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Abstract

Physics-informed neural networks (PINNs), introduced in [1], are effective in solving integer-
order partial differential equations (PDEs) based on scattered and noisy data. PINNs employ
standard feedforward neural networks (NNs) with the PDEs explicitly encoded into the NN
using automatic differentiation, while the sum of the mean-squared PDE-residuals and the
mean-squared error in initial/boundary conditions is minimized with respect to the NN pa-
rameters. Here we extend PINNs to fractional PINNs (fPINNs) to solve space-time fractional
advection-diffusion equations (fractional ADEs), and we study systematically their conver-
gence, hence explaining both of fPINNs and PINNs for first time. Specifically, we demonstrate
their accuracy and effectiveness in solving multi-dimensional forward and inverse problems
with forcing terms whose values are only known at randomly scattered spatio-temporal co-
ordinates (black-boz forcing terms). A novel element of the fPINNs is the hybrid approach
that we introduce for constructing the residual in the loss function using both automatic
differentiation for the integer-order operators and numerical discretization for the fractional
operators. This approach bypasses the difficulties stemming from the fact that automatic dif-
ferentiation is not applicable to fractional operators because the standard chain rule in integer
calculus is not valid in fractional calculus. To discretize the fractional operators, we employ
the Griinwald-Letnikov (GL) formula in one-dimensional fractional ADEs and the vector GL
formula in conjunction with the directional fractional Laplacian in two- and three-dimensional
fractional ADEs. We first consider the one-dimensional fractional Poisson equation and com-
pare the convergence of the fPINNs against the finite difference method (FDM). We present
the solution convergence using both the mean L? error as well as the standard deviation due
to sensitivity to NN parameter initializations. Using different GL formulas we observe first-,
second-, and third-order convergence rates for small size of training sets but the error saturates
for larger training sets. We explain these results by analyzing the four sources of numerical
errors due to discretization, sampling, NN approximation, and optimization. The total error
decays monotonically (below 10> for third order GL formula) but it saturates beyond that
point due to the optimization error. We also analyze the relative balance between discretiza-
tion and sampling errors and observe that the sampling size and the number of discretization
points (auziliary points) should be comparable to achieve the highest accuracy. As we increase
the depth of the NN up to certain value, the mean error decreases and the standard deviation
increases whereas the width has essentially no effect unless its value is either too small or too
large. We next consider time-dependent fractional ADEs and compare white-box (WB) and
black-box (BB) forcing. We observe that for the WB forcing, our results are similar to the
aforementioned cases, however, for the BB forcing fPINNs outperform FDM. Subsequently, we
consider multi-dimensional time-, space-, and space-time-fractional ADEs using the directional
fractional Laplacian and we observe relative errors of 1072 ~ 10~%. Finally, we solve several
inverse problems in 1D, 2D, and 3D to identify the fractional orders, diffusion coefficients,
and transport velocities and obtain accurate results given proper initializations even in the
presence of significant noise.

Keywords: physics-informed learning machines; fractional advection-diffusion; fractional in-
verse problem; parameter identification; numerical error analysis.

1 Introduction

There have been several applications of fractional partial differential equations in modeling anoma-
lous transport, i.e., systems exhibiting memory effects, spatial nonlocality, or power-law charac-
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teristics. Among these are solute transport in fractured and porous media [2, B], acoustic wave
propagation with frequency-dependent dissipation [4 [5] 6} 7], laminar and turbulent flows [8], 9} [10],
viscoelastic constitutive laws [I1], just to mention a few. Fractional PDEs are phenomenological
and hence they include parameters that need to be estimated using experiment data. These param-
eters are the differentiation orders of the fractional derivatives (namely, fractional orders), which
may determine the power-law asymptotic behavior of certain characteristic responses. For instance,
for sub-diffusion in the porous media, the order of the time-fractional derivative determines the de-
caying rate of the breakthrough curve for long-term observations. Identifying the fractional orders
is challenging as solving the forward problems already requires high computational cost due to the
convolution expressions of fractional derivatives and hence the full matrices involved. On the other
hand, the field- or experimental-measurements are usually sparse in spatio-temporal domain and
may be polluted by noise as well. Identifying the fractional orders from sparse and noisy data is
an important issue that has not been addressed adequately in the past.

Machine learning methods are particularly effective in solving data-driven forward and inverse
problems of PDEs that involve black-box (BB) initial-boundary conditions and forcing terms. The
BB here refers to function values measured only at specific spatio-temporal coordinates without
explicit knowledge of the function. There have been some works on applying machine learning
methods to discover the form of the integer-order PDEs [12] [13] [14] [15] using dictionaries of terms
of various lengths. In this paper, we focus on the identification of the parameters of fractional PDEs
whose overall form is known but some coefficients and most importantly the operators themselves
are not known. The works on applying machine learning to parameter identification problems can
be mainly divided into two categories. The first category exploits only the information of observed
data in the spatio-temporal domain, and employs surrogate models such as Gaussian process re-
gression (GP regression) [I6], stochastic collocation methods [17], and feedforward neural networks
(NNs) [18, [19] to approximate the mapping from the parameters to be identified to the numerical
solutions of PDEs or their mismatch with observed data. The PDEs are numerically solved to
obtain the training points, and hence the information from PDEs is used implicitly. In contrast,
the second category utilizes the information from PDEs explicitly by involving the differential op-
erators of PDEs directly in the cost function to be optimized. The parameters to be identified,
which appear in the differential operators, can be optimized by minimizing the cost function with
respect to these parameters. For example, in [20], the parameters to be identified enter the nega-
tive log-likelihood function of the GP regression in the form of some extra hyperparameters of the
covariance functions. Subsequently, the same authors in [I] added the parameters to be identified
to the loss function of the NN and optimized these parameters jointly with the NN weights and
biases. Other examples include, but not limited to, [21] 22, 23].
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Figure 1: fPINNs for solving integral, differential, and integro-differential equations. Here we
choose specific integro-differential operators in the form of time- and/or space- fractional deriva-
tives. fPINNs can incorporate both fractional-order and integer-order operators. In the PDE
shown in the figure, f(-) is a function of operators. The abbreviations “SM” and “AD” represent
spectral methods and automatic differentiation, respectively.

In this paper, we focus on the NN approaches due to the high expressive power of NNs in
function approximation [24] 25] 26 27]. In particular, we concentrate on physics-informed neural
networks (PINNs) [28], 29] [30, [1], which belong to the second aforementioned category. The recent
applications of PINNs include (1) inferring the velocity and pressure fields from the concentra-
tion field of a passive scalar in solving the Navier-Stokes equations [3I], and (2) identifying the
distributed parameters of stochastic PDEs [2I]. However, PINNs, despite their high flexibility,
cannot be directly applied to the solution of fractional PDEs, because the classical chain rule,
which works rather efficiently in forward and backward propagation for NN, is not even valid in
fractional calculus. We could consider a fractional version of chain rule, but it is in the form of
an infinite series, and hence it is computationally prohibitive. To overcome this difficulty here
we propose an alternative method in the form of fractional PINNs (fPINNs). Specifically, we pro-
pose fPINNs for solving integral, differential, and integro-differential equations, and more generally
fPINNs can handle both fractional-order and integer-order operators. We employ the automatic
differentiation technique to analytically derive the integer-order derivatives of NN output, while
we approximate the fractional derivatives numerically using standard methods for the numerical
discretization of fractional operators; an illustrative schematic is shown in Fig.[I} There are three
attractive features of fPINNs.

(1) They have superior accuracy for black-box and noisy forcing terms. When the
forcing term is simply measured at scattered spatio-temporal points, interpolation has to
be performed using standard numerical methods but this may introduce large interpolation
errors for sparse measurements. In contrast, fPINNs can bypass the forcing term interpolation
and instead construct the equation residual at these measurement points. Numerical results
show that fPINNs can achieve higher solution accuracy for sparse measurements for both
forward and inverse problems. Additionally, the noise in the data can be naturally taken into
account by employing regularization techniques, such as L', L? and L* regularization [32],

early stopping [33], as well as dropout [34] [35].

(2) They can easily handle high-dimensional, irregular-domain problems. Being in-
herently data-driven, fPINNs do not rely on fixed meshes or grids, and thus they have higher
flexibility in tackling high-dimensional problems on complex-geometry domains. The train-
ing points for fPINNs can be arbitrarily distributed in the spatio-temporal domain. We



distinguish two groups of points: the training points and the points that help to calculate
the fractional derivatives at the training points, which we term as the “auxiliary" points. We
will explain the concept of auxiliary points in Section [3.3

(3) Same code for solving forward and inverse problems. Minimum changes are needed
to transform the forward problem code to an inverse problem code. We just need to add the
parameters to be identified in inverse problem to the list of parameters to be optimized in
the forward problem without changing anything else [I].

We demonstrate the effectiveness of fPINNs by solving 1D, 2D, and 3D fractional ADEs for
forward and inverse problems. We consider the fractional derivatives with respect to temporal and
spatial variables. Specifically, we solve space-, time-, and space-time- fractional ADEs. To the best
of our knowledge, we make the first attempt to solve the forward and the inverse problems for space-
time-fractional ADEs defined in complex-geometry domains. For forward problems, there have
been some works on solving 3D space-fractional ADEs. In [36 37 B8] [39], only the 3D extension
of the Riesz space-fractional derivatives is considered, which differs from the directional fractional
Laplacian of our interest; in [40], Riesz fractional Laplacian is first regularized by singularity
subtraction and then approximated by using trapezoidal rule. Specifically, in [40], equispaced
nodes are required in order to make fast Fourier transform available; however, the method may
be difficult to extend to non-equispaced nodes which have to be considered for a BB forcing. For
inverse problems, little is known about 3D space-time-fractional ADEs with a fractional Laplacian,
despite some existing works on 1D and 2D problems [41], [42] 43| [44], 45] [46]. We note that the
authors in [23] employed GP regression to identify the parameters in a multi-dimensional fractional
Laplacian diffusion problems, but the fractional Laplacian was defined on an unbounded domain,
namely R? with spatial dimension d. Here, we consider the much more complex problem of a
fractional Laplacian defined on a bounded domain.

The paper is organized as follows. In Section 2, we define forward and inverse problems for
fractional ADEs. In Section 3, we first introduce the standard PINNs and then propose fPINNs.
In the same section, we also review the finite difference schemes for approximating the fractional
derivatives. In Section 4, we demonstrate the effectiveness of fPINNs using numerical examples.
We first show the convergence rates of fPINNs and subsequently analyze the convergence in terms
of four sources of errors, showing the solution accuracy for forward and inverse problems, followed
by a discussion on the influence of noise in the data. Finally, we conclude the paper in Section 5.

2 Fractional advection-diffusion equations (ADEs)

We consider the following fractional ADE defined on a bounded domain 2 assuming zero boundary
conditions:

N
% = —c(=A)*?u(xm,t) —v - Vu(z,t) + fep(x,t), xecQcRP te(0,T],
u(z,t) =0, x e, (1)

u(z,0) = g(x), x e

The solution u(x,t) is also assumed to be identically zero in the exterior of . The left-hand-side
of the above equation is a time-fractional derivative of order -, which is defined in the Caputo
sense [47]:

0<y<1, (2)

¢

Nu(zx,t) _ 1 / (t— 1) ou(x, T) ir,
where I'(+) is the gamma function. As v — 1 the time-fractional derivative reduces to the first
derivative. The first term on the right-hand-side is a fractional Laplacian, which is defined in the
sense of directional derivatives [48] 49]:

I (i=e) 1 (Lte
( 2 ) ( 2 ) / Dgu(az,t)de, 0 c ]RD’ l<a<?2, (3)
[16]]2=1

(—2)* u(, t) =

D+1
2r 2

where || - ||2 is the L? norm of a vector. The symbol D§ denotes the directional fractional differ-
ential operator, where 0 is the differentiation direction vector. A review of this operator and its
discretization will be given in Section As a — 2 the fractional Laplacian reduces to the



standard Laplaican ‘—A’. In Problem v is the mean-flow velocity and fpp is the BB forcing
term whose values are only known at scattered spatio-temporal coordinates. In considering appli-
cations in groundwater contaminant transport, the fractional orders v and « have been restricted
to (0,1) and (1,2), respectively. Also, for simplicity we consider zero boundary conditions.

The forward problem is formulated as: Given the fractional orders « and +, the diffusion
coefficient ¢, the flow velocity v, the BB forcing term fpp, as well as the initial and boundary
conditions, we solve Problem for the concentration field u(z,t). On the other hand, the
inverse problem is defined as: Given the initial-boundary conditions, the BB forcing term fpg,
and additional concentration measurements at the final time u(x,T) = hpp(x), we solve Problem
for the fractional orders « and -y, the diffusion coefficient ¢, the flow velocity v, and the
concentration field u(zx,t). We could also consider scattered measurements in time, but here we
investigate a more challenging case having only available data at the final time.

3 Methodology
3.1 Physics-Informed Neural Networks (PINNs)

To introduce the idea behind PINNs, we start with a 1D integer-order diffusion equation with zero
boundary conditions:

8ugﬂi, t) _ 0 g;ﬂg, t) + fea(z,t), (x,t) € (0,1) x (0,1], .
u(z,0) = g(x), W

u(0,t) =u(1,t) = 0.

Based on whether or not we enforce the initial-boundary conditions, there are three ways to
construct the approximate solution @(z,t) to the equation. In the first case, we can directly
assume the approximate solution to be an output of NN, namely, 4(x,t) = uyn(x,t; u). The NN
here plays the role of surrogate model that approximates the mapping from the spatio-temporal
coordinates to the solution of equation. The NN is parameterized by its weights and biases that
constitute the parameter vector p; see Fig. 2] for a simple NN with a single hidden layer. Note
that in the numerical examples of the paper, we adopt NNs with multiple hidden layers. In the
PINNSs, we expect to optimize the NN parameters p such that the resulting approximate solution
will satisfy both the equation and the initial-boundary conditions as close as possible [I]. In
the second case, we can choose a form of the approximate solution that satisfies the boundary
conditions automatically, namely, @(z,t) = p(x)unn(z,t; p), where p(0) = p(1) = 0 and the
auxiliary function p(x) is pre-selected. Provided that the initial condition function g(z) is a WB
function, the third case is to write the approximate solution as @(z,t) = tp(x)unn(x,t; ) + g(z),
where p(0) = p(1) = 0. This approximate solution satisfies both initial and boundary conditions
automatically. In this paper, we only focus on the third case, which yields a succinct form of loss
function. It is straightforward to consider the other two cases.



Figure 2: Defining a simple NN unn(z,t; ). A fully connected NN with a single hidden layer
consisting of three neurons. Each input of the hidden layer, x;, is a linear transform of the inputs
of the input layer: x1 = Wiz + Wyt + by, ©o0 = Wox + Wit + be, and x5 = Wix + Wit + bs. Each
output of the hidden layer, y;, is obtained after a nonlinear transform ¢ of the inputs: y; = ¢(x;) for
i =1,2,3. There are some candidate activation functions ¢(-) such as rectified linear unit (ReLU),
sigmoid function, and hyperbolic function; in this paper, we adopt the third one. The final output
is the linear transform of the outputs of the hidden layer: uyy(z,t) = Wrys + Wsys + Woys + by.
The weights W;’s and biases b;’s constitute the parameter vector p.

The loss function of PINNs for the forward problem with the approximate solution

u(z,t) = tp(x)unn (z,t; 1) + g(2) (5)

is defined as the mean-squared-error of the equation residual:

1 N ou(xy, ty 0%4 Th, bk 2
L(p) = F};( (6t ) éaﬂ ) _ fBB(mk,tk)) . (6)
We use N training points {(zx,tx)},k = 1,2,---, N in the spatio-temporal domain to obtain
the equation residual information. Each training point is an independent input vector [z,¢]? of
the NN plotted in Fig. 2] We minimize the loss function with respect to p and we refer to this
minimization procedure as “training". The distribution of training points has certain impact on the
flexibility of PINNs. Fig. [3] shows two different ways to select the training points. The lattice-like
training points are exactly the same as the finite difference grid points, which are equispaced in the
spatio-temporal domain. The scattered training points can be taken from certain quasi-random
sequences, such as the Sobol sequences or the Latin hypercube sampling. The advantage of the
scattered training points is that they provide more flexiblity for high-dimensional problems on
irregular domains. Therefore, we will adopt the scattered training points in most examples of the
paper except the cases where we compare fPINN to FDM.
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Figure 3: Two distributions of training points of PINNs for 1D time-dependent diffusion equation.
Left: lattice-like training points coinciding with finite difference grid. Right: Scattered training
points drawn from a quasi-random sequence.

We employ automatic differentiation in PINNs to compute the temporal and spatial derivatives
of @(z,t) in the loss function (6]). To compute these derivatives, we have to evaluate the derivatives
of unn(x,t; u) first. We consider Sunn(@:t) a9 an example, omitting p in uyy for simplicity of

notation. From the caption of Fig. 2] we know that

auNN(x7t) . 8y1(ac,t) ayg(.’L‘,t) By?)(xvt)
— = W778t + Wy ot + Wy ot -
Oyi(x,t)  0p(xi(x,t)) Oxy(x,t) 8¢(xi(x,t))w 193
ot o ot om B@y 2T 5SS

where k(1) = 4, k(2) = 5, and k(3) = 6. The chain rule is used here to calculate dy;(z,t)/0t.
For multiple hidden layers, the chain rule is employed in the automatic differentiation to compute
the derivatives hierarchically from the output layer to the input layer, which turns out to be
rather efficient for very deep NNs. Nevertheless, there are some cases where the classical chain
rule does not work. A typical example is the fractional derivatives of our interest, whose chain
rule, if any, takes the form of infinite series [50] £1l [52]; see Appendix A for comparison of chain
rules for the integer-order and the fractional derivatives. Even worse, the backward propagation
in computing the gradients of loss function with respect to weights and biases has to use the
classical chain rule repeatedly for the integer-order derivatives, which for fractional derivatives is
computationally prohibitive. To bypass the automatic differentiation for fractional derivatives, we
replace the fractional differential operators with their discrete versions and then incorporate the
discrete schemes into the loss function of PINNs. We refer to the resulting PINNs as fPINNs.

3.2 Fractional PINNs (fPINNs)

Before proceeding with the inverse problem, we first consider the forward problem of the form

,C{U(:I:,t)} = fBB(:th), (:th) € x (OvT]v
u(x,0) = g(x), =€, (8)
u(x,t) =0, x €I,

where ¢(+) is assumed to be a WB initial condition function. The approximate solution is chosen
as

w(zx,t) = tp(x)uyn (z, t; p) + g(x), (9)

such that it satisfies the initial-boundary conditions automatically. £{-} is a linear or nonlinear
operator. Here we consider £ = % + c(—A)O‘/ 2+ v -V, and we divide the component operators
of L into two categories L = Lap + Lnonap. The first category includes the operators that can



be automatically differentiated (AD) using the classical chain rule. In other words, we have

v-V, a€(l,2), ~e€(0,1),
Lap:=9 Z+v-V, a€(l,2), y=1, (10)
-A4+v-V, a=2  ~v€(0,1).

The second category includes those operators that cannot be automatically differentiated, say,
LoonAD = % + ¢(=A)*/2 for a € (1,2),7 € (0,1). For Lyonap, we can discretize it using
standard numerical methods such as finite difference, finite element, or spectral methods, but here
we focus on the FDM. We denote by Lgrpns the FDM-discretization version of L,,,4p and then
define the loss function Lpy, of fPINNs for the forward problem as

1

—
—

Y [Lepudi(.t)} + Lapla(e, 1)} - frp(a, 1), (11)

(x,t)EE

Lrw(p) =

where |Z| represents the number of training points in the training set = C 2 x (0, T]. We also note
that if £,,,n4p vanishes, fPINNs reduce to PINNs. The training procedure of fPINNs for forward
problems is to minimize the loss function with respect to g in order to obtain the best network
parameters p,,,. Then, we can use the trained NN to make predictions at arbitrary test points
(wtesh ttest)a namely7 a(wtestu ttest; l‘l’opt)'

On the other hand, the inverse problem takes the form
L8u(x,t)} = fep(x,t), (x,t) € Qx(0,T],
’LL(:D,O) = g(il:), T e Q’
u(z,t) =0, x €0,
u(z,t) = hpp(x,t), (x,t) e Ax{t=T},

(12)

where the PDE parameters € and the concentration field u(-) are both to be recovered from the
boundary and initial-final conditions. The loss function for the inverse problems is similar to that
for the forward problems except that a final condition mismatch term is added and that the PDE
parameters £ are jointly optimized with the network parameters p. Specifically, the loss function
Lnv for the inverse problem we consider is

LINV(:U’vE = {OL,’}/,C,’U}) = wy - ! Z [E?,’g}@{ﬂ(a:,t)} + [’ZD{{L(xvt)} - fBB(xvt)]Q

(13)

+w, - [a(x,t) — hpp(z, 1)),

where in the current loss function we assume a € (1,2) and v € (0,1). Z; C 2 x (0,7) and
Es C Q x {t = T} are two distinct sets of training points, and w; and wy are pre-fixed weight
factors that determine the relative contribution of each term. Optimizing the loss function yields
the identified fractional orders awp: and vope, the diffusion coeflicient cope, the flow velocity vope,
and the network parameters Hopt- The concentration field is recovered to be @(@iest, trest; /,I,Opt).

3.3 Finite difference schemes for fractional derivatives

For a € (1,2) and v € (0,1), the FDM-based discrete operator for the fractional ADE is
Lrpm = L), + ¢LX,. To approximate the time-fractional derivative in the equation, we adopt
the commonly used finite difference L; scheme [53] [54], as follows

Nu(x,t) . . 1 N _
T ~ L'Atu(:l:,t) = W {_C")\ﬂ,lu(w,o) + C()U(w7t)
[At]—1
+ Z (crat1—k — epae)—k—1)U(z, kKAL) o, (14)
k=1

where ¢; = (I 4+ 1)'=7 — 177, The temporal step is At = t/[At] ~ 1/), where [-] is the ceiling
function, and the constant factor A\ determines the step size. The truncating error for L; scheme



is (At)277 [53]. Given the spatial location x, we see from the scheme that the time-fractional
derivative of u(x,t) evaluated at time ¢ depends on all the values of 4(x,t) evaluated at all the
previous time steps 0, At,2At,--- ;. We call the current time ¢ and the previous times kAt the
training and auxiliary points, respectively. There are [At] 4+ 1 auxiliary points corresponding to
the training point t. The use of A\ can allow scattered training points for both temporal and
spatial discretizations. Fig.[4] (a) uses triangles to represent the auxiliary points for computing the
time-fractional derivatives. If the equation includes also space-fractional derivatives, we need to
consider the auxiliary points in spatial directions, which are shown by squares in Fig.

- . . 1 ——- — 1.00 «  Auxiliary points for the first training point
¢ Training piont scattered in Awiliary points for the second training point

spatiotemporal domain « Auxiliary points for the third training point

EEEEESNR 0.50 ([ TR T TR
A ‘ 025 /" -
m Auxiliary point for computing ENemnm Ammn - o000 [
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Figure 4: Scattered training points and auxiliary points for fPINNs. (a) Training and auxiliary
points for the 1D space-time-fractional problem. (b) Auxiliary points for three different training
points for 2D space-time-fractional problem defined on a unit disk (for fixed ¢). The training points
are located at the centers of clusters of auxiliary points. A total of 15 Gauss-Legendre points are
used in approximating f027r(~)d9 in (—A)*/2, and Az ~ 1/\ = 0.05.

The finite difference scheme for the fractional Laplacian is more complicated than that for the
time-fractional derivative. It is the key step to discretize the directional fractional derivative in the
fractional Laplacian. The definition of the Riemann-Liouville directional derivative of a sufficiently
properly defined function w(x) is (« € (1,2)) [55, 48]

a 1 2 oo l1—a D
Dgw(z) = $(60-9) /O SlCu(m — €0)dE, 0 € RD, (15)

2 -«
where the differentiation direction is defined as @ = cosf = %1 where 8 = 0 or 7 for the 1D case,
6 = [cosf,sinf], 6 € [0,27) for the 2D case, and 0 = [sin ¢ cos 6, sin ¢ sinb, cos @], 6 € [0,27),¢ €
[0, ] for the 3D case. The symbol V denotes the gradient operator, and 6 - V represents the inner
product of two vectors. For instance, we have for 2D case 6 - V = cos09/0x + sin 09/dy. If w(x)
is defined on a bounded domain €2 and vanishes in the exterior of the domain, the derivative can
be rewritten as

1 , [A@6.9) 5
Dgw(z) = [ (0-9) /0 (@ — €0)de, xe€QC R, (16)

N2 -«

where the integral upper limit d, termed as backward distance [48], is the distance of the point x
to the boundary of €2 in the direction of —8. The distance d satisfies © — d(x, 8,)0 € 0.

Unless stated otherwise, we adopt the shifted vector Grunwald-Letnikov (GL) formula to ap-
proximate the directional fractional derivative [48]:

[Ad(,0,Q)]

> Y (- (Z) iz — (k — 1)Az8,t) + O(Ax), (17)

k=1

Dgi(x,t) =

where the spatial step is Az = d(z,0,Q)/[A\d(x,0,Q)] = 1/\. Each training point (x,t) has the
auxiliary points (x — kAz0,t) that change in space for fixed time. After substituting the above
formula in the fractional Laplacian definition and then applying the quadrature rule to the



integral with respect to 8, we can discretize the fractional Laplacian as

(—A)*?i(a,t) = Cap /9 _ Dol t)d ~ L3, u(,t)

[Ad(x,0,2)]

= Cor AOHH (Ai)a ; (_1)k<2‘)a(m—(k—1)Aago,t> a6
Con X5y by S " 1R (D) — (k= 1)Ax8;,1) (D=1
= Cap S0 28 RO DNk (D — (k—1)Axb;,t) (D=2) , (18)
Cos oy N, gt o= 00 DY)k (SYa(e — (k — 1)Axbij,t) (D = 3)
where Co,p = % and the determinant of Jacobian matrix is Jo = 1 for the polar-

Cartesian transforrrfgti;n and J3; = sin¢; for the spherical-Cartesian transformation. The dif-
ferentiation directions in the 1D, 2D and 3D cases are defined as {6; = 1,0, = —1}, 6, =
[cos(8;),sin(6;)] for §; € (0,2w] and 0;; = [sin ¢; cosb;,sin ¢; sinb;, cos ;] for 8; € (0,27],¢; €
[0, 7], respectively. w; and v; are the Gauss-Legendre quadrature weights and ¢; and 6; are the
corresponding quadrature points. Here we take 15 quadrature points for the 2D case (Ny = 15)
and 8 x 8 quadrature points for the 3D case (Ng = Ny = 8), which are sufficient to approximate
accurately the integral with respect to the differentiation direction. Fig. 4| (b) provides an example
of the distribution of the auxiliary points corresponding to three training points for 2D problems.
We see that the collection of the auxiliary points for three distinct training points differs from each
other.

4 Numerical examples

In this section we demonstrate the performance of fPINNs in solving forward and inverse problems
of fractional ADEs. The effects of four types of numerical errors influencing the solution conver-
gence are discussed in Section The solution accuracy for forward problems in different spatial
dimensions is also demonstrated in the same subsection. In Section [{.2] the solutions to inverse
problems with synthetic data are shown, followed by examples with noisy data in Section [4.3]
The fabricated solutions for time-dependent problems are given in Table The analytical
forms of the space-fractional and the time-fractional derivatives of the fabricated solutions are
given in [56] and [57], respectively. The auxiliary function p(-) in the approximate solution (9) is
taken as p(x) = 1 — ||x||3. We consider the L? relative error of the solution predicted by fPINNs:

1
{Zk [u(fEtest,kv ttest,k) - ﬂ(wtest,ka ttest,k)]Q} 2

{Zk [u(xtest,k, ttest,k)]z}%

where w and @ are fabricated and approximate solutions, respectively, and (Ztest i, trest,;) denotes
the k-th test point. In the examples for which we compare fPINN and FDM, the test points for
fPINN are selected as the finite difference grid; in the examples for which only fPINN is considered,
the test points are chosen to be roughly 1000 points drawn from Sobol sequences.

; (19)
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Table 1: Fabricated solutions and their fractional derivatives for time-dependent problems, where
k

v € (0,1] and o € (1,2]. Eq(-) is the Mittage-Leffler function defined by E, () = >_72, m.

For a = b =1, it reduces to e’.

Domain u(x, t) (g—; +¢(A)*/?) u(z, t)
o —t1VE o (—t)z(1 — 22)1 2
1D unit interval (1l —a?)t2et . ;’2 2(=t)al
{x | 2% <1} +C% [3— (3+ a)z?] ze
o —t1 VB o (=) (1 — ||z||3)1F 5
2D unit disk (1 — ||z[[3)F5e 12— g [1}2)
{= | |l=|l3 < 1} +e2°T(§ + 29T(H2) [1 - (1 + §)ll=l3] e
o —t1VE o (=) (1 — ||z||3) 3
3| unitsphere | (1 [lalB)Eet Lo (—D(1 — [l2]3)
{z | |lz]]3 <1} +e2°T(§ + 2T (354)0(1L5) 7" [1 = (14 §)||w[[F] e

We wrote the fPINN code in Python, and employed the Tensorflow to take advantage of its
automatic differentiation capability. We also used the extended stochastic gradient descent Adam
algorithm [58] to optimize the loss function. Unless stated otherwise, the learning rate, the number
of iterations for the Adam algorithm, the number of hidden layers, and the number of neurons in
each hidden layer, are fixed to be 5 x 1074, 10°, 4, and 20, respectively. The strategy for initializing
NN parameters is given by [59].

4.1 Forward problems
4.1.1 Numerical convergence

To study the convergence of the fPINN approximation, we start with the 1D fractional Poisson
problem:
(=A)*u(z) = f(x), =€ (0,1) (20)

with the boundary conditions 4(0) = u(1) = 0. In the 1D case, the directional fractional Laplacian
reduces to (—A)*/? := m (D§, + Df_), where D§, and D{_ are the left- and right-
sided Riemann-Liouville fractional derivatives defined on the bounded interval [0, 1], respectively.
They correspond to the directional fractional derivatives Dg (16) with the differentiation direc-
tion @ = +£1, the spatial dimension D = 1, and the backward distances d(z,1,[—1,1]) = z and
d(xz,—1,[-1,1]) =1 — z. Tt should also be noted that we here assume a WB forcing term instead
of a BB one in order not to deteriorate FDM solution accuracy.

The first fabricated solution we consider is u(z) = 23(1 — x)3, which is smooth and hence the
high-order GL formulas are valid; see Appendix B for the GL formulas of up to third-order. The
corresponding forcing term is [60]

) = 1 F(4) .13370( — 3—a\ _ 3F(5) 3347(1 —r 41—«
1@) = Sestmary) [Ta—ay & FA=7 ) - gl "+ =27 o)
Rk (=0 = e g (- a))

Recalling that training and auxiliary points are generally distinct in the finite difference schemes
of fPINNs, we consider NV — 1 lattice-like training points z; = ﬁ forj=1,2,--- ,N—1aswell as a
parameter A that controls the number of auxiliary points. We do not need to place training points
on the boundary since the approximate solution @(z) = 2(1 — z)unn (z; p) satisfies the boundary
conditions automatically. Under this setup and considering the first-order shifted GL formula, we
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can write the loss function of fPINNs for problem as

N—-1 1 [/\d(wj71,[0,1]ﬂ AN d(ﬂfj, 17 [0’ 1])
Lip N 1 Z 2 cos(am/2) Z (=1)" (k>u <xj — k- DM)

b

j=1 k=0
2
Dd( i»—1,[0,1])]
i d(z;,—1,[0,1])
—1)k (" (k= 1) T —flay) y . (22
kZ:O R Y O O e w Tl | R
Noting that the backward distances are d(z;,1,[0,1]) = & and d(z;, —1,[0,1]) = 1\;], we rewrite
the above loss function as
N— 1 g
L — (k1)K
() = Z:: 2 cos( a7r/2 Z < ) <$j (k—=1) [?\ﬂ)
[AG ) . N 2
k=0 |— N —|

It follows that for A = N the above GL finite difference scheme reduces to the scheme considered
in the FDM. Actually, the FDM discretizes the equation as

o [kio(—n’“ (7)i (o - G-y ) + ZZj(‘”k (3)a (o + e 1)&)] ~ 1)
21

forj=1,2,--- , N—1, where @(-) denotes the finite difference solution. To facilitate the comparison
with the FDM, we let A = N for the current fabricated solution. Denoting by Agp the finite
difference matrix obtained after rearranging the coefficients in equations 7 we rewrite the linear
system of the FDM as

(1) f(z1)
Aprp U($2) _ f(»:@) . (25)
W(rn_1) flxzn-1)

For A = N, the loss function for the fPINNs is

() f(z1)
L(w) = MSE | Arp ﬁ(ﬂ.@) _ f(»fﬂz) ’ (26)
a(rn_1) flzn-1)

where MSE(v) denotes the mean squared error of a vector v. From and we see that if
arbitrary machine precision is accessible in solving linear systems and if the optimization error is
negligible, then we can find an approximate solution of fPINNs such that @(x;) = 4(x;),V;j and
L(p) = 0. However, in practice: (1) given machine precision, say, double precision, the MSE for
the FDM, i.e., MSE(Arpt — f) can reach the squared machine precision, namely 10732, and (2)
due to optimization error, the MSE for fPINNs is much larger than that for the FDM (the lowest
MSE we obtained is 10~!4). The loss function for fPINNs is high-dimensional and non-convex. For
a moderate size of NN, say, a NN with 4 hidden layers (the depth of the NN is 5) and 20 neurons in
each layer (the width of the NN is 20), we have more than 1000 parameters to be optimized. There
are multiple local minima for the loss function, and the gradient-based optimizer almost surely
gets stuck in one of the local minima [61]; finding global minima is a NP-hard problem [62, [63].
In Fig. [5] we compare the solutions of fPINNs against FDM. We run the fPINN code 10 times,
each time trying different initializations for the network weights and biases (namely p) in order to
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reduce the effect of the multiple local minima. Due to the sensitivity to the initializations for the
NN parameters, we plot the mean and one-standard-deviation band for the solution errors from
the 10 runs, which we adopt as a new metric of convergence. To ensure the best performance
of fPINNs, we consider different learning rates of the Adam optimization algorithm: 1073, 1074,
10~°, and 1075, The corresponding iteration numbers are 10°, 10%, 107, and 107. For each learning
rate, we run the code 10 times and thus we totally run the code 40 times. The solid black line in
Fig. [B] shows the relative error corresponding to the lowest loss within the 40 runs.

() T (b) 3
101 E ]
102 3 E
o102k 3103 : E
(5] o ] E 3 3
o : 3 i
= - 3
et 110 3 N
N E E 3
— N E E
10°F g rpu ‘03 F - 8- FOM . ]
F L 6

F —e— NN (1073, 105) 9, 5[ —® N0 109 s 10°F —e— NN (1073, 109) 3
[ —&— NN (104, 10) 10 F —A— NN (104, 109) g A —A— NN (104, 106) ‘EI 3
- —w— NN (10%,107) 1 E —w— NN (105, 107) ‘o 1107 —v— NN(105,107) N ]
L —&— NN (106, 107) 1 —&— NN (108, 107) ‘= —&— NN (108, 107) o]
+ NN (Iowest Ios ) [ —0— NN (Iowest Ios ) N + NN (Iowest Ios ) '3\ ]

104 el 10 =l 108 el
10 100 1000 10 100 1000 10 100 1000

N (=A) N (=A) N (=A)

Figure 5: Convergence for a smooth fabricated solution. 1D fractional Poisson equation with the
fabricated solution u(x) = x3(1 — z)® and o = 1.5. Convergence for the first- (a), second- (b),
and third- (c¢) order GL formulas versus the spatial step Az = 1/\ = 1/N. The dashed lines
correspond to the FDM L? relative errors. The colored lines and shaded regions correspond to
different learning rates (say 10~* in the figure legend) and numbers of iterations (say 10° in the
figure legend) for the mean values and one-standard-deviation bands for the L? relative error,
respectively. The solid black line denotes the errors corresponding to the lowest losses within all
the learning rates cases.

We observe from Fig. that for a fewer number of training points (a small N), the fPINN yields
very close solution accuracy to that of the FDM, whereas for a larger number of training points,
the relative error of the fPINN saturates while at the same time its uncertainty increases. From
the loss function , we observe that as the number of training points N increases, the number
of terms in the loss function increases. The difficulty in minimizing a complex loss function is
responsible for the saturation of the error for a large N. For fixed N, the complexity of the loss
function is also increased when a higher order GL formula is considered. The higher the order is,
the earlier the error saturates.
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Figure 6: Bad local minimum can produce good approzimate solution. 1D fractional Poisson equa-
tion with the fabricated solution u(z) = z3(1 — z)® and @ = 1.5. MSE loss and L? relative error
of 10 training points (a) and 20 training points (b) versus the number of optimization iterations.
Third-order GL formula is considered. The blue solid and red dashed lines are the loss and relative
error, respectively. The black dashed line is the FDM error. The fPINNs code is only run once
with the learning rate 107,

The solution relative error does not decrease monotonically as optimization iteration progresses.
For example, Fig. [6] shows the MSE loss and the relative error corresponding to the rightmost
subplot of Fig. [5| with N' = 10 and N = 20 and learning rate 10~°. In Fig.[f] (a), between 4 x 10*
and 10% iterations, the optimizer can reach a local minimum for which the fPINN achieves lower
error than the FDM. Then, after 10® iterations, the optimizer can reach a better local minimum
for which the relative error returns to that of the FDM. In Fig. |§| (b), changing the number of
training pointes from 10 to 20 increases the optimized loss from 10~'2 to 10~7. More than 107
iterations are needed to make the error of the fPINN return to that of the FDM.

We can explain the observations in Fig. [5| systematically by analyzing four types of errors.
These errors include the discretization error (from the GL formula approximation), the sampling
error (from a limited number of training points), the NN approzimation error (from not sufficiently
deep and wide NN), and the optimization error (from failing to find the global minimum due to
complexity of loss function). The parameters A and N determine the discretization and sampling
errors, respectively. For the current fabricated solution, we let A = IV and thus these two errors
are positively correlated. Since the fPINN and the FDM yield similar solution accuracy for small
N, the NN approximation error is negligible. For large N or A the optimization error dominates
because the loss function becomes too complex to be optimized well.

We will continue checking the effects of the four aforementioned errors. We consider a fabricated
solution with less regularity u(z) = 2(1 — 22)®/? with the corresponding forcing term f(z) =
I'(a + 2)x. Unlike the previous fabricated solution case, where A = N, we consider the lattice-like
training points but take A different from the number of training points, N. We fix the sampling
and the NN approximation errors by fixing N and depth and width of a NN. Fig.[7| (a) shows that
the discretization error dominates for small A until the optimization error increases sufficiently and
finally dominates. In Fig. [7] (b), we fix the discretization and NN approximation errors and see
that reducing the sampling error (increasing N) indeed makes the fPINN as accurate as the FDM.
The asymptotic behavior of the error implies that there seems to be an effective number of training
points, which happens when N and A are comparable.
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Figure 7: Convergence for a non-smooth fabricated solution. 1D fractional Poisson equation with
the fabricated solution u(z) = z(1 — 22)*/? and o = 1.5. (a) Relative error versus the parameter
A for fixed number of training points N and (b) relative error versus N for fixed A\. The dashed
lines correspond to the FDM solution error. The colored lines and shaded regions correspond to
mean values and one-standard-deviation bands of the fPINNs, respectively.

We also study the effect of the NN approzimation error by altering the depth and width of NN.
Fig. [§ shows the mean and standard deviation of the relative error for different values of depth and
width. We see that the depth has a larger impact on the solution accuracy than the width. Larger
depth yields slightly higher accuracy but also higher uncertainty. Fig. 0] demonstrates somewhat
extreme cases for very deep or wide NNs. Large error and uncertainty are observed for large
depth and width, which could be caused by overfitting (due to inadequate training points) and
optimization issues. As the depth increases from 20 to 40, the error grows significantly, whereas as
the width increases, the error saturates. This indicates again that the depth has larger impact on
the solution accuracy than the width. From Fig. [9] we can also observe that given other conditions,
such as N, A, learning rate, and iteration number, there exist an optimal depth and width for NN.
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Figure 8: Effect of NN architecture on the error. 1D fractional Poisson equation with the fabricated
solution u(x) = z(1 — 22)*/2 (a = 1.5), N = 100, and A = 200. The mean (a) and the standard
deviation (b) of the L? relative error versus NN depth and width. The learning rate is taken as
1073,
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Figure 9: Effect of extreme values of depth and width on the error. 1D fractional Poisson equation
with the fabricated solution u(z) = (1 —22)*/? (a = 1.5), N = 100, and A = 200. Errors of u for
a narrow NN (a) and a shallow NN (b). The learning rate is taken as 1073,

4.1.2 Solution accuracy for time-dependent problems

For the aforementioned time-independent problems, we introduced a new metric of convergence to
represent both the mean L? relative error and standard deviation due to randomized initializations
of NN parameters in training. For time-dependent problems, however, we remove the one-standard
deviation bands in the following figures and simply show the relative error corresponding to the
lowest loss in order to simplify the plots. However, we note that there still exist large standard
deviations for a large training set (large N) or a large number of auxiliary points (large \).

We consider two cases: (1) WB forcing and (2) BB forcing. In the first case, we compare the
fPINN with the FDM in terms of relative error. We denote by A; the parameter A in the temporal
discretization and by A\, the parameter X\ in the spatial discretization . The global errors
for the FDM are O(At+Axz), O((At)>~7+(Az)?), and O((At)?~7 +(Ax)) for the 1D space-, time-,
and space-time-fractional ADEs, respectively. To facilitate the comparison, we select Ay = 1/At
and A\, = 1/Az, where At and Az are the temporal and spatial step sizes for the FDM. To ensure
a constant convergence rate for the FDM, we let the temporal and spatial step sizes be related. For
example, for the 1D space-time-fractional ADE, enforcing Az = (At)2~7 yields the convergence
rate 2 — v with respect to At. Lattice-like and scattered training points are both considered in the
fPINNs. The lattice-like points are taken exactly the same as the finite difference gridpoints, and
the scattered training points are fixed to 100 points drawn from the Sobol sequences.
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Figure 10: Comparison of solution accuracy of the FDM and the fPINNs with scattered and lattice-
like training points. (a) 1D space-fractional ADE with o = 1.5 and v = 1. (b) 1D time-fractional
ADE with @ = 2 and v = 0.5. (c¢) 1D space-time-fractional ADE with o = 1.5 and v = 0.5.
The diffusion coefficient is ¢ = 1.0 and the velocity is v = 0. The fabricated solution and the
corresponding forcing are given in Table[] In the FDM, backward difference and central difference
are employed to approximate the temporal derivative in the space-fractional ADE and the spatial
derivative in the time-fractional ADE, respectively.

Fig. [I0] shows the convergence of the 1D space-, time-, and space-time-fractional ADEs against
the number of auxiliary points in temporal discretization. Since the fabricated solution has much
lower regularity in space than in time, the spatial discretization error dominates for the three
cases. Fig. (a) shows the convergence for the 1D space-fractional ADE. The fPINN and the
FDM yield close convergence rates, because the spatial discretization error dominates and the two
methods have the same spatial discretization scheme. The lattice-like training points yield slightly
lower accuracy than the FDM since the optimization error dominates, and they produce slightly
higher accuracy than the scattered training points due to the presence of sampling error since the
number of scattered training points is much lower than that of lattice-like ones. Fig.[10|(b) shows
the convergence for the 1D time-fractional ADE. The temporal discretization errors for the fPINN
and the FDM are comparable and negligible compared to the spatial numerical error. The spatial
errors are different for the two methods. In the fPINN, the spatial discretization error is zero as
automatic differentiation is employed to analytically derive the derivatives; the spatial numerical
error mainly stems from optimization. For a small number of auxiliary points in time discretization,
i.e., a small )\, the loss function is simple and the optimization error has little impact. Hence the
fPINN outperforms the FDM. For a large A; the optimization error has large impact. We can also
see that the sampling error matters for the small A;, which explains why the lattice-like training
points yield higher solution accuracy. Fig. (c) demonstrates the convergence for the 1D space-
time fractional ADE. Similar to the 1D space-fractional ADE, the spatial discretization error still
dominates. Unlike the space-fractional ADE, the current ADE includes the temporal discretization

17



and thus has more complicated loss function. The optimization error seems larger than that for
the space-fractional ADE. We do not consider the lattice-like training points case for Ay > 100 for
the sake of computational cost. For A\; = 200, we have A\, = 1/Ax = 1/0.0051'5 ~ 2828. There
are 2 - 200 - 2828 ~ 10° training points. As a result of not using mini-batch in the current training,
handling such a large number of training points will be time-consuming. Additionally, we do not
consider the scattered training points case for \; < 10, since the first-order shifted GL formula
does not work for a large step size if the training point is close to the boundary.

Although the fPINNs seem less attractive than the FDM in terms of solution accuracy for the
WRB forcing, they are more promising for the BB forcing. Fig.[11|compares the two methods for the
BB forcing. We observe that both methods obtain higher accuracy with the increasing number of
observation points. The fPINN is superior to the FDM, especially for sparse observations (N < 50).
The low accuracy of the FDM is caused by the interpolation error for the forcing term. The fPINN
directly employs the forcing values at scattered training points and no interpolation is needed.
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Figure 11: Comparison of the FDM and the fPINNs for 1D space-time-fractional problem with
a black-box forcing term fpp. Sparse (left) and dense (right) observations for the forcing term.
The fabricated solution u(z,t) = x(1 — 22)1+*/2 exp(—t) is considered. The fractional orders are
a = 1.5 and v = 0.5. The scattered training points are considered in fPINNs. The diffusion
coefficient is ¢ = 1.0 and the velocity is v = 0.1. A total of 100 scattered training points are taken
for fPINNS, which are drawn from the Sobol sequences. In the FDM, L; scheme, first-order GL
formula, and backward difference are employed to approximate the time-fractional derivative, the
space-fractional derivative, and the advection term, respectively.

So far very little work has been reported on the FDM for solving 2D and 3D fractional ADEs
with directional fractional Laplacian. Hence, below we only show the results of fPINNs without
comparison with the FDM. Table [2] shows the relative errors for 2D and 3D time-dependent prob-
lems. We run the fPINN code five times and select the error corresponding to the lowest loss.
We observe the relative errors from 1074 to 1073, which are sufficiently low. Fig. displays the
contour plots of the absolute errors of the solutions in comparison with the fabricated solutions.

18



Table 2: L? relative errors for 2D and 3D fractional ADEs with the fabricated solutions given in
Table I} The fractional orders are set to be (1) a = 2.0,y = 0.5 for the time-fractional ADE, (2)
a = 1.5,v = 1.0 for the space-fractional ADE, and (3) a = 1.5,y = 0.5 for the space-time-fractional
ADE. Other PDE parameters are ¢ = 1.0 and v, = vy(= v,) = 0.1. For 2D problems, we take
Az = 1000 and/or A; = 400. For 3D problems, we take A\, = 400 and/or A; = 200. We take 200
and 400 scattered training points for 2D and 3D problems, respectively. All the points are drawn
from the Sobol sequences. First-order GL formula is used.

2D 3D
Time-fractional ADE 3.537e-4 7.068e-4
Space-fractional ADE 1.066e-3 2.359e-3
Space-time-fractional ADE 1.241e-3 2.758e-3
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Figure 12: fPINNs accuracy in multi-dimensional simulations of space-time-fractional ADEs with
the fabricated solutions given in Table[]] (a) Unit disc computational domain. (b) exact solution
(left) and the corresponding absolute error (right). (c) unit sphere computational domain. (d) exact
solution (left) and the corresponding absolute error (right). The parameter setups are exactly the
same as those of Table [2}

4.2 Inverse problems with synthetic data

By using the fPINNs we can solve inverse problems with almost the same coding effort as solving
forward problems. We can employ the same code to solve both forward and inverse problems, since
for an inverse problem code we only need to add the PDE parameters to the list of the parameters
to be optimized without changing other parts of forward problem code. Increasing the dimension
of the parameter space will complicate the loss function and thus make the optimization problem
more difficult. Non-convexity of the loss function requires a multi-started search strategy. We run
the inverse problem code 10 times with randomized initializations for both the PDE and network
parameters.

In the domain Q x (0,T) we choose |Z1| = 100, 200, and 400 training points (from the Sobol
sequences) for 1D, 2D, and 3D problems, respectively. In the domain  x {t = T'} we select |Z5| =
20, 40, and 80 additional training points (from Latin hypercube sampling) for the 1D, 2D, and 3D
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problems, respectively. In addition, to obtain an unconstrained optimization problem, we search a
transformed parameter space [ag, Yo, co, vo] € RP+3 derived by the following transforms

a = 0.5tanh (o) + 1.5 € (1, 2),
~v = 0.5tanh () + 0.5 € (0, 1),
exp (¢o) € (0,+00),

exp (vo) € (0, +00)”.

(27)

c

v

Noting that fpp and hpp are not identically zero, we choose the weight factors w; and ws in the

loss function as

100
oo ! (28)
|511| Z(a:,t)eEl fEp(x,1))
and
1
o (29)

B Lienes, Mhs(@,t)

Since there are no established criteria to determine the weights wq and ws, we choose them in our
examples by trial and error.

In Fig. we demonstrate the trajectories of searching the parameter space for the 1D space-
fractional ADE. We show two cases with a bad initialization and a good initialization. The bad
and good initializations produce slow and fast convergence behaviors, respectively. By using a
good initialization, we can even identify six PDE parameters of the 3D space-time-fractional ADE
very well, as shown in Fig. Some strategies can be exploited to select a good initialization.
For instance, we can first solve the inverse problem using small A and IV as well as a small number
of optimization iterations. This preliminary result is a low-fidelity one since the solution accuracy
is not high due to large errors of discretization, sampling and optimization. Then, we can use the
optimized parameters from the low-fidelity problem as the good initialization.

1D space-fractional ADE (bad initializations) 1D space-fractional ADE (good initializations)
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Figure 13: 1D inverse problem with the fabricated solution given in Table Parameter evolution
as the iteration of optimizer progresses: 1D space-fractional ADE with (a) a bad initialization and
(b) a good initialization. The parameters for auxiliary points are taken as A, = 400 and \; = 200.
The first-order GL formula is used.
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Figure 14: 3D inverse problem with the fabricated solution given in Table Parameter evolution as
the iteration of optimizer progresses: 3D space-time fractional ADE. The parameters for auxiliary
points are taken as A, = 400 and A\; = 200. The first-order GL formula is used.

We summarize the solutions to all the time-dependent inverse problems in Table We can
observe that both the PDE parameters and the concentration field u are very well recovered.

Table 3: Identified parameters and relative errors of the predicted concentration field u for inverse
problems with synthetic data. “TF”, “SF”, and “STF” are the abbreviations for time-fractional,
space-fractional, and space-time fractional, respectively. We take A, = 400 and/or A; = 200 for all
the cases. The mean-flow velocity is denoted by v = [v, vy, v,]T for the 3D case.

True parameters Identified parameters Errory
1D TF-ADE v=0.5,¢c=1,v, =0.1 v =0.512,¢=0.999, v, = 9.82e-4
0.102
2D TF-ADE v=05c=1,v, =0.1,vy, = v = 0.505, ¢ = 1.000, v, = 5.430e-4
0.2 0.0973, vy, = 0.202
3D TF-ADE v=05,c=1v,=0.1,v, = v = 0.485,¢ = 0.998, v, = 8.127e-4
0.2,v, =0.3 0.100, v, = 0.203,v, = 0.298
1D SF-ADE a=15,c=1v, =0.1 a=1.476,c=1.027,v, = 1.750e-3
0.101
2D SF-ADE a=15c=1v,=01,v, = a=1494¢=1.00,v, = 1.379¢-3
0.2 0.0951, vy, = 0.203
3D SF-ADE a=15c=1,v, =0.1,vy = a=1.490,c=1.011,v, = 1.346e-3
0.2,v,=0.3 0.0984, v, = 0.197,v, = 0.303
1D STF-ADE a=15,v=05c=1v, = a=1.501,7=0.511,¢c = 1.405e-3
0.1 0.998, v, = 0.103
2D STF-ADE a=15,7v=05c=1v, = a=15,7v=1496,c= 1.734e-3
0.1,v, =0.2 0.504, v, = 0.0945, v, =
0.199
3D STF-ADE a=15,7v=05c=1,v, = a=1.496,7 = 0.498,¢c = 1.592¢-3

0.1,vy = 0.2,0, = 0.3

1.00, v, = 0.0997, v, =
0.199, v, = 0.298

21



4.3 Forward and inverse problems using noisy data

Finally, we want to examine the effect of noisy data on system identification. To this end, for 1D
problems, we add Gaussian white noise to the forcing term for the forward problem fypise(,t) =
feB(2,t) + N(0,0%), where o = r - fpp(z,t) and to the final observation of u for the inverse
problem uypise(2,T) = hgp(z,T) + N(0,02), where 0, = s- hgg(z,T). All other parameters are
the same as those in the noise-free cases. We employ the L? regularization to smooth the noise,
i.e., we add to the loss function a L2 norm of the vector formed by all weights and biases of
NN, namely 6||p||3, where the regularization strength is chosen to be § = 1074

Fig. (a) shows the influence of noise on solutions to the forward problem. We see that
even though the forcing term is contaminated by r = 5% noise, the fPINNs can still attain nearly
1% relative error. Additionally, at least 40 training points or sensors are needed to recover the
concentration field with roughly 1% accuracy under 5% noise. Fig.[15|(b) displays the four identified
parameters from noisy final observations with up to s = 20% noise. The parameters exhibit
different sensitivities to noise level and number of sensors. The time-fractional order 7 is most
sensitive to the aforementioned two factors. To accurately identify ~ under a large amount of
noise, we need to have a large number of sensors, say, at least 100 sensors for the current example.
In contrast, the velocity v is least sensitive to the two factors, so we can use a small number of
sensors to recover the transport velocity filed if it is the only quantity to be identified.

Adding noise to fgp or hpp has different effect on the accuracy of parameter identification
due to their corresponding separate contributions to the loss function. In the current example, the
PDE residual has larger contribution than the final observation mismatch to the loss function and
thus the noise for fpp will exert larger negative effect on the solution accuracy than the noise for
hpp. This explains why we can only add up to 10% noise to fpp in the forward problem but we
can add up to 20% noise to hgp in the inverse problem.

1.4
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(a) Forward problem (b) Inverse problem

Figure 15: Influence of noise on solutions to forward and inverse problems. (a) Forward problem
of 1D space-time fractional ADE with Gaussian white noise added to the forcing term fgp. The
PDE parameters are set to be « = 1.5, = 0.5,¢ = 1.0 and v = 0.1. (b) Inverse problem of 1D
space-time fractional ADE with the Gaussian white noise added to the final observation hgg. The
L? regularization with the regularization strength 10~* is employed to smooth the noise. NN and
PDE parameters are initialized to the same values for varied noise levels and numbers of training
points. For both forward and inverse problems, the parameters for auxiliary points are taken as
Az = At = 500.

5 Summary and discussion

Physics-informed neural networks (PINNSs) consist of an uninformed feedforward neural network
and another network induced by the physical law in the form of PDE. While previous work has
focused on integer-order PDEs, here for the first time we implement a PINN that encodes fractional-
order PDEs, specifically time-, space-, and space-time-fractional advection-diffusion equations
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(ADEs). To this end, we employ numerical differentiation formulas from fractional calculus to rep-
resent the fractional operators while we use automatic differentiation to represent the integer-order
operators; we refer to this as fPINN. This framework is general and can be also applied to solution
of general integral, differential, and integro-differential equations. In this mixed representation,
the discretization, sampling, NN approximation, and optimization errors all affect jointly the con-
vergence of fPINNs. Considering the 1D fractional Poisson problem, we study two different cases
based on the distribution of training and finite difference discretization points: (I) N lattice-like
training points coinciding with A = N (for the computational interval of unit length) discretization
points, and (IT) other combinations of training and discretization points with arbitrary values of
N and A. Here, we refer to discretization points as auxiliary points. In the first case, the sampling
and the discretization errors are positively correlated since the training and the auxiliary points
belong to the same group of points. For a few training points, the discretization (or sampling)
error dominates, while the NN approximation and the optimization errors are negligible. When
the number of training points increases, the optimization error dominates and the relative error
of solution saturates. In the second case, the discretization and the sampling errors are generally
different. For fixed sampling error, the discretization error dominates for a few auxiliary points.
For fixed discretization error, the sampling error dominates for a few training points. For a large
number of auxiliary or training points, the optimization error dominates. The NN approximation
error depends on the NN architecture and there exist optimal depth and width for NN, but we
did not pursue such systematic studies here. In addition, the optimization error stems from the
non-convexity of the loss function and the optimization algorithm setup such as the learning rate
and the number of iterations. Specifically, optimizing the loss function will almost surely converge
to local minima [61] as finding the global minimum is NP-hard [62} [63]. The influences of the above
errors are summarized comprehensively in Table [4]

Table 4: Analysis of four types of errors that influence solution convergence for 1D fractional
Poisson problem. N is the number of training points; [ is the length of spatial domain; A is the
parameter determining the number of auxiliary points; v' represents that the corresponding error
dominates; ¢y —, ¥ | and 1 1T indicate that the value of v is fixed, relatively small and relatively
large, respectively. v'(A) means that the error dominates under the condition A. The figure
numbers in the parentheses show where the conclusion comes from.

Case I: Lattice-like
Error Sources Case II: Other cases

training points and N = [\

Discretization A ) vV (N =, A, Fig.H)
v (N |, Fig.

Sampling N v (A, N |, Fig. |7|)

NN approximation | NN architecture (Figs. [8| and [9

Loss function,

Optimization ]earning rate, v (N T, A T, FigS. 5| and |6

iteration number, ...

As a data-driven approach, the fPINNs are capable of preserving high solution accuracy even
when the forcing terms are black-box (BB) functions. As a mesh-free method, the fPINNs can
easily handle complex-geometry computational domains in high-dimensional space. We show that
for both BB forcing and spherical computational domains the fPINNs can solve forward and inverse
problems accurately. More generally, it is straightforward to consider in the fPINN representation
other numerical methods instead of the Grunwald-Letnikov (GL) finite difference schemes consid-
ered in this paper. For instance, we can use the finite element method (FEM) in fPINNs. As an
example, we consider the 1D steady-state fractional diffusion problem [64]:

0 a—1 0 a—1 _
((%UDOJr — %D " )u(x) = f(z), z€(0,1),a€(1,2), (30)
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where the notation of Dg‘gl and Df“:1 is the same as that in Eq.. Assuming the approximate
solution to be 4(z) = z(1 — z)unn(z; u) and integrating both hand sides of the equation with a
weight function N;(z), which is a shape function corresponding to the j-th node, we obtain the
loss function of fPINNs:

=% [ 1 (508 = o0 ey pte - [ 1 F@Ns e 2

J

1 L (31)
_ zj: [_/0 (D37 — DY) a(x)ajgﬁdx—/o f(x)Nj(x)dxr,

where the second summation is derived via integration by parts. The fractional derivatives of the
approximate solution % can still be approximated by using GL formulas and the integrals fol(-)dm
can be evaluated by using Gauss quadrature. The j-th node corresponds to the j-th training point,
and the nodes from the unstructured mesh correspond to scattered training points. It should be
noted that, however, if the forcing term f(z) is a BB function with only sparse observations, the
evaluation of integral fol feB(x)N;(x)dz will be less accurate.

Despite its utility in handling sparse and noisy data and its flexibility in solving integral and/or
differential equations, the fPINNs still have some limitations. First, convergence cannot be guar-
anteed due to the optimization error. Second, the computational cost is generally larger than that
of the FDM when the two methods are both available for the same problem, as shown in Table
In future work we will investigate the form of loss function in order to avoid excessive local min-
ima. To this end, we could change the NN architecture including the activation function type, NN
width/depth, and connections between different hidden layers such as cutting and adding certain
connections. We can tune these attributes of NN architecture automatically by leveraging meta-
learning techniques [65] [66]. On the other hand, we will investigate other available optimization
algorithms such as in references [67, [68] in order to expedite finding better local minima.

Table 5: Comparison of computational cost for the FDM and the fPINNs for time-dependent
problems. In case I, the finite difference grid is (il /N, jls/N¢) for i = 0,1,--- N, and j =
0,1,---, Ny where [, and [; are the length of spatial and temporal intervals, respectively; M is
iteration number, P denotes the average number of auxiliary points for each training point, N,
represents the number of NN weights, and N means the number of training points. In case I,
P ~ N, 4+ N;; in other cases, P ~ Mg\, + A\, where My is the number of Gauss-Legendre

quadrature points in .

Case I: Lattice-like training points Case II: Other cases
Ny = lzAg,and Ny = i)
FDM O(N2) NA
fPINNs O(MN4NPN,) O(MNPN,)
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Appendix A: Chain rules for integer-order and fractional deriva-
tives

The k-th order derivative of the composite function f(g(t)) is given by (see Eq.(2.208) of [50])

d* f( Pl g™\
dtk k'zf )Zgar!<g 7"!()> ’ (A1)

n=1

where the second sum Y, extends over all combinations of non-negative integers as, as, - - - , aj such
that Zle ra, = k and Zle a, =m.
The chain rule for the Caputo fractional derivative is as follows [51].

DHen)
dty (1 —7)

+Z(),M11)Zf<"> I (10)"

r=1

(f(g(t) = f(9(0)))

(A.2)

It is seen that the fractional chain rule includes an infinite series Y, ,, which is computationally
prohibitive when used in NN computations. For other types of fractional derivatives, particularly
the fractional Laplacian, the corresponding chain rule even does not exist.

Appendix B: Grunwald-Letnikov finite difference schemes

Based on the stationary grid z; = (j — 1)Ax for j = 1,2,--- , N, we define the shifted GL finite
difference operator for approximating the 1D fractional Laplacian
J o
(=80 2ulay) 2 03, u(as) = () S (1) (s = (k= 1))
k=0
Ny ) (A.3)
+ @0 Y (14§ )utay + - ),

k=0

where we shift p step size(s) to guarantee the stability of the schemes. With the notation 8 =1-,
the first-, second-, and third-order GL formulas for approximating the 1D fractional Laplacian are
as follows [60].

(—2)*?u(z;) = 63, u(z;) + O(Ax),

(—2)*u(ay) = (1 = B)0R 4 1ulz;) + BX, 0ulz;) + O((Az)?),

(—ayruey) = WD gy ey ST g ey A
BT DE =D se utay) + O((aa)?),
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