expected total profit by unit (E[TPU]), we divided TP by the cycle dura-
tion T, as follows:

E(TP) TR —SC—PC—HC—FC—VC

E(TPU) = = .

E[TPU] is given by Equation (14).

) N-c [ w,dr . . )
E(TPLI):s~N<p N Neco wdt K Nb N T+qu). (14)
1

w1 w1 T w1 2

The maximum of the function E[TPU], considering the variables T, can be obtained

by solving the equation % = 0. In this sense, we obtain
2-K T*-N
T = TN and y* = o (15)

In the coming section, we are going to generalize this model by describing different
components using fractional calculus that take into account the memory effect [24].
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5. Proposed Fractional Economic Growing Quantity (FEGQ)

To introduce our fractional economic growth quantity model, we introduce the frac-
tional logistic function and the fractional IL. We then explain them using the Adomian
decomposition method and the Laplacian transform operator.

5.1. Fractional Logistic Function to EGQ Problem

The first step towards generalizing the classic EGQ model is to describe item growth
using fractional order to improve the accuracy of the classic model. The obtained model is
given by the following Equation (16):

{ DFw(t) = A w(t

) —b-wi(t),
w(O): and b= %. (16)

Since the model (16) is not linear, we turn to ADM as a solution approach [21].
Theorem 1. The solution of Equation (16) has the form

1

(A-m—b-m?)
I'(1+p)

.28
T(1+2p)

w(t) = m+ (A-m—b'mz)tﬁju(/\_z.b.wo).

Proof. We apply the operator If, the inverse of the operator DF, to both sides of Equation (16),
and using the initial condition, we obtain

w(t) = m+ AT (w(t)) - b.1P(w?(1)),

The decomposition technique consists of representing the solution as a series. By
substituting u(t) = ¥_."% u; in the previous equation, we obtain

—+o0

Y wi=m+A-IP(w(t))—b-1P- (ZA)

i=1
where the nonlinear terms w?(t) = U5 A;. O

We obtain the following recurrent scheme:

wl(t) = I‘B()\Z()O(f) —b- Ao),
wz(t) = I‘B()\W1(t) —b- Al),
ws(t) = IP(Awy(t) — b+ Az),

and the Adomian polynomials’ initial few terms for the nonlinear function u2(t) are ob-

tained as follows: )
Ap(t) = wo(t)?,

Al (t) = 27,00(t) . wl(t),
Ag(t) = 2wo(t)wy(t) + wi(t),
As(t) = 2wo(t)ws (t) + 2wi () - wa(t).

Thus, we have
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According to previous formulas, the first three sequences of general fractional logistic
functions are written as follows:

wo(t):m,
__ 1 m—bm2 )P
wl(t)—r<1+ﬁ)(/\ m—b m)t.
A-m—b-m?
Let H; = 6 )
wl(t):Hl'tﬁ
ws(t) = YEEB). o) - Hy - 26,

- T(1+28)

r
Let Hy = 1 ifh (A =2+ b-wp) - Hy:

wy(t) = Hy - 2B,
Then, we obtain the final equation of the fractional logistic function, as follows:
w(t) = wi(t) + wy(t) +ws(f) + ...

Later, we are going to utilize this function to illustrate the fractional logistic function
by substituting its parameter with the numerical value given in Section 6.

5.2. Fractional IL to EGQ Problem

The second step towards generalizing the classic EGQ model is to describe IL items
using fractional order to improve the accuracy of the classic model. The obtained model is
given by Equation (16). In this respect, and to study the influence of memory effects, we
recall the memory kernel function, defined by

I T+t
% = —/ ' k(T+t; —t')-Ndt' Where g(t') = N.

ty
Theorem 2. Ifk(x) = ﬁ X2 with0 < a < 1, and I'(a) denotes the gamma function,
then we have N N

_ 2% — %
Proof. In the case where k(x) = ﬁ -x*~2, and following the same steps given in [11],
we obtain a(1()

t —(a—1
it —n Dy « )(N)-

Applying the fractional CF derivative of the order (« — 1) on both sides, we obtain

Dty 4rl(t) = =N b <t<t+T,
I(t) = ywy and [(T +t;) = 0.

O

Since we have a linear differential equation, we take the Laplace transformation and
we obtain



Symmetry 2024, 16, 1057

12 of 22

R N
s*I(t) —s* 07 (1) = 5

A N
s*I(t) = —?—i—s“’l-l(tl),

N N I(t)
I(t) = Tt T

Applying the inverse Laplace transformation leads us to

1) = L1(1(t)) = L~ (S_ﬁ) e (1(3))

1) = L (1) = s (07 + 1002,
=0.

with: I(T+ i’1)

According to the initial condition, we obtain the following result:

(T+t)= () +1I(t;) =0,

N
I'(1+a)
Therefore, we obtain the following desired equation:

N
T(1+a)

N

I!X(t) = m

(T+t)" + (t)*. (18)

Based on Equation (18), the fractional holding cost is given by

T+ty

To obtain the fractional ETP(U) by the unit E, 5[TPU|, we divide the fractional TP, ;
by the cycle duration T, as follows:

HChs5 = H-D°I(t) =

TP,; TR—SC—PC—HC,5—FC —VC
E(TPU) = —£* = e :

Then, we obtain the final equation of the fractional ETP(U), as follows:

. T+t 51

_ p-N-w, N~cjt1 wydt 7r(1§) S (Tt —x)° " (x)dx

Eu[TPU) = s — (B Bt (BT g
+K 4 Nh g oy

w1 w1

5.3. Fractional Economic Growth Quantity: Explicit Form

Equation (20) gives the amount of fractional economic growth in implicit form, so
the optimization method cannot be implemented directly to give the optimal policy. To
simplify the form of Equation (20), we articulate our study in the main case of the study
following fractional parameters.

5.3.1. Classical Case: « = land é =1

The aim of this case study is to show that the proposed model generalizes the classical
model (i.e., to prove the symmetry of the proposed model).

Taking into account the fractional stock level equation, the holding cost has the follow-
ing equation:
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H T+t

HCy1=H-D'L(t) = 7/ (T4t —x) 71 (x)dt
' I'(1) Jy

y-w

T-‘rtl
:H-/ I(de=H.-T- L

5]

The expected value of the total profit in this scenario is expressed as

E(TPU) = T34
gN

N | Necflwd . .
—s-N+—<’;T+Cfg,lw“+’§+N1’1+H-N2T+ w1>-

We note that the fractional model becomes exactly the classical model in the case
where « = 1 and é = 1; this means that the proposed model generalizes the classical model.

(21)

5.3.2. Short Holding Cost Memory: 6 = land 0 < a <1
In this case of study, the effect of memory on holding cost is neglected (i.e., § = 1). In

this regard, the correspondence holding cost is

1 H T+t 1-1
HCu1 = H D'I(t) = gy /t (T+# — ) (x)dx
1

T+t N N -N N
:H:A (azm T feg O

=H- (m(T+ t) T — r(sz(tl + 7)1+ r(zli ) (t1)**1).

The total fractional cost is obtained by subtracting the various costs from the total

profit, as follows:
TPy1 = TR — (PC+ HC,1 + FCy + SC),

In this sense, ETP(U) is given by
TP
a1 where T > 0.

ETP = —*,
N o N a+1 a+t1
N -c [,} widt N (T 1)% - T — N (1 4 T)FL — ()5 1)
E(TPU) =s-N — (C{gwt 4. M0+ r(ztfa) -
1
-N K N-h -N
w1 T w1 w1

5.3.3. Short IL Memory: « = land 0 < 6 < 1
In this case of study, the effect of memory on IL is neglected (i.e., « = 1). In this regard,

the correspondence holding cost is

_ H T+t _
HC 5= H-D L (t) = W/t (T+t — x)° 11 (x)dx,
1

where [[(x) = N-(T+#)—N-x.
Subsequently,
T+t
HCL(S = H~D_511(t) = I"I(_I(S)/ 1(T+t1 —X)’S_lh(x)dx.
_ H-N.((T+t1)-T‘5 T‘5~((§+1)t1+T))
Y0 0 J-(0+1) ’

fy
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The total fractional cost is obtained by subtracting the various costs from the total profit,
as follows:
TPL(; = TR — (PC + HC1,5 + FC1 + SC).

ETP(U) is
TP s
ETP = . where T > 0.
N N[N wdt ((T+t1)«T‘5 7T6»((15+1)t1+T))
= r CJo_ W H. 3 5(6+1)
E(TPU) =s N+ (G5 + —5— + 15 T (23)

_|_K + M + +ﬂ)

T 7 =)

5.3.4. Long-Term Memory on IL and Carrying Costs

In this case of study, the effect of memory on IL and holding cost s neglected are taken
into account (i.e.,, 0 < a < 1and 0 < é < 1). Here, the values of a and ¢ are arbitrary. In
this case, the problem becomes more complicated. However, for particular values of &« and
J, the problem can be solved numerically [12]. Here, in our discussion, we take o« = 0.5 and
6=0.5.

H T+t1 0.5-1
HCys05 = T(05) /t (T+t—x)""" Ios(x)dx
. 1

N lﬂ;:lly«)@[z\/m;(T+f1)+(T+t1)sin_l Tf:tl m]

The total fractional cost is obtained by subtracting the various costs from the total profit,
as follows:

TP = TR — (PC + HCO_5,0,5 + FC1 + SC),

ETP(U) is
TP,
ETP = (}5'0'5 where T > 0.
N-c [t wdt N K N-h g-N
E(TPU) =s-N — ( {3 T e
1 1 1 1
. V .

To estimate the solution of the optimization problem ming<t E(TPU), considering
Equations (21) or (22) or (23) or (24), we can use intelligent heuristic techniques such as the
genetic algorithm and the intelligent particle swarm algorithm [25].

6. Experimentation

To test the performance of the proposed model, we provide a numerical example
pertaining to a particular breed of chickens. Following the study presented in [26], we
adopt the values of the FEGQ model parameters, as follows:

A=6780g, A =40/year, s=0.05ZAR/g, w;=15kg, wy=57g,
N =1,000,000 g/year n =120, H =0.04 ZAR/g/year, K = 1000ZAR,
p=0025ZAR/g, h=003ZAR c¢=02ZAR/g/year, gq=1ZAR

In this respect, we consider (a) the classic case of study in which no effect memory
is taken into account (x = 1 and ¢ = 1), (b) the short holding cost memory case of study
(6 =1and 0 < & < 1), (c) the short IL memory (x = 1and 0 < § < 1), and (d) the long-term
memory on IL and carrying costs (0 < a <land 0 <4 <1).
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6.1. Classical EGQ Model vs. FEGQ (x = 1 and 6 = 1) Model

In the theoretical study presented before, we demonstrated that the classical model is a
particular case of the fractional model. The aim of this subsection is to show, experimentally,
that the classical model is nothing other than the restriction of the fractional model to a
specific fractional order. To this end, we consider two cases: the ordinary model and the
fractional model witha = 1and 6 = 1.

In the case of the classical EGQ model, knowing that H = 0.0034 ZAR/g/year,
K =1000 ZAR, and N = 10,00,000 g/year , and using Equation (15), we obtain the optimal
length of the consuming period T* = 0.223 years. Using Equation (14), we obtain the maximum
of ETP(U) as 34,973 .46.

Now consider the FEGQ model with « = 1 and § = 1 (see Table 2) using Newton—
Raphson [27] to find the maximum of the function defined by Equation (22). We obtain the
optimal length of the consuming period T* = 0.223 years. Then, we obtain the maximum
of ETP(U) as 34,973.46.

Table 2. ETP(U) and the optimal cycle duration in the casex = 1and 6 = 1.

@« B
1 0.95 0.9 0.85 0.80
ETP T E ETP T t ETP T ) ETP T f ETP T t

1

34,973.46 0.223

0.0878

35,820.39 0.223 0.072 36,603.06 0.223 0.058 37,443.06 0.223 0.045 38,139.06 0.223 0.034

We remark that both the classical EGQ model and the fractional FEGQ (x = 1 and
6 = 1) produce the same results. Thus, the FEGQ (¢« = 1 and delta = 1) model generalizes
the classical EGQ model.

To show that the presence of the additional memory on feeding cost has an effect on
the decision, we consider other cases with different values of B € {0.95,0.9,0.85,0.80};
see Table 2. We observed an obvious connection between the value of 8 and the value of
ETP, where a lower 8 corresponds to a higher ETP. This is an acceptable scenario since the

duration of the feeding interval (té3 ) diminishes as 8 lowers. As a result, the cost of feeding
also falls.

6.2. Fractional Model with Short Holding Cost Memory: § = 1and 0 < a <1

In this case of study, we consider the fractional model with short holding cost memory,
ie, 6 =1land 0 < a < 1; see Table 3. In this context, we notice that, in the presence
of a differential memory index (0 < a < 1) and in the absence of an integral memory
index (6 = 1), ETP(U) decreases gradually until it reaches the critical value of the memory
parameter (¢ = 0.6), at which point the minimum of ETP(U) is obtained. Beyond this
point, ETP(U) begins to climb until reaching the memory-less system (¢ = 1) with ETP(U)
equaling 34,973.46. However, ETP(U) does not reach the level of ETP(U) in the long memory
scenario. On the other hand, the optimal ordering interval keeps rising as ¢ decreases and
reaches a value that is not practical in real life.

For this reason, we take the case where f = 1, and we take the optimal value of the
time cycle T}, = 0.22, and then we investigate ETP with respect to a.

Figure 4 validates the findings shown in Table 3. ETP(U) decreases gradually until it
reaches an critical value, which is around a = 0.6; after that, ETP(U) starts to increase until
the memory-less system. Interestingly, ETP(U) in long memory (« < 0.3) at T11,1 is still better

than ETP(U) when « = 1 at its own optimal cycle duration T11,1 (T11,1 < Tll/(l9 <. < Tll,o.l)'
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Table 3. ETP(U) and the optimal cycle duration in the case « > 0 and 6 = 1.
« B
1 0.95 0.9 0.85 0.80
ETP T H ETP T h ETP T H ETP T 21 ETP T 21

1 34,973.46 0.223 0.0878 35,820.39 0.223 0.072 36,603.06 0.223 0.058 37,443.06 0.223 0.045 38,139.06 0.223 0.034
0.9 34,597.22  0.221 0.0878 35,408.00 0.221 0.072 36,155.65 0.220 0.058 36,960.07 0.220 0.045 37,623.15 0.220 0.034
0.8 34,286.14 0.221 0.0878 35,054.91 0.221 0.072 35,761.41 0.220 0.058 36,523.28 0.220 0.045 37,146.26  0.219 0.034
0.7 34,076.66 0.225 0.0878 34,799.90 0.224 0.072 35,460.63 0.223 0.058 36,174.42 0.223 0.045 36,751.31 0.223 0.034
0.6 34,019.85 0.234 0.0878 34,696.63 0.233 0.072 35,310.27 0.232 0.058 35,973.87 0.231 0.045 36,501.98 0.231 0.034
0.5 34,184.18 0.251 0.0878 34,819.52 0.250 0.072 35,390.69 0.249 0.058 36,008.58 0.249 0.045 36,491.83 0.250 0.034
0.4 34,665.08 0282  0.0878 3527315 0.282 0.072  35816.35 0.282 0.058  36,404.17 0.284 0.045  36,858.04 0.286 0.034
0.3 35600.19 0347  0.0878  36,209.12 0.34 0.072  36,753.91 0.352 0.058  37,344.49 0.357 0.045  37,802.34 0.364 0.034
0.2 3720278 0512  0.0878  37,859.94 052 0.072 3845691 0.537 0.058  39,104.44 0.556 0.045  39,621.40 0.578 0.034
0.1 39,842.33 131 0.0878  40,609.64 1.39 0.072 4131828 149 0.058  42,086.45 1.6 0.045 4271915 1.72 0.034

44,0000 ETP(U)

38,000
36,000
34,000
32,000
(6%
30,000 .

0.2 0.4 0.6 0.8 1

Figure 4. ETP(U) and the optimal cycle duration in the casex > 0and 6 = g = 1.

We reach the same conclusion in other cases when we take the optimal value of the
time cycle for each case (8 = 0.9, ...), as well as when we adopt the same interpretation of
the decreasing in ETP as in the previous case.

6.3. Fractional Model with Short IL Memory: « = 1and 0 <6 < 1

In this case of study, we consider the fractional model with short holding cost memory,
i.e.,, 6 =1and 0 < a < 1; see Table 4. In this context, we observe that when we allow the
integral memory index (0 < § < 1) and the absence of the differential memory index, the
critical value of the memory index is approximately 0.5, which is the lowest expected total
profit. Similar to the previous model, at § = 0.1, the inventory reaches its peak ETP(U)
of 39,329.03 when & = 0.1. Then, it progressively decreases until « = 0.5, at which point
the inventory starts to recover. The projected total profit starts climbing again until the
memory-less system. On the other hand, when the value of § declines, the optimal ordering
interval increases and eventually reaches a value that is not feasible in real-world scenarios.
For this reason, we take the case where § = 1, and we take the optimal value of the time
cycle Tlll1 = 0.22; then we investigate ET P with respect to a (Figure 5).



Symmetry 2024, 16, 1057 17 of 22
Table 4. ETP(U) and the optimal cycle duration in the case « = 1 and § > 0.
« B
1 0.95 0.9 0.85 0.80
ETP T t ETP T f ETP T t ETP T h ETP T h
09 3432961 0220 00878 3518855 0220 0072 3595921 0220 0058 3679921 0220  0.045 3749521 0220  0.034
0.8  33687.84 0219 00878 3454678 0219 0072 3531744 0219 0058 3615744 0219  0.045 3685344 0219  0.034
07 3309295 0224 00878 3395188 0224 0072 3472255 0224 0058 3556255 0224  0.045 3625855 0224  0.034
0.6 3262155 0236 00878 3348048 0236 0072 3425115 0236 0058 3509115 0236 0045 35787.15 0236  0.034
05 3240008 0260 00878 3325901 0260 0072 3402968 0260 0058  34869.68 0260 0045 3556568 0260  0.034
04 3262916 0310 00878 3348809 0310 0072 3425876 0310 0058 3509876 0310 0045 3579476 0310  0.034
03 3360825 0420 00878 3446719 0420 0072  35237.85 0420 0058 3607785 0420  0.045 3677385 0420  0.034
02 3572997 0732 00878 3658891 0732 0072 3735957 0732 0058 3819957 0732  0.045 3889557 0732  0.034
01 3932903 2397 00878 4018796 2397 0072 4095863 2397 0058 4179863 2397 0045 4249463 2397  0.034
V\ETP(U)
40,00
38,000
36,000
34,000
32,000
§
30,000 -
0.2 0.4 0.6 0.8
Figure 5. ETP(U) in the function of § with T fixedand p = a = 1.
Based on Figure 5, we employ the same interpretation as in the prior case where T is
held constant.
6.4. Fractional Model with Long Memory IL and Holding Cost
The issue gets trickier for arbitrary values of « and 6. However, the problem can be
solved numerically for specific values of « and . Here, in our discussion, we take &« = 0.5
and 6 = 0.5.
We offer the optimal ETP(U) considering both memory effects simultaneously. We
obtain the results shown in Table 5. We take, for example, the case where § = 1; the
optimal ETP(U) equals 32,985.33 ZAR/year. Compared with the results shown in Table 4
(i.e., Table 5), these values came in between ETP110 ,and E TPllO , (e, E TP&2 ;and ETP(} 110
therefore, the system was affected by long memory. In the long memory effect, businesses
take a long time (5 years) to reach the maximum compared with the low memory effect or
memory-less system. For the other case (8 = 0.9, ...), we obtain the same interpretation as
in the previous case.
Table 5. ETP(U) and the optimal cycle duration in the case « = 0.5 and 6 = 0.5.
B
1 0.95 0.9 0.85 0.80
«=05andd =05 ETP T i ETP T h ETP T h ETP T h ETP T h

32,985.33 5.03

0.0878  33,826.93 116.13  0.072 34,5973 1202 0.058  35437.1 1213 0.045 36,1329 1278 0.034
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6.5. Sensitive Analysis

Purchasing cost and feeding cost are significant parameters that have a big influence
on the overall total profit. The value of these two parameters is related to the weight of the
items at the moment of purchase, which makes the purchasing moment significant.

In the following equation, we can determine the appropriate weight to obtain the
optimal overall total profit, as follows:

t A t
f(t):P‘Y'Wt"'Cyt wxdx:P'y'erC'y' t wxdx,
= . A . .A At} _ At

fO=p-y W—I-C y X(ln(b%—e 1) ln(b+e )),

df(t)

To find the optimal weight, we solve the equation ~5~ = 0, as follows:

. ot
df(t) :y~A-b( A-p+c)-e +C:O,

dt (1+b- e—A-t>2

Therefore,

P R ———
b(—A-p+c)

6.5.1. Case I:

Ifc>A-p:
Figure 6 give the evolution of the function f in the case where ¢ > A - p. In this case, we
can demonstrate %(tt) < 0; therefore, f is a decreased function, so the closer the chicken’s

weight is to wy, the better is the overall total profit.

Figure 6. The evolution of the function f in the case where ¢ > A - p.

6.5.2. Case II:
Ifc <A-p and w(ts) < w(ty), where
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e Following Figure 7, if f(t1) < f(0), the closer the chicken’s weight is to wy, the better
is the overall total profit.

e If f(#1) > f(0), in this case, the smaller the weight of the chicken, the better the overall
total profit.

Figure 7. The evolution of the function f in the case wherec < A - p.

6.6. Discussion

In our model, we handle two different memory effects, one effect in the inventory
model level and the other effect the holding cost, and we reveal the existence of memory
effects on inventory management, ordering interval, and ETP(U) in terms of fractional
derivatives and integration. Based on the results in Tables 3-5, the business began with
a sound policy and reached the highest ETP(U). In subsequent years, some poor policies
were chosen, which led to a reduction in profit by decreasing ETP(U). This loss of profit is
maximum at &« = 0.6 (i.e., B = 0.5). The business again started recovery by choosing better
policies for « = 0.6 (i.e., p = 0.5) as ETP(U) was increasing. Consequently, the company
must reconsider its new policy or revert to the old policy to achieve better profit.

The selection of the weight for purchasing chickens depends on the feeding cost, the
purchasing cost, and the rate of growth.

Based on the data illustrated, in Figure 8, we have the following: (a) every parame-
ter—aside from demand—has an adverse effect on the anticipated total profit per unit time,
(b) the demand rate has the greatest impact on ETP(U), and (c) the alterations in the setup
and holding costs have the second most significant influence on the anticipated overall
profit, but with a less dramatic effect compared with the demand rate.
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change of ETP(U)
w

[a¥]

0 1 1
0 50 100 150
% change of parametre

Figure 8. ETP(U) variation brought on by parameter changes.

7. Conclusions

In inventory modeling, it is important to consider the impact of memory or past
experience effects. These effects are based on the idea that entrepreneurs may recall the
historical changes in exogenous and endogenous variables that define economic operation.
Practically speaking, the fractional order inventory model is more advantageous in real
systems than the classical inventory model. In this paper, we introduced a fractional
economic order quantity (FEGQ) model for growing products to account for the memory
effect. Three essential cases of study are examined: (a) short-term memory of holding costs,
(b) short-term memory of inventory levels, and (c) long-term memory of inventory levels
and holding costs.

We used the FEGQ model to determine the optimal length of the consumption period
and the maximum total profit expected in the context of the chicken breed. The experiment
was based on real-life data. The results obtained were compared with those obtained by
conventional EOQ models. The proposed model has improved ETP(U) by 13.92%.

Concerning the management side, the provided numerical data indicate that the firm
began with a favorable policy. In the following years, several misguided practices were
implemented that resulted in a decrease in profitability. The process of healing commenced
once more by selecting more effective strategies. In addition, we conducted a sensitivity
analysis and discussed how to select the appropriate initial weights to achieve optimal
overall total profit. In this sense, we examined how variations in the main parameters of
the model can affect ETP(U). The initial weight is strongly affected by the feeding cost, the
purchasing cost, and the growth rate. This work can help business policy makers to include
the level of past experience in the marketing system.

While it is true that the proposed fractional model can significantly improve the
ETP(U) benefit, the optimal cycle time, in the case of long-memory modeling, it requires a
long period of time to reach the optimal cycle time. In addition, as the Newton—-Raphson
numerical method has a high order of error, our method may lose some of its accuracy.

In the future, we intend to use heuristic methods to determine optimal splitting orders
and improve decision quality from an initial population produced by Raphson-Newton.
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