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THEORETICAL AND NUMERICAL
STABILITY OF THE BRESSE SYSTEM:
EXPLORING FRACTIONAL DAMPING

THROUGH TRADITIONAL AND NEURAL
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Abstract This paper investigates the theoretical and numerical stability of
the one-dimensional Bresse system with fractional damping terms in a bounded
domain. We first establish the well-posedness of the system. Using the fre-
quency domain approach and a theorem by Borichev and Tomilov, we derive
the polynomial decay rate of the system. To validate these theoretical results,
we propose a numerical scheme and compare its performance with the Frac-
tional Physics-Informed Neural Network (fPINN). The comparative analysis
highlights the effectiveness of traditional numerical methods and fPINNs in
capturing the decay rate, offering new insights into the advancement of com-
putational techniques for complex physical systems.

Keywords Bresse system, asymptotic stability, finite difference scheme, Ca-
puto’s fractional derivative.
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1. Introduction

This paper is dedicated to the study of the one-dimensional linear Bresse system,
given by:

prow — K(pe + 1 + lw)y — Kol(wy — lp) + 97" = 0,
pather — bibey + K(pg + ¢ + lw) + 0729 = 0, (1.1)

prwg — ko(we — 19) + kl(pz + 1 + lw) + 97w = 0,
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where (z,t) € (0,L) x (0,400) denote the space and time variables, respectively.
The constants pi, p2, Ko, Kk, [, and b are positive, 7 is a non-negative constant, and
a; € (0,1) for i =1,2,3.

The initial conditions are given by:

The boundary conditions are:

0r(t,x) =, (t, ) = we(t,x) =0, forxz=0,L,

o(t,x) =¢(t,z) =w(t,x) =0, forxz=0,L. (1.3)

The notation 9;"" stands for the generalized Caputo fractional derivative of order
a, 0 < a < 1, with respect to the time ¢. It is defined as follows:

1 ¢ o g d
8?’"f(t):m/o (t—s) e S)d—i(s)d& n > 0.

Here, x and ¢ denote the space and time variables, respectively.
The Bresse system, or the curved beam [1], is modeled by the system:

prpee — K(pz + P +lw)y — kol(we — lp) =0,

ptht - b¢rr + H(‘Pr + 1/1 + lw) = 07

1wy — Ko(We — 1)z + Kl(pz + ¢ + lw) = 0.
The terms kol(w, — lp), k(@ + ¥ + lw), and by, denote the axial force, the shear
force, and the bending moment, respectively. The functions ¢, ¥, and w represent,
respectively, the transverse displacement of a curved beam, the rotation angle of
the filament, and the longitudinal displacement. We denote by kg = FH, k = GH,
b = EI, where py, p2, I, G, E, and H are positive constants characterizing the
physical properties of the beam and the filament. Additionally, | = &, where R is

R
the radius of curvature (see [2,3] for more details).
In [4], B. Mbodje explored the asymptotic behavior of solutions for the system:

O?u(z,t) — Upe(z,t) =0, (2,t) € (0,1) x (0, +00),
u(0,t) =0,

Opu(l,t) = —k0"u(1,t), a€(0,1),7>0,k >0,
u(z,0) = uo(x),

Ou(x,0) = vo(z).

He proved strong asymptotic stability of solutions when n = 0, and a polynomial
decay rate of ¢t~! as time tends to infinity when n # 0. The energy method was
used to establish the polynomial decay rate. Akil et al., in [5] under the equal
speed propagation condition, they established the optimal polynomial energy decay
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rate and they proved the indirect boundary exact controllability of the Timoshenko
system with mixed Dirichlet—Neumann boundary conditions and boundary con-
trol. In [6,7] studied the stabilization for a coupled wave equations with fractional-
damping. They proved the polynomial stability of the system. Recently, in [8] they
proved the energy decay of hyperbolic systems of wave-wave, wave-Euler Bernoulli
beam and beam-beam types. they established different types of polynomial energy
decay rate which depends on the order of the fractional derivative and the type of
the damped equation in the system.

In [9], the Bresse model for circular beams, with the addition of two frictional dissi-
pations in the system, was analyzed. Exponential stability was found if and only if
K = Ko, with polynomial decay in the general case. The problem of the optimality
of the polynomial decay rate was also studied. In [10], the exponential decay of a
dissipative Bresse system was demonstrated using techniques developed in [11], and
numerical simulations were provided to support their results.

When thermal effects are considered, the asymptotic behavior of the Bresse
system may become more complicated due to the coupling between elasticity and
heat conduction. Currently, there are some theoretical and numerical results on the
asymptotic behavior of thermoelastic Bresse systems [12,13].

Recently, in [14], Beniani et al. examined a system comprising coupled wave
equations featuring a diffusive internal control of a general nature:

Au — Agu+ ¢ [T 0(w)(,w, ) dw + Bu = 0,
Opv — Ayv + ij:oo o(w)p(z,w,t) dw + Bu = 0,
u=v =0, on 01,

Bu(s10,1) + (&2 4 M)D(, w0, 1) — Duo(w)

0,
0

)

(
Spt(wiﬂt) + (W2 + 77)90($7w7t) - atv@(w) =

u(z,0) =up(x), Jwu(x,0)=u1(z),
v(z,0) =vo(x), Ow(x,0)=uv(x),
d(z,w,0) = ¢o(z,w), and ¢(z,w,0)=@o(z,w).

They demonstrated the absence of exponential stability and investigated the asymp-
totic stability of the model, establishing a general decay rate that is dependent on
the density function p.

Numerically, the finite element method has been widely used in many studies re-
lated to control systems (see [15-18]). However, to the best of my knowledge, no
study has yet validated the decay rate using the Fractional Physics-Informed Neural
Network (fPINN).

This paper is organized as follows: In Section 2, we prove the well-posedness
of System (1.1) using arguments that combine semigroup theory. In Section 3, we
establish the polynomial stability of the Bresse system (1.1) through a frequency
domain approach and a theorem by Borichev and Tomilov. Section 4 is dedicated
to the discretization of the energy using the finite element method, and Section 5
explores the fPINN approach.
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2. Augmented model and well-posedness of the sys-
tem

This section is concerned with the reformulation of the model (1.1) into an aug-
mented system. We need the following theorem:

Theorem 2.1. [19] Let u be the function:

p(€) =gl V2 ceR, 0O<a<l.

Consider the system governed by the equation

A (,&,0) + (|€]* +n) ¢ (2,6,1) = Uz, t)u(§) =0, €€R, n>0, t>0,
with the initial condition
¢ (z,£,0) =0,
and the output defined as
0 at) = Hsin(am) [ n(€)p(o.6,t)de
R

The relationship between the ’input’ U and the ’output’ O is then given by
O(x,t) = I' "0 (x,t) = DU (,t),

where

! t — ) et 1 (1) dr
>/0 (t—7) f (7 dr.

(17 f1(t) = ()

We also need the following lemma in the sequel:
Lemma 2.1. 20/ IfA€ D={AcC|RX+n >0} U{I\ # 0}, then
2
K (5) a—1
——=dE=(\+ ,
o) [ A de= )

1

where T(a) = 7~ sin(am).

Lemma 2.2. If A € D, = C\] — 00, —n], then

oo \§|M(f) 1 -2« ™ (2a—5)
: d¢ = - iIAN+n) T 21
/—oo (IA+&2+1)? 4 gin 7(20‘:3) 7r( ) 21)
“+o00o 1 T . 3 “+oo |£|2 T .
/,oo AT e g S glidtl s and /,OO e S il

Using the previous theorem, the system (1.1) can be rewritten as the following
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augmented model:

prow — (s + 1 + lw)e — rol(ws — 1) + G2 /R 1 (E) r (2, €,8) dE =0,
prre — Wbus + (i + 9 + 1) + G /R 1(€) s (2, €. 1) dE = 0,
prwy — Ko(wy — 1@)s + kl(e + ¢ + lw) + Cs/Ru (&) ¢3 (z,&,t) d€ =0, (2.2)

8t¢1 (Qj,f,t) + (52 + 77) ¢1 (Ji,f,t) —H (g) at@(x’t)
aiEQZ)Q (l’,f,t) + (52 + 77) ¢2 (xagat) —H (5) atw(‘T,t)
atd)?) (.Z‘,&t) + (52 + 77) ¢3 (m,f,t) —H (5) 8tw(x7t)

0,
0,
0,

where (z,&,t) € (0,L) x R x (0, +00) and with the following initial conditions:

For a solution U = (@, p¢, ¥, Py, w,wy, ¢1, d2, ¢3) of (2.2), we define the energy by

1 L
E(t) = 5/ (prlel® + p2lve|* + prlwel® + blibe|* + Kolwa — lo® + Klps + ¥ + lw|?) da
0

1~ [F )
e ([ 1oi2ac) as.

3

(2.3)

where ¢; = y;7 ! sin(ay).

The following lemma characterizes the decay of the energy functional for the system
described by (2.2).

Lemma 2.3. Let U = (p, o, ¥, s, w, wy, d1, P2, d3) be a reqular solution of the
problem (2.2). Then, the functional energy defined in equation (2.3) satisfies

3 L
_ , 2 4 2
P0=-326 [ [ (1) oto 0 de

Proof. Multiplying the equations (2.2),, (2.2),, and (2.2); by ¢, ¥, and w,
respectively, using integration by parts over (0, L), and adding the results, we obtain

1d [ [*
o (/ (pllsot|2+p2|wt2+mwtl2+blwx2+r~olwz—lso|2+nlsoz+w+lwl2)dx>

/ (G / ) (. €, 1)dE + Coty / H(€) bl €, 8)dE + Crwy /R H(€)d3(x, €, 1)dE)do

(2.4)
Multiplying the equations (2.2),, (2.2)5, and (2.2)4 by &1¢1, {202, and E3¢3 respec-
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tively, integrating over (0, L) x R, and summing, we obtain

L
/ (cm / (€)1 (2, €, )dE + oty / H(E) (. €, 1)dE + Cauwy / u(é“)sba(w,&t)dé“) dz
0 R R R

C1d (&K, e e , 2

(2.5)
Combining the equations (2.4) and (2.5), we obtain
d > L
GEO=-36 [ [ (€4 n)loteenPdedn
dt —~ " Jo Jr
This completes the proof of the lemma. O

We now discuss the well-posedness of (2.2). To this end, we introduce the
following Hilbert space, which serves as the energy space:

H = (H'(0,L) x L*(0, L))" x (L*(R))".

For U = (907 Pty wa wtv W, W, d)la ¢2, ¢3)T and U = (Sbv @ta ’l/;a 'l/;ta 'U~}, ﬁ)ta éla &27 (2)3)T7
we define the following inner product in H:
~ L PR— — —_— —_
<U7 U>H = / (Pl%@t + p2thir + prwewy + b%c@x) dz
0
L
+ [ ot~ 197 15 do
0 ] 5 _
+/ K(pz + 9 + W) (@e + ¢ + lw) dz + Zfz/ ¢i¢; dg.
0 - JR
We then reformulate the system (2.2) in the context of semigroup theory.

Introducing the vector function U = (u1, ug, us, us, us, ug, 1, 2, ¢3)*, the system
(2.2) can be reformulated as:

U =AU, t>0,
U(0) = Uy,

T
where UO = (9007<P1>¢0,¢17w0>w17¢(1)a¢87¢8) -
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The operator A is linear and is defined by

uy Uy
Us £ (ury + ug + lg)p + 52t (use — lur) — SE [ (&) (€, 1) dE
uz Uy
Uy p%uP,m — B (urg + uz + lus) — —fR ) pa(x, €, t) dE
Al us | = Ug
Ug 50 (usg — lur)e — 5 (urg + ug + lug) — &2 S [ p(€)ps(x, &, 1) dé
o1 (& + )1 + uz(z)u(€)
b2 — (& +m)2 + ua(x)p(€)
b3 —(& +n)es + ue(x)p(§)

The domain of the operator A is given by

(u1,uz, us, ug, us, ug, 1, P2, ¢3)* € M | ur,us,us € H*NH',

Eh1,Ed2, €93 € L2(R),

D(A) =9 = (I€7 +n) ¢ + u2i(2)pu(é) € LA(R), i=1,2,3,
(px(tvx) = ¢x(t7$) = wx(tvx) = (p(tvx) = ¢(t’ '7;) = w(tvx) =0
for x =0, L.

Theorem 2.2. 1. IfUy € D (A), then system (2.2) has a unique strong solution
UeC’(Ry,D(A))NC (R, H).
2. If Uy € H, then system (2.2) has a unique weak solution
UecC'Ry,H).

Proof. First, we prove that the operator A is dissipative.
For any U = (u1, u2, u3, u4, us, ug, ¢1, 2, #3) € D(A), we have

Re (AU,U),, Zg/ (€2 + 1) s (a. €, )| de < 0.

Hence, A is dissipative.

We will now show that the operator I — A is surjective.
Given F = (f1, fa, f3, f4, [5, f6, J7, [s, fo) € H, we need to prove that there exists
U = (u1,uz, u3, ug, us, Us, $1, 2, ¢3) € D(A) satisfying

(I-A)U=F.



8 B. Boukhari, A. Bchatnia, A. Beniani and F. Mtiri

That is,
U1 — U2 = f17
Uy — i(ulac +us + lus)y — %(um —luy) + % /Ru(ﬁ)qﬁl(a:,f,t) d¢ = fs,
U3 — Ug = f3»
Uy — p%ufsm + %(uu + ug + lus) + % /Rl«t(f)@(fﬂaﬁt) d¢ = fa,
Us — Ug = f57
o = 2y = tur)e + 2 s s 1) + [ p(Qan(e 0 = o
P1 P1 P1 JrR T ’
P1(1+ &+ 1) — p(€)ua(z,1) = fr,
d2(1+ &2+ 1) — p(&)ualz,t) = fs,
¢3(1+ &% +n) — p(&)ug(z, t) = fo.
(2.6)
Then, from (2.6),, (2.6)g, and (2.6),, we obtain:
et u©us(a,t)
1+&2+n 7
_ f8 + M(f)ﬂ4(l’,t) (2 7)
2 1 +£2 +77 ) .
_ fo+ 1@us(.t
L+&+n

Inserting the equations (2.6), into (2.6),, (2.6), into (2.6),, and (2.6), into (2.6),
we obtain:

prutr — K(u1g + ug + lus)y — kol (use — lur) + G / w(&)o1(z, &, t)ds = pi(fr + f2),
pau3 — buzey + K(uie +uz +lus) + G [ p(§)da(x, &, 1) dE = pa(fs + fa),

prus — ko(usy — luy) e + £l(ury +ug + lus) + G3 Ru(f)%(x,f,t) d§ = p1(fs + fo)-

(2.8)
Solving the system (2.8) is equivalent to finding wuy,u3,us € H?(0,L) N H(0, L)
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such that:
L
/ [plul — K(u1z +us + lus)e — kol(use — lur) + G / w(&) o1 (x,€,t) df] x dx
0 R
L
- /0 o Ui + fol x o,
L
/ {P2U3 — busgs + K(U1e + us + lus) + Cz/ﬂgﬂ(ﬁ)@(%fat) df} ¢dx
0
L
— [ttt s ¢
. 0
[ s = wluse =t -+ s+ v+ 1) +-a [ @onte .00 W
0 R

L
— /0 1 (fs + fo)] W d,
(2.9)

for all x,¢(, W € HY(0, L).
Inserting the equations (2.7), into (2.9),, (2.7), into (2.9),, and (2.7), into (2.9),,
we obtain:

L 2
/ [plul — k(ury + ug + lus)e — kol (use — luy) + Grug (x, t)/ : ff(fl ; df} X dx
0
_ (" Ofi — fr)
=/, prfi+pife+ G 1+£2 d§| x dx
_ u2(§)
pauz — buzee + K(uie +uz + lus) + C2U3($ t) 1 Tty d¢| ¢dx
0
r §)fs — fs) }
= d d
L [ |t s+ [ 2 1+€2;H7 ¢| can
/ [p1u5 — ko(use — lur)z + Kl(u1, + us + lus) + Gus(x, t)/ : fg(fl . df} W dzx
0
B /L &) fs — fo) aclwa
= [ |t @6 1+§2+n ¢| W da.
(2.10)
Consequently, the problem (2.10) is equivalent to the problem:
a((U17U3,U5),(X,C,W)) :‘C(XanW)v (211)

where

L
a((u1,u3,us), (x,(,W)) = / [p1ur — K(urg + us + lus), — Kol(usy — lur)
0

+ Clul(x,t)/ H(E) df- x dx
L ]

r1+E&+0
+ / [p2us — busgs + K(u1z + ug + lus)
0

pAe ]
v cngg<:c7t)/R L de | G

+ / [prus — Ko(use — luy) . + Kl(u1, + us + lus)
0

2
+ C3u5(e’177t)/]R 1f§(2§j‘77

de| W ds,



10 B. Boukhari, A. Bchatnia, A. Beniani and F. Mtiri

and
L
E(X,C,W)=/O p1f1+p1f +4 / 1+§2J:1L,7f7) dg]xdm
oL
b [ ot 1o+ [ HOUOR ) 4] ¢
L pf
+/O p1(fs + fs) +C/ 1+£2f5 fo) df}Wda:.

It is easy to verify that a is continuous and coercive, and £ is continuous. Ap-
plying the Lax-Milgram theorem, we infer that for all (x,¢(, W) € HY(0,L) x
gi (((()), i)) >;I1IT;1((()(,)LI)J,) przblelm' (2.1%) Pgs ? uﬁiqu solutfogt(u1.;u§,1?5) ‘ein(O, L) x

(0, 1(0,L). Applying classical elliptic regularity, it follows from (2.11)
that (u1,us,us) € H*(0,L) x H?(0, L) x H?(0,L). Therefore, the operator I — A
is surjective. Finally, the result of Theorem 2.2 follows from the Lumer-Phillips
theorem. O

3. Polynomial stability

In this section, we will prove a polynomial decay rate for the system. It is important
to note that, in the decoupled case, the system fails to exhibit exponential decay.
First, we need to prove the following lemmas:

Lemma 3.1. A has no eigenvalues on iR.

Proof. We prove that the unique U = (u1, ug, us, uq, s, g, $1, 2, ¢3) € D(A)
satisfying
AU = i\U, (3.1)

isU =0.
Equation (3.1) is equivalent to
Uy = AU,
=+ 1u)a 52w, — r) = [ (6)0n (600 = N,
Uy = tAug,
Bt = e+ w4 us) = [ (€) 00 (6,00 = ihus,
ug = tAus, (3.2)
(s, — bur)s = B s+ tus) — [ (€)0n (€20) e = D,
P1(IA + &% +n) — p(€uz(z,t) =0
G2(iA + £ 4+ 1) — p(&)ua(x,t) =0,
G3(iX + €% + 1) — pu(€)ue(z,t) =0

Then, from (3.2);, (3.2);, (3.2);, (3.2),, (3.2)g, and (3.2)y, we obtain for k €
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{1,2, 3}
b = iA(§)uzp—1(x, 1)
’ N+ +n (3.3)

U2k = i/\ng_l (’I, t).

On the other hand, multiplying (3.2), by u1, (3.2), by us, and (3.2)4 by us leads
to:

L 2 Sy, 2
p” (§) idug (z, t)
—k(urz +ug +1 e T+ kol(usy —1 - /.—d
/o KU1y + us + lus)ur, + Kol (use — lug)ur — G A 2%—!—524-77 3
= N, [ ulda,
0
g 2 () iv3 (o, )
—bu2, — k(uiy + us + lus)us — /##d
/0 3 (w1 3 5)U3 <2R1é+§2+77 3
N> uida,
0
L 2 Y2
H (5)2)\165 ({177t)
—ko(usy — lug)usy — kl(urg + us + lus)us — /,—d
=-\p, uldz.
0
(3.4)
Adding (3.4); — (3.4),, one gets:
L 2 2 2 & 2 I (€)
_/0 (bu3m+l€(u1x+U3+ZU5) +KO(U5I_ZU1) +Z)\Z<ku2k71‘/ﬂ§md€)dx

k=1

L
= —)\2/ (prui + pauj + prui)dz.
0

(3.5)
Here we distinguish 2 cases:
1st case: )\ # 0.
Taking the imaginary part in (3.5), we obtain

. 1 (€) t 2
_— =0, f 1,2
)\kil Ck/Ri)\JrP +nclf/o us,_1dx =0, for k € {1, 2, 3},

and we deduce that u; = ug = us = 0. Using now (3.3), it follows that U = 0.
2nd case: \ = 0.
Coming back to (3.3), we have:

Uy =ug =ug =0 and @1 = P2 = ¢p3 = 0.

On the other hand, we deduce from (3.5):

U3z =0,
Uty + us + lU5 = 0, (36)
U5y — l’LLl = 0.

Using the fact that U € D(A) and (3.6), we find that uz = 0. Consequently, u;
satisfies the equation
Ulpy + l2u1 =0.
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Given that U € D(A), this implies u; = 0, which in turn leads to the conclusion
that U = 0. O

Lemma 3.2. The operator (MI — A) 18 surjective.

Proof. Let I = (f1, f2, f3, fa, f5, f6) € H we looking for
U = (u1,ug,u3, usg, ¢1,$2) € D(A) such that

iAU — AU = F.

That is,

TAUL — Uy = f1,

iAug — %(um +ug + lus); — %Oll(um —luy) + % Au(f)%(%&ﬂ d§ = [,

i)\u;:, — Ug = f37
g — p—zugm 42 (s g+ L) + % /R () ol €, 1) dE - f,
IA\Us — Ug = f57
iAug — @(uiiz —luy), + ,il(ulm +ug + lus) + S / w(&)os(x, & t)dE = fe,
p1 p1 prJr
¢1(ZA+€2+7’)7,“(£)U2($715) = f77
¢2(l)\+§2+n) _M(é-)uﬁl(‘rat) = f87
P3(iX + & + 1) — pu(&)ue(x, 1) = fo.
(3.7)

By eliminating us, us and ug from the above system, we get the following system
—p1 AUy — K(ure + us + lus), — kol (use — luy) + iACiug (z,t) Io( N, n)

= p1(iIAf1 + f2) + (L2 (A ) f1 — Li(A\m) fr),

—p2A2uz — buggy + KUty + us + lus) + iACus(z, 1) I2(A, 1)
= p2(iNfz + fa) + G(L2(A,n) f3 — I (A, n) f3),

(3.8)

—p1N2us — ko(usy — lug)e + Kl(uie + us + lus) + iXCGus (2, t) o (N, 0)
= p1(iXfs + fo) + G(L2(\,n) f5s — (N n) fo).

(&)
here I1(\,n) = | ———=—
where I1 (A, n) /RZ>\+§2+77
We now distinguish two cases.

d¢ and I(\,7) = / ) dg.

RIN+E2+ 7

Step 1. A = 0 and n > 0 : System (3.8) is equivalent to finding wuy,us,us €
H?(0,L) N HE (0, L) such that
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L
/ (—r(u1e + ug + lug)y — kol(usy — luy)) x dx
0

L
= /0 (prf2 + C1(12(0,n) f1 — 11(0,n) f7)) x d,

L
/ (—buggy + K(u1y +us +lus)) ¢ dz
0

L
- / (pafs + (L0, ) f5 — 1(0,m) fs)) C d,

L
/ (7/€0(’U,5x — lul)m + Hl(ulz + us —+ IU5)) Wdll?
0

L
:/0 (p1fs + C3(12(0,m) f5 — 11(0,7) fo)) W d.

for all x,(, W € HL (0, L).
Using integration by parts in (3.9) we deduce that (3.8) is equivalent to:

b((ul,U3,U3),(X,<,W)) :M(X7C7W)7 (31())

where

L
b((u1,us,us),(x,¢,W)) = /0 [K(u1z +usg + lus)(xo + ¢+ W) + buse Gy
+ ko(use — luy)(W,, — ly)] du,

and

L
M(%QW):/O [p1f2 + G (12(0,n) f1 — I1(0,n) f7)] x dx
L
+ /0 P2t + Ca(T2(0, 1) f — 11(0,7) fi)] € dz

L
+ / oo+ (I (0.m) f5 — L1 (0,7) )| W dl.

It is straightforward to verify that the bilinear form b is continuous and coercive,
and the operator M is continuous. By applying the Lax-Milgram theorem, we con-

clude that for all (x,¢, W) € (Hg(0, L))B, the problem (3.10) has a unique solution
(u1,us,us) € (H(0, L))S. Utilizing classical elliptic regularity, it follows from (3.9)
that (u1,us,us) € (HQ(O, L))3. Consequently, the operator —A is surjective.

Step 2. A#0andn>0:
Now, consider the system:
—k(u1y + ug + lug) . — kol(usy — lur) = g1,
—bUsge + K(u1e + us + lus) = ga, (3.11)

_KO(U5.’I; - lul)x + "il(ulx + us + lU5) = g3,
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with the conditions

ui(t,x) = us(t,x) =us(t,x) =0, forz=0,L,
U1 (t, ) = usy (t, ) = usy(t, ) =0, for x =0, L.

3
where (gla92a93) € (LQ(OaL))

Let us note £ : (ug, ug,us) — (—r(uiy+us+lus)z — kol (use —luy), —buges +r(u1,+
uz +lus), —ko(use — lu1) e + Kl (w1 +us +lus)) with domain D(L) = {(ug,ug,us) €

3
(H(0,L) N H2(0,1)) ", w1a (@) = g (@) = w5 (@) = 0, for =0, L}.
Multiplying (3.11), by x, (3.11), by ¢ and (3.11), by W one gets:

L
/ [£(u1e + usg + lus)(Xe + C+HIW) + buse (e + Ko(use — lug) (W, — Ix)] dz
0

L
= / (91X + g2 + gsW ) da,
’ | (3.12)
for all (x,¢(, W) € (H&(O,L))‘3
By applying the Lax—Milgram theorem once more, we deduce that there exists a
unique strong solution (ug,us,us) € D(L) for the variational problem (3.12).

3
Consequently, it follows that £7! is compact in (Lz(O, L)) and therefore (3.8) is

equivalent to:

@*oB—QUzg
where U = (uq,us, us),

BU := ((p1A* —iAGi Lo (A, m))us, (paX® — iACaTa (A m))us, (1A — iACsT2 (A, ) )us)

and ® = —(p1(i)\f1+f2)+C1(Iz()\,ﬂ)f1 —Li(An) f7), p2(iAfz+ fa) +Ca(T2 (N, n) f3 —

LA fs), p1(iAfs + fo) + (3 (T2 (A m) f5 — T (A, n)fg)). Noting that the operator B
is bounded, so Lo B is compact, and applying Fredholm’s alternative, it is sufficient
to show that

ker (L' o B —I) = {0}.

For this purpose, let (y1,ys3,ys5) € Ker (ﬁ_l oB— I) then we have:

(p1A% — NG LN )1 + K(Y1z + Y3 + 1Ys)z + Kol (Yse — lya) = 0,
(p2A? — iX2To (N, 0))Ys + bYsaw — K(Y1e + Y3 + lys) =0, (3.13)
(p1N2 —iXG (A 0))ys + ko (Ysz — ly1)e — Kl(y1s + Y3 + lys) = 0,

with the conditions

y1(t,x) = ys(t,z) = ys(t,z) =0, forxz=0,L,
Y1z (t, ) = Y3 (t,2) = ys(t,2) =0, for z =0, L.
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Multiplying (3.13), by 71, (3.13), by 73 and (3.13), by ¥s5, integrating over (0, L),
one gets:

L
/ ((p1/\2 — XL\ )|y ]? + (022 — i T (A, ) |ys|?
0
T (002 = NG RO 1) s ) d
L
+ / [Rly1e +ys + lys|* + blysa|* + rolyse — lyn|?] da = 0.
0

Taking the real part, we deduce that (y1,ys,ys) = (0,0,0). This completes the proof
of Lemma 3.2. O

We now recall the following result, which characterizes the polynomial decay of
the energy.

Lemma 3.3 ( [21]). Assume that A is the generator of a strongly continuous semi-
group of contractions {S(t)}+>0 on a Hilbert space H. If

iR C p(A), (3.14)

then for a fired § > 0, the following conditions are equivalent:

lim sup
SER|S\—>OO

1. _
WH(M — A7 lepy < oo, (3.15)

C
ISV < Z1Volbay U € DIA). for some ¢ > 0.

Our main result in the section is the following:

Theorem 3.1. The semigroup {S(t)}i>0 is polynomially stable and
2 1 2
E(t) = [S()Uoll3 < FHUOHD(A)'

Furthermore, the energy decay rate of t2/1=% is optimal for general initial data in

D(A).

Proof. Based on Lemma 3.3, the proof of Theorem 3.1 requires verifying the va-
lidity of (3.14) and (3.15), where § = 1 — a. Since (3.14) follows from Lemma 3.1
and Lemma 3.2, our focus shifts solely to proving (3.15).

Here, we employ a contradiction argument. Suppose that (3.15) is invalid; conse-
quently, there exists a sequence A\, € R,n € N such that A\, — 400 as n — 400,
and a sequence U™ = (u}, uly, uf, ulf, ul, uf, ¢1, &%, ¢%) € D(A) such that

1Un|l = 1, (3.16)
and

lim

Jim S (@A = A) ey =0, (3.17)

We have
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For simplicity, we drop the index n in the sequel. From (3.17), we get

IAUL — ug = % — 0,

iMug — £ (ur, + ug + lug), — 59 (ugy — lu) + 5 Ru(g) o1 (x,€,t) dE
= f—i — 0,
IAug — Uy = %’S — 0,

Mg — Lz, + £ (ury + ug + lug) + 52 % (€) ¢a (2, &, 1) dE

N ;; 0 (3.18)

iA\us — ug = /\—‘z — 0,

iMug — 59 (usy — lur)y + 5 (urg +ug + lus) + 52 Ru(g) b3 (x,€,t) d¢
= f—i — 0,
P1(IA+ & + 1) — p(§us(z,t) = ?Z — 0,
G2 (A + & + 1) — p(&ua(w,t) = }\i —0,
$3(iX + & + 1) — p(&)ue(,t) = z\?; —0

In the following, we will prove that, ||U|l% = o(1), hence reaching the desired
contradiction. For clarity, we divide the proof into several lemmas.

On the other hand, for all § > 0, taking the real part of the inner product of (3.17)
with U in H, then using the fact that U is uniformly bounded in H, we have

L
/ /(g2+n) |¢i(m,§,t)|2dfdx:%, fori=1,2,3. (3.19)
0 R

Inserting the equations (3.18), into (3.18),, (3.18), into (3.18),, and (3.18); into
(3.18), we obtain:

1A 2uy + K(ure +ug 4 lus)e + Kol (use — lug) — / (&)1 (x, &, t) dE = *Pl(é

P2 XUz + bug, + K(ur, +us + lus) — G | p(€)ga(z, &, t) dE = —Pz(ﬁ +
R’

p1 N 2 us + ko (use — lur)e — kl(ute + us + lug) — C3/RM(§)¢3(937£, t)dé = —p1 (55 +

To complete the proof of the theorem, we require the following lemmas:

Lemma 3.4. Let § > 0, we have
L L L
o(1) o(1) o(1)
| et = 2 [ uatoPds = 52 and [ ustoPds = 52

Proof. From (3.18)7, we have

(i)‘ + 62 + 77)¢1 - = UQ(I)/‘@)? on (07 L)'

A




Theoretical and Numerical Stability of the Bresse System 17

Then

us(e)lu@) < A+ €+ mlnl + 221 on (0,1,

By multiplying it by (|A| + €2 + n)~2|¢|, we obtain

(IA+E +1) 72 (€ uz () p(€) = (iA+£2+n)‘1I£I¢>1—(M+£2+n)‘2|€|%,\7$ € (0,L).
(3.21)

Taking the absolute values of both sides of (3.21), integrating over(—oo, +00) with

respect to the variable £, and applying Cauchy-Schwarz’s inequality, we obtain

Pl < ([ € +”)'¢1<x’f)'2d£)% o </+°°

— 00 — 00

fr

> \}
XS d§> o (3.22)

where P, M and N are defined as:

+oo

P ‘/:Ow re ) len@d M= ([ v +n)2d£>%,

— 00

B +oo ) o %
N = (/ (M + € + )¢l df) .

—00
By applying Young’s inequality and integrating (3.22) over (0, L), we obtain
bk

2o

2

2
2M dédzr.

I L 400 IN2 L ptoo
[ < 25 [0 [ @ oo an [

Using lemma 2.2, we get

|1 —2¢] ™ (2a-5) T _3
= A <q/=(A
P="— |Sm<2a4+3)ﬂ|(l [+m) T, M S+ )7,

and

N < YA+

It is simple to check that

2a—5

P2 = O(IA*T), M2=0(A\"%). and N? = O(]\3).

/Lu2(w)|2dx— o) | o) _ o(l) (3.23)
0

o149 \a+20 Aa—1+6°

Then

Using the same argument, we can prove

L L
2, o(1) 2, o(l)

O

Lemma 3.5. Let 6 > 0. Then the solution (uy, ua, us, ug, Us, g, $1, P2, ¢3) € D(A)
of (3.18) satisfies the following asymptotic behavior estimation:

L L L
/0 |>\u1(m)|2dx:/o |)\U3(x)\2dx:/0 \Mﬁ@ﬁ@:%. (3.25)
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Proof. From (3.18),, we obtain

L L 9 (L
/ |Muy|?dx < 2/ ug|*dz + N5 |f1|*dz
0 0 0

Hence, using Lemma 3.4 and the fact that || fi]| = o(1), we get

L
o(1
/0 |Auy (z)[dx = Fl)ﬂ;

Using the same argument, we can prove

L L
o(1
/0 () P = / g (a) P = 2

O

Lemma 3.6. Let 6 > 0. Then the solution (uy,us, us, s, us, Ug, P1, ¢2, ¢3) € D(A)
of (3.18) satisfies the following asymptotic behavior estimation:

L L L
24 o(1) 2, o(1) 24, o(1)
/0 |urz (z)|*de = No=1¥5 ,/0 |uge (2)|“dx = prEsEr and ; |use (2)|*dx = To=155"
(3.26)
Proof. Multiplying (3.20), by 1, (3.20), by u3, and (3.20), by s leads to:

L
/ (—pl/\2|u1|2 + H(ulm + us + lu;,)ﬂlr — HQI(U5I — lul)ﬂl
0

L .
+ ClAM(5)¢1($’§,t)u1d§> dx :/o ,01(% + )\ng,ll)ﬂld%
L
/ (—,02)\2|U3|2 + bluse|* + K(u1y + us + lus) s
0 Lo i (3.27)
+ Cz/RM(ﬁ)cﬁz(fU,&t)%df) dx = /0 P2(F + W)ﬂzﬁd%

L
/ (—pl)\2|U5|2 + I‘io(U5x — lU1)ﬂ51 + /ﬁll(ulx + us + lU5)ﬂ5
0

L .
+ G /R u<5)¢3(x,£,t>u5d£) ds = /0 PELE L

Adding (3.27), — (3.27),, one gets
L
/ (fpl)\2|u1|2 — paX?lus|? — piN2|us)® 4 bluse|* + Kluie + us + lus|? + Koluse — lu1|2) dx
0
L
«/ <<1 [ w©0r(e.6 711 + G [ u©onle st + o [ u(é)ass(w,s,t)wd&) dr

L : . ,
fo o ifi fa | ifs fe | ifs _
[ (s ot e S (4 ) ae

(3.28)
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From (3.28) and considering (3.16), (3.19), Lemma 3.4, and Lemma 3.5, we obtain

L
o(1
/0 (bluse|” + Klure + us + lus|® + Koluse — luy|*) do = %.
Consequently, it follows that
L
25 o(1)

Using the fact that
lurellz2(0,0) < llwre +us + lus| 20,0y + lus + lus|| 120,15

and
lusell20,0) < lluse — luallz2(o,z) + llusllz2(0,L),

we complete the proof of Lemma 3.6. O
Returning to the proof of Theorem 3.1, and taking into account Lemmas 3.4,
3.5, and 3.6, we establish that |U]| = o(1), which contradicts (3.16). Moreover, we
confirm the optimality of the decay rate, which closely aligns with the asymptotic
expansion of the eigenvalues. Specifically, it reveals a behavior in the real part

resembling k(' =®). This concludes the proof.
O

4. Discrete energy of the system

We will start by using the Finite Element Method (FEM) to obtain a discrete
representation of the solution to equation (1.1)-(1.3). Before calculating the dis-
crete energy, we employ the finite difference method to approximate the fractional
derivative. The energy discrete F (t) will then be calculated using this method.

4.1. Discrete formulation by Finite Element Method

Let 2 = [0, L] be a finite domain. Let . be a uniform partition of Q, with a
uniform grid given by:

O=xg<21<...<ZTyp_1 < Ty =1L,

so Q = U;igl Q;, where Q; = [z;,2;11]. The time discretization of the interval
I =10,T] is given by
O=to<ti<...<tp_1<t,=T,

where m and mn are positive integers, Az = z; — 2,1 = #7 so x; = 1Az for
i=1,...,m, and At:tj—?fj_l :%, so t; ;jAtforj:l,...,r_z.

Denote by ¢(x;,t;) = ¢!, ¥(x;,t;) = ¢!, and w(x;, t;) = w] the value of the
functions ¢, 1, and w evaluated at the point z; and the instant ¢;. We also define
the space Sy as the set of piecewise linear functions associated with this partition:

Sk = {u; ulﬂi € Pl(Qi)7 u € C(Q)},
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where P;(§2;) is the space of linear polynomials defined on ;.
The basis functions h; of Sy for each €); in changing from the real base to the
reference base are given by:

B:{m: L ay—a) hpe — (m—xl)}.

T2 — I1 T2 — X1

Denoting by ¢, 97, and w’ the approximations of ¢ (¢;, ), ¥ (t;, x), and w? (¢, z),
we have:

@l = Zcpzhi(x), P o= Zz&{hi(x), and w’ = wahz(x),
i=0 i=0

i=0

where
1
E(I —Ti-1), V¥ € [Tio1,Ti), Ap Vo € [r;-1, 2],
hi(z) =4 1 v ghi(x) =y-—, V
E(xi-i—l - Jf), MRS []"i)xi-i-l]a agj E7 HARS [$i7xi+1]a
0, elsewhere, 0, elsewhere,
1
ho(z) = E(xl —z), Vzx € [zg,21],
0, elsewhere,
1
h (x) _ Fx(x - xm—l)a VI S [Im—lazm]v
m -

0, elsewhere.
In Figure 1 below, we show the distribution of test functions across elements.

hi(z)
Hlo hy hi B
| | | | | -
0 T1 Z; T

Figure 1. Piecewise Linear Interpolation Functions h;(z) over (zo, Ty )

To summarize the principle of the finite element method, we multiply the equations
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(1.1);, (1.1),, and (1.1)5 by h respectively, and integrate over Q2. We obtain:

(pl(ptt’h>9 B K((Qm’h)n + (%”h)ﬂ + (lww’h>9) B KOl((ww’h)Q B (hp’h)9>
+ (97e,n) =0,
(pouesh) = (bvash) + n((%, n),+ (0.0), + (1w, h)Q> + (o) =0,

R (R (R W R (GO ORI 0N

+ (6?3’”11), h)Q =0,

The weak formulation of the problem can also be expressed by choosing each test
function h as h;, t = 0,m, and for j = 1,n — 1, as follows:

() +o((s2m), <w> (),
noz((wg,hi) W h Q)+ ﬁal’ncpj,hi) —0,
(attene), + (vutons) 4 (oms) , + (002m0), o+ (00), )
+ (o v hi) =0,
(prudiohs), W(( G NETI(CER I CANE

),
lwﬂh ) 8“3’wﬂh) —0.

o T @
j+10——+:——:t"0:*”+*”“
FE]\{—)jo——fiffitf*gOi***;***"{@jijawj}
j—lu——#‘——‘#ﬂ;*”;”*"
bbb
00 o (L0)
e

Figure 2. Mesh of the domain [0, L] x [0, T] with red points at each (z;, ;).

In Figure 2, we show the pattern mesh of ¢, 1, and w using the discretization of
the intervals (0, L) and (0,T).

Now, using the finite difference method, we define the following approximations
of the derivatives of ¢, 1, and w, respectively:

It — 207 + (pJ 1 . Il 2pT il
1 = AL2 ;Y= A2 ) (4.1)
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and

wItl — 27 It
At? '

Jo_
Wiy =

The following lemmas will be useful.

Lemma 4.1. For a € (0,1) we have:

a—1 Jj—1
QL ] 77
05! = AT(I—a) Z(wk“—@’“)(v(l ayn(tj—tk)) —7(1—a7n(tj—tk+1) )
k=0
(4.3)
Proof. Recall that
a,n 1 ti —a,—n(t;—r) 850
9, (g, @) = Ti—a) /, (tj —r) e ™M E(’”@)dﬁ
where 17 > 0. Using finite differences, we get
' 1 J=1 g (pk+1 _ (pk
94N I — b — )~ Qe n(ti—T) dr.
t P F(]. _ Oé) Z/t ( J T) e At r
k=0"t¥
We then have
an 1 = k+1 [ t;
o g! = AT —a) Do - )/t (t; —r)~%e " dr. (4.4)
k

Changing variables with u = n(t; — r), we obtain

tht1 n(tj—ty)
/ (tj — r)_ae_"(tj_r) dr =n*! / utm e gy

ty N(tj—try1)

= ((( = @ntty = ) =2 (1=t ~ ) ).

(4.5)
where + is the lower incomplete gamma function defined by:
(s, x) :/ t5 et dt.
0
Substituting (4.5) into (4.4), we obtain (4.3). O

Then, using (4.1), (4.2), and Lemma 4.1, we obtain the fully discrete scheme
(1.1) as follows:
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G+l 9gi 4 il
At?

legO +/£(K<pj—5wj—l3wj) — Kol (Swj—lMgpj)
j—1

+ MY (P o) op =0,
k=0

1/)j+1 — 27 + ¢j_1

p2M AR + 0K + £ (S¢? + MyT + IMw)
j-1 (4.6)
+ MY (M —uk) ot =0,
k=0

ij‘H — 2w’ 4 wit
h INE

+ ko (Kw? +1S¢7) + Kl (S¢? + Myp? + IMuw?)

j—1
+ Mz:(wk*'1 —wh) . CP =0,
k=0
for j =1,n — 1, where o 4 o .
<p] = (@‘g)’@%)""w?\d)t7 w] = (1/)67 {7"'7¢‘}M)t7 wj = (w‘87w{7"'7w3\4)t With
the following initial conditions:

¥ = po(x), YO = o(x), w? = wo(x),

10 1.0 1.0

E ot —a), P =), T =),
and

af—1

AIC(1— B) <7(1 — B, a(t; — tk)> - v(l - B,alt; — tk+1))>-

The matrices M, K, and S are given as follows:

C}?ﬁ _

A
?x, ifi=0ori=mandi=j,
2A
Tx, ifi=jand1<i<m~—1,
Mij:(hjahi)ﬂz A
%, if[i—j|=1and 0<i<m,
0, otherwise.
L 0o Qi
- I 7 = or ?=m anda 1 =
Ax’ J?
2 e .
N ifi=jand1<i<m-—1,
X
Kij = (h;,h;)g - 1
ﬁ, if i —j|=1and 0 <i<m,
0, otherwise,
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and
-1
- i(5) €{(0,0), (m,m ~ 1)},
(253)7 ifli—jl=1land1<i<m-—1,
Sij = (h;’hi)g -
1 ip (e
3 if (i,5) € {(m,m), (0, 1)},
0, otherwise.

4.2. Calculation of the discrete energy FE(t)
Recall that the energy F(t) of the system (1.1)-(1.3) is defined as:

L
E(t) = % /0 (P19} + 2t} + prwf + b2 + ko(wy — 1) + K + ¢ + lw)?) da.
Let (7,97, w7) be the solution of the scheme (4.6). To evaluate the energy E(t) at
tj+1, we use the mass matrix M, the stiffness matrix K, and the skew-symmetric
matrix S.

Given that M is a symmetric positive definite mass matrix, K is a symmetric
positive definite stiffness matrix, and S is a skew-symmetric matrix, we have the
following approximations:

L L L
/gofd:c%%TM%, /%’idﬂc%(pTK@, /dexm(pTM%
0 0 0

L

/ (wy — lp)? de =~ w” Kw — 21" Sw + 1" M,
0

L
/ (0z + 1+ lw)? dz = T Kp + 207 S + 2w S + T My + 20w M1y + 1>wT Mw,
0

where
ng'H—(pj
O e VY
o=@t =it w=witl.

It i Wit — i
W —
)

Consequently, the discrete energy of the system (1.1)-(1.3) at time t;4; is written
as follows:

- 1
E(tj+1) = 5 (m%TM% + pob My + prwf Mw; + bp" Ky
+Ko (wTKw — 2T Sw + l2<pTM<p)

+i (T Koo + 20T S + 20wT Sep + T M + 2w M + 20T Mw) )

Here is an algorithm that summarizes all the steps for calculating the discrete energy
E(t):
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Algorithm 1 Calculation of the solution and the energy discrete E(t)

ReqUire: Ata AI‘, {M7 K7 S}a {p17p27p37’1750717‘ . '}a {800’7/}0711)0}, {(,01,’1,[11,11}1},
{Sﬁo,i/fo,WO},.{@m,?/)m,wm}

Ensure: 7,97, w?, EJ
for j=1to N—-1do

Pt —%M’l(m(l{(pj — Syl — 1Sw’) — kol(Sw’ — IMy’) + Mji(@’““ -
k=0
gok).C';:l’") +2¢7 —
(AR —%M—l(mwi + k(S¢’ + My’ + IMw) + Mji(wj - wf—l).();:?"‘) +
ij - ¢j71 k=0
wj+1<——%M_1(mo(ij + 1S + kI(Sp! + My? + IMuw’) + Mji(wj —
k=0

wjfl).C,f‘a’V) + 2w — Tt

Compute L% norms at time step j + 1
! . J .
) L)DJle _ (PJ T SOJJrl _ (’0]
e (T ()
norm_phi_t + .+1At . .+1At .
g+l _ i\ T JH+L i
norm.psit < (%) M (%)
wltt —wINT w? T = wd
P ()
norm_phi_x < (cpj‘H) K(Apj+l)
ompute the discrete energy
C he di
E7%1 « Apply the Result (4.2)
end for

norm_w_t < (

5. Fractional Physics-Informed Neural Networks (fPINN)
Approach

Physics-Informed Neural Networks (PINNs) represent a novel category of neural
networks that integrate machine learning with physical laws. This innovative algo-
rithmic technology emerged relatively recently, in 2019, from research laboratories.

To solve a system involving the Caputo fractional derivative, we employ both the
Physics-Informed Neural Network (PINN) model and the Finite Difference Method
(FDM) (see Figure 3). The PINN captures the complex behaviors of the studied
system, while the FDM discretizes the differential or integral equations, enabling a
numerical approach to problem resolution. By combining these two approaches, we
obtain a scheme termed Fractional Physics-Informed Neural Networks (fPINNs),
which is capable of efficiently solving a variety of mathematical and physical prob-
lems.

To the best of our knowledge, this is the first study to utilize this combined
approach of fractional physics-informed neural networks to solve systems with the
Caputo fractional derivative.
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fPINNs

PINNs Qg a1 Qo

Doy MSE,

Dyvty ——> MSE, o

D w MSE,
A

1

MSE = MSE, + MSE, + MSE,

calculate energy E(t)

Figure 3. fPINNSs to solve the problem (5) for calculate energy E(t)

The predicted function values, denoted as f}, .4, fopea> and f3..4, are defined as
follows:
fI}Ted = P1Ut — H(Ug; +v+ lw)i - H()l<’ww - lu) + 8,?‘1’”u,
fﬁmd = povyt — bugy + k(U + v + lw) + 052 0,

f3rea = Prwee — Ko(wae — )y + Kl(uz + v+ lw) + 07> w.
The boundary conditions are:

gl(x) = ut(ovx)v gQ(x) = Ut(oa 'T)v 93(1') = wt(ovx)v
hi (t) = um(tv 0)7 hQ(t) = Ux(ta 0)7 hB(t) = wm(ta 0)

In this context, u(z,t), v(z,t), and w(x, t) will be approximated by a neural network.
The objective of the network is to minimize the following loss function:

MSE = MSE, + MSE, + MSE,,

where
MSE, = MSES + MSE%" + MSEy,,
MSE, = MSE? + MSEY + MSEy,,
MSE, = MSES + MSEYF + MSEy,.
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We calculate the right-hand sides of MSEY, MSE?, and MSE?, as follows:

1 & 2 2
MSE{ = - ; ((u(a?,0) = ud)* + (91 (a?) — u})?),
No
MSE! = Nio Z ((v(a:?,O) — v?)Q + (gg(m?) — vil)Z),
i=0
No
MSE(, = ; ((wa?,0) = w?)* + (gs(a?) — w!)?),
ol i\ 2 iy 2 i\ 2
MSE = 3 (0.8 + (u(E.£)* + ()7 + (a(6])?).
§=0

and

Ny
1
MSEf1 = 7Nf E (f;rad(xi?ti) — 0)2,
1=0

Ny
1 2 N2
MSEf2 - Nf ;:0 (fp’l“ed(x“t’b) 0) )
1 Ny 2
— 3 4
MSEf3 = Ny yard ( pred(xwtz) 0) :

Here, {z¥,u?} denotes the initial data at t = 0, {té,ti} the boundary data, and
{z;,t;} corresponds to collocation points on f;red(x,t), 57,6d(x,t)7 and 5red(‘r7t)7
where Ny, Ny, and Ny are the number of available observations. Figure 4 shows
the point cloud used for training the PINN and calculating the fractional derivative

for each point (x;,t;).

t .
(7} P o
: H(@ivtye
t2 ° ' oo
t1) e i
oy w0 °

Figure 4. Point cloud used for training the PINN and calculating the fractional derivative for each
point (z;,t;)



28 B. Boukhari, A. Bchatnia, A. Beniani and F. Mtiri

For 0 < a < 1 and the interval [to,t;] discretized into j + 1 points, 0 = ¢y <
t; <--- <tj, the Caputo fractional derivative of order « using the method of finite
differences and Lemma 4.1 is approximated as:

Df’"u(xi, tj)

AtF T Jz:: w(xi, teg1) — u(wi, tr)) (’7(1 —a,n(t; — tk)) - ’y(l —a,(t; — tk+1))>
~ F(nla:la) ! % (xi,tkﬂ)(W(I —a,n(t; — tk)) - 7(1 —a,n(t; — L‘k+1))>.

k=0

The Physics-Informed Neural Network (PINN) calculates the integer-order partial
derivative gn; using automatic differentiation to obtain the gradients of the model’s
predictions with respect to the inputs.

Recalling that the energy E(t) is defined by:

1 L
E(t) = /0 (P19} + P2t} + prwf + b2 + ko(we — 19)* + k(e + ¥ + lw)?) da

Now, we define the following approximation of the derivatives of ¢ and ¥, respec-
tively. The L? norm of a discretized function is approximated by:

N
I£15 ~ A Y flwit)? (5.1)

=0

Thus, the discrete energy of the system (1.1)-(1.3) at time ¢;11 is approximated as
follows:

Az Jt1_yi\ 2 AR G, 0\ 2 11\ 2
Btj+1) ~ — Xizo (Pl (u At%) +p2( tvl) +p3<7twl) +b(”b+lA;1 >

B B 2 2
wa_+17wq+1 . J+1 J+1 . .
i+l i 7,011 Wigy1 Y Jj+1 J+1
+Ko (Am lv; tr| Tty +lw; .

(5.2)
The following algorithm summarizes all the steps for the calculation of the discrete
energy E(t) using the L? norm defined by (5.1).

Algorithm 2 Calculation of Solution and Energy E(¢) by fPINN
Require: {2°, u?,v! wo ul, v wl,NO} {to.tr, No}, {xi,ti, Ny},

[RE 1) ’L ’

Ensure: u!-Matrix, v-Matrix, w’-Matrix, E
#Create the PINN and perform an initial training phase.
MSE < e+1
# Do the learning phase. Train PINNs
while MSFE > ¢ do

uvw  Train(PINN)

# Calculate MSE.

MSE =MSE,+ MSE, + MSE,,
end while
// Compute energy
E7+1 « Apply the Result (5.2)
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6. Numerical Test

To verify the asymptotic behavior of the solutions to the system (1.1), we use the
following parameters: At = 1072, Az = 107!, L = 1, and the initial conditions
given by:

o(x,0) = 2%(x — 1), (2,00 =0, =z (0,L),

¥(x,0) = %x3 — 2%, y(2,0)=0, z€(0,L),
w(z,0) = 2%(x — 1)%, wi(x,0)=0, z¢€(0,L).

Figures 5-6 illustrate the comparison between the numerical FEM approximations
of energy and their corresponding fPINN approximations at different time steps.

Energy by FEM Energy by Fpinn

0.040 -
0.04

0.035

0.030
0.03 1

0.025

T 0.020 E

0.02

0.015 -

0.010 -
0.01

0.005 -

00001 . ‘ ‘ i . 0.00 1

0 2 4 6 8 10 0 2 4 6 S 10
Time Time
Figure 5. Energy by FEM for T' = 10 Figure 6. Energy by fPINN for T' = 10

Figures 7 and 8 specifically illustrate the polynomial decay of the energy for
both the numerical FEM and fPINN approaches. The curves demonstrate that the
decay cannot be exponential and, in other words, confirm the lack of exponential
energy decay.

by FEM by Fpinn
0 04
=50 f —501 r

—1004 -100 4
£ £

S -150 S 150
o o
= =
= =

-200 2001

-250 4 _250 4

~300 3004

0 2 4 6 8 10 0 2 4 6 8 10
Time Time

Figure 7. Log Energy/t by FEM for T = 10 Figure 8. Log Energy/t by fPINN for T' = 10
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We calculate the Root Mean Square Error (RMSE) to quantify the accuracy of
the fPINN solutions compared to FEM. The RMSE is defined as:

m n

RMSE — %szg _aly,

i=0 j=0

where ﬁz represents the values obtained by the finite element method, uf represents
the values obtained by the physics-informed neural network, and N is the number
of observations.

FEM FEM
) v w T=1 T=5 T=10
fPINN | 0.012210 | 0.013177 | 0.006276 fPINN | 0.011884 | 0.027809 | 0.051233

Table 1. RMSE between the fPINN solution
and its numerical approximation by FEM for

@, Y and w

Table 2. RMSE between the energy calculated
by fPINN and its numerical energy approxima-

tion by FEM

Table 1 presents the RMSE between the fPINN solution and its numerical ap-
proximation by FEM for ¢, 1, and w. Table 2 shows the RMSE for the energy com-
puted by fPINN compared to its FEM approximation at different time instances.

These values indicate that the FPINN method closely approximates the FEM
solutions with relatively low RMSE across all variables. The RMSE values being
close to zero suggests that FPINN can effectively capture the behavior of the system
as predicted by the traditional FEM approach.

The relatively small RMSE values in both tables highlight that fPINN is a
robust method for approximating solutions and energy decay in complex systems
like the one studied. However, the slightly higher RMSE at larger time intervals
suggests that while fPINN is effective, it may not yet fully match the precision of
FEM for long-term predictions without further refinement. The overall comparison
indicates that fPINN provides a viable and promising alternative to traditional
numerical methods like FEM, especially for problems involving fractional derivatives
and complex coupled systems. The differences in RMSE are minimal, demonstrating
that fPINN can achieve similar accuracy with potentially less computational cost
and greater flexibility in handling complex problems.

This comparison underscores the potential of fPINN as a powerful tool for nu-
merical analysis, while also highlighting areas where further optimization might
enhance its performance relative to established methods like FEM.

7. Conclusion

In this work, we investigated the polynomial stabilization of the Bresse system
with three types of fractional derivative dissipation. We began by analyzing the
polynomial stability of the system (1.1)-(1.3). Then, we applied a finite difference
scheme to compute numerical solutions, demonstrating the stability of the discrete
energy.

This manuscript makes a significant contribution to numerical analysis and
applied mathematics by enhancing the use of Physics-Informed Neural Networks
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(PINNS) in solving complex fractional and coupled PDEs. This advancement pro-
vides a powerful tool for researchers and practitioners facing sophisticated modeling
challenges.

Our findings suggest that PINNs represent a robust and promising approach for
addressing complex PDEs, potentially offering a transformative alternative in the
field.
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