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Abstract: In this paper, we consider Herglotz-type variational problems dealing with fractional
derivatives of distributed-order with respect to another function. We prove necessary optimality
conditions for the Herglotz fractional variational problem with and without time delay, with higher-
order derivatives, and with several independent variables. Since the Herglotz-type variational
problem is a generalization of the classical variational problem, our main results generalize several
results from the fractional calculus of variations. To illustrate the theoretical developments included
in this paper, we provide some examples.
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1. Introduction

Fractional calculus is as old as ordinary calculus, but it was only at the end of the 20th
Century that it managed to attract the attention of many researchers, who in their studies
showed that this theory is an important tool to model problems, not only in mathematics,
but also in other areas, such as physics, engineering, chemistry, biology, epidemiology,
and control theory, among others (see [1-6]). Many important mathematicians such as
Euler, Lagrange, Fourier, Abel, Liouville, and Riemann worked in fractional calculus.
Fractional derivatives and fractional integrals are generalizations of the notions of integer-
order derivatives and integrals and include n-th derivatives and n-fold integrals as special
cases. Several different fractional derivatives have been defined, such as Riemann-Liouville,
Caputo, Riesz, Erdelyi-Kober, and Hadamard, just to mention a few [7,8]. We note that each
definition has its own properties and that many of them are not equivalent to each other.
In this paper, we deal with the general notions of distributed-order fractional derivatives
with respect to an arbitrary kernel in the Riemann-Liouville and Caputo sense, recently
introduced in [9]. One of the advantages of fractional derivatives is that these operators
are non-local, thus conserving system memories, as opposed to integer-order derivatives,
which are local operators.

The calculus of variations deals with the optimization of functionals involving an inte-
gral in which the Lagrangian depends on the independent variable, an unknown function,
and its derivative (or derivatives). The classical problem of the calculus of variations was
generalized by G. Herglotz in 1930 [10], who presented a new problem involving a first-
order initial-value problem that defines a function z(+) in a given interval [a, b] and consists
of finding trajectories x and z that extremize the z(b) value. This problem is also known as
a generalized variational problem. One of the advantages of this problem is that it allows
giving a variational description of non-conservative and dissipative processes, even when
the Lagrangian is autonomous [11], which is not possible using the classical variational
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calculus. Herglotz’s problem only attracted the attention of the scientific community in
the late Twentieth Century. Thereafter, many important results of the classical calculus of
variations were then generalized to Herglotz problems [11-16].

The fractional calculus of variations generalizes the classical variational calculus,
replacing the integer-order derivatives by fractional derivatives in the Lagrangian function
given in the integral of the functional to be extremized. It was in 1996 that the fractional
calculus of variations had a considerable development, being relevant to better describe
non-conservative systems in mechanics. Furthermore, this theory provides a more realistic
approach to physics, allowing it to consider non-conservative systems in a more natural
way [6,17]. Since then, this theory has attracted much attention from a large number of
researchers, with several articles published [12,18-23].

In [9], the authors introduced a new fractional operator, combining two fractional
operators: fractional derivatives of distributed-order and fractional derivatives with respect
to another function. The order of this new fractional derivative is not constant, and this
operator is defined using a function of probability, which acts as a distribution of orders of
differentiation, multiplied by a fractional derivative. Our objective in this paper is to study
several Herglotz-type problems involving this new fractional derivative.

This paper is organized as follows. In Section 2, we present the classical Herglotz
variational problem and some necessary background on fractional calculus. In Section 3,
we study the fractional Herglotz problem, in four different cases, using distributed-order
fractional derivatives with arbitrary kernels. Namely, we study fractional variational
problems of the Herglotz-type for the case where the orders of differentiation belong to the
interval [0, 1], for the higher-order case, for problems involving time delay, and with several
independent variables. Finally, we present some examples to illustrate our main results.

2. Preliminaries
2.1. Herglotz's Variational Problem

We begin this section presenting the Herglotz variational problem.

Problem (P ): Determine trajectories x € C2([a,b],R) and z € C!(]a, b], R) that extremize
z(b),
where the pair (x, z) satisfies the differential equation:
Z/(t) = L(t, x(t),x'(t),z(t)), t € [a,b],
with initial condition:
z(a) = v €R,
where it is assumed that the Lagrangian L satisfies the following conditions:

(1) L € C'([a,b] x R3,R);

@)t %(t,x(t),x’(t),z(t)), Fs %(t,x(t),x’(t),z(t)),and Fs %(t,x(t),x/(t),z(t))

are differentiable functions for any admissible trajectories (x, z).

It is clear that, if the Lagrangian function L does not depend on the variable z, Problem
(Py) reduces to the classical problem of the calculus of variations. Herglotz proved that a
necessary optimality condition for a pair (x, z) to be a local extremizer of Problem (Py) is
given by the following equation, known as the generalized Euler-Lagrange equation [10]:

O (30,3 (0), 2(0)) — 5 55 (x(6), %' (1), 2(1)
oL JL

+ g(t,x(t),x’(t),z(t))@(t,x(t),x’(t),z(t)) =0, t€(ab]
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Obviously, if the Lagrangian function L does not depend on z, then we obtain the
famous Euler-Lagrange equation (see [24]):

oL p d oL ooy
g(t,x(t),x (t) — ﬁW(t,x(t),x (t)) =0, te&]a,b].
2.2. Distributed-Order Fractional Calculus with Respect to an Arbitrary Smooth Kernel

For the notions of distributed-order fractional derivatives with respect to an arbitrary
smooth kernel in the Riemann-Liouville and Caputo senses, in the case where « € [0,1],
we refer the reader to [9].

Next, we recall the extensions of these two derivatives for the case of higher-order
derivatives.

Letn € Nand ¢ : [n —1,n] — [0,1] be a continuous function such that

/: ¢(a)da > 0.

We start with some needed definitions (see e.g., [25]).

Definition 1. Let x : [a,b] — R be an integrable function and ¢ € C"([a, b], R) be an increasing
function such that ' (t) # 0, for all t € [a, b]. The left and right Riemann—Liouville distributed-
order fractional derivatives of a function x with respect to the kernel 1 are defined by:

Wity " , @ " .
DI () = /n 9D x(dn and D Px(t) = /n 9Dy x(t)de,

where Dgip and D';’fp are the left and right -Riemann—Liouville fractional derivatives of order
a € [n — 1,n], respectively.

Definition 2. Let x, ¢ € C"([a, b], R) be two functions such that  is increasing and ' (t) # 0,
forall t € [a,b]. The left and right Caputo distributed-order fractional derivatives of x with respect
to y are defined by:

n

Cny)’wx(t) = /n—l ¢(a)CD§;¢x(t)da and CDZ)S“)’IPx(t) = /n—l cp(oc)CDprx(t)duc,

where CDZ‘;"’ and CDZ’,‘P are the left and right (-Caputo fractional derivatives of order « € [n —1,n),
respectively.

In the following, we denote

L) = [ D p@U T x(de and 10OV = / PO x(1)da,

n—=1 n—1

where IZ; “¥ and IZf “¥ are, respectively, the left and right Riemann-Liouville fractional
integrals of order n — a with respect to the kernel 1. For brevity’s sake, we will use the

following notation:
gy (L d)"
w') = () v
To finalize this section, we present the following result, which is fundamental in the
proof of our results (cf. [25]).
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Theorem 1 (Integration by parts formulas). Given x : [a,b] — R a continuous function and
y € C"([a,b],R), then

/abx(t)CDfi“)’l”y(t)df = /;(Df-“)'w X(t)>y Dyt

P'(t) )
- \Z(Fwa) (e ) (”] b
and
/abx(t)CDg’@")*/’y(t)dt - /ab Dfﬁ"‘””;,((tt)))y(t)lp’(t)dt
¢ [ o) (oo

3. Main Results

In this section, we study four different types of variational problems of the Herglotz
type involving distributed-order fractional derivatives with arbitrary smooth kernels.

3.1. Herglotz Fractional Variational Problem—Case 1

For this problem, we restrict ourselves to the case where « € [0, 1], that is considering
the definitions introduced in [9].
Consider two continuous functions ¢, ¢ : [0,1] — [0, 1] satisfying the following conditions:

1 1
/0 ¢p(a)da >0 and /0 @(a)da > 0.

In what follows, we use the notation:
[x,2](t) := (t,x(t),c DAY x(p) DZ’,('X)’wx(t),z(t))

and we denote the partial derivative of L with respect to its ith-coordinate by o;L.
We can formulate the problem as follows:

Problem (Py): Determine trajectories x € C!([a,b],R) and z € C!([a, b], R) that extremize
(minimize or maximize)

z(b)
where the pair (x, z) satisfies the differential equation:
(1) = L(t,x(t),c DAy (1),C D;P_(“)’lpx(t),z(t)>, t € [a,b),
and
z(a) =y eR.

It is assumed that CDf&“)’wx and CDfEa)’wx are of class C', L : [a,b] x R* — Riis of
class C!, and the maps exist and are continuous on [a, b]:

e (MO BLx DY ofwp (M) -AuL[x,2](1
o D (HEEETA ) ana gDy (HEERER),

for all admissible pairs (x,z), where

A(E) 1= e~ JasLIxAEds - p e 1p p), 1)
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The following result gives a necessary condition of the Euler-Lagrange type and
natural boundary conditions, for an admissible pair (x, z) to be a solution of the problem

(Pr1)-

Theorem 2. (Necessary optimality conditions for Problem (Py;q)) If the pair (x,z) is a solution of
Problem (Pyy), then (x, z) satisfies the generalized fractional Euler—Lagrange equation:

A(B)aaL[x, 2] (1) + (D§<“>'¢A(t>a;f([;' Z](t))tp’(t)
+ ( fia)'lp)‘(t)aélll[x,z](t))lp/(t) =0, (2

forall t € [a,b]. Furthermore, if x(a) is free, then (x, z) satisfies the following condition:

10y AL Z](H) _ gy Ma)oallx 2)(H) 3)

a2 ZON v
and if x(b) is free, then (x, z) satisfies the following condition:

1-9@p AL Z(E) _ n-p@p Aol 2®) .,

" () “ p

Proof. Suppose that the pair (x, z) is a solution of Problem (P ) and i € C!([a, b], R) is an
C DG”S_"‘)W h
a

(4)

arbitrary function, such that its Caputo distributed-order fractional derivatives,

and CDZ’,('J‘)’IPh, are continuously differentiable. Define the function 8 : [a,b] — R by

B(t) = e+ ehl(f) oo

Since z(a) is fixed, we have that f(a) = 0. Now, we define g :] — r,r[— R, wherer > 0,

by
g(€) = z[x + €h](b).
We have that zero is a local extremizer of g, since z(b) is a local extremum, and therefore,
d
Blb) = o zlx +eh](b) |e=o= g'(0) =0.
Since
, _dd d d _d
B = oazlo eh)(t) lemo= 3o g2l +eRl() leo= - Llx+eh2]() o
= 9,L[x,2|(t) - h(t ) +03L[x,2)(#) S DI h(t) + 04L[x, 2] (£) -C DI Vn(r)
+0sL[x, z|(t) - —z[x—i—eh}( ) le=0
= RLlx,Z)(t) - h(t) + 3sLIx, 2)(t) S DIV n(t) + 4L [x, 2) () - DIV h()
+0sL[x,z](t) - B(t),
then

B(+) — 8sL[x,2)(t) - (t) = daL[x, 2] (1) - h(t) + sL[x, 2] () -C DI Vh()
+34L[x,2](t) S DY Vh(t).
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Solving this equation, we obtain

el sLlxzl(s)ds g (1) — B(a) = /t e~ Ja OsLlxzl(p)dp | (azL[x, z)(s) - h(s)

+33L[x,2](s) -C DY Vh(s) + ByL[x, 2] (s) -C Dg’(“)*”h(s)> ds.

Considering t = b, we obtain
’ (®
/ A(s) - (82L[x,z] (s) - h(s) 4+ 93L[x,z](s) -€ Df+ 'lph(s)
a

+ 94L[x, 2] (s) -© DZ](“)’lph(s)) ds=0. (5

Using fractional integration by parts (Theorem 1) in Equation (5), we obtain

/ b (A(S)BZL[x, 2](s) + <DZ’(“)’W\(S)8;,L([:)’Z] ) ) ¥'(s)

(), pA(s)9aL[x,z](s) , 1-¢(a), A(s)93L[x, 2] ()
+ (DA >¢(”>h°”ds+ (1 )
s=b
N 1-g(a)p A(s)94L[x, Z](s) _
wis) (11 e ﬂrao.@

Considering h(a) = h(b) = 0 in Equation (6), we have
b
9(a)p A(s)93L[x, 2] (s)
/a ()\(s)azL[x, z](s) + (Db e ' (s)
A(s)94L[x,z](s)
+( DP I 2RO 2R ) () | (s)ds = 0.
(gt 2R ) e
From the fundamental lemma of the calculus of variations (see [24]), we obtain

9(2)yp M(s)93L[x, 2](s) ) p(a)p AS)9aL[x, Z](s)\ 1y _
ALl )(5) + (f e Yy (o) + (g AR ) i) o,
for all s € [a, b], proving the generalized fractional Euler-Lagrange Equation (2). Since /(a)
is arbitrary if x(a) is free, using (2) and considering h(a) # 0 and h(b) = 0 in (6), we obtain

o A5)aLlx,2](s) _ 1-9(a)pA(s)3sL[x, 2] (s)
“ ¢'(s) v P'(s)

proving the natural boundary condition (3). Similarly, since h(b) is arbitrary if x(b) is free,

considering h(a) = 0 and h(b) # 0 in (6) and using (2), we obtain the natural boundary
condition (4). O

ats =a,

Remark 1. We note that if the Lagrangian L does not depend on z, then we obtain as a corollary
Theorem 3.2 of [9].

3.2. Herglotz Fractional Variational Problem—Case 2

For this problem, let us consider the case where the Lagrangian depends on higher-
order distributed-order fractional derivatives (see Definition 2).
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Consider the distribution functions ¢;, ¢; with domains [i — 1,i],i = 1,...,n, where
n € Nis fixed, satisfying the following conditions

/iil ¢i(a)de >0  and /Zil ¢i(a)da >0, forall i.
For the simplicity of notation, we consider the following:

[, 2)a(8) i= (£2(8),C DAY (8),E DYV x(t), . C DI (), E DY OV (1), (1) )
Problem (7P3,,): Determine trajectories x € C"([a,b],R) and z € C!([a, b], R) that extremize
z(b)

where (x, z) satisfies the differential equation:
Z'(t) = L[x,z]u(t), t€ [a,b],
subject to the boundary condition:
z(a) =y eR.

We assume that, foreachi = 1,...,n, CDfL(“)'lpx and CDZ)i('X)’wx are all of class C!,
the Lagrangian function L : [a,b] x R?"*2 — R is of class C!, and the maps exist and are
continuous on [a, b]:

i) ((A(t) - 92ip1 LI, 2] (t) (@) ((A(t) - 0o o Llx, 2], (t)
t— Dy” ( l;,(t) > and t~ DY ( l;,(t) ) (7)

for all admissible pairs (x,z), where

AE) = e~ JaPnssllx2l()ds 4 ¢ g p). ®)

We are now in a position to present our second result.

Theorem 3. (Necessary optimality conditions for Problem (Py,,)) If the pair (x,z) is a solution of
Problem (Pyyy,), then (x,z) satisfies the generalized fractional Euler-Lagrange equation:

A(t)daL[x, 2] ( +Xn:

gi(e)p At) i o Llx, z]u(t) \ _
+ (Da+ 1,0/(1’) >1‘P (t)‘| =0, (9)

forall t € [a,b]. Furthermore,

(i) Foragiveni=0,...,n—1, ifxl[/i] (a) is free, then

no L1 N T @ p Ak L, 2 ()
k:zz—&-l K y'(t) dt) <Ib P (t) )

(
k—i—1
+(—1)i“(¢,1(t);t) (I];I(”*(“)’l”A(t)az"fpz,(Lt[;c’z}”(t))] —0, att=g (10)
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(ii) Foragiveni=0,...,n—1, ifxt[;] () is free, then

; 1 kg ME)Dag 1 LI, 2 (1)
k_;ll( lP’(t)dt> (Ib "0) )

i 1 1\ @ Ao Lx Zln () | _
+(—1)+1(¢,(t)dt> (Iaﬂ” fp,(t) > =0, att=b. (11)

Proof. Let h € C"([a,b],R) be an arbitrary function such that hm (a) =0 or hm (b) =0,if
xl[p]( ) or x[l]( b) are fixed, respectively, for eachi =0,...,n — 1. Defining 8 : [a,b] — R by
(1) 1= el + €] (1) |
ﬁ . dGZ XT€ e=0s

then B(a) =0, B(b) =0, and

n
B(0) = 2aLlx, 210 (1) - h(t) + 1 (Sma Ll 2la(1) € DI e
i=1

+ i 2L [x, 2] (t) -© Dfi(a)/wh(t)) + donssLlx, z]u(t) - B(1). (12)

The solution of Equation (12) is defined by

o= Ju Q2nsaLlxz](s)ds | B(t) — B(a) = /te— Ji d2nssLx2l(p)dp | (azL[x,Z}n(s) “h(s)

n

+Y [amux, 2lu(s) € DYV (s) + a2 Llx, 2]u(s) € D;M%)Dds' (13)

Considering A(t) = e~ Ji n 3L 2)(8)ds ang taking t = b in (13), Theorem 1 allows us
to prove that

b s x,z],(s - ¢i(a),p A(8)92i1Lx, 2] (s) "
/ (u e ) + 1 [ (of allo 20

N (fow,w A()9ai2L[x,Z]u(5) ) w’@)} ) h(s)ds

¥'(s)

) 1[(( LY (o ARt )
i=1k=0
s=b

k. $)0y; X,Z|n(s ik
+(_1)ik< 4}1(5) 1 ) <I;+¢i<a>,¢A< )azl;zlﬁs[), ) ()))hgj ‘ 1](5)] o

sS=a
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(e (st

s=b

(s L) (1;3"‘ Ve ls )a”jp%fg’z]”(s))>hgk” @)] -
— 4 k = oa s)o X,z (s

:; o & K (i >,¢A<>Zk$(Ls[) 1))

i 11 (@), AS) ks L[x, 2] (5) S:b,
t= <¢'<s>ds> (1 V) ))L

a

from the arbitrariness of & and using the fundamental lemma of calculus of variations, we
have proven the generalized fractional Euler-Lagrange Equation (9) and the necessary
conditions (10) and (11). O

Remark 2. It is easy to see that Theorem 9 of [25] is a corollary of Theorem 3.

3.3. Herglotz Fractional Variational Problem—Case 3

It is well known that time delay is a common phenomenon that occurs in many
engineering and nature problems. Therefore, it is extremely important to consider when
formulating such problems the explicit dependence of a time delay, in order to better
understand the evolution of the dynamical systems under observation. Motivated by the
importance of considering a time delay in the formulation of variational problems, we now
study the Herglotz variational problem with time delay. For the simplicity of presentation,
we restrict ourselves to the case where « € [0, 1].

In what follows, T is a fixed real number such that 0 < 7 < b — 4, and in order to
simplify the notation, we write:

2o () i= (£ 2(8), x(t = 1), S DIV x(0),E DI x (1), 2(1)).

Problem (P, ): Determine x € C'([a — 7,b],R) and z € C'([a, b], R) that extremize
z(b)

where
Z'(t) = L[x,z].(t), t€ [a,b];

z(a) = v € Rand x(t) = u(t) on [a — 7,a], where u € C'([a — 7,a],R) is a given initial
function.

It is assumed that CDfi“)’lpx and CDZ),(D‘)'IIJJC are of class C! and L satisfies the following
conditions:
1.  L:[ab] xRS — Ris of class C;
2. The functions exist and are continuous:

o(a)p A(t) - 94L[x, z] < (t) an o(a),p A(t) - 9s5L[x, z](t)
tHD(bﬂ( ) > d Dy ( 0] )

on [a,b— 7], and

e (A -Lln (D)) s (M) -3sLix, 2l (0
oDy ( o) ) d MD“’—T)*( ) )
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on [b — T,b], where
A(E) 1= e~ JudsLlxle®)ds  p [ p].
The next result presents the necessary optimality conditions for the fractional varia-

tional problem of the Herglotz type with time delay.

Theorem 4 (Necessary optimality conditions for Problem (Py)). If the pair (x,z) is a
solution of Problem (Py ), then (x, z) satisfies the generalized fractional Euler-Lagrange equations:

A(t)92L[x, z]<(t) + A(t + T)95L[x, 2] (t + T)

+ (D‘fb(“):f_ A(t)aé:;;[éaz]‘r(t) ) l/Jl(t) + (D;PJSDC)'IIJ A(t)aj[(i;Z]T(t) ) llJl(t)

'ogla) d P —a
— /0 (1 —a) df biT(tp(s) — () “A(s)9sL[x,z]c(s)dsda =0, Vt € [a,b— 1] (14)

and

A(B)LLx, 2] (1) + (Dg’ﬁ“>f¢W>¢/(t>

+ (D MR ) gy

+ /01 rg("‘) %/ﬂbq(w(t) —(s)) A (s)dsL[x, 2]¢ (s)dsda = 0, V¢ € [b—T,b]. (15)

Furthermore, if x(b) is free, then (x, z) satisfies the natural boundary condition:

ll;q:(ﬂc),lp A(t)aibl;[();;Z]T(t) _ Iij"’(“)'w A(t)aij;[();;Z]T(t), att—b. (16)

Proof. Let h € C!([a — 7,b],R) be an arbitrary function such that h(t) =0,a — 7t <t < a,
Cny‘)’lph, and CDZ)(“)’lPh are of class C!. Defining function  : [a,b] — R by

1

d
B = L2l b ehfe(t) lemo
we have that B(a) = B(b) = 0. Hence, we obtain

(1) = 572l ehle(t) lemo= 5o 522l ehle(0) lemo= eLlx+ €2t leco
— DL[x, 2] (£) - h(t) + d3L[x, 2] (£) - h(t — ) + dL[x, 2] () -C DI P ()

+35L[x, 2)e(t) S DIV (E) + 36 Llx, 2] () - B(1).  (17)

Solving the differential Equation (17), we obtain

A(H)B(t) — B(a) = /;/\(s) (azL[x,z}T(s) ~h(s) + 9sL[x,z]¢(s) - h(s — T)

+34L[x, 2)e(s) -C DIV 1(s) + dsL[x, 2} (s) -C Dg’f‘”"”h(s))ds. (18)
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Considering t = b and replacing B(a) = B(b) = 0in (18), we have

./h ()L(S)azL[x,Z]T(S) -h(s) + A(s)osL[x,z]|(s) - h(s — T)

+ A(8)A4L[x, Z)e(s) S DY P h(s) + A(s)dsL[x, 2] (5) - Df,(“)'“/h(s))ds = 0.

Since

b b—t
/a A(s)93L[x,z](s) - h(s — T)ds = /a A(s + T)osL[x, z]<(s + T) - h(s)ds,

then, from (19), we obtain

/H (A(s)azL[x, 2)e(s) + A(s + T)dsL[x, 2] (s + r)) - h(s)ds

b

+ . A(s)oaL[x, z]<(s) - h(s)ds

+ / §)a4L[x, 2} (s) -C DY P 1(s) + A(s)dsLlx, 2] (s) - DZ_(“)’lph(s))ds = 0.

Note also that

A(s)94Lx, 2]« (s)
y'(s)

DY ()84L£x>21 «(5) — Dp®

foralls € [a,b— 7], and

D@ AL 2 () parg AS)OSLIx, 2 (5)
R Ty

+], e (7m

forall s € [b— 7,b]. Using Equation (21) and Theorem 1, we conclude that

[ Mool 2he(s) € DI ngs)as = [ ((Dm ”S)aj[(’;f]f(s))lpf(s)
d

o b
[ [ ) - ¢<s>>“A(p)a@[x,zh(p)dpda)h(s)ds

s=b
b 14 a 7 T / —p(un), a 7 T
N (sz )9 A(s) 4L[x)Z] <s>>¢ (S)h(s)ds + (Iw( 0 4L[x)z1 <s>> h(S)l -

bt P'(s P'(s

Similarly, using (22) and Theorem 1, we obtain

[ sttt <or s = [ ( (o MG Yy

s [ e - ¢<p>>—wp>asux,zh(p)dpdzx)h(s)ds

s=b
bt (o) p A(s)0sL[x, 2] (5) ) SVi(s)ds — 1-g(a)p A(s)05L[x, 2]« (s) s
+/ﬂ ( at ¥'(s) )4’( )h(s)d [(Lﬁ () >h( )] ) .

s=a

S=a

A
)~
/ T(1—a) 1—1x ( . ;)/ (¥(p) —¥(s)) " “A(p)o4L|x, z] (p)dpda,

D) [T @6 — v “ap)sLis L (p)apie =,

(19)

(20)

(21)

(22)

(23)

(24)



Fractal Fract. 2022, 6, 731 12 of 18
Therefore, we obtain
LhT(M@%Hmﬂﬂ@+A@+Tﬁﬁth@+ﬂ
o(w)y A(s)o4L[x,z](s)
+(D< S
b
e [ ) = 96) ALl 2L ()
+< ﬂa)'lp (S)aj[():)Z]T(S))lP/ ) ds—i—/T( (8)92L[x, z]<(s)
P AL ) (ot ML Ze(5))
+(of pe e (PR AR D
s e - ¢<p>>-“A<p>a5L[x,z1T<p>dpda> )i
s=b
1-¢(a),p A(8)94L[x, 2] (s) §) 1-g(a)p A(s)05L[x, 2] (s) s _
+| (s p e - (1 p >L_a >

introducing (23) and (24) into (20). Therefore, choosing the appropriate i and using the
fundamental lemma of calculus of variations, we obtain the generalized fractional Euler—
Lagrange Equations (14) and (15) and the natural boundary condition (16). [

Remark 3. It is clear that Theorem 2 of [25] can be obtained from Theorem 4 in the particular case
where the Lagrangian is independent of z.

3.4. Herglotz Fractional Variational Problem—Case 4

For this the last problem, we consider the case where the state function depends on
several independent variables. Here, we have the case where the fractional orders belong
to the interval [0, 1].

We consider U = [a,b] x A and A = []_;[a;, bj]. We denote by t € [a,b] the time
variable and s = (s1,...,5,) € A the spacial coordinates. We use the notation:

2t 5) = (1,5, x(t,5), DY x(t,5),C DYV ¥x(t5), (1)),

where
CDﬁ(“)’lpx(t,s) = (CDfi‘X)"/Jx(t,s),C Dfia)’lpx(t,s), L C DfJ(ra)"px(t,s)) e R*!
1 n
and

CpPWPr(t,s) = (cho Yx(t,s), D;P,(“)’wx(t,s),...,c DZ)(“)’wx(t,s)) € R"1,
1 n

and CD"{)(‘)‘)’lpx and CD(P('X)"/Jx denote the left and right partial distributed-order fractional

derivatives of x with respect to the variable ¢; CD¢( ¥ and CD(P( “y x,foranyi € {1,...,n},

denote the left and right partial dlstrlbuted—order fractional derlvatlves of x with respect to
the variable s;. Furthermore, it is assumed that the domain of function ¢ contains the intervals
[a,b] and [a;, b;], fori=1,...,n.

Problem (P, ): Determine trajectories x € C'(U,R) and z € C'([a, b], R) that extremize

z(b)
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such that the pair (x, z) satisfies the differential equation:
Z'(t) :/ Lix,z|(t,s)d"s, t€[a,b], d's=dsi...dsy,
A

and
z(a) =y eR.

Furthermore, we assume that x (¢, s) is fixed when s; = a;and s; = b;, forall t € [a, b]. We
suppose that Cny‘)’lpx, CDZ,(a)’wx, CDuﬁa)’lpx, and CDZ£“)’¢x areofclassCl fori=1,...,n,
L: [a,b] x R¥** — R is a continuously differentiable function, and the maps exist and are
continuous on U:

(t,5) DZ’(zx),tp (A(t) -an+3L[X,z](t,S)), (£5) = DZJ(,X)III, (A(t) '32n+4L[x,z](t,s)>,

- 7o) ' )
and

s p(a)p [ At) - 0pq34iL[x,2](t,5) s g(@),y ((A(t) - aniatil[x, z](t,5)
() - e (R ), 5 ot (Mt

for all admissible pairs (x, z) and foralli =1,...,n, where
/\([’) =e f; f/\ a3n+5L[x,Z](p,S)d”Sdpl t c [a, b] .
Under these assumptions, we can prove our last result.

Theorem 5 (Necessary optimality conditions for Problem (Py.)). If the pair (x,z) is a
solution of Problem (Py,), then (x,z) satisfies the generalized fractional Euler-Lagrange equation:

A(D)dusaLlx, 2] (t,5) + <DZ7(0¢):1P A(£)0u43L[x, z](t,s) ) E’)’(t)

iy

(@), p Mt)02014L[x, 2] (1, 5)

¥'(t)

A Yy ¢ 3 | (per AR ) ) g

(o2 o] <o e

forall (t,s) € U. Furthermore, if x(a, -) is free, then

1,4;(,1)/#,)\(t)an+3L[x,Z](i‘,S) n. __ 17(p(zx),lp}\(t)a7.n+4L{x/Z](t/ S) n
(0 )= [ (0 )
att =a, (26)

and if x(b, -) is free, then

1-g(a),p ME)O2naL[x, 2] (£,5)\ . _ 1-¢()p A1) dny3L[x, 2] (£,5) | 1
(0 e LR A S )
att=>b. (27)

Proof. Let h € C'(U,R) be an arbitrary function such that its Caputo distributed-order
fractional derivatives are continuously differentiable. Because the state function is fixed
when s; = a; and s; = b;, we suppose that, forany i € {1,...,n},if s; = a; or s; = b;, then
h(t,s) = 0forallt € [a,b]. Defining function f : [a,b] — R by
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BUt) = 2l + eh](1) |eco,
then B(a) = B(b) = 0 and

Bt = jt; z[x + eh](t) |e=o= ;%Z[x+eh](t) le—o
= A L e (s o= [ L2l (1, 5)4% |emo

= /A <8n+2L[x,z](t,s) i(t8) + dnyaL[x, 2)(t5) S DIt s)

+3uralx, 2] (t,5) C DIVt s) + Z [ wiaril[x, 2] (t5) - CD4’( h(t,s)
i=1

i

+d0n4asiL[x, 2] (t,5) -C D;P_(“)’wh(t,s)} ) d"s + B(t) / d3n15L[x, 2] (£)d"s;
we obtain
’ C pP@y
/a A) - /A dnaLlx,2](5) - h(t,5) + BusaLlx, 2] (1, 5) € DYVt )
+ 02y+aLlx, Z|(t,5) - CD(P 1ph ts)+ ) { wasril[x, z] (8, s) - CD‘P(“) l/’h(t s)
i=1 4
+ donrasillx, 2] (1 5) -C D;”F“)'lph(t,s)} ) d"sdt = 0.

Using Theorem 1, we obtain

/ / ( dusaL[x, 2] (t,s) + <D<5(a>,¢ Mt)aHIZ/L([SIZ](t'S)) o ()

09208l Z5) ) L [ (o ALl Z(bs)
+ (o o Jro+y |(of e tlo2 ) )

1
+ (Dq’("‘) ‘/’A( )82n+4+l [ ](t,S) ) wl(si)] ) h(t,S)d”Sdt

¥ (s:)
1,4,(“),1,,/\(t)an+3L[x,z](t,s) $d's
SIAC sy o
t=b
B ()92n4al %, 2](E8) N, 0 yne|
/< 0 >h(t, )d La 0.

From the arbitrariness of & and using the fundamental lemma of the calculus of
variations, we obtain the generalized fractional Euler-Lagrange Equation (25) and the
natural boundary conditions (26) and (27). O

4. Illustrative Examples
In order to illustrate our results, we present three examples.
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Example 1. Consider the following fractional differential equation:

2(0) = (DI x(t)- (p(t) — 90— (9(t) — p(©))?) " + (¢ — cost)z(®),

for t € [0,1], where z(0) = 4, x(0) = 0and x(1) = (¥(1) — ¢(0))**2. Define ¢ : [0,1] — [0,1]

by
2

70 = Ty
If we consider T(t) = (p(t) — ¢(0))*2, t € [0,1], then by Lemma 1 of [26], we obtain

Dy 'x(t) = r(“; 3) (p(t) — 9(0))>.

Thus, .
D x(0) = [ 9D x(t)da = (p(t) — p(0))2

Note that x satisfies the necessary optimality condition (2):

ot 40 —9 () A (DL x(t) - (p(8) — () — (9(t) — y())*+3)’
" 0]
Y'(t) =0, Vte[0,1],
where A(t) = ¢~ Hsint Therefore,
() = () — p(0)*2  and z(t) — 4e’s —sint

is a candidate to be a local extremizer of the value z(1).

Example 2. Let x € C*([1,5],R) and z € C'([1,5],R) such that the pair (x,z) is a solution of
the fractional differential equation:

_ 2_ >
and fori = 0,1,2,3, we have xg] (1) =0, xl[;] (5) is free, and z(1) = 2, where ¢4 : [3,4] — [0,1] is
defined by
Pa(a) = F(%—Oa)-

Note that, if %(t) = (¥(t) — ¢(1))>, t € [1,5], then, by Lemma 1 of [26], we obtain

DY) = gy (W)~ $(D)

Hence,

R (i — PO —9D)2 = (t) + (1)
CD1+ x(t) = . ([)4(04)CD1+ X(t)da = (0 = p(1) .
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Note that x satisfies the generalized fractional Euler—Lagrange Equation (9):
2 4
2 1) (030 - VR 40 440
O Sl G L in(y() —$(1) -0
> ¥'(t) '
Vitel(l,5],
and the natural boundary conditions (11), for eachi =0,1,2,3,
4 1 d k—i—1
CT)
2 4
s 1) (oA - (PO BIDR -9 )
R A Ut A (IO BT () o s
> y'(t) ' '

Therefore, by Theorem 3, the pair (X,z) where X(t) = (p(t) — (1))® and z(t) = > + tlz'
t € [1,5], is a candidate to be a local extremizer of the value z(5).

Example 3. Consider x € C'([—2,4],R) and z € C'([0,4],R) such that the pair (x,z) is a
solution of the following fractional differential equation:

2(0) = (x(t =2~ (p(@) — p(t ~2)P)’

_ w42\ 2
+ (CDZ("‘”’x(t) (p(4) = ()"~ §‘{’§2,(4§P 9,3@3)) * cos(1t/4)z(t)/

where z(0) = 3, u(t) = (p(4) —¢(t))3 t € [-2,0], and x(4) = 0. Let ¢ : [0,1] — [0,1]
defined by

I'(4—a)
—
IFx(t) = (w(4) — ()3, t € [~2,4], then, by Lemma 1 of [26], we have

p(a) =

DYF) = sy (P — w0

and the distributed-order fractional derivative of X is given by

Wb (&) — (D) — () — p(1))?
DR = n(p(@) — $(0)) '

Note that X satisfies the generalized fractional Euler—Lagrange Equations (14) and (15):

20t +2) (x(t+2) = (9(4) — p(t +2))%)

3 2
2)L(t) CD(I’S"‘)rwx(t) _ (¢(4) — l[J(t)) __(¢(4) — l[J(t)) (l,’)(4) _ w(t))oc
+ Dgy{)/lﬁ ( N 1n(lplp/((4:)) l/J(t)) ) wl(t)
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References

forall't € [0,2], and

D;Pi“) W

* /o1 r(q;(f)a) <;t /(;z(ll’(ﬂ —9(s)) "2A(s)

—w(s))3 — _ w(s))2
<CDZ(“)'¢X(S) _ (¢(4) ;fl((lzzél) (i((ji) l[)( )) )(l[)(4) _ lp(s))”‘ds> da =0,

forallt € [2,4], where A(t) = e~ Jy sects)ds, Therefore, by Theorem 4, (X, z), where
x(t) = (w(4) —¢(t))® and z(t) = 3(sec(t/4) +tan(t/4))*
is a candidate to be a local extremizer of the value z(4).

5. Concluding Remarks

In this paper, we studied four cases of the fractional-Herglotz-variational-type prob-
lems, where the Lagrangian depends on distributed-order fractional derivatives with
arbitrary smooth kernels. In the first case, the distributed order belongs to [0, 1], by consid-
ering the definitions introduced in [9]. In the second case, we considered the higher-order
case, that is when a € [n —1,n] for a given n € N, considering the definitions recently
introduced in [25]. In the third case, we studied the Herglotz variational problem with time
delay, and in the last case, we considered the Herglotz variational problem with several
independent variables. We proved the necessary optimality conditions for all of these
Herglotz-type problems, and three examples were presented to illustrate our results. To
finalize this paper, we point out that our theoretical contributions generalize several results
recently proven in the context of the fractional calculus of variations.

Author Contributions: Conceptualization, F.C., R.A. and N.M.; methodology, EC., R.A. and N.M,;
formal analysis, F.C., R.A. and N.M.; writing—original draft preparation, E.C.; writing—review
and editing, FC., R.A. and N.M. All authors have read and agreed to the published version of
the manuscript.

Funding: This work is supported by Portuguese funds through the CIDMA—Center for Research
and Development in Mathematics and Applications and the Portuguese Foundation for Science and
Technology (FCT-Fundagdo para a Ciéncia e a Tecnologia), Reference UIDB/04106/2020.

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

1. Agrawal, O.P. A general formulation and solution scheme for fractional optimal control problems. Nonlinear Dyn. 2004, 38,

323-337. [CrossRef]

2. Bergounioux, M.; Bourdin, L. Pontryagin maximum principle for general Caputo fractional optimal control problems with Bolza
cost and terminal constraints. ESAIM Control Optim. Calc. Var. 2020, 26, 35. [CrossRef]
3. Magin, R.L. Fractional calculus models of complex dynamics in biological tissues. Comput. Math. Appl. 2010, 59, 1586-1593.

[CrossRef]

4. Odzijewicz, T.; Malinowska, A.B.; Torres, D.F.M. Fractional variational calculus with classical and combined Caputo derivatives.
Nonlinear Anal. 2012, 75, 1507-1515. [CrossRef]
5. Oldham, K.B. Fractional differential equations in electrochemistry. Adv. Eng. Softw. 2010, 41, 9-12. [CrossRef]

o

Riewe, E. Mechanics with fractional derivatives. Phys. Rev. E 1997, 55, 3581-3592. [CrossRef]

7. Podlubny, 1. Fractional Differential Equations, Mathematics in Science and Engineering; Academic Press: San Diego, CA, USA, 1999.


http://doi.org/10.1007/s11071-004-3764-6
http://dx.doi.org/10.1051/cocv/2019021
http://dx.doi.org/10.1016/j.camwa.2009.08.039
http://dx.doi.org/10.1016/j.na.2011.01.010
http://dx.doi.org/10.1016/j.advengsoft.2008.12.012
http://dx.doi.org/10.1103/PhysRevE.55.3581

Fractal Fract. 2022, 6, 731 18 of 18

10.
11.

12.

13.

14.

15.

16.

17.
18.

19.

20.

21.

22.

23.

24.
25.

26.

Samko, 5.G.; Kilbas, A.A.; Marichev, O.L Fractional Integrals and Derivatives, Translated from the 1987 Russian Original; Gordon and
Breach: Yverdon, Switzerland, 1993.

Cruz, F; Almeida, R.; Martins, N. Optimality conditions for variational problems involving distributed-order fractional derivatives
with arbitrary kernels. Aims Math. 2021, 6, 5351-5369. [CrossRef]

Herglotz, G. Bertihrungstransformationen; Lectures at the University of Goéttingen: Gottingen, Germany, 1930.

Georgieva, B.; Guenther, R. First Noether-type theorem for the generalized variational principle of Herglotz. Topol. Methods
Nonlinear Anal. 2002, 20, 261-273. [CrossRef]

Almeida, R.; Malinowska, A.B. Fractional variational principle of Herglotz. Discrete Contin. Dyn. Syst. Ser. B 2014, 19, 2367-2381.
[CrossRef]

Almeida, R.; Martins, N. Fractional variational principle of Herglotz for a new class of problems with dependence on the
boundaries and a real parameter. J. Math. Phys. 2020, 61, 102701. [CrossRef]

Georgieva, B.; Guenther, R. Second Noether-type theorem for the generalized variational principle of Herglotz. Topol. Methods
Nonlinear Anal. 2005, 26, 307-314. [CrossRef]

Santos, S.P.S.; Martins, N.; Torres, D.FEM. Variational problems of Herglotz type with time delay: DuBois-Reymond condition and
Noether’s first theorem. Discrete Contin. Dyn. Syst. 2015, 35, 4593—4610. [CrossRef]

Zhang, J.; Yin, L.; Zhou, C. Fractional Herglotz variational problems with Atangana-Baleanu fractional derivatives. J. Inequalities
Appl. 2018, 44, 1-16. [CrossRef]

Riewe, F. Nonconservative Lagrangian and Hamiltonian mechanics. Phys. Rev. E 1996, 53, 1890-1899. [CrossRef]

Agrawal, O.P. Formulation of Euler-Lagrange equations for fractional variational problems. J. Math. Anal. Appl. 2002, 272,
368-379. [CrossRef]

Almeida, R.; Morgado, M.L. The Euler-Lagrange and Legendre equations for functionals involving distributed-order fractional
derivatives. Appl. Math. Comput. 2018, 331, 394-403. [CrossRef]

Malinowska, A.B.; Torres, D.EM. Introduction to the Fractional Calculus of Variations; World Scientific Publishing Company: London,
UK, 2012.

Malinowska, A.B.; Torres, D.F.M. Generalized natural boundary conditions for fractional variational problems in terms of the
Caputo derivative. Comput. Math. Appl. 2010, 59, 3110-3116. [CrossRef]

Muslih, S.I.; Baleanu, D. Hamiltonian formulation of systems with linear velocities within Riemann-Liouville fractional deriva-
tives. J. Math. Anal. Appl. 2005, 304, 599-606. [CrossRef]

Muslih, S.I.; Baleanu, D. Quantization of classical fields with fractional derivatives. Nuovo Cimento Soc. Ital. Fis. B 2005, 120,
507-512.

Van Brunt, B. The Calculus of Variations, Universitext; Springer: New York, NY, USA, 2004.

Cruz, F; Almeida, R.; Martins, N. Variational Problems with Time Delay and Higher-order Distributed-order Fractional Deriva-
tives with Arbitrary Kernels. Mathematics 2021, 9, 1665. [CrossRef]

Almeida, R. A Caputo fractional derivative of a function with respect to another function. Commun. Nonlinear Sci. Numer. Simul.
2017, 44, 460-481. [CrossRef]


http://dx.doi.org/10.3934/math.2021315
http://dx.doi.org/10.12775/TMNA.2002.036
http://dx.doi.org/10.3934/dcdsb.2014.19.2367
http://dx.doi.org/10.1063/5.0021373
http://dx.doi.org/10.12775/TMNA.2005.034
http://dx.doi.org/10.3934/dcds.2015.35.4593
http://dx.doi.org/10.1186/s13660-018-1635-9
http://dx.doi.org/10.1103/PhysRevE.53.1890
http://dx.doi.org/10.1016/S0022-247X(02)00180-4
http://dx.doi.org/10.1016/j.amc.2018.03.022
http://dx.doi.org/10.1016/j.camwa.2010.02.032
http://dx.doi.org/10.1016/j.jmaa.2004.09.043
http://dx.doi.org/10.3390/math9141665
http://dx.doi.org/10.1016/j.cnsns.2016.09.006

	Introduction
	Preliminaries
	Herglotz's Variational Problem
	Distributed-Order Fractional Calculus with Respect to an Arbitrary Smooth Kernel

	Main Results
	 Herglotz Fractional Variational Problem—Case 1
	Herglotz Fractional Variational Problem—Case 2
	 Herglotz Fractional Variational Problem—Case 3
	Herglotz Fractional Variational Problem—Case 4

	Illustrative Examples
	Concluding Remarks
	References

