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ADAPTIVE HYBRID B-SPLINE PINN FOR FRACTIONAL
EQUATIONS

PRABHU SANKARDARSHI MAHAPATRA!, BALAJI PADHY?*, AND TUMBANATH
SAMANTARA?

ABSTRACT. We propose a hybrid numerical framework combining a redefined
quintic B-spline collocation method with a Physics-Informed Neural Network
(PINN) correction layer for solving nonlinear space-time fractional advection-
diffusion-reaction equations. The spatial fractional derivative is discretised via
a shifted Griinwald—Letnikov approximation embedded in the B-spline basis,
achieving high-order spatial accuracy. The temporal Caputo derivative is han-
dled by an L2-1, Crank—Nicolson scheme surpassing standard methods. A
PINN residual corrector suppresses oscillations in high-Péclet-number regimes
without mesh refinement. Adaptive time-stepping reduces computational cost
by over 60%. Rigorous stability and convergence analysis are provided. Seven
benchmark problems confirm the framework outperforms existing quintic B-
spline, spectral, and PINN-only methods by one to two orders of magnitude.
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1. INTRODUCTION AND PRELIMINARIES

Fractional-order partial differential equations (FPDEs) have emerged as indis-
pensable mathematical tools for modelling anomalous transport phenomena that
classical integer-order PDEs cannot adequately capture.

In particular, the space-time fractional advection-diffusion-reaction equation
governs superdiffusive and subdiffusive transport in heterogeneous porous media
[1], charge carrier dynamics in amorphous semiconductors [2], contaminant migra-
tion through fractured aquifers [3], viscoelastic fluid mechanics [4], and thermal
energy propagation in non-Fourier media [5].
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The governing equation reads

o

873+O‘(17,t) Dgv+B(x, t) Dy~ 'v—k(w,t) DY vp(x,t) (v) = f(a,t), (2,t) € Qx(0,T],
(1.1)

where % denotes the Caputo fractional derivative of order v € (0, 1], D2 is the

Riemann—Liouville spatial fractional derivative of order o € (1,2], k(z,t) > 0

is the diffusion coefficient, a(z,t) and §(z,t) are the advection coefficients, and

p(x,t)p(v) represents a nonlinear reaction term. For example,

¢v) =v* or ¢(v) =v(l-w),

and f(x,t) is a source function. The classical integer-order limit is recovered
when av — 2 and v — 1.

Despite the physical importance of equation (1.1), its numerical treatment
presents three intertwined challenges. First, the nonlocal nature of fractional
derivatives requires O(N?) memory and O(N?3) computation per time step with
naive discretisations. Second, for high Péclet numbers

L
Pe:%>>1,
K

solutions develop sharp boundary and interior layers that demand either ex-
tremely fine meshes or specialised upwinding strategies. Third, nonlinear reaction
terms destroy the symmetry of the resulting algebraic system and often require
expensive Newton-type iterations.

The literature on numerical methods for fractional ADR equations is extensive.
Finite-difference methods based on the Griinwald-Letnikov (GL) or shifted GL
(SGL) approximation [6, 7] are popular but limited to second-order spatial accu-
racy. Galerkin finite element methods [8, 9] improve approximation quality but
complicate the treatment of nonlocal operators. Spectral methods [10] achieve
exponential convergence for smooth solutions but deteriorate near boundary lay-
ers. Among spline methods, cubic B-spline collocation [11, 12] achieves O(h*) in
space but has not been extended to the fractional setting with fifth-order accu-
racy. Quartic and quintic B-splines have been applied to integer-order problems
[13, 14] but not to fractional equations with adaptive control. Physics-informed
neural networks (PINNs) [15, 16] offer a mesh-free alternative but suffer from slow
convergence and lack of theoretical error guarantees. The numerical treatment
of fractional and classical advection-diffusion-reaction equations has attracted
sustained attention across a broad spectrum of discretization paradigms. Finite
difference methods have provided a foundational framework, with early high-
accuracy schemes for the time-fractional diffusion equation developed by Lin and
Xu [25] and the fully discrete difference scheme for diffusion-wave systems formu-
lated by Sun and Wu [27]. Stability and convergence properties of such schemes
were further consolidated through Crank—Nicolson finite volume approaches for
space-fractional diffusion equations [20] and fast finite difference methods de-
signed to reduce the computational burden of two-dimensional space-fractional
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problems [23]. To handle the additional complexity arising from coupled space-
time fractional convection-diffusion dynamics, fast iterative methods incorporat-
ing second-order implicit difference schemes have been proposed [21], while ADI
spectral methods have been extended to two-dimensional Riesz space-fractional
nonlinear reaction-diffusion equations with rigorous convergence guarantees [24].
In the direction of high-order compact and combined schemes, sixth-order com-
bined compact finite difference formulations have demonstrated superior accu-
racy for one-dimensional advection-diffusion problems with variable parameters
(28], and high-order compact approaches have similarly been applied to heat and
advection-diffusion equations with commendable efficiency [30]. Beyond purely
mesh-based methods, meshless techniques employing radial basis functions have
offered flexible alternatives for stochastic advection-diffusion settings [22], and
local discontinuous Galerkin (LDG) methods enriched with B-spline basis func-
tions have been shown to yield competitive approximations for nonlinear frac-
tional convection-diffusion equations [19]. Motivated by the broader context of
nonlinear wave and transport phenomena in biological and physical systems [29],
the application of neural network-based solvers to differential equations traces
back to the pioneering work of Lagaris, Likas, and Fotiadis [26], whose artificial
neural network framework for ordinary and partial differential equations laid the
conceptual groundwork for the physics-informed approaches that underpin the
hybrid methodology developed in the present work.

Recently, Katende et al. [31] established theoretical links between finite element
methods and ReLLU neural networks for differential equations, demonstrating the
potential of neural-network-based numerical approximations.

Beyond their mathematical interest, the methods developed in this paper have
direct applications in computer science. Fractional advection-diffusion-reaction
equations arise in anomalous data propagation over complex networks, memory-
efficient simulation of non-Markovian stochastic processes relevant to machine
learning, and computational modelling of signal attenuation in neuromorphic
computing systems. The adaptive hybrid framework also contributes to the grow-
ing field of scientific machine learning, where physics-informed neural networks
are increasingly deployed for data-driven PDE solving in computer vision, fluid
simulation, and materials discovery pipelines.

The present paper addresses all three challenges simultaneously through three
synergistic innovations. First, a redefined quintic B-spline basis whose modified
second- and fourth-derivative boundary approximations deliver O(h5~?) frac-
tional spatial accuracy via a shifted Grinwald-Letnikov quadrature—the first
such result in the literature. Second, an L.2-1, Crank-Nicolson temporal scheme
for the Caputo derivative achieving O(k3™7) accuracy, surpassing the standard L1
scheme’s O(k*7) by one full power of k. Third, an online PINN residual correc-
tor that, given the B-spline solution at each adaptive time step, trains a shallow
three-layer network to eliminate the O(Pe) amplification of spurious oscillations
without global retraining.

The remainder of the paper is organised as follows. Section 2 states the prob-
lem and reviews fractional calculus prerequisites. Section 3 develops the rede-
fined quintic B-spline basis and its fractional derivative approximation. Section 4
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presents the L2-1, temporal scheme and the full discrete system. Section 5 de-
scribes the PINN correction framework and the adaptive time-stepping strategy.
Section 6 establishes stability and convergence. Section 7 reports seven numerical
experiments. Section 8 concludes with directions for future research.

2. PROBLEM FORMULATION AND FRACTIONAL CALCULUS PREREQUISITES

2.1. Governing Equation. Let Q = [a,b] and T" > 0. We seek v : Q% [0, 7] — R
satisfying equation (1.1) subject to the initial condition

v(x,0) = vo(x), x € [a,bl, (2.1)
and Dirichlet boundary conditions
v(a,t) = go(t), v(b, t) = g1(t), t e (0,77 (2.2)

We assume vy € H™(2), m > 6; the coefficients «, 3, k, p are sufficiently smooth
and bounded; and ¢ : R — R is Lipschitz continuous with constant L.

2.2. Caputo Fractional Derivative. The Caputo fractional derivative of order
v € (0,1) is defined as

v 1 ! ov
_ _ 9.
ot T(1—7) /0 (t=s) Js as, (2:3)

where I'(-) denotes the Euler gamma function. Unlike the Riemann-Liouville
derivative, the Caputo derivative of a constant vanishes, making it physically
appropriate for initial-value problems.

2.3. Riemann—Liouville Spatial Fractional Derivative. The left-sided Riemann—
Liouville derivative of order o € (1,2) is defined by

D3le) = e [ (0= 9O dE (2.4

The Griinwald-Letnikov (GL) approximation of ,Dv at the grid point z; with
mesh size h is given by

J
DSv(z;) = h™ Y g v(w;) + O(h), (2.5)
k=0

where g,(ca) = (=1)¥(?) are the GL coefficients. The shifted Griinwald-Letnikov
(SGL) approximation [6] achieves O(h?) accuracy by evaluating at the shifted
point x;_, with shift p = 1. Our redefined quintic framework further lifts this
to O(h°~®) by embedding the SGL quadrature within the B-spline collocation

system.
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2.4. Péclet Number and Numerical Stiffness. The cell Péclet number is
defined by
o, )] h
k(z,t)
which controls the severity of convection dominance. When Pe;, > 2, standard
centred schemes produce unphysical oscillations. The proposed framework main-
tains stability for arbitrary Pej, through the combined action of the upwind-biased
SGL approximation and the PINN correction layer.

P@h = (26)

3. REDEFINED QUINTIC B-SPLINE BASIS AND FRACTIONAL DERIVATIVE
APPROXIMATION

3.1. Quintic B-Spline Basis Functions. Let a = 20 < 27 < -+ < xy = b
with uniform spacing h = (b — a)/N. The quintic B-spline basis function B;(z)
of degree 5 is supported on [x; 3, z;,3] and satisfies B; € C*[a, b]. Its piecewise
definition on each subinterval [z;y, 3, T s o], ¥ = 0,...,5, is generated by the
Cox—de Boor recursion at degree ¢ = 5:

T — T3 Tiy3 — T
Bl75($> = Tirz — Tia Bl74(ZL’) + Tirs — Tig Bl+174<1‘). (31)
The numerical solution is approximated as
N+2
W(z,t) =Y Ci(t) By(x), (3.2)
i=—2

yielding an (/N + 5)-dimensional approximation space. The values of B; and its
derivatives at knot points are summarised in Table 1.

TABLE 1. Quintic B-spline basis values and derivatives at knot
points x; (scaled by indicated powers of h).

Quantity | z; 3 | 7,2 | 751 T; Tit1 | Tit2 | Tit3

Bi(x) 0 | 1] 2 |66 2 | 1|0
hBi(z) | 0 | 5 | 5 | 0 | =50 | 5| 0
R2B/(z) | 0 | 20 | 40 |—60| 40 | 20 | 0©
WAB!(x) | 0 | 120 | —360 | 480 | —360 | 120 | 0

3.2. Redefined Boundary Derivative Conditions. The standard quintic B-
spline collocation system is underdetermined at the boundary because the (N +5)
unknowns {C;} are determined by only (N + 1) interpolation conditions and two
boundary equations, leaving two degrees of freedom unresolved.

We eliminate this deficiency by imposing two redefined conditions at each end-
point that exploit the fourth-order derivative approximation of the B-spline:

2

h—v’/"”(xg)+0(h4), (33)

W//// — " o
(z0) = v""(20) 12
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2

h
0" @) + O(h'). (3.4)

The imposition of the redefined fourth-derivative boundary conditions alters the
first and last two rows of the global fractional stiffness matrix Ag,.. Numerical
experiments indicate that the condition number satisfies

K(Agrac) = O ()

for the proposed redefined scheme, whereas the standard quintic B-spline dis-
cretisation exhibits

W////(ng) — 'U//” (J;N) o

K (Agac) = O (R~

Although the modified formulation leads to a modest increase in the condition
number, the resulting linear systems remain well-conditioned for N < 160 in
standard double-precision arithmetic. For substantially finer spatial meshes, in-
complete LU (ILU) factorisation or other sparse preconditioning strategies are
recommended. These two additional conditions raise the effective order of the
boundary stencils from O(h?) to O(h*), and when coupled to the SGL fractional
quadrature, lift the overall fractional spatial accuracy to O(h5~%).

3.3. Quintic B-Spline Fractional Derivative Approximation. We derive
an O(h>~*) approximation of ,D¢W (z;) by embedding the SGL weights within
the B-spline collocation framework. Let

i+2
\Pia = h_azgl(ca)Bi—k(xj)a i=-2,—-1,....,N+2, (35)
k=0

where g,(f) are the second-order SGL weights with shift p = 1. Then,

DW (z;) = i Ci(t) UO + O(h5=). (3.6)

i=—2

Proposition 1. Under the smoothness assumption v € H®(Q), the approzima-
tion in equation (3.6) satisfies

o D3v(x5) — o DeW(25)] < C, o ||U||H6(Q)7 (3.7)
where C, > 0 1s a constant depending only on a and the domain length.
Proof. Let e(x) = v(x)—W (z), where W (x) is the quintic B-spline approximation
defined in (3.2). Since v € H®(Q), standard approximation theory for quintic B-
splines yields

lellzoe + Rlle [l + h2 (" | oo + B[P + 2|1 < C hOl0]l oy,

where C' > 0 is independent of h.
The left-sided Riemann—Liouville derivative is

« 1 d2 ! —«
QDCEU(.ZU) = m@/a (.ZU - f)l ’U(f) df, l<a<?.
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The shifted Griinwald—Letnikov approximation embedded in the quintic B-spline

framework gives
N+2

=Y Ci(t)v

i=—2

with ¢ = b= 3% i Bii(x;) and g = (—=1)*(7).
Deﬁne the discrete fractional operator

J
Gho(x;) =h™ Z g]ia)¢(xj—k+1>a
k=0

corresponding to the shifted GL approximation with shift p = 1. From the
consistency result of the shifted GL formula [6, 7], for sufficiently smooth ¢,

D3o(x;) = Gro(x;) + O(h?).

Because the quintic B-spline reconstruction satisfies W(z;) = v(z;) + O(h°),
and the redefined boundary conditions raise the boundary derivative consistency
from O(h?) to O(h*), the composed operator inherits an additional three powers
of h relative to the fractional order a. Consequently, the truncation error of the
coupled SGL—quintic operator satisfies

oDyv(x5) — o DeW(z)) = O(h5_a)'

Using linearity and the boundedness of the Riemann-Liouville operator from
H5(Q) to H~%(Q), there exists C,, > 0 such that

laDgell (o) < Ca B~ [|v]| 5o (),
which proves the stated bound. |

3.4. Truncation Error of the Full Spatial Operator. Combining the quintic
B-spline interpolation error O(h®) for smooth v with the fractional derivative
approximation error O(h°~®), the dominant term in the spatial truncation error
is O(h®~). Since a € (1,2), we have 5 — a € (3,4), which uniformly exceeds
the O(h'~) € (2, 3) rate of cubic B-spline methods and the O(h?) rate of finite-
difference SGL methods.

4. L2-1, TEMPORAL SCHEME AND FULL DISCRETE SYSTEM

4.1. The L2-1, Scheme for the Caputo Derivative. Let t" = nk, n =
0,1,..., M, with time step k = T/M, and define ¢ = 1 — /2, so that t"T7 =
t" + ok. The L2-1, approximation of the Caputo derivative % at t = t"17 is
given by

v

o Za(v n+l—j _ )+O(/{23 "), (4.1)

t'rH»U
where the L2-1, weights are deﬁned by
(7) =147 = (1 + 0-)1_7’ (42)
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and

=G -1+ =2+ )T+ (j+1+0)T, =1 (4.3)

This scheme achieves O(k3~7) temporal accuracy, one order higher than the clas-
sical L1 approximation that yields O(k*~7). The off-grid value v"* is evaluated
through the weighted average

V" = g™ 4 (1 — o)™ (4.4)

4.2. Linearisation of the Nonlinear Reaction Term. The nonlinear reaction
term p(z,t)p(v) is linearised at each time step using a second-order extrapolation
in order to preserve the global temporal accuracy:

d("7) = (1 +0)p(v™) — ap(v™ ) + O(k?). (4.5)
This explicit treatment avoids Newton iterations entirely while introducing only

an O(k?) splitting error. Since 3 — < 3 and 2 < 3 — ~ for v < 1, the overall
temporal accuracy remains O(k*77).

4.3. The Full Discrete System. Substituting the L2-1, approximation (4.1),
the quintic B-spline expansion (3.2), and the linearised reaction approximation (4.5)
into equation (1.1), and collocating at the interior nodes x1, ..., xy_1, we obtain
the banded linear system

|::U’Afrac + Bdiﬁ + Cadv} (I)nJrl = Z defrﬂC(I)nJrlij + q)?hsﬂ (46)
7=1
where
k=

PE2—7)ay
Afac is the (N +5) X (N +5) quintic B-spline fractional stiffness matrix assembled
from the U§ weights, Bgig and Ch,qy are the diffusion and advection matrices
assembled from the standard B-spline derivative values in Table 1, and

" = [y, ..., O] (4.8)

The vector @} contains all right-hand-side contributions. The matrix Ag,e has
bandwidth (2N + 5), reflecting the nonlocal fractional operator. However, ex-
ploiting its Toeplitz-like structure reduces the memory requirement to O(N) and
the solve time to O(N log N) via fast Fourier transform (FFT)-based methods.

5. PINN RESIDUAL CORRECTION FRAMEWORK AND ADAPTIVE
TIME-STEPPING

5.1. Motivation and Architecture. Although the B-spline collocation sys-
tem (4.6) is unconditionally stable, for large Péclet numbers Pe, > 10, the
computed solution W™ exhibits O(1) point-wise oscillations near sharp layers
that are absent from the true solution. Classical remedies such as artificial dif-
fusion and flux limiters reduce oscillations at the cost of degrading accuracy in
smooth regions.
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Instead, we train a shallow corrector PINN R, : R — R that maps the B-spline
solution and its derivatives to a local residual correction, without modifying the
global linear system. The corrector network Ry(x;t") is a feed-forward neural
network with architecture [d;,, 64,64, 32, 1], using hyperbolic tangent activation
functions. The input dimension is dy, = 5, corresponding to the local quantities
(x, W™ 0, W™, 0 W™, Pep(z,t")).

The corrected solution is defined by

W(x) = W™(x) + A Ro(; "), (5.1)

where A. € (0,1] is a blending coefficient that is set to zero in smooth regions
(Pej, < 2) and activated near detected layers (Pej, > 2).

5.2. Online Training Loss. At each time step the corrector network is trained
for a fixed budget of Njier = 200 Adam iterations minimising the composite loss

L(0) = Lepr(0) + B1Lpc(0) + B2 Lsmootn (), (5.2)
where

1 =~ 2
Lppg = N > | Res(ze; W), (5.3)
Lpc = Z }W(%) —al’, (5.4)

icoQ
_loRs|I?

Lsmooth - HE (55)

Here, Res(x.; W) denotes the strong-form PDE residual evaluated at the colloca-
tion points {z.} with N. = 100 Gauss points. The term Lpc enforces boundary
fidelity, while Lgnootn Suppresses spurious oscillations introduced by the neural
correction. The coefficients are fixed globally as #; = 10 and $; = 0.01. Sensi-
tivity analysis in Section 7 confirms the robustness of these values.

5.3. Adaptive Time-Stepping Strategy. An embedded local temporal error
estimator " is computed by comparing the L.2-1, solution with a lower-order L1

predictor:

n+1 n+1
n H”Lz-la — UL ||oo (5.6)

- TOLabS + TOLrel“Uz;:llg

£

le

The new time step is updated using the standard proportional-integral (PI) con-

troller:
k’ k . 8" KPI
_ . . max min —B/(3—7) prev
kpew = k mm(—k ,max(—k , € <—€n ) )) , (5.7)

with PI parameters f = 0.4 and xp; = 0.3. This strategy reduces the number
of time steps by up to 60% for problems with smooth temporal behaviour while
maintaining the prescribed tolerances TOL,,s = 1075 and TOL,q = 107,
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5.4. Layer Detection and PINN Activation. To avoid unnecessary PINN
overhead in smooth regions, the corrector is activated only within a detected
layer zone 2} C €, identified by the criterion

311/ n

ox3
with threshold parameters Pey,, = 2 and oy, = 0.1. In practice, €2} comprises
only 5%—15% of the computational domain for the benchmark problems consid-

ered. Consequently, the PINN overhead remains negligible, contributing less than
3% of the total wall-clock time.

T ={x€Q: Pep(x,t") > Pey, } U {m :

>gmmwmmmm}, (5.8)

6. STABILITY AND CONVERGENCE ANALYSIS

The von Neumann stability analysis is carried out on the linearised, frozen-
coefficient version of the discrete system (4.6), where the variable coefficients
a(z,t), B(x,t), and k(z,t) are treated as locally constant at each collocation
point. This is standard practice for variable-coefficient problems and provides a
necessary condition for stability of the full nonlinear system.

6.1. Von Neumann Stability Analysis.

Theorem 6.1. The fully discrete scheme (4.6), without the PINN residual cor-
rection, is unconditionally stable in the (*(2) norm for all h > 0, k > 0, and for
all fractional orders o € (1,2), v € (0,1).

Proof. Consider the Fourier mode

O = e, (6.1)
where  denotes the wave number and £ is the amplification factor. Substituting
(6.1) into the fully discrete scheme (4.6) yields the corresponding amplification
equation for £. The stability analysis relies on the properties of the temporal and
spatial discretisation operators.

First, the L2-1, approximation of the Caputo fractional derivative generates
convolution weights {ay)}jzo which are positive and monotonically decreasing,
and satisfy the positive-definiteness property established in [17]. Consequently,
the temporal discretisation contributes no growth in the discrete energy norm.

Second, the shifted Griinwald—Letnikov approximation employed for the Riemann—
Liouville fractional derivative produces coefficients that remain non-negative after
the shift, thereby preserving the dissipative character of the fractional diffusion
operator.

Moreover, the quintic B-spline basis functions satisfy

Bi(z) >0, ) Bi(x)=1, (6.2)

which implies that the associated mass matrix is symmetric positive definite.
Hence, the spatial discretisation does not introduce any spurious amplification.
Combining these properties, one obtains

1€l <1 for all wave numbers [, (6.3)



ADAPTIVE HYBRID B-SPLINE PINN FOR FRACTIONAL EQUATIONS 11

which establishes unconditional stability in the £2(€2) norm. 0J

6.2. Convergence Theorem.

Theorem 6.2. Let v € C5(Q x [0,T]) be the exact solution of equations (1.1)-
(2.2), satisfying ||0%/02°%||~ < L, and ||0*v/0t*|| 1~ < L. Suppose the non-
linear function ¢ is Lipschitz continuous with constant Ly < p/2. Then the
numerical solution W™ of the full discrete scheme (4.6) satisfies

[0(-,t") = W™ < C (R~ + k*77), n=1,...,M, (6.4)

where C' > 0 1is independent of h,k,n, but depends on T, L,, L, c,~, and the
problem coefficients.

Proof. The proof proceeds in three steps. Step:1
Spatial semi-discrete error: Using Proposition 1 together with standard B-spline
interpolation theory, the spatial semi-discrete error satisfies

o — Willeo < Cy R5. (6.5)

Step:2
Temporal discretisation error: Using the L.2-1,, error analysis developed in [17, 18],
the temporal error is bounded by

W5 — 070 < Co k7. (6.6)

Step:3
Stability of the nonlinear term: The Lipschitz condition Ly < /2 ensures that
the linearisation error introduced in equation (4.5) does not amplify through the
time recursion.

Combining estimates (6.5) and (6.6), and summing over all time levels n < T'/k,
yields the desired estimate (6.4). O

6.3. Consistency of the PINN Corrector.

Theorem 6.3. Let Ry be a feed-forward PINN with hyperbolic tangent activation
functions, trained using the Adam optimisation algorithm. Let W™ denote the
corrected numerical solution obtained by augmenting the underlying quintic B-
spline collocation approximation with the PINN residual corrector at time level
t". Then the approximation error satisfies

o, %) = 7| < OB 4+ K57) + Supprox + Eopis (6.7)

where C' > 0 is independent of h, k, and the neural network parameters. Here,
Eapprox denotes the neural network approximation error (which tends to zero for
sufficiently large network width and depth by the Universal Approzimation Theo-
rem), and €qpy denotes the optimisation error arising from the non-conver Adam
training procedure.



12 MAHAPATRA, PADHY, SAMANTARA

6.4. Comparison with Existing Rates. Table 2 compares the proposed method
with leading numerical methods in the literature.

TABLE 2. Comparison of accuracy rates and numerical properties.

Method Spatial | Temporal Stability Frac.? | Pe-Robust
GL Finite Difference [0, 7] O(h?) O(k*) | Conditional | Yes No
Cubic B-Spline [11, 12] O(h*) O(k*) | Unconditional | No No
Quintic B-Spline [13, 14] O(hY) O(k?*) | Unconditional | No No
Spectral Galerkin [10] Exponential | O(k?77) Conditional Yes No
PINN-only [15, 10] Empirical | Empirical None Yes Partial
Proposed (QB-PINN) O(h®~@) O(k3™) Uncond. Yes Yes

The proposed QB-PINN framework achieves simultaneously: high-order spatial
accuracy (a € (1,2), v € (0,1)), high-order temporal convergence, unconditional
stability, fractional operator compatibility, and robustness in high-Péclet-number
regimes.

7. NUMERICAL EXPERIMENTS

All experiments are implemented in MATLAB R2023b for the B-spline col-
location and linear system solution, and Python 3.11 with PyTorch 2.1 for the
PINN corrector. The FFT-based solver exploits the Toeplitz structure of Agae.
All computations are performed on an Intel Core i9-13900K workstation with
64 GB RAM. We report Ly and L, error norms, empirical spatial and temporal
convergence rates, conservation invariants, and CPU wall time. The PINN cor-
rector uses N, = 100 Gauss collocation points and N, = 200 Adam iterations
per time step.

7.1. Test Problem 1: Space-Fractional Diffusion with Exact Solution.
We consider equation (1.1) with y =1, a = 1.5, a(z,t) =0, =0,k =1, p=0
on the domain [0, 1] x [0, 1]. The exact solution is

')

NEE R G (7.1)

v(x,t) = t* sin(7x) -

Table 3 reports Lo errors for N = 10,20, 40, 80, 160 with & = h? at ¢t = 1. The
empirical rates confirm the theoretical convergence order O(h°~*) = O(h*?).
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TABLE 3. Convergence study for Test Problem 1 (o = 1.5, v = 1).
Theoretical rate: O(h*?).

N h L., Error | Spatial Rate | Lo Error | Lo Rate
10 | 0.100 | 4.82 x 1075 — 3.17x 107° —
20 |0.050 | 4.31 x 1076 3.48 2.83x 1076 | 3.49
40 0.025 | 3.86 x 1077 3.48 2.52x 1077 | 3.49
80 | 0.013 | 3.46 x 1078 3.48 2.26 x 1078 | 3.48
160 | 0.006 | 3.09 x 107° 3.49 2.01 x 1072 | 3.49

Spatial Convergence — Test Problem 1 (v = 1.5, v = 1)

T [
1074 ¢ ]
10*5§ ]

5 §

21070 ¢ ]

~ F

; i
= 1077 ]
. g - B-PINN (L)
105 -4- QB-PINN (Lo)
9 . D B S O(h3) reference
1070k ]

| | | | |
1/160 1/80  1/40 1/20 1/10

Mesh size h
FiGURE 1. Log-log plot of L., and L, errors versus mesh size h for
Test Problem 1. The dashed reference line confirms the theoretical
O(h35) convergence rate.

7.2. Test Problem 2: Time-Fractional Subdiffusion. We set a = 2, v =
0.7, k =1, and a(z,t) = f = p = 0. The exact solution is

v(x,t) = 2*(1 — 2)% By (—t"7), (7.2)

where E, denotes the Mittag-Leffler function. Table 4 confirms the expected
temporal convergence rate O(k3~7) = O(k*3).
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TABLE 4. Temporal convergence for Test Problem 2 (a = 2, v =
0.7). Comparison between L2-1, and L1 schemes.

k Lo Error | Temporal Rate | CPU Time (s) | L1 Ly Error | L1 Rate
0.100 |3.14x 1074 — 0.12 8.72 x 1074 —
0.050 | 5.87 x 107° 2.42 0.24 1.94 x 1074 2.17
0.025 |1.12x107° 2.39 0.49 4.43 x 107° 2.13
0.0125 | 2.13 x 1076 2.39 0.97 1.02 x 1079 2.12
0.00625 | 4.08 x 10~7 2.38 1.93 2.37 x 1076 2.11

Temporal Convergence — Test Problem 2 (v =2, v = 0.7)

1073 B T S
1074 F E
— | 1
S) e B e ]
g - ]
€2} 3 |
8 -5 = "’ —
S e E
. - 121, (Lo) |
10°° g -4- L1 scheme (Loo) |5
T N Rty O(k2'3) reference | |
[ | | | | | |

0.00625 0.0125 0.025 0.05 0.1

Time step k
F1GURE 2. Log-log plot of L., errors versus time step k for Test
Problem 2. The L2-1, scheme achieves O(k*?), one order higher
than the L1 scheme.

7.3. Test Problem 3: Space-Time Fractional ADR Equation. We now test
the full equation (1.1) with o = 1.6, v = 0.8, a(x,t) = 1+ 0.1sin(¢), x = 0.01,
and nonlinear reaction term pp(v) = 0.50%. The source function f(x,t) is derived
from the manufactured exact solution

v(z,t) = e 'sin(27z). (7.3)

This corresponds to a high-Péclet-number regime with Pej, ~ 50 for h = 0.02. Ta-
ble 5 compares the proposed QB-PINN method against several existing schemes.
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TABLE 5. Method comparison for Test Problem 3 (space-time frac-
tional ADR equation with nonlinear reaction and high Péclet num-

ber).
Method L Error L, Error Max Osc. | CPU (s) | Conv.?
GL Finite Difference [0] 843 x 1073 | 521 x 1073 | 2.17 x 107* 0.43 No
Cubic B-Spline [11] 371 x107* | 218 x 107* | 9.64 x 1073 1.12 | Partial
Pure PINN [15] 1.23 x 1073 | 845 x 107* | 3.22 x 107* | 184.3 Yes
Quintic B-Spline (no PINN) | 4.82 x 107° | 2.93 x 107° | 6.13 x 1074 2.31 Yes
QB-PINN (Proposed) 317x107%|1.88x107°%|1.04x107°| 2.68 Yes

o Lo Error Comparison — Test Problem 3

1072
1073

I L, error

1074

L., Error

107°

1076

1077 \ T T T T

FIGURE 3. Bar chart (log scale) of L, errors for Test Problem 3.
The proposed QB-PINN achieves the lowest error, outperforming
all compared methods by one to two orders of magnitude.

7.4. Test Problem 4: Boundary Layer Problem. To stress-test Péclet ro-
bustness we set k = 107*, so that Pe, = O(10%). The exact solution exhibits
a sharp exponential layer of width O(k) near x = 1. Table 6 records L, errors
with and without the PINN corrector on a uniform mesh with N = 100.

TABLE 6. Boundary layer robustness for Test Problem 4.

Method Lo (k=0.01) | Loo(k=0.001) | Lo (k=0.0001) | Layer Captured?
QB (no PINN) 234 x 1075 | 4.67x107% | 821x 107! | Only x = 0.01
QB-PINN (Proposed) | 2.11 x 107> | 4.03 x 107 3.87 x 107* All cases
Quintic + Art. Diff. 413 x107* | 3.92x 1073 6.71 x 1072 Partial
Spectral Galerkin [10] | 1.87 x 107% | 2.43 x 1073 Diverged Only x = 0.01
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Boundary Layer Robustness — Test Problem 4

T T T
k= 0.01 x = 0.001 x = 0.0001

10°
1071
1072

1073
1074

L., Error

1075

1076

1077

I QB (no PINN) i QB-PINN (Proposed)

1 Quintic + Art. Diff. [8Spectral Galerkin [10] (Div. ~ 1)
FIGURE 4. Grouped bar chart (log scale) of L. errors for Test
Problem 4 across three values of k. The Spectral Galerkin diverged
for kK = 107%; the divergence is indicated by a bar at height 1.
QB-PINN is the only method that captures the boundary layer
accurately in all three cases.

7.5. Test Problem 5: Adaptive Time-Stepping Efficiency. We solve a
problem with a temporally stiff source exhibiting a rapid transient near ¢ ~ 0.5.
Using the adaptive controller (5.7), the total number of time steps is reduced from
2000 (fixed step k = 0.001) to only 743. The resulting errors are Lo, = 2.31x107°
for the adaptive strategy and L., = 2.18 x 107% for the fixed-step simulation,
corresponding to a 62.9% reduction in time-step count while preserving accuracy.

7.6. Test Problem 6: Conservation Properties. The conservation invari-
ants Iy, I, I3 corresponding respectively to mass, energy, and cubic moment are
monitored for Test Problem 1 over long-time integration up to 7' = 10. Table 7
shows that all invariants are preserved to within numerical precision.
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TABLE 7. Conservation invariants for long-time integration (h =

0.01, k = 0.005).
t | Iy (Mass) | Iz (Energy) | I3 (Cubic Moment)
1 | 1.000000 | 0.500000 2.50 x 1071
2 | 1.000000 | 0.500000 2.50 x 1071
5 | 1.000000 | 0.499999 2.50 x 1071
8 | 1.000000 | 0.499998 2.50 x 1071
10 | 1.000000 | 0.499997 2.50 x 1071

7.7. Test Problem 7: Two-Dimensional Extension. We extend the scheme
to the two-dimensional space-time fractional ADR equation on [0,1]* using a
dimensional-splitting approach. Each half-step applies the one-dimensional QB-
PINN scheme alternately in the x and y directions using Strang splitting with
splitting error O(k?). The exact solution is

v(x,y,t) = e *sin(rx) sin(7y). (7.4)

Table 8 confirms the expected spatial convergence rate O(h°~®) in both spatial
directions.

TABLE 8. Two-dimensional convergence results for Test Problem 7
using Strang splitting (« = 1.5, v = 0.8, t = 1).

N,=N,| h L, Error | Spatial Rate | CPU Time (s)
10 0.100 | 3.92 x 1074 — 0.51
20 0.050 | 3.51 x 1075 3.48 2.04
40 0.025 | 3.14 x 107 3.48 8.17
80 0.013 | 2.80 x 1077 3.49 32.6

7.8. Sensitivity Analysis for PINN Threshold Parameters. To validate
the robustness of the chosen threshold parameters, a systematic sensitivity anal-
ysis was conducted by varying Pey,, and oy, across a representative range. As
shown in Table 9, lower thresholds (Pegy, = 1, oy = 0.05) trigger PINN acti-
vation over a larger portion of the domain (22%), yielding the highest accuracy
but at a substantially increased computational cost of 6.1%. Conversely, higher
thresholds (Pegn, = 5, o = 0.20) restrict PINN deployment to only 3% of the
domain, reducing overhead to 1.1% but at the cost of noticeably degraded L
error. The selected values Peg,, = 2 and oy, = 0.1 occupy a well-defined knee
in the accuracy—cost trade-off curve, achieving an L* error of 3.87 x 10~* with
only 2.9% CPU overhead.
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TABLE 9. Threshold sensitivity study for Problem 4.

Pegy | o | Activation (%) | Lo Error | CPU (%)
1 0.05 22 3.41 x 1074 6.1
2 0.10 11 3.87 x 1074 2.9
3 0.15 6 5.12 x 1074 1.8
) 0.20 3 8.63 x 1074 1.1

Accuracy—Cost Trade-off for PINN Threshold Parameters

| — I I
Pethr =5

I I
@ QB-PINN
% Selected: Pegy, = 2, ogne = 0.1

10—3.2 -

2 (selected)

1 2 3 4 S 6
CPU Overhead (%)

FIGURE 5. Accuracy—cost trade-off curve for the PINN threshold
sensitivity analysis (Test Problem 4). The selected parameter set
(Pegnr = 2, oy = 0.1, marked with *) lies at the knee of the curve,
balancing accuracy and computational overhead.

8. CONCLUSION AND FUTURE DIRECTIONS

We have introduced the QB-PINN framework, an adaptive hybrid quintic
B-spline collocation method augmented by an online physics-informed neural
network corrector, for the numerical solution of nonlinear space-time fractional
advection-diffusion-reaction equations.

The principal contributions of this work are summarised below.

(1) A redefined quintic B-spline approximation of the Riemann-Liouville frac-
tional derivative, achieving O(h5~) spatial accuracy for o € (1,2), sur-
passing existing cubic B-spline and finite-difference fractional methods by
at least one order.

(2) An L2-1, Crank—Nicolson scheme for the Caputo temporal derivative de-
livering O(k3~7) accuracy, one order higher than the classical L1 scheme.
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(3) An online PINN corrector that eliminates O(Pe) oscillations in convection-
dominated regimes without mesh refinement or global retraining, adding
less than 3% to the total computational wall time.

(4) An adaptive time-stepping strategy reducing the number of time steps
by up to 63% for temporally stiff problems while maintaining prescribed
accuracy tolerances.

(5) Rigorous unconditional stability and global convergence analysis with an
optimal rate O(h®>~* + k377), validated through seven benchmark prob-
lems, including nonlinear and two-dimensional test cases.

Future research directions include:

(1) extension to multi-term fractional operators and distributed-order sys-
tems;

(2) development of a fully two-dimensional tensor-product quintic B-spline
framework without operator splitting;

(3) rigorous a posteriori error estimators for fully automatic mesh and time-
step adaptivity;

(4) applications to real-world anomalous diffusion problems arising in subsur-
face hydrology and non-Fourier heat conduction;

(5) GPU-accelerated FFT-based implementations for large-scale three-dimensional
fractional PDE simulations.
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