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Abstract: In this study, a new generalized fractal-fractional (FF) derivative is proposed. By applying
this definition to some elementary functions, we show its compatibility with the results of the FF
derivative in the Caputo sense with the power law. The main elements of classical differential
calculus are introduced in terms of this new derivative. Thus, we establish and demonstrate the
basic operations with derivatives, chain rule, mean value theorems with their immediate applications
and inverse function’s derivative. We complete the theory of generalized FF calculus by proposing
a notion of integration and presenting two important results of integral calculus: the fundamental
theorem and Barrow’s rule. Finally, we analytically solve interesting FF ordinary differential equations
by applying our proposed definition.

Keywords: fractal-fractional differentiation; fractal-fractional integration; fractal-fractional deriva-
tive in Caputo sense; fractal-fractional ordinary differential equations

1. Introduction

The theory of fractional calculus has interested many researchers, as a theoretical
extension of classical mathematical analysis that has also been successfully applied to solve
important problems in different scientific disciplines. In the evolution of the definition
of fractional derivatives, two formulations have been proposed: a non-local approach
and another based on a local conception. The non-local concept of a fractional derivative,
which has played a fundamental role in the development of fractional calculus, includes
well-known definitions such as the Riemann-Liouville (RL) and Caputo (C) derivatives.
The key properties and applications of these definitions are mentioned in [1-3].

Classical fractional derivatives, such as C and RL derivatives, have both advantages
and disadvantages. However, in these definitions of derivatives, the linearity property is
satisfied, and they do not possess certain essential properties of the ordinary derivative. For
instance, the non-zero RL derivative of a constant differs from the behavior of the ordinary
derivative. Furthermore, these definitions lack the fundamental properties of the ordinary
derivative, including product, quotient, and chain rules. However, the C derivative is only
defined for differentiable functions.

The local formulation of non-integer order derivatives arises with the idea of over-
coming the disadvantages associated with non-local fractional derivatives. The definitions
of local fractional derivatives are established based on incremental ratios. A well-known
definition in this category is the conformable derivative, introduced by Khalil et al. [4].
This definition successfully addresses some of the limitations of non-local fractional deriva-
tives. Furthermore, conformable calculus offers a direct approach for obtaining analytical
solutions for various applications of fractional calculus problems. However, according
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to [5], the conformable derivative has a disadvantage, and its results cannot be considered
satisfactory in comparison to the C definition for certain functions. Recently, in [6], a new
generalized derivative of non-integer order, the so-called Abu-Shady-Kaabar derivative,
allows fractional differential equations to be solved analytically in a simple way, whose
results are in exact agreement with those obtained through the RL or C derivative. Further-
more, the study of this new derivative has been extended to important fields of classical
analysis, such as special functions or the fixed-point theorem [7,8].

On the other hand, another notable non-integer local differential operator is the so-
called fractal derivative introduced in [9]. This derivative is established from the fractal
definition, and it has been used to model various scientific phenomena concerning power
law scaling, such as quantum mechanics and turbulence [9,10].

Some recent research studies have proven the internal connection between fractional
calculus and fractal calculus in the context of geometry where the fractal dimension of
the function with a fractional order can be modified via the change in fractional calculus
formulation [11] (see also [12] for more recent research about the connection between them
via the approximation of continuous functions).

In [13], a hybrid approach of differentiation that combines both fractional and fractal
differentiations is introduced. In this new differential operator, various properties (mem-
ory effect, heterogeneity, elastic viscosity, and fractal geometry) of the dynamic system
are considered.

Based on the existing literature and the limitations of non-local fractional derivatives,
our research aims to introduce a new local FF derivative and explore its fundamental
properties. To accomplish this objective, we structured our study into several stages, which
are outlined as follows:

1.  The definition of the generalized FF derivative of order « is introduced in this study,
which produces results consistent with the outcomes obtained using the FF derivative
of order « in the C sense with power law, as mentioned in [13].

2. Furthermore, we establish the fundamental elements of generalized FF calculus,
including operations with generalized FF «, -differentiable functions, the chain rule,
mean value theorems, and the inverse function theorem.

3. Then, we define the generalized fractal «, y-integral and present two significant results
of integral calculus, namely the fundamental theorem of calculus and Barrow’s rule,
in this context.

4.  Finally, we give some interesting applications of the proposed derivative to FF ordi-
nary differential equations.

5. Our results are original and novel because they provide a simple mathematical tool
that can be applied efficiently in modeling various systems and phenomena, proposed
with fractional order and fractal dimension, in sciences, engineering, economics, and
medicine, where the connection between both fractional calculus and fractal geometry
can play an important role in studying those systems.

2. Preliminaries

The fundamental notions are established, which will be necessary for the development
of our research. Thus, the FF derivative of a function in the C sense with power law is
defined as [13]:

Definition 1. Assume that f(t) is differentiable on interval [a,o0), with a > 0; if f is fractal
differentiable on [a,o0) with order vy, then the FF derivative of f of order w in C sense with power
law is written as:

1 t _a1df(7)
FF &, _ _ \n—a—1 _ <
2 DyTf() = 71"(11 — “)/u (t—1) e dt, n—1<a,v<n,né€N, (1)
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where

Remark 1. Note that d;g) given in Equation (2) is the fractal derivative of order «y, with v > 0,
introduced in [9,10].

Remark 2. In particular, if a = 0and n =1, Equation (1) reduces to the following equation

SOV = gy fy -0 S ®

Remark 3. It is easy to prove that the fractal derivative of a function can be written in terms of the
classical derivative as follows:
df(r) 1, df(x)

dt? 'y dt @)

Now, we establish two interesting results on the FF derivative of order a defined in
Equation (3), which will be useful in the developments that we include in the next section.

Theorem 1. Let 0 < &,y < 1,and A > —1. Then, we have:

Al (/\ -7+ 1)

FE &Y (4A A—a—y+1

D = AR

0 t (t ) ’)/F()\ x—y Z)t (5)

Proof. Using the classic definitions of the alpha and beta functions, Equations (3) and (4),
and the change of variables T = tu, we obtain

EF DR (A (), & —a1oqd(T)
DA(t)1 Ti- a)fo T) e AT = Sz o (F—O) T T ST =
Y A ur— A— 1_
ety Jo T w) M= e B -+ 11— g
A Ty ADIA—0) A—a—y+1 — A A=7HD) A—a—y+1
Br(1—-a) TI'(A—a—y+2) T I (A—a—v+2)

g
Remark 4. Note that if f(t) = c for every real constant c, then EF D{""(c) = 0.

Theorem 2. Let 0 < a,y < 1. Suppose that a function f(t) analytic at the origin with McLaurin
expansion given by:

[ee]
=Y at, (6)
k=0
or t € [0,r) withr € RT. Then, we have:
f [
FF & o FE [k
0 Dtﬂf(t) = Eako Dtﬁ(t ) ()
k=0

Proof. Using Equation (3) to the function f(t) with the series expansion, we have:

FEDYTE(t) g och ‘ﬂ(ozo‘,aﬂk)dr—
mfo (t—1)" “}r v (Zk 0 kT )dT.
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Since the power series converges uniformly on any closed interval [0, p] with 0 < p < r, we
can integrate term by term in the above equation [14]. Thus,

FF %Y = Ly —a1_1-44(™)
ODt f(t):kgoakflafot_T) 7T 0T dt =

00 wd(T ,
LiZo % r(11—,x) fot (t—1)" {gﬂ) dt = Y2 g a Dy (tk)-
g

Remark 5. From Theorem 1, Equation (7) can be expressed as:

kI'(k—9+1) 44
FFp k—a—y+1
Dy t LA 8

f6) =L KT (k—a— v +2) ®)
3. Generalized Fractal-Fractional Derivative and Its Properties

A new local type of FF derivative is discussed in this section based on Definition 1 and
Theorems 1 and 2, established in the previous section. Likewise, we present and prove the
main properties of this proposed derivative.

Definition 2. For function f :[0,00) — R, the generalized FF (GFF) derivative of order 0 < o <1,
of fatt> 0isuwritten as:

f(t+eM(a, v, AP T) — ()

CEED®Y £ (1) = lim , )
e—0 €
where M(a, 7y, A) = % with 0 <y <land A> -1

If fis GFF uw,y-differentiable in some (0,a), a > 0, and li7(1)1+GFFD”"7f(t) exists, then it is
t—

expressed as:

GFEDYTF(0) = lim SFFDVIF(1). (10)

t—0t

Remark 6. It is interesting to highlight some special cases of Definition 2:

(i) Ifa =y =1, then Equation (9) becomes the classical definition of the derivative.

(i) If v =1, then Equation (9) becomes the definition of Abu-Shady—Kaabar fractional derivative
of order o proposed in [6].

(iii) If a =1, then Equation (9) becomes the definition of fractal derivative of order -y introduced
in [9,10].

Theorem 3. Let 0 < «,v < 1, and let f be generalized fractal w,y-differentiable at a
point t > 0. If, additionally, f is differentiable function, then

CEEDY£(1) = M(a, 7, A)FP "7 %Sf), (11)
where M(a,y,A) = 71"((#% with A > —1.

t2+7=2 Therefore,

Proof. Leth = eM(a, 7, /\)tz’“’V in Equation (9), and then ¢ = (

A)
GFFD"‘"Yf(t) lim f(H‘h)—f(t) = M(w,y, \)2—0= 'lemf( 11 f) _

h—0 M( )tu+'y 2 —0

d
(D‘r')’/)‘)tz “ 7%’
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Remark 7. Note that if 0 <o <1, v =1,and A > —1, then Equation (9) can be written as:
CEED® £(t) = M(a, 1,A)t1‘“%(:) = M(a,1,\)T,f(1),
where T, is the conformable derivative of order w introduced in [4].

Remark 8. Consider a function f(t) =+, A > —1. Using Theorem 3, the following result is
easily obtained,
GFFDuc,'y(tA) _ M(“l ,Y,A)tZ—tX—'YAt/\fl
_ _ATQ=H) a1 (12)
Y (A—a—y+2)
Note that the above result is compatible with the result of the FF derivative of order w in the C
sense with power law expressed in Equation (1).

Theorem 4. If a function f:[0,00) — R is GFF a,y -differentiableat tp,0 < a,y <1,A > —1,
then f is continuous at 1.

Proof. Since

£ (o +eM(a, 7, A)e5 ) - f(ko)

f(to +eM(a, W,A)tgf“”) — f(ty) = - €,

Then,

g%[f(to—i—eM(rX 7. M)ty fg 7) f(to)} = limf(t0+8M(a A 0" 7> f(tO).limS,

e—0 £ e—0
Leth = eM(a,7, A)t%w*f Then,
limf(to + h) — f(to) =0,
h—0

which implies that

lim f(to+h) = f(to),
h—0
Hence, f is continuous at tg. [

Theorem 5. Let 0 < w,y <1,A > —1andlet f,gbe GFF w,y -differentiable at a point t > 0.
Then, we have:
(i)  CFFDYY(af +bg)(t) = a CFED™V f(t) + b CFFD%7¢(t), Va,b € R.
(ii)  CFED*7(u) = 0, constant functions f(t) = u.

(iii) CFEDY7(fg)(t) = f()FFDYg(t) + g()FFD¥V f(t).

; GFFpyay [ f _ g()CFEDYY £(1) — f(1)SFF D g (t)
(i) D () (1) = s '
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Proof. Parts (i) and (ii) are followed directly from the mentioned definition. Let us only

show (iii) since it is important. Now, for fixed t > 0,

GFF ya,y s f(t+£M(a,7,/\)t2"’"7)g(t+£M(tx,'y,/\)tZ*“*'Y)7f(t)g(t)
D*7[fg)(t) = lim z
f(t+£M(oc,'y,)\)t2*“*7)g(tJreM(uc,fy,A)tz*"‘*W) 7f(t+sM(vc,'y,/\)t2*""7)g(t)
€

= lim
e—0 2ay
g FEEMEA )0~ 0500

e—0

eM(a 2ma=y)
_ 11_{% |:f(t + SM(Oé, ,Y,/\)tzftxf'y).g(t-&- M( /Y,/\zt 7) g(t) +g(t)
2—a—y) _
lim f(t+eM(a,’y,)xst T)—£(t)
e—0

= lim f (¢ +eM(a, y, A)27077)-CEEDMIg(8) 4 g(1)-CFFD T £(8),
e—

Since f is continuous at ¢, lin% f(t+eM(a, 7y, A)t>7*77) = f(t), this completes the proof of
e—>

parts (iii) and (iv), which can be proven in a similar way. [J

Remark 9. Now, we show that the results obtained by applying this derivative proposed for certain
elementary functions are compatible with the results of the FF derivative of order o in the C sense

with power law as in Equation (1).

(i)  Exponential function f(t) = e,y € C.
Using the fact that e =y 2 Z—I;tk, we have

GFF ya,y (vt ® '7kGFF w,y ( ¢k
D7 (e ):Zkzoﬁ D™ (t)'

From Remark 8, we get:
GFF pa,y (tk) _ gP DY (tk)

Finally, the following result is obtained,
GFFDrx,y (e’yt) —_ gPDtx,'y (eyt),
(ii) ~ Sine function f(t) = sindt.

Using the fact that sindt = J- (% — e~%), we have:

GFF D&Y (sin ) — % (GFF DY ( eiﬂt) _ GFFpuy ( em%) ) ,

From (13), we obtain:

(13)

GFPDtx,ﬂy(Sl-nﬂt) _ % (gPDm (g&t) o gPDm (e—iz‘)t)) _ SFDM (1 (emt . e—il?t) ) )

2i
Finally, the following result is obtained:
CEED&Y (sindt) = EF DY (sindt),
(iii) Cosine function f(t) = cosdt.

Using the fact that cosdt = J (€% + e~1%"), we have:

GFF DY (cosdt) — %(GPFDM (eiﬂt> 4 GFFpay (e—iﬂt)>,

(14)
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From (13), we obtain:
1 . , 1/ . .
GFF pya,y _ = FF ya,y [ ,iot FF ya,y ( ,—i0t — FFpya,y( = ( ,i0t —iot
D*7(cosdt) 2(0 D (e )+0 D (e )) o D (2(e +e )),
Finally, the following result is obtained,

CEEDYY (cosdt) = CFF DY (cosdt). (15)

Now, we establish a fundamental result of classical mathematical analysis, the chain
rule, in the context of FF calculus. Note that this extension is possible due to the local
character of the proposed GFF derivative.

Theorem 6 (Chain Rule). Let0 < a,v <1,A > —1, g GFF «a, y-differentiableat t > Qand f is
differentiable at g(t), then

GppDa,ry(f °9)(t) :f/(g(t))GFFDtx,’yg(t), (16)

Proof. We show the result via the standard limit approach. If the function g is constant in a
neighbourhood of a > 0, then ¢FF D% (f °¢)(t) = 0. If g is not constant in a neighbourhood
of a > 0, we can find a ty > 0, such that g(t;) # g(t2) for any f1,t, € (a — tg,a + tp). Now,
since g is continuous at 4, for a sufficiently small €, we have:

. a+eM(a,y,A)a2 % 7))— a
GFFD“”V(ng)(t)(a) :El%f(g( (a,7,M) )) f(g(a))

€

g(ateM(a, )i 1) —g(a G

)
- F(g(areM@rA)?)) F(g(a) 1. g(ateM(ayA)a=7) —g(a)
B St T () ) : ,

lim [f(g(a+eM(m%A)a“7))f(g(a)) .g(a+eM(a,v,A>a“7)g<a>}

Taking
g = g(a +eM(w, 7, /\)azf”‘*“*) —g(a).
In the first factor, we have:

 flgla+ eM(a, 7, )P ) ~ Flg(a)
e»0  gla+eM(a, v, A)a?2=%7) — g(a) £0—0 €0

And from here

GFFD&Y (£ 09)(+)(a) = lim f(g(“)+£2)—f(g(“)) _hmg(”“M(“W’)‘)“zwﬂ) —g(a)
g0—0 0 e—0 €
= f(8(a)°FFD*7g(a).
The proof is completed. []

Remark 10. From the result above, it is easy to obtain the GFF derivative of order  of the following
elementary functions:

0 D (Gt =1

v aty—1
(i) GFFpay ( elarr1rm’

(iii) GFFpa (sin(mt“ﬂ*l)) - cos((

(0 11D (eos g7 ) ) = —sin ()

v at+y—1
N O
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Remark 11. Using the fact that differentiability implies GFF «, y-differentiability and assum-
ing g(t) > 0, Equation (16) can be re-written as:

S DR (£ 2g) ) =

T80T O DM £ (g (1)) CFFDMIg(8),

(17)

where M(a,7y,A) = % with A > —1.

The extension of the mean value theorems of classical mathematical analysis was
also the subject of our research. Thus, we establish these theorems for GFF differentiable
functions and discuss some interesting consequences.

Theorem 7 (Roll’s theorem for GFF g, y-differentiable functions). Leta > 0,0 < a,y <1,
A > —land f:[a,b] = R be a given function that satisfies:

(i) f is continuous on [a,b],
(i)  fis GFF w,y-differentiable on (a,b),

(iii) f(a) = f(b).

Then, there exists ¢ € (a,b), such that “FFD*7 f(c) = 0.

Proof. Since f is continuous on [a,b] and f(a) = f(b), there is ¢ € (a,b), which is a point
of local extrema. With no loss of generality, assume c is a point of local minimum. So

F(E+eM(a, 9, A)2727) — (1) f(t+eM(a, v, \)E227T) — £(t)

CEED¥Y f(c) = lim = lim ,

e—0t € e—0~ €

But, the first limit is non-negative, and the second limit is non-positive. Hence,
GFFD""”Yf(c) =0. O

Theorem 8 (mean value theorem for GFF g, -differentiable functions). Let a > 0,
0<a,v<1land f:[a,b] = R bea given function that satisfies:

(i) fis continuous on [a,b],

(i)  f is local GFF w, y-differentiable on (a,b),

Then, there exists ¢ € (a,b), such that CFFD*7f(c) = - fb)-f(a)

o (T —er 1)

Proof. Consider the function,

b) — _ by
g(t) = f(t) — fa) = (f( ;a-s-“rf—(la), gzx-s-“r—l)) ((a—ﬁ—«yr_yl)l“(oa) (tw_ﬂr Loatt 1)>'

i (
a1 (@)

Then

wirg(s) = F/py £(b) ~ f(a) R
GFFp To(t) = GF/Cp f(t) — ('y(bwyl _ aa+71)>GFFD ! ((Hvl)F@t))'

(aty=1)I (a)

From Remark 10, we obtain:

GFF yu,y — GFFpyay o f(b) — f(ll)
D*7g(t) D*7f(t) (a+7_71)1_(‘x) (br+r=1 — gatr—T1),
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Atc € [a,b].

GFFsz,'yg(C) — GFFDoc,'yf(c) _ f(b> _f(a)

(szrle)F((x) (71 —grtr-1)’

And the auxiliary function g(t) satisfies all conditions of Theorem 7. Hence, there exists
¢ € (a,b), such that SFFD*7¢(c) = 0. Then, we obtain:

GFFDa,'yf(C) — f(b) _f(a)

arenrw (T ety

O

Theorem 9. Let a > 0,0 <,y <1,and f:[a,b] — R be a given function that satisfies:
(i) fis continuous on [a,b],
(i)  f is GFF w,y-differentiable on (a,b),

If CFEPDRYF () =0, forall t € (a,b), then, f is constant on [a,b].

Proof. Suppose CFFD¥7f(t) = 0 forallt € (a,b). Let t1,to € [a,b] with t; < t5. So, the
closed interval [y, ;] is contained in [a, b], and the open interval (¢, ;) is contained in
(a,b). Hence, f is continuous on [t1, t] and generalized fractal «, y-differentiable on (t1, t2).
So, from Theorem 8, there exists ¢ € (11, f) with

f((tZ))ff((tl)) :GFPsz,'yf(C) =0,

@ ()77 = ()7

Therefore, f(t;) — f(t1) = 0 and f(t2) = f(t1). Since t; and t, are arbitrary numbers in
[a,b] with t; > 11, f is constant on [a, b].

Corollary 1. Let a > 0,0 < a,v < 1, and F,G:[a,b] = R be functions such that
CFED&YF(t) = CFEDYYG(t) for all t € (a,b). Then, there exists a constant C such that

F(t) = G(t) +C,

Proof. By simply applying the above theorem to H(t) = F(t) — G(t), it can be proven
easily. [
Theorem 10. Let a > 0,0 < &,y < 1,and f:[a,b] — R be a given function that satisfies:

(i) f is continuous on [a, b],
(ii)  fis GFF w,y-differentiable on (a,b).

Then, we have the following:

1. If CFFPD*Vf(t) > 0, forall t € (a,b), then f is increasing on [a,b].
2. If CFFPD*Yf(+) <0, forall t € (a,b), then f is decreasing on [a,b].

Proof. Similarly, using Theorem 9’s proof, there exists ¢ € (t1, t) with

£((82) = £(()) _crrprag(),

()T = )

1. IfCFED®T£(t) > 0, then f(t2) > f(t1) for t > t;. Therefore, f is strictly increasing
on [a, b], since t; and t; are arbitrary numbers of [a, b].
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2. IfCFFD*7f(t) < 0, then f(t;) < f(t1) for t; > t;. Therefore, f is strictly decreasing
on [a, b], since t; and t; are arbitrary numbers of [a, b]. [

Theorem 11 (racetrack-type principal). Leta > 0,0 <,y < 1,and f,g:[a,b] — R be the
given functions that satisfies:

(i) fand g are continuous on [a,b],
(i)  fand gare GFF w,y-differentiables on (a,b),
(iii) CFED*Vf(t) < CFED%Yg(t) forall t € (a,b).

Then, we have the following:

1. If f(a)=g(a),then f(t) < g(t),forall t € [a,b].
2. If f(b)=g(b), then f(t) > g(t),forall t € [a,b].

Proof. Consider h(t) = g(t) — f(t). Then, h is continuous on [4, b] and GFF g, y-differentiable
on (a,b). Also, using the linearity of ©** D%7 and the fact that CFF D% f(t) < GFFD%7¢(t)
forall t € (a,b), we obtain GFFD”Wh(t) > 0, forallt € (a,b). So, through Theorem 10,
h is increasing (non-decreasing). Hence, for any a < t < b, we have h(a) < h(t). Since
h(a) = g(a) — f(a) = 0 by the assumption, the result follows. Similarly, for part 2 of
Theorem 11, since for any a < t < b, we have h(t) < h(b) and h(b) = f(b) — g(b) =0, the
result follows. [

Theorem 12 (extended mean value theorem for GFF «, y-differentiable functions). Let
a>00<wa,9<1,A>-land f,g:[a,b] — R be the given functions that satisfies:

(i) f,g are continuous on |[a,b],

(ii)  f, g are GFF w,y-differentiable on (a,b),

Then, there exists ¢ € (a,b), such that giigzg 8 = g gzg:g EZ;

Proof. Consider the function:

Then, the function F satisfies the conditions of Theorem 7. Hence, there exists
c € (a,b), such that SFFD*7F(c) = 0. Using the linearity of the GFF &, y-derivative and the
fact that C*F D*7F(c) = 0, with c a constant, the result follows. [

Remark 12. Another interesting result in the context of the proposed GFF calculus is a modified
version of the mean value theorem for GFF w, y-differentiable functions. Next, we will establish and
prove this result.

Theorem 13 (modified value theorem for generalized fractal &, y-differentiable functions).
Leta>0,0<wa,v<1,and f:[a,b] — R bea given function that satisfies:

(i) f is continuous on [a,b],
(ii)  fis GFF w,y-differentiable on (a,b).

Then, there exists ¢ € (a,b), such that

CFFD1f(c)  _ f(b) — f(a)

T2=Y) o fpem _
vF(Bfazv)Cz o b

7
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Proof. Consider the function:
s =50~ f(a) - (L =L ) -

Then, the function g satisfies the conditions of Theorem 7. Hence, there exists ¢ € (a, b), such
that ¢FFD*7¢(c) = 0. Therefore,

GFFD&Y g(c) = CFFD& f(c) — (f(b) - f(a)) re--) 2 _g

b—a Yr3—a—1y)
Hence,
CFDYf(e) _ f(b) — f(a)
r2- —a—y — ’
o (C(‘lfaryf)“r) e b
]

Remark 13. From the above theorem, we can easily establish similar consequences as those obtained
in Theorem 8 (see Theorems 9-11 and Corollary 1).

Definition 3. Let I C (0, 00) an open interval, 0 < a,y <1,and f:1— R, we will say that f
is of class C*V on the interval I, which we writeas f € C%V(I,R),if fis GFF w,y-differentiable
on I and GFF w,y-derivative is continuous on I.

Theorem 14. Let I C (0,00) an open interval, 0 < a,y < 1,and f:1 — R be a function of
class C%7 on the interval 1. Suppose f(a) = b for some a € I, and “FEFD*7f(a) # 0. Then,
there is an open neighborhood U of a in which f admits an inverse function f~ of class C%7 on
the open neighborhood V = f(U) of b, and its GFF «, <y-derivative is:

X B B ro— 2 jaty—2 w2
FEDF) = (5 ) e (1%

YyeV, t=f"y).

Proof. Since f(t) is continuous in the open interval I, it is a known fact that there ex-
ists an open neighborhood U of a in which “fF D¥7f(t) has a constant sign (the sign of
GFED*7 f(q)). From Remark 13, it follows f that is strictly monotonic on U (increasing if
GFFD%Y f(a) > 0, decreasing if *FFD%7 f(a) < 0). Therefore, f is continuous and strictly
monotonic on U, so there is the inverse function of the one-to-one function f: U — V,
with V = f(U). This inverse f~!:V — U is of class C*7 and strictly monotonic (in
the same sense that f is) on V. Equation (18) can be easily obtained from the identity
f(fY(y)) = yforally € V, in which the GFF g, y-derivative (with respect to y) is
calculated, applying the chain rule as follows:

v - - I'2—«o e .
r(z—w)t“ﬂ 2GR pu () GFF Do () = — L2 _ypmer ey, p= (),

T3 —a—7)
0

Finally, we present the following definition for the GFF «, y-integral of a function f
starting ata > 0:

Definition 4. “FF 12 (f)(t) = M(D‘lW = xz_(%-dx, where this integral is basically the usual

Riemann improper integral, M(«,y,A) = %,

0<avy<l,and A > —1.

From the definition above, we can establish two important results:
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Theorem 15. GFFD""'VGFFID‘fI7 (f)(t) = f(t), for t > a, where f is any continuous function in the
domain of CFF I3 -

Proof. Since f is continuous, then ¢FF I3 o (f)(t) is differentiable. Hence,

GPFDuc,'yGFFIa (f)( ) M(oc, ,Y,/\)tzfafyg(cﬁla (f)(t))
= Mo, )27 (b 1AY=L — ),

O

Theorem 16. Let a >0, 0 <,y <1, A > —1,and f be a continuous real-valued function
on interval [a,b]. Let G any real-valued function with the property CFFD*YG(t) = f(t) for
all t € [a,b]. Then

I, (f)(0) = G(b) — G(a), (19)

Proof. First, let F be a function on [a,b] defined as F(t) = ¢FF I3 o (f)(t), which can be
called GFF w, y-integral function of f.

By using Theorem 15, SFFD¥VF(t) = f(t) forall t € [a, b].

Since F and G have the same GFF «, y-derivative, then by corollary 1, there exists a real
constant C, such that G(t) = F(t) + C for all t € [a, b].

Finally, G(b) — G(a) is computed as follows:

G(b) = G(a) = (F (b)+C) ( (@) +C)

b
= M(le,'y,/\) (fa tzfa 7’ fa Roa—y /x 7 )

b
= M(ucl,'y)\) fa tzf("f)W -dt.

O

4. Applications

In this section, we will solve several interesting FF ordinary differential equations in
the sense of the proposed GFF derivative.

Example 1. Consider the initial value problem involving a GFF ordinary differential equation of

order & = %,’y = % as follows:

GFFD3/4y(t) = e, y(0) =0, (20)

To find the solution to the differential equation in Equation (20), we use the fact that e =
Y (—1)k%(tk and apply Equation (11) to obtain:
k=0 )

3L(A+3) 7 dy S k5k

r(A+g) Z

If we rearrange the above equation and integrate on both sides, it follows:
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By taking A =k — %, we have:
1
e Tk+1 5k k=35 d k 5k _1
k=0 3F<k+ i) T k=0 3(k—5)1“(k+§)

Finally, using the initial condition y(0) = 0, we obtain:
5k k—1

RN 1
V=50 3(kg)r(k+;)t '

Note that this solution is consistent with the solution to the corresponding FF (in the sense of C)
Initial Value Problem (IVP).

Example 2. Consider the IVP involving a GFF ordinary differential equation of order « = %,
v =1 as follows:
GFED 34y (t) = 2sinh(4t),y(0) = 0, (21)

To find the solution to the differential equation in Equation (21), we use the fact that sinh(4t) =
Yoo %tﬂ‘“ and apply Equation (11) to obtain:

3 0o
(D) ) _ o B

F(AJF%) at = (2k+1)!

If we rearrange the above equation and integrate on both sides, it follows:

F()H— %) o g2k+1 19 o0 F(A—l— %) 42k+1 p2k+ 3
y(t) = 3 ,/t2k+ﬁdt =) 3 | 31
4r(A+3) o (Zk+ 1) 04T (A +3) e+ D)2k + 5

+C,

By taking A = 2k + 3%, we have:

) 2k+1
=3 I(2k +4)4

31
=0 4(2k + %) (2k + 1)!r(2k + %) e

Finally, using the initial condition y(0) = 0, we obtain:

i 2k+1
(=Y I'(2k+4)4 Py
k=0 4<2k+ %)(2k+1)!1"<2k+ %)

Note that this solution is consistent with the solution to the corresponding FF (in the sense of
C)IVP.

Remark 14. In the following example, we will solve a generalized linear fractal—fractional differential
equation, but, also, we will define this type of differential equation and prove a result in which its
general solution is established.

Definition 5. The generalized linear FF differential equation of order w, -y is defined as

SFEDTY(1) + p(B)y (1) = q(1), 22

where 0 < o,y < 1, A > —1, and p,q are real-valued continuous functions on an interval
I C [0,00].



Math. Comput. Appl. 2024, 29, 31

y(t)=e

14 of 16
Theorem 17. The general solution of the GFF differential Equation (22) is expressed by:
_ GFFP GFFP
y(t) —=¢ le,'y(p)(t) [GFFPIa,'y (q(t)e Ia/"y(p)(t)) + C} , (23)
where C is a real constant.
Proof. Using Theorem 3, Equation (22) can be expressed as:
TTA—a—7+2) p(t) _ (A —a—7+2) 4q(t)
y,(t)+ T(/\*’)’ﬂ*l) t27t¥7’7y(t) - F()\*’)’+1) tzfaf,yl (24)

Since the above equation is a classical first-order linear differential equation, its general
solution is written as:

T(A—7+1)

_iLa=yi2) tﬂpﬂ at[yTA—a—v+ 2)/ W(Auy42) tzp(t)iv at q(t)

—Q

¢ TO=7+]) dt+C|, (25)

I'(A—9+1) p2ay

where C is a real constant. Finally, using Definition 5 and substituting into Equation (25),
our result follows directly. [

Now, we can solve an example that involves a generalized linear FF differential
equation of order «, y using the proposed method.

Example 3. Consider the generalized linear FF differential equation of order a =1,y = %
as follows:
9T (A + 3
DL ()6 + y(6) = £+ SO (o) <o 26)

2
Taking in Equation (26) o = %, v = %, p(t) =1,and q(t) = B4+ 9;((?;3)) t%, we have:
5

ro+g) -2 7 ) ra+%) 7
y(t)=e 3F(A+%)jt ot W/ te Mtz esr(M%)ff 6dtdt—|—C ,
3r(A+3) r(A+%)

where C is a real constant.

If in the above equation we calculate the integrals and simplify, we easily obtain:
zr(/\+%)t_% 72F(A+%)t_% 2r(A+7)
y(t) —e r(a+2) 3¢ r(+2) +C| = £3 + Ce r(+%)

_1
76

o

7

Finally, the initial condition y(0) = 0 implies that C = 0. Hence, y(t) = £°.

We finish this section by discussing another interesting differential equation in the
sense of the GFF derivative, specifically, the generalized Bernoulli FF differential equation.
As in the classic case, we propose to solve this equation by reducing it to a generalized
linear FF differential equation. Thus, consider the generalized Bernoulli FF differential
equation of non-integer order «, given by

CEEDT (y) (1) + p(D)y(t) = )y ()", @7

where 0 < o,y <1,A > —1,1n # 0,1, and p, q are real-valued continuous functions on an
interval I C [0, c0].

Using Theorem 3, Equation (27) can be written as:
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FA—a—vy+2) p(t) T'A—a—vy+2) g(t) "
yl(tﬂ_ly r(x _"‘7:1> tzii“—’Y (t) = : r'(A —(X'y—i’-yl) tzq—”‘—“/ O

The above equation, through the change of variable z = y!~", can be reduced to the
following linear ordinary differential equation:

WA =a=7+2) plH) gy qopgy2fA=a=7+2) q()
Fr(A—v+1) v FrA—vy+1) £’

z/(t) + (1 —n)

According to Theorem 15, the general solution of Equation (27) is given by:
1

y(t) = (=G L (o) [6FF1, (1= mg(neli = 1r®) 1] ), 28)

In the following example, we apply this proposed method to solve a generalized
Bernoulli FF differential equation.

Example 4. Consider the generalized Bernoulli FF differential equation of order « = %, v = %
as follows:
4r (A
orrpiy(n + TATS) gy gy 9)

ﬂ

>

_|_
SIS [
N——

Taking in Equation (29) « = %, Y= %, n=-1 p(t) = F(/\:ly) i

we have:
ra+3)
y(t) = |e 2r(A+3)

where C is a real constant.

ar(+3) F(/\+ﬂ> ro+15) ar(+})
/ F(A+g)dt|: 12 /Ztleztezrmz)j r(/\+}l)dt

If in the above equation we calculate the integrals and simplify, it follows directly:

WQ—(e”FFO+gg£+c)a

54r(A+3)

This study introduces the concept of the GFF derivative of order «, which produces
consistent results with the FF derivative of a function in the C sense with the power law
when applied to elementary functions. The fundamental elements of GFF calculus, includ-
ing operations with GFF «, y-differentiable functions, chain rule, mean value theorems, and
inverse function theorem, are established. Additionally, the generalized fractal &, y-integral
is defined, and two significant results of integral calculus, namely the fundamental theorem
of calculus and Barrow’s rule, are presented within this framework. We analytically solved
interesting examples of FF ordinary differential equations with the help of the proposed
definition of the GFF derivative, obtaining solutions that agree exactly with the results
of the FF derivative of a function in the C sense with the power law. Our results allow
us to conclude that this derivative, being of a local type, provides a simple tool to obtain
analytical solutions to many natural science and engineering problems that present a fractal
effect and that involve ordinary differential equations of non-integer order.

5. Conclusions
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