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Abstract: Since polynomial regression models are generally quite reliable for data that can be handled
using a linear system, it is important to note that, in some cases, they may suffer from overfitting
during the training phase. This can lead to negative values of the coefficient of determination R?
when applied to unseen data. To address this issue, this work proposes the partial implementation
of fractional operators in polynomial regression models to construct a fractional regression model.
The aim of this approach is to mitigate overfitting, which could potentially improve the R? value
for unseen data compared to the conventional polynomial model, under the assumption that this
could lead to predictive models with better performance. The methodology for constructing these
fractional regression models is presented, along with examples applicable to both Riemann-Liouville
and Caputo fractional operators.

Keywords: fractional operators; fractional calculus of sets; polynomial regression models

1. Introduction

Fractional calculus is a branch of mathematics that uses derivatives of non-integer order that
originated around the same time as conventional calculus due to Leibniz’s notation for derivatives of
integer order:

dn
dxm’

Thanks to this notation, L'Hopital could ask in a letter to Leibniz about the interpretation of
taking n = 1/2 in a derivative. Since at that moment Leibniz could not give a physical or geometrical
interpretation of this question, he simply answered to L'Hopital in a letter, “. .. is an apparent paradox
of which, one day, useful consequences will be drawn” [1]. The name of fractional calculus comes
from a historical question since, in this branch of mathematical analysis, the derivatives and integrals
of a certain order « are studied, with « € R. Currently, fractional calculus does not have a unified
definition of what is considered a fractional derivative. As a consequence, when it is not necessary to
explicitly specify the form of a fractional derivative, it is usually denoted as follows:

dﬂl
dxe’

The fractional operators have many representations, but one of their fundamental properties
is that they allow retrieving the results of conventional calculus when &« — n. For example, let
f:Q C R — Rbe a function such that f € L} (a,b), where L} (a,b) denotes the space of locally

loc loc
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integrable functions on the open interval (a,b) C Q. One of the fundamental operators of fractional
calculus is the operator Riemann-Liouville fractional integral , which is defined as follows [2,3]:

210 1= s [0 <1>

where I' denotes the Gamma function. It is worth mentioning that the above operator is a fundamental
piece to construct the operator Riemann-Liouville fractional derivative, which is defined as follows [2,
4]:

LA f(x), ifa <0
D% = n , 2
D3 f(x) ddx” (EF()), ifa >0 2

where n = [a] and ,I0f(x) := f(x). On the other hand, let f : QO C R — R be a function n-times
differentiable such that f, f") € L} (a,b). Then, the Riemann-Liouville fractional integral also allows
constructing the operator Caputo fractional derivative, which is defined as follows [2,4]:

L f(x),  ifa<O

3
LM (), ifa >0 G)

DU f(x) {

where 1 = [a] and ,I0f (") (x) := f(")(x). Furthermore, if the function f fulfills that f*)(a) = 0 Vk €
{0,1,---,n — 1}, the Riemann-Liouville fractional derivative coincides with the Caputo fractional
derivative, that is,

JDif(x) = (DS f (). 4

Therefore, applying the operator (2) with a = 0 to the function x#, with 4 > —1, we obtain the
following result:

I(p+1)

Dk — T
O T T —a 1)

W a e R\Z, )
where if 1 < [a] < p, itis fulfilled that \D%x* = {D%x*. To illustrate a bit the diversity of represen-
tations that fractional operators may have, we proceed to present a recapitulation of some fractional
derivatives, fractional integrals, and local fractional operators that may be found in the literature [5-7]:
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Table 1. Some of the most common fractional operators in the scientific literature.

Name Expression
Griinwald-Letnikov fractional derivative SLDYf(x) = }g% hia ké) %ﬂx —kh), n=|(x—a)/h]
Marchaud fractional derivative Ma D% f(x) = ﬁ /:;(x — 07N (f(x) - f(H)dt, O<a<1
Hadamard fractional derivative feprf(x) = ﬁ % /:(lr\(x) - ln(t))zfﬂ‘@dt, 0<a<1
Chen fractional derivative Chpif(x) = ﬁ P '/;(x — 57 f(t)dt, 0<a<l.
Caputo-Fabrizio fractional derivative DY f(x) = ]1\/[_(02 /;C exp(— I i‘x (x— t))f(l)(t)dt, M(0)=M(1)=1
Atangana-Baleanu-Caputo fractional derivative | 2BCDYf(x) = 247(02 /ﬂx E, (7 T f - (x =) ) fD(Hdt, M) =M(1) =1
Canavati fractional derivative S DI f(x) = ﬁ % /:(x —)e ;T:f(t)dt, n= |«
Jumarie fractional derivative Dt f(x) = ﬁ dd% '/ax(x — )" L (f (1) — fa))dt, n=[a]
Hadamard fractional integral Hopf(x) = l"ia) /ﬂx(ln(t) —In(x))*! f(t—t)dt
Weyl fractional integral WES(x) = ﬁ /:%t —x)* (Bt
Conformable fractional operator Taf(x) = Ilgr}) w

o TEOpUa ) = 73]

Katugampola fractional operator D*f(x) = lim A
1—!
Deformable fractional operator Df(x) = }1in(1) a+ hﬂ)f(xlj fia) — ) , a+p=1
-

Before continuing, it is worth mentioning that the applications of fractional operators have spread
to different fields of science, such as finance [8,9], economics [10,11], number theory through the
Riemann zeta function [12,13], in engineering with the study for the manufacture of hybrid solar
receivers [14,15], and in physics and mathematics to solve nonlinear algebraic equation systems [16—
26], which is a classical problem in mathematics, physics and engineering that consists of finding the
set of zeros of a function f : 3 C R" — R", that s,

{ceq: f(@l =0}

where || - || : R” — R denotes any vector norm, or equivalently,

{¢eq: [flk(§) =0Vk=1},

where [f]x : R” — R denotes the k-th component of the function f.

2. Sets of Fractional Operators

Before proceeding, it is important to note that the large number of fractional operators in the
literature [5-7,27-42] suggests that the most natural way to characterize the elements of fractional
calculus is through sets. This approach is central to the methodology of fractional calculus of sets [43-47].

Consider a scalar function & : R™ — R and the canonical basis of R™, denoted by {é; }1>1. Using
Einstein’s summation convention, we can define the fractional operator of order « as:

o%h(x) := égorh(x). (6)

Next, denote by 9} the partial derivative of order n with respect to the k-th component of the
vector x. Using the previous operator, we define the following set of fractional operators:

O (h) := {o§ : Jofh(x) and lim ofh(x) = 3 h(x) Vk > 1}, @)

which is non-empty since it includes the following set of fractional operators:

O, o (h) = {ogg + Fofh(x) = (3] + p(@)df)h(x) and lim ju(a)dfh(x) = 0k > 1}. 6)
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If of, 0%, € O () withi # j, = 3of, = 1(ogfx + o;fx) € O, (h). 9)

L,x’v],

2

Furthermore, the complement of the set (7) can be defined as follows:

O (h) := {oﬁ : Jogh(x) Vk > 1 and 01(13}1 ogh(x) # oph(x) for at least one value ofk}. (10)

From this, we obtain the following result:

If of, = éxofy € Oy () = o, = &o, ) € OLA (),

(11)

where i {1,2,---,m} = {1,2,--- ,m} is a permutation other than the identity.

Next, the set (7) generalizes elements of conventional calculus. For example, if 7 € Nj' and

x € R™, we define the following multi-index notation:

yr= Tl vl= vl 7= [T
k=1 k=1 k=1
7 olvh 3k ol Im

oxT a[x]gﬂl a[x]gr]z a[x],[;”'"

Consider a function i : ) C R" — R and the fractional operator:
27 (%) := o‘i‘[ﬂlogmz » .O%[W]m,

The following set of fractional operators is defined:

Sya(h) = {siv =sy"(0%) : 3siTh(x) with of € O, (h) Vs < n? and lin}l{si”’h(x)
a—

From this, the following results hold:

chig(l) s h(x) = 0% - - - 0%, h(x) = h(x)

o oxky

(12)

(13)

k
h(x) Vi, || < } (14)

v
lim s h(x) = ogﬂloyz ol mh(x) = a7}1(@ Yyl <n
a—1 be

If S?y € SZ'Z(h) = qy (15)
' ‘ — o1lvh yalo] q[v]m _ 9
}gr{l]s?h(x) = ol"odT2 ol () = Wh(x) Vgly| < qn
im s%7 nlrh gnlrlz | prlrle o™ 2
lim s h(x) =0y 0y "2 -0, " hH(x) = 8x"“/h(x) Vnly| <n
Using little-o notation, the following result can be derived:
, . o((x—a)7)
If x € B(a;6), = JICIESIW -0, V|y|>1 (16)
This allows us to define the following set of functions:
R3, (a) = {’Zv 2 lim [lr, (0) =0 V|y| = n and [|rf, ()] < o(flx —a]") ¥x € B(ﬂ?5)}- (17)

Now, consider the following sets of fractional operators:

1 4

P
T?Z’,Z(u,h) = {t?’p = t?’p(s?) : sy e S%ﬂ(h) and tﬁ’ph(x) = Z — sy h(a)(x —a)” + rgv(x) Va <n, Vp < q}, (18)

!
=0 7°
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Toa (a,h) == {tﬁ/“’ =t9%(sy7) : sy’ € Sua (h) and t2®h(x) = i %siwh(u)(x — a)"}. (19)
lyl=0 "
These sets generalize the Taylor series expansion of a scalar function in multi-index notation [22],
where M = max{n,q}.
Consequently, the following results hold:

Ifty7 € T,lc’fx’:;(a,h) andw — 1 = 7 h(x) = h(a) + ,;, aa vh(a)(x —a)"+75(x). (20
l7[=1
I #7 € Toyd(ah)and p — 1 = t9h(x )+ Z ot —a)]j 478, (x). (21)

Finally, the set (7) can be seen as a generating set for fractional tensor operators. For example,
if &,n € RY with « = &[] and n = &n]y, the following set of fractional tensor operators can be
defined:

Oy (h) = {o% : Fo%h(x) and of € OU}L, () x OUE () x -~ x Ot () }. (22)

x oy x, (a2 x|

3. Groups of Fractional Operators

Leth : O C R™ — R" be a function. We define the sets of fractional operators for a vector
function as follows:

O () 1= {o% : 0% € O ,([h]y) ¥k < m}, (23)
WO () := {0 : 0% € O ([h]y) Wk < m}, 24)
m Oy () := m O o (h) Um Oz (h), (25)

where [h]; : QO C R™ — R is the k-th component of h. Using these sets, we can define the following
family of fractional operators:

m MO () == () m O¥4(h). (26)
kEeZ

It is important to note that this family of fractional operators satisfies the following property with
respect to the classical Hadamard product:

0% o h(x) :=h(x) Yo €, MO, (h). (27)
For each operator oy € MO (h), we can define the fractional matrix operator [46]:
Aa(0%) = ([A(0$)]e) = (0f). 28)

Next, we define a modified Hadamard product [43]:

pa q
ix ° Oj,x T

1,x 7x’
(p+q)a

1,x 4

(29)

{op 00!, ifi # j (horizontal Hadamard product)
0

if i = j (vertical Hadamard product)

for each operator oy € MOF,' (1). This enables us to define an Abelian group of fractional operators
isomorphic to the group of integers under addition, as shown by the following theorem [44,46]:

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Theorem 1. Let of be a fractional operator such that 0§ € MOZy" (1), and let (7, +) be the group of integers
under addition. Then, using the modified Hadamard product defined by (29), we define the set of fractional
matrix operators:

Gu(Ax(0y)) :={AY = Ax(0}) :r € Z}, (30)

which corresponds to the Abelian group generated by the operator A, (0%), isomorphic to the group (Z,+), i.e.,

G (Ax(0%)) = (Z,+). (31)
Proof. The set G,,(Ay(0%)) is closed under the modified vertical Hadamard product. Forall A,”, A7 €
G (Ax(0%)), we have:
A% o AT — poPHD) (32)
Thus, the set forms a semigroup:
VAL, AJT AT € Gu(Ax(0%)) = (AP 0 AgT) o AST = AP o (AT 0 AST). (33)

The set also contains an identity element, making it a monoid:
A € Gu(An(0Y)) = AL o A)F = AL (34)
The symmetric element for each element in the set exists, making it a group:
A, P €Gu(Aa(0®)) = A oAy 7= A0 (35)
Finally, since the order of operation does not affect the result, the set is Abelian:
AP o AYT = Ao ALY, (36)

Thus, the set Gy, (A (0%)) is an Abelian group. To complete the proof, we define a bijective
homomorphism i between G, (A (0%)) and (Z, +):

P(AY) =1, ¢ l(r) =AY (37)

From the previous theorem, we obtain the following corollary:

Corollary 1. Let 0§ be a fractional operator such that 0§ € MO, (h). Let (Z, +) be the group of integers
under addition, and H a subgroup of ZZ. So, it is possible to define the following set of fractional matrix operators:

G (Ax(0%), H) := {A = Ax(0}) : r € H}, (38)
which forms a subgroup of the group generated by Ay (0%):
G (A (0%), H) < Gu(Au(0k))- (39)

Example 1. Let Z; be the set of residues modulo a positive integer n. Given a fractional operator 0§ €
MOF! (h) and Zqa, the following Abelian group of fractional matrix operators is defined under the modified
Hadamard product (29):

Gon(Aa(05), Z1a) = { AL, 451, A2, A, A, A3, A58, AT, AGB, A, 4510, A1, A2, 4513} (4a0)

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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It is important to note that Corollary 1 allows generating groups of fractional operators under
different operations. For instance, given the operation

Ay« AP = AJ”, (41)
we can derive the following corollaries:

Corollary 2. Let M, represent the set of positive residual classes corresponding to the coprimes less than a
positive integer n. For each fractional operator 0§ € , MOY" (), we can define an Abelian group of fractional
matrix operators under the operation (41):

1 G (An(0%), My) i= {AS = Ag(0") : 7 € M, }. (42)

Example 2. Let o} be a fractional operator such that 0% € , MOZy' (h). For the set M4, we can define the
Abelian group of fractional matrix operators as follows under the operation (41):

m G (Ax(0}), Mua) = {AZ, AP, AP, AL, AT, ATPY. (43)

Corollary 3. Let Z; represent the set of positive residual classes less than a prime p. For each fractional
operator 0§ € , MOS ' (h), we can define the Abelian group of fractional matrix operators under the operation
(41) as:

nG* (Aa(oﬁ),Z;) = {Agf = Au(0™) i1 € Z;}. (44)

Example 3. Let 0} be a fractional operator such that 0% € , MO, (h). For the set Z;, we can define the
Abelian group of fractional matrix operators as:

nG* (Au(08), Z5) = {AJ, A2 A, ASY AL, AL, AT AGS, A, AQ, AGM, A2 (45)
Finally, when # is a prime number, the following result holds:
m G (Ax(05), M) = 1 G* (Ax(05), Z;}). (46)

4. Polynomial Regression Model

Polynomial regression is an extension of linear regression that models the relationship between
the independent variable x and the dependent variable y using a polynomial function of degree
n. Unlike simple linear regression, which assumes a strictly linear relationship between x and y,
polynomial regression allows for curvature by incorporating higher-order terms of x. The general form
of a polynomial regression model is given by:

y = Bo+ Brx + Box® + - + Bux".

In this expression, the term f( represents the intercept, which is the expected value of y when
x = 0. The coefficients 1, B2, . . ., Bn determine the contribution of each corresponding power of x to
the predicted value of y.

The inclusion of higher-degree terms allows polynomial regression to model nonlinear trends
while still maintaining a linear structure with respect to the parameters. The flexibility of the model
increases as the degree of the polynomial # grows, enabling it to approximate complex relationships in
data.

The polynomial regression model can also be expressed using matrix notation, which facilitates
the estimation of the coefficients. In matrix form, the model is written as:

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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1 1 x x% .. x}| | Bo
2 n
Y2 1 x x5 ... x B1
=1 T P 2 = y=XB
Ym 1 xy xfn N

where:

* yis the vector of observed values.

*  Xis the design matrix, where each row corresponds to an observation and each column represents
a different power of x.

*  Bis the vector of coefficients.

The estimation of § is typically performed using the least squares method, which provides the
best-fitting polynomial by minimizing the differences between observed and predicted values. The
solution for B is given by:

B=(XTx)XTy.

This equation represents a fundamental aspect of polynomial regression, as it allows the determi-
nation of the coefficients that best describe the observed data.

Each coefficient in the polynomial regression model has a specific role in shaping the regression
curve:

e  The intercept By represents the predicted value of y when x = 0.

e The coefficient 1 is associated with the linear term x, determining the slope of the regression line
atx =0.

»  The coefficient B is associated with the quadratic term x> and influences the curvature of the
function.

»  Higher-order coefficients, such as B for x, B4 for x*, and so on, add additional flexibility, allowing
the model to capture more complex patterns.

The choice of polynomial degree  is a critical factor in modeling. A low-degree polynomial may
fail to capture important trends in the data, whereas a high-degree polynomial can lead to excessive
fluctuations, resulting in an overly complex model. The selection of an appropriate degree often
involves techniques such as cross-validation and domain knowledge.

Polynomial regression has numerous applications across various fields:

e  Economics: Used to model trends in financial markets, cost functions, and consumer behavior.

e  Physics: Applied in trajectory modeling, wave analysis, and thermodynamics to describe nonlin-
ear phenomena.

e  Engineering: Utilized in control systems, signal processing, and material science for curve fitting
and performance modeling.

®  Machine Learning: Employed in feature transformation and basis function expansion to enhance
the representation of complex relationships in data.

By allowing for nonlinear relationships, polynomial regression extends the power of classical
regression models while maintaining a simple and interpretable structure based on coefficients and
intercepts.

5. Seen and Unseen Data in Regression Models

In regression analysis, understanding the distinction between "seen" and "unseen" data is funda-
mental to evaluating the performance and generalization ability of a model. This distinction directly

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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influences how well a model can adapt to new, unseen data and whether it can produce reliable
predictions when applied to real-world scenarios.

Seen data, also referred to as training data, represents the dataset used by the model during its
training phase. During this phase, the model learns the underlying patterns and relationships between
the independent variables (features) and the dependent variable (target). By adjusting its parameters,
such as coefficients, the model seeks to minimize the error between its predictions and the actual
values within the training set. The quality and quantity of the training data play a significant role in
determining how accurately the model can represent the relationships between features and target
variables.

The main objective of training a model on seen data is to create a function that describes the
relationship between the input features and the output target. However, the model must not only fit the
training data well, but also generalize its learned patterns to future, unseen data. This generalization
ability is critical, as it determines how useful the model will be when faced with new datasets or in
practical applications.

Unseen data, also known as test data, refers to data that the model has never encountered during
the training process. This dataset is used to assess how well the model performs when exposed to new
information that it hasn’t been trained on. The primary goal of using unseen data is to evaluate the
model’s predictive accuracy and to check whether it has successfully learned the underlying patterns
without memorizing the training data.

The ability of a model to generalize to unseen data is often referred to as generalization. A model
that generalizes well can apply its learned knowledge to make accurate predictions about new data.
This is a hallmark of a robust model. If the model performs well on both seen and unseen data, it
suggests that it has captured the true underlying relationships in the data rather than simply fitting
to noise or anomalies in the training set. On the other hand, if the model performs poorly on unseen
data, it may be an indication that it has failed to generalize properly, potentially due to overfitting or
underfitting.

*  Overfitting: Occurs when the model learns the intricacies and noise of the training data to such
an extent that it negatively impacts its performance on unseen data. Overfitting is often a result of
a model that is too complex relative to the amount or variability of the training data. This means
that the model becomes overly specialized to the training data and loses its ability to generalize
to new, unseen examples.

*  Underfitting: Occurs when the model is too simplistic to capture the true patterns within the data,
leading to poor performance on both the training and test sets. Underfitting typically happens
when the model has too few parameters or is too rigid to learn the underlying relationships in the
data, resulting in both inaccurate predictions and low model performance.

6. The Coefficient of Determination R?

One of the key metrics used to evaluate the performance of a regression model is the coefficient of
determination, denoted as R2. This metric measures how well the independent variables explain the
variance of the dependent variable. Mathematically, R? is defined as:

n n -1
R?=1- (Z(]/i - 9:‘)2> (2(%‘ —]7)2> ,
i=1 i=1

where y; represents the actual values, §j; are the predicted values, and 7 is the mean of the observed
values. The numerator quantifies the residual sum of squares (the error between predictions and
actual values), while the denominator represents the total sum of squares (the variance in the data). A
higher R? value, closer to 1, indicates that a greater proportion of variance in the dependent variable is
explained by the model.
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The coefficient of determination R? can take values between 0 and 1, although negative values
are possible in certain situations, particularly when the model is poorly specified or overfitting. The
following outlines the interpretation of different R? values:

*  R?=1:A value of R> = 1 means that the model perfectly explains the variance in the dependent
variable. In other words, the predicted values match the actual values exactly, and there is no
error in the model’s predictions. However, achieving this in real-world scenarios is rare, and a
value of 1 often indicates potential overfitting.

e 0 < R? < 1: Values of R? between 0 and 1 indicate that the model explains a portion of the
variance in the dependent variable. The closer R? is to 1, the better the model fits the data and the
more variance it explains. For example, an R? of 0.8 suggests that 80

e R?2=0:An R?of 0 means that the model does not explain any of the variance in the dependent
variable. In other words, the model’s predictions are no better than simply predicting the mean
value of the dependent variable for all observations. This indicates that the model is not capturing
any useful relationships between the features and the target variable.

e Negative R>: While unusual, it is possible to obtain a negative R?, which typically happens
when the model is worse than a simple model that just predicts the mean value of the dependent
variable. A negative R? suggests that the model has a poor fit and is performing worse than
random guessing. This often occurs in cases of overfitting or model mis-specification.

In general, a higher R? indicates better model performance and the ability to explain the variance
in the target variable. However, R? alone should not be used as the sole metric for evaluating model
performance, as it does not account for overfitting or the complexity of the model. It is important
to consider additional metrics and validation techniques, such as cross-validation, to ensure the
robustness of the model.

While a high R? on training data suggests a good fit, it is even more crucial to achieve a strong
R? on unseen test data. A high R? on unseen data signifies that the model is capturing the true
relationships within the dataset, rather than overfitting to the training data. This has several important
advantages:

e Better Generalization: A model with a high R? on unseen data is more reliable for making
predictions on new data, making it more useful in real-world applications.

e Reduced Overfitting Risk: If the model maintains a strong R? on test data, it suggests that it has
not simply memorized training data but has genuinely learned meaningful patterns.

¢ Improved Decision-Making: When applied in fields like finance, medicine, and engineering, a
model with a strong R? on unseen data provides more trustworthy predictions, aiding in better
decision-making.

e More Robust Model Selection: Comparing R? across different models helps in selecting the
best-performing model that balances complexity and predictive power without overfitting.

Thus, ensuring that the model maintains a high R? not just on training data but also on unseen
test data is essential for developing reliable and interpretable regression models.

7. Fractional Regression Model

When generating a predictive model based on time series, the initial strategy typically follows a
common approach: dividing the data into two main parts. The first part, corresponding to interpolation,
includes the data within the training set. The second part, related to extrapolation, includes the data
located at the extremes of the set, and its function is to validate the model’s predictions once the
training and testing phases are completed.

In polynomial regression models, when setting a value m for the polynomial order, if the result in
the validation set is not as expected, variations can be excessive when modifying this order by one
unit, either up or down. These changes, which can sometimes be very radical, lead to a rethinking of
the approaches adopted in some projects. Due to this phenomenon, this work proposes the partial
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implementation of fractional derivatives in regression models, based on the works published in [9,47].
To test this proposal, polynomial regression models are generated using a dataset containing the
average prices of conventional and organic avocados between 2015 and 2018, available in the following
GitHub repository: avocado.csv.

Denoting a polynomial regression model of order m as follows:

y(x) =Y pix'. (47)
i=0

where it is assumed that the values of {B;}!" , have been found for some value of m. Then, consider
the following set:

MOZ,(y) == ) OL.(v), (48)

k=—m

it is possible to define the following fractional regression model for any operator 0§ € MO}M (v):

o(a,x):=Bo+ iﬁioﬁxi with a € (—1,1). (49)
i=1

It is important to note that the intercept value must be kept intact to respect the value of the
polynomial regression model in the case of x = 0. On the other hand, if a multidimensional space and
a logistic function denoted by f are considered, the previous equation would also allow defining a
fractional logistic regression model as follows:

o(a,x) = f<ﬁg + iﬁioﬁixl) with a € (—1,1). (50)
i=1

This, in principle, would generate a fractional activation function, opening the possibility to
develop a fractional neural network, provided that the characteristics x; are non-negative. To ensure
this condition, a normalization process could be applied to the features, ensuring that the minimum
value of each one is 0 and the maximum is 1.

Examples Using Fractional Regression Model

Consider the polynomial regression model y of degree m, without considering the intercept, and
avalue of w € (—1,1). The Riemann-Liouville and Caputo fractional operators, as given by equations
(2) and (3), belong to the set MO}W (y) and satisfy equation (4). In this context, the following examples
can be considered valid for both fractional operators using equation (5).

To demonstrate the application of fractional regression, we use the average price values of
conventional avocado from a dataset. A region is selected, and the values are grouped on a monthly
basis. Since some groups exhibit considerable dispersion, the monthly median is chosen within each
group. This choice reduces the sensitivity of the distribution to extreme values compared to using the
monthly mean.

The data is then divided into two sets:

* Interpolation Set: Contains 80% of the data.
e  Extrapolation Set: Contains the remaining 20% of the data.

The split is performed using the following function in Python:
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train_test_split(X,y_price,test_size = 0.2,random_state = 42, shuffle = False)

The train_test_split function from the sklearn.model_selection library allows splitting a
dataset into two subsets: one for training (in this case, interpolation) and the other for testing (in this
case, extrapolation).

*  X:Input dataset, in this case, the time or date values.

® y_price: Values corresponding to the average price of conventional avocado.

¢ test_size=0.2: Indicates that 20% of the data will be used for extrapolation.

e random_state=42: Sets the seed to ensure reproducibility of the results.

¢  shuffle=False: Ensures that the data is not shuffled before the split, preserving the temporal order.

This procedure allows the generation of a dataset for evaluating polynomial prediction models and
subsequently constructing fractional regression models for analyzing average conventional avocado
prices by region.

In the following regression model examples, the Student’s t-distribution will be used to construct
both confidence intervals and prediction intervals. This distribution is particularly useful in situations
where the sample size is small and the population variance is unknown. Its shape is similar to the
normal distribution, but with heavier tails, reflecting greater uncertainty in the estimates.

The t-statistic is defined by the following formula:

i
= , 51
NG (1)
where X is the sample mean, y is the population mean, s is the sample standard deviation, and # is the
sample size. As n increases, the t-distribution approaches the normal distribution.
To construct a confidence interval for the population mean, the following expression is used:

IC=F+ty/pn1 % —=, (52)

Vn
where t, /5 ,_1 is the critical value from the t-distribution with n — 1 degrees of freedom and a confi-
dence level of 1 — a. This interval provides a range within which the true population parameter is
expected to lie with a certain degree of certainty, for example, 95%.
On the other hand, the prediction interval estimates the range in which future individual obser-
vations are expected to fall, considering both the variability in the data and the uncertainty of the

/ 1
IP = yA + t“/Z,n,1 X 52 <1 + 7’l>’ (53)

where § is the predicted value, s2 is the variance of the model residuals, and 7 is the number of

prediction. Its formula is:

observations. Unlike the confidence interval, the prediction interval is wider since it accounts for both
the estimation error of the mean and the variability of new observations.
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Boxplots of Average Price Grouped by Month
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(a) Box plots of average prices grouped by month
using the original data.
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(c) Natural logarithm of the root mean square error
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(e) Average price distribution using the monthly me-
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Region: BaltimoreWashington - Avocado Conventional

Boxplots of Average Price Grouped by Month
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(b) Box plots of average prices grouped by month
after removing outliers.

Region: BaltimoreWashington - Avocado Conventional
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(d) Exponential of the coefficient of determination
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(f) Average price distribution using the monthly me-
dian, after removing outliers - Fractional regression
model with a = 0.05, RMSE yterpolation = 0-012029,
RMSEgysrapolation = 0-003597, R,ooiation =
0.705527, R? = 0.704112
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Figure 1. Comparison of metrics and fractional regression models in the BaltimoreWashington region.
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Region: Chicago - Avocado Conventional Region: Chicago - Avocado Conventional
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Figure 2. Comparison of metrics and fractional regression models in the Chicago region.
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(a) Box plots of average prices grouped by month
using the original data.
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(c) Natural logarithm of the root mean square error
for the interpolation and extrapolation segments.
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(e) Average price distribution using the monthly me-
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Region: HartfordSpringfield - Avocado Conventional

Boxplots of Average Price Grouped by Month
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(b) Box plots of average prices grouped by month
after removing outliers.
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(f) Average price distribution using the monthly me-
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Figure 3. Comparison of metrics and fractional regression models in the HartfordSpringfield region.
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(a) Box plots of average prices grouped by month
using the original data.
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(c) Natural logarithm of the root mean square error
for the interpolation and extrapolation segments.
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(e) Average price distribution using the monthly me-
dian, after removing outliers - Fractional regression
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Region: Midsouth - Avocado Conventional
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(b) Box plots of average prices grouped by month
after removing outliers.
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(d) Exponential of the coefficient of determination
for the interpolation and extrapolation segments.
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(f) Average price distribution using the monthly me-
dian, after removing outliers - Fractional regression
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Figure 4. Comparison of metrics and fractional regression models in the Midsouth region.
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(a) Box plots of average prices grouped by month
using the original data.
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(c) Natural logarithm of the root mean square error
for the interpolation and extrapolation segments.
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(e) Average price distribution using the monthly me-
dian, after removing outliers - Fractional regression
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(b) Box plots of average prices grouped by month
after removing outliers.
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(d) Exponential of the coefficient of determination
for the interpolation and extrapolation segments.
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(f) Average price distribution using the monthly me-
dian, after removing outliers - Fractional regression
model with « = —0.2, RMSE ,terpotation = 0.020504,
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Figure 5. Comparison of metrics and fractional regression models in the California region.
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(a) Box plots of average prices grouped by month
using the original data.
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(c) Natural logarithm of the root mean square error
for the interpolation and extrapolation segments.
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(e) Average price distribution using the monthly me-
dian, after removing outliers - Fractional regression
model with &« = 0, RMSE,erpotation = 0.027854,
RMSEgyirapolation = 0.044803, R? =

Interpolation
0.600983, R? = 0.309643

Extrapolation
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Region: GrandRapids - Avocado Conventional

Boxplots of Average Price Grouped by Month
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(b) Box plots of average prices grouped by month
after removing outliers.
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(d) Exponential of the coefficient of determination
for the interpolation and extrapolation segments.
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(f) Average price distribution using the monthly me-
dian, after removing outliers - Fractional regression
model with « = —0.05, RMSE puterpolation
0.028448,  RMSEExtrapolation = 0.043861,
= 0.592488, R? = 0.324153

R2
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Figure 6. Comparison of metrics and fractional regression models in the GrandRapids region.
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Region: Louisville - Avocado Conventional
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(a) Box plots of average prices grouped by month
using the original data.
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(c) Natural logarithm of the root mean square error
for the interpolation and extrapolation segments.

Fractional Regression Model of Degree 4 - Region: Louisville
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(e) Average price distribution using the monthly me-
dian, after removing outliers - Fractional regression
model with &« = 0, RMSE,terpotation = 0.012697,
RMSEgysrapolation = 0114513, R, ooiation =
0.141156, R? = —0.290752
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Region: Louisville - Avocado Conventional
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(b) Box plots of average prices grouped by month
after removing outliers.
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(d) Exponential of the coefficient of determination
for the interpolation and extrapolation segments.
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(f) Average price distribution using the monthly me-
dian, after removing outliers - Fractional regression
model with & = —0.55, RMSEj,terpolation
0.018416, =~ RMSEgyrapolation = 0.063104,
R? = —0.245712, R2 =0.28872
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Figure 7. Comparison of metrics and fractional regression models in the Louisville region.
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(a) Box plots of average prices grouped by month
using the original data.
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(c) Natural logarithm of the root mean square error
for the interpolation and extrapolation segments.
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(e) Average price distribution using the monthly me-
dian, after removing outliers - Fractional regression
model with &« = 0, RMSE,erpotation = 0.010658,
RMSEgysrapolation = 0-022661, R,ooation =
0.636816, R2 = 0.192293

Extrapolation
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Region: NorthernNewEngland - Avocado Conventional

Boxplots of Average Price Grouped by Month
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(b) Box plots of average prices grouped by month
after removing outliers.
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(d) Exponential of the coefficient of determination
for the interpolation and extrapolation segments.

Fractional Regression Model of Degree 3.95 - Region: NorthernNewEngland

Trend of the Average Price Based on the Monthly Median - Avocado Conventional
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(f) Average price distribution using the monthly me-
dian, after removing outliers - Fractional regression
model with a = 0.05, RMSE yterpolation = 0-011036,
RMSEEW“POlﬂtiO” = 0.020806, R%nterpolation =
0.623904, R? = 0.258411

Extrapolation

Figure 8. Comparison of metrics and fractional regression models in the NorthernNewEngland region.
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Region: Plains - Avocado Conventional

Boxplots of Average Price Grouped by Month
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(a) Box plots of average prices grouped by month
using the original data.

Region: Plains - Avocado Conventional
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(c) Natural logarithm of the root mean square error
for the interpolation and extrapolation segments.

Fractional Regression Model of Degree 4 - Region: Plains
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(e) Average price distribution using the monthly me-
dian, after removing outliers - Fractional regression
model with &« = 0, RMSE,terpotation = 0.013831,
RMSEExtrapolation = 0.039437, R%nterpolatian =
0.353870, R? = 0.268231

Extrapolation
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Region: Plains - Avocado Conventional

Boxplots of Average Price Grouped by Month
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(b) Box plots of average prices grouped by month
after removing outliers.
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(d) Exponential of the coefficient of determination
for the interpolation and extrapolation segments.

Fractional Regression Model of Degree 4.05 - Region: Plains

Trend of the Average Price Based on the Monthly Median - Avocado Conventional
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(f) Average price distribution using the monthly me-
dian, after removing outliers - Fractional regression
model with & = —0.05, RMSEj,terpolation
0.014087,  RMSEExtrapolation = 0.035492,
= 0.341887, R2 = 0.341435
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Figure 9. Comparison of metrics and fractional regression models in the Plains region.
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(a) Box plots of average prices grouped by month
using the original data.
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(c) Natural logarithm of the root mean square error
for the interpolation and extrapolation segments.

Fractional Regression Model of Degree 4 - Region: TotalUS
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(e) Average price distribution using the monthly me-
dian, after removing outliers - Fractional regression
model with &« = 0, RMSE,terpotation = 0.008106,
RMSEgysrapolation = 0-034653, Ri,ooiation =
0.475631, R? = 0.26149

Extrapolation
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Region: TotalUS - Avocado Conventional

Boxplots of Average Price Grouped by Month
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(b) Box plots of average prices grouped by month
after removing outliers.
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(d) Exponential of the coefficient of determination
for the interpolation and extrapolation segments.
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(f) Average price distribution using the monthly me-
dian, after removing outliers - Fractional regression
model with « = —0.15, RMSE yterpolation = 0.00884,
RMSEgysrapolation = 0-027896, Ri,iooiation =
0.42815, R2 = 0.405492

Extrapolation

Figure 10. Comparison of metrics and fractional regression models in the TotalUS region.
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Region: Boise - Avocado Conventional

Boxplots of Average Price Grouped by Month
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(a) Box plots of average prices grouped by month
using the original data.
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(c) Natural logarithm of the root mean square error
for the interpolation and extrapolation segments.

Fractional Regression Model of Degree 5 - Region: Boise
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(e) Average price distribution using the monthly me-
dian, after removing outliers - Fractional regression
model with &« = 0, RMSE,erpotation = 0.011818,
RMSEgysrapolation = 0-053103, R,0oiation =
0.612036, R? = 0.11939

Extrapolation
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Region: Boise - Avocado Conventional
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(b) Box plots of average prices grouped by month
after removing outliers.
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(d) Exponential of the coefficient of determination
for the interpolation and extrapolation segments.
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(f) Average price distribution using the monthly me-
dian, after removing outliers - Fractional regression
model with « = —0.1, RMSE,terpotation = 0.012309,
RMSEExtrapolation = 0.043779, R%nterpolation =
0.595922, R? = 0.274019

Extrapolation

Figure 11. Comparison of metrics and fractional regression models in the Boise region.
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Region: Jacksonville - Avocado Conventional
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(a) Box plots of average prices grouped by month
using the original data.
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(c) Natural logarithm of the root mean square error
for the interpolation and extrapolation segments.
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(e) Average price distribution using the monthly me-
dian, after removing outliers - Fractional regression
model with &« = 0, RMSE,terpotation = 0.016762,
RMSEgysrapolation = 0-053439, R,ooiation =
0.500422, R? = 0.285206

Extrapolation
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Region: Jacksonville - Avocado Conventional

Boxplots of Average Price Grouped by Month

..

USRI I

Average Price

Year_month

(b) Box plots of average prices grouped by month
after removing outliers.
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(d) Exponential of the coefficient of determination
for the interpolation and extrapolation segments.
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(f) Average price distribution using the monthly me-
dian, after removing outliers - Fractional regression
model with « = —0.25, RMSE puterpolation
0.026883,  RMSEgyrapolation = 0.037657,
= 0.19877, R? = 0.496305
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Figure 12. Comparison of metrics and fractional regression models in the Jacksonville region.
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(b) Box plots of average prices grouped by month
after removing outliers.
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Figure 13. Comparison of metrics and fractional regression models in the SouthCarolina region.
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