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Physics-informed neural networks (PINNs) were recently proposed in [18] as an alternative way to
solve partial differential equations (PDEs). A neural network (NN) represents the solution, while a
PDE-induced NN is coupled to the solution NN, and all differential operators are treated using auto-
matic differentiation. Here, we first employ the standard PINN and a stochastic version, sPINN, to
solve forward and inverse problems governed by a non-linear advection—diffusion—reaction (ADR)
equation, assuming we have some sparse measurements of the concentration field at random or pre-
selected locations. Subsequently, we attempt to optimise the hyper-parameters of sSPINN by using the
Bayesian optimisation method (meta-learning) and compare the results with the empirically selected
hyper-parameters of sSPINN. In particular, for the first part in solving the inverse deterministic ADR,
we assume that we only have a few high-fidelity measurements, whereas the rest of the data is of
lower fidelity. Hence, the PINN is trained using a composite multi-fidelity network, first introduced
in [12], that learns the correlations between the multi-fidelity data and predicts the unknown values
of diffusivity, transport velocity and two reaction constants as well as the concentration field. For
the stochastic ADR, we employ a Karhunen—Loéve (KL) expansion to represent the stochastic dif-
fusivity, and arbitrary polynomial chaos (aPC) to represent the stochastic solution. Correspondingly,
we design multiple NNs to represent the mean of the solution and learn each aPC mode separately,
whereas we employ a separate NN to represent the mean of diffusivity and another NN to learn all
modes of the KL expansion. For the inverse problem, in addition to stochastic diffusivity and con-
centration fields, we also aim to obtain the (unknown) deterministic values of transport velocity and
reaction constants. The available data correspond to 7 spatial points for the diffusivity and 20 space—
time points for the solution, both sampled 2000 times. We obtain good accuracy for the deterministic
parameters of the order of 1-2% and excellent accuracy for the mean and variance of the stochastic
fields, better than three digits of accuracy. In the second part, we consider the previous stochastic
inverse problem, and we use Bayesian optimisation to find five hyper-parameters of sPINN, namely
the width, depth and learning rate of two NNs for learning the modes. We obtain much deeper
and wider optimal NNs compared to the manual tuning, leading to even better accuracy, i.e., errors
less than 1% for the deterministic values, and about an order of magnitude less for the stochastic
fields.
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1 Introduction

In classical inverse problems, we assume that we have a lot of measurements for the state
variables, and we aim to obtain some unknown parameters or space/time-dependent material
properties by formulating appropriate objective functions and employing the necessary regular-
isation techniques. However, in many practical problems, e.g., in sub-surface transport [23, 1],
we have to deal with a mixed problem, as we typically have some measurements on the material
properties and some measurements on the state variables. Here, we consider such ‘mixed’ prob-
lems for a non-linear advection—diffusion—reaction (ADR) describing a concentration field, and
we formulate new algorithms inspired by recent developments in machine learning. In particu-
lar, we will assume that we have a stochastic diffusivity field, which is partially known only at a
few points, and hence we aim to determine the entire stochastic field from only sparse measure-
ments of the concentration field. Moreover, we will assume that the constant transport velocity
in the advection term is unknown and that the reaction term is parameterised by two unknown
parameters. Hence, the problem set-up we consider is as follows: determine the entire stochastic
diffusivity and stochastic concentration fields as well as three (deterministic) parameters from a
few multi-fidelity measurements of the concentration field at random points in space time. For
simplicity, we will refer to this ‘mixed’ problem as ‘inverse’ problem in the following.

The aforementioned problem set-up could be tackled by using Bayesian optimisation (BO)
methods as we have done in previous work for other problems, e.g., see [19, 15], but to overcome
open issues related to strong nonlinearity and scalability, here we will employ neural networks
(NNs) following the works of [7, 3, 4, 20, 17], and in particular the physics-informed neural
network (PINN) approach introduced in [18]. In addition, we have to model stochastic fields
and in order to avoid optimising expensive Bayesian NNs, we will instead model stochasticity
using polynomial chaos expansions following the work of [25]. Another important consideration
is how to fuse data of variable fidelity, as some data may be collected by a few high-resolution
sensors, whereas the majority of the data may be collected by lower fidelity sensors. This, in turn,
implies that we have to train the NN or the PINN with multi-fidelity data, and to this end, we will
employ a new composite network recently proposed by [12]. Finally, because of the complexity
of the proposed NNs, we also introduce an automated method to optimise the hyper-parameters
of PINN using a simple version of meta-learning. Meta-learning is a methodology considered
with ‘learning to learn’ machine learning algorithms and is model-agnostic and compatible with
any model trained with gradient descent [6]. In this paper, we use the BO, e.g., see [2, 21, 22].

In order to make progress towards the final goal and to evaluate each of the algorithmic steps
separately, we will use a hierarchical approach by introducing complexity incrementally. We
will start with multi-fidelity deterministic problems using PINNs, and subsequently, we will
introduce randomness in the data and present the stochastic formulation. This will require us to
design multiple NNs that learn in modal space. Subsequently, we will formulate an additional
optimisation problem for five of the most important hyper-parameters of the multi-NN design
and compare its performance with the performance obtained previously by manual tuning.
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The organisation of this paper is as follows. In Section 2, we introduce the PINN to solve
the deterministic partial differential equation (PDE) and the sPINN to solve the stochastic PDE
(SPDE). In Section 3, we present the results of PINN for solving the inverse problem of the
deterministic ADR equation. In Section 4, we provide the results of the sSPINN method for both
the forward and inverse problem. Finally, we employ meta-learning for the last stochastic inverse
problem, and we conclude with a short summary.

2 Methodology

2.1 PINNs for deterministic PDEs

First, we briefly review the type of deep neural networks (DNNs) to solve deterministic PDEs
and the corresponding inverse problem [18, 14]. The PDE can have the general form:

u + N ulx,0);n]=0, xeD, te[0,T], 2.1)
with the initial and boundary conditions:

u(x, 0) = up(x), xeD,
By [u(x, )] = u(x, t), xedD, te(0,T], (2.2)

where u(x, t) denotes the solution, uy(x) is the initial condition, u(x, ¢) is the boundary condition,
A[-] is a non-linear differential operator, 7 is the parameter in the PDE, D is a subset of R and
aD is the boundary of D.

The solution, denoted by uyy(x, £; w, b), is constructed as a NN approximation of u(x, r); DNN
has the weights (w) and biases (b). We can couple it to another DNN induced by the PDE residual
fnn computed based on the NN solution uyy(x, t; w, b) and corresponding to equation (2.1); also,
the residual f'(x, ) is given by equation (2.1), i.e.,

f=u,+ Aux,t); n]. (2.3)

The inputs of the DNN are the spatial coordinates and time (x, ¢), while the output is uyy, which
has the same dimension as the input. For the output of uyy, we use automatic differentiation
techniques to compute all derivatives of the non-linear differential operator (physics part). There
are two restrictions on uyy. First, the solution of uyy should be close to the observations u at the
training points. Second, every uyy should comply with the physics imposed by equation (2.1).
The second part is achieved by defining a residual network:

Junx, tw, b, ) = (uyw): + A Tunv(x, £ w, b); 1], 2.4

which is computed from uyy straightforwardly with automatic differentiation. This residual
network network fyy shares the same parameters (w, b) with the network for uyy and should
output a value close to 0 for any input (x, #) € D x [0, T]. During training, the shared parame-
ters (w, b) are adjusted by back-propagating the error obtained by minimising a loss function
that is the weighted sum of the above two constraints. A sketch of the PINN, consisted of the
physics-uninformed and physics-informed DNNs, is shown in Figure 1.
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FIGURE 1. Schematic of the PINN for solving deterministic PDEs.
The PINN loss function is defined as
MSE = MSE,, + MSEy, (2.5)

where

N,
1 u
MSEu = Nu é_l (uNN(xia tisw, b) - u(xis ti))z’

Ny

D s 173w, by ) (2.6)

J=1

1
MSEp = —
Ny
Here, (x;, t;, unn (x;, ti; W, b))ﬁ\i‘1 denotes the initial and boundary conditions of u for the forward
problem as well as the training data of u for the inverse problem. The data u(x;, ;) are the
observation data of u, while {(x;, tj)};v‘:fl denotes the residual points for penalising f(x, ).

2.2 sPINNs: PINNs for SPDEs

Next, we briefly review a stochastic version, based on the arbitrary polynomial chaos (aPC) [24,
16] to represent stochasticity, and combine it with a PINN, following the method first introduced
in [25]. We consider the following SPDE:

U+ N ulx, t; w); k(x; )] =0, xeD, t€(0,T], we R, (2.7)
with the initial and boundary conditions:

u(x, 0; ) =uo(x),  x€D,
By[u(x, t;®)] =0,  xe€dD, t€(0,T]. (2.8)

Here, €2 is the random space. In the following, we describe how to use sPINN to solve stochas-
tic inverse problems since for the forward problem the method is straightforward. We assume
that we have Nj sensors for k(x; w) placed at {x(ki)}kal and N, sensors for u(x, t; w) placed at
{(xff), t,(j))}?i‘l. We also choose at random Ny locations {(x}i), t,(f) )}?Zl that are used to compute
the residual of equation (2.7). We assume that the observation data of k are {k(x;; w,)} (denoted
by {k;} ), where i=1,2,..., N, and s =1,2, ..., N. The observation data of u are {u(x;, t;; w)}
(denoted by {ué} ),wherej=1,2,...,N,,ands=1,2,..., N. Here, N denotes the number of sam-
ples available for a specific location, and for simplicity we take that to be the same both for

k(x; w) and for u(x, t; w) for all locations.
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One of the key questions for the inverse stochastic problem is what type of randomness we
encounter in the data and how we represent the stochastic fields. We consider a general setting,
i.e., instead of the classical inverse problem where we are given data on u(x, f; w) but not on
k(x; ), here we assume that we have some data on u and some data on £. Hence, in order to
choose the type of the distribution required to represent our random variables so that we employ
aPC, we use the data samples of either u or k. Here, we assume that we have N, = 7 sensors for &
so we can determine the random variables £ from the £ data, as we explain below, see equations
(2.11)—(2.12).

We choose M sensors of k to compute the random variables &, where M < Nj. Denote the
observations of k as k; = (ki(i, )), where the element of k(i, ) is the value of k(x;; w;), and the
size of k; is M x N, where N is the number of samples. K be the M x M covariance matrix for
the observation data of &y, i.e.,

K;; = Cov(k\", k). (2.9)

Let A; and v; be the ith eigenvalue and its corresponding normalised eigenvector of K. Using
principal component analysis, we obtain

K=VTAV, (2.10)

where V =[vy, vy, ..., Uy] is an orthonormal matrix and A = diag(Ai, Ay, ..., Ayr) 1s a diagonal
matrix. The random variable & satisfies the following equation:

b=k + VV/AE, 2.11)

where k; is the mean of k;.
Hence,

E=vA VI(k — k), (2.12)

where each row of & is an uncorrelated random vector, and the size of & is M x N.
In the continuous case, the diffusion term k(x; w) can be approximated by

M
T (x; @) = ko () + Y ki(¥)y/AiEigs j=1,...N. (2.13)

i=1

Correspondingly, the solution u at the jth snapshot can be approximated by

P
(%, 1 0) XY (%, D Ya(E), (2.14)

a=0

where {y,}°_, are the set of multivariate orthonormal polynomial basis and the highest
polynomial order is . The parameter P,  and M satisfy the following formula:

(r+ M)
M
Similar to the PINN method, we construct the residual network via automatic differentiation

and by substituting u(¢, x; ) and k(x, ) in equation (2.7) with uyy(x, t; ®) and kyy(x; w). A
sketch of the stochastic PINN (sPINN) is shown in Figure 2.

P+1 (2.15)
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FIGURE 2. Schematic of the sPINN for solving SPDEs. Top left: A composite NN consisting of multiple
NN for computing the mean and modes of the stochastic diffusivity and the solution. The random variable
& is obtained by the observation data on £, (see equation (2.12)). Top right: Two separate NNs for the mean
and all the modes of diffusivity. Middle left: NN to compute the mean of the solution. Middle right and
bottom row: Separate NN to compute the modes of the solution. Adopted from reference [25].

The loss function or mean square error (MSE) is defined as

MSE = MSE, + MSE} + MSEy, (2.16)
where
MSE, = —— ZN: %[u G0, 195 @) — u(x?, 405 w)T?
u N*Nujzlz':l NNy s by Wy u oty Wil
AR 0 . N2
MSE, = Nele ,221 izzl[kNN(xk ;7)) — k(s 0)]°,
[ @ (). 2
MSE; = 5 ,:ZI LUt 5 o

Here, (xﬁf),tg),uNN(xS),tg);a)j))x“:’]\{ denotes the training data of u, while the data
(xg),tff),u(xff),t,(j);wj))?;”z’j\{ are the observation data of u; also, (xg),kNN(x(i) ;@) Z":]Y
the training data of k. The data (xg),k(xg);wj))f]f‘z’]\{

denote

are the observation data of k, while

N (i NeN . . .
{(x}’), t}’); wj)}; ,)‘/=1 denote the residual points for evaluating f(x, ).
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3 Results for the deterministic PDE

We start with a deterministic PDE to demonstrate how can we infer some of the unknown param-
eters using PINNs. We will assume that we have different types of data of variable fidelity,
and we will also demonstrate how we can make use of data of lower fidelity as well using the
composite NN first introduced in [12]. We consider the following non-linear ADR equation:

U = V]Uxy — V2Uy +g(u)’ ()C, t) € (03 7-[) X (09 1]9
u(x, 0) = up(x), xe(0,m), 3.1
u0,0)=1, u(w,t)=0, ¢e(0,1].

We define the residual f = u;, — viu,, + vou, — g(u). The L, error of a function /4 is defined as

Ej, = |lhny — hywel|r2, and the relative L, error is defined as E, = %
rue

3.1 Single-fidelity data

First, we will use single-fidelity data to infer different parameters and at the same time obtain
the solution u. We consider the initial condition uy(x) = exp(—10x) and the reaction term g(u) =
Xu*2. We aim to infer the parameters vy, v, A, A, given some sparse measurements of u in
addition to initial and boundary conditions. The correct values for the ‘unknown’ parameters are
V) = 1,1)2: 1,)\.1 :—1,)\.222.

We employ the following loss function in the PINN:

MSE = MSE, + wy, * MSEv, + MSEy, (3.2)

where

N,
1 ! . )
MSE, =+~ > luan(t xl) — u'l?,
Uoj=1

N,
1 o .
MSEy, = N § |Vun (£, x') — Vil |,
u .

1 < o
MSEr = PN
i=1

The points {£, x|, unn(£, u)}N" denote the training data for u(¢, x), and N, = 64, Ny = 1089, and
u' is the ‘reference solution’, which is computed by the second-order finite difference method

(Ax= 357 and At = 16100); also Vu is computed with the finite difference method. We use four
hidden layers and 20 neurons per layer for the DNN. The error of the parameters is defined as
E, = Vitrain—V1 E — Y2utrain—V2 E )‘lham_)hl and E __ Mrain— )“2

L TS TS A AT T

In the followmg, we will 1nvest1gate four different ways to choose the training points as shown
in Figure 3. For case I, the training data come from two snapshots at # = 0.1 and # = 0.9. For case
II, the training data come from three snapshots at r=0.1, r=0.9 and x = % For case III, we
choose the training data randomly. For case IV, we assume that we have the training data on a
regular lattice in the x — # domain. In all cases, we have 64 training points, and for the weights
in the loss function, we investigate both the case with wy, = 0 and also the case with wy, = 1.
In the latter case, we assume that we also have available the gradients of the field u. We present
the parameter evolution predictions as the iteration of the optimiser progresses in Figure 4. The
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Table 1. Single-fidelity case: Errors of the solution and of the parameters

E, E, (%) E,(%) B (%) Exn(%)

Case I (wy, =0) 1.9514e—03  1.1098  0.9010 0.2240  0.2370
Case I (wy, =1) 1.6405¢—-03  0.8004 09780  0.0522  0.7355
Case II (wy, =0) 2.7517e—03 14970 2.8120  0.4920  2.2725
Case II (wy, =1) 2.5277e—-03  0.1130  1.0973  0.1630  1.7915
Case Il (wy, =0) 1.6881e—03 03170 1.6801  0.2430  3.3520
Case IIl (wy, =1) 1.4899¢—-03 0.7740  1.2520  0.0730  1.2185
Case IV (wy, =0) 1.5556e—03  0.5308 1.1720  0.1896  1.2275
Case IV (wy,=1) 1.3695¢—03 0.6666 14820 04230  1.2555

Case I: training data Case II: training data

1 5 1
LA L L] ..._\ o |

Case IV: training data

0e
06
0.4
0z

FIGURE 3. Single-fidelity case: The position of training data used in the loss function.

convergence is faster if we include the gradient penalty term (wy, = 1). The convergence with
respect to the number of iterations and in actual wall clock time is faster. In both cases, we
use the same Adam optimiser. Since we know the target values explicitly, we do not need to
specify a convergence criterion. However, in general, this convergence criterion will be problem-
dependent, and it is important to search for robust metrics. We summarise the results in terms of
the error of the solution u(x, t) and of the parameters in Table 1.

Taken together, the results indicate that even with very few sensors very accurate inference of
the parameters as well as the field u is obtained using PINN. Moreover, penalising the gradient
of the measurements when possible leads to better accuracy for « although the improvement in
the inference of the parameters is mixed.

3.2 Multi-fidelity data

In many real-world applications, the training data are small and possibly inadequate to obtain
even a rough estimation of the parameters. Here, we demonstrate how we can resolve this issue
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FIGURE 4. Single-fidelity case. Parameter evolution as the iteration of optimiser progresses for four differ-
ent training data sets. The solid line corresponds to a loss without penalising the gradient term, while the
dash line corresponds to a loss that includes the gradient term.

by resorting to supplementary data of lower fidelity that may come from cheaper instruments
of lower resolution or from some computational models. We will refer to such data as ‘low-
fidelity’ (LF), and we will assume that we have a large number of such data points unlike the
high-fidelity (HF) data. Here, we will employ a composite network inspired by the recent work
on multi-fidelity NNs in [12].

The estimator of the HF model using the correlation structure to correct the LF model can be
expressed as

upr(x, t) = h(up(x, 1), x, t), (3.3)

where 4 is a correlation map to be learned, which is based on the correlation between the HF and
LF data. Similarly, we have two NNs for LF and HF, respectively, as follows:

urp = NN r(XF, tre, Wir, brr),

upr = NN gr(Xgr, tur, urr, Wir, bur). (34
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(a) (b)

Case I: 12 training data of high fidelity Case II: 6 training data of high fidelity
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FIGURE 5. Multi-fidelity case: (a) 12 HF training data (Nyr = 12). (b) 6 HF training data (Nyr = 6).

We use four hidden layers and 20 neurons per layer for NNz and two hidden layers with
10 neurons for N'Ny;. The learning rate is 5 x 107>. We infer the same parameters as in the
single-fidelity case and the field # by minimising the mean-squared-error loss function:

MSE = MSE,;,. + MSE,,,,,. + MSEj,,., (3.5)
where
NLp
i i i 2
MSE,, . = m Z |”LF(tuLH’quF) — Uyl
i=1
Nur
i i i
MSE,,,,. = N > lunr(t,, . X, — el
i=1
1 Ny
T N
MSEyp,, = ]vf Z lfHF(tfHF’foFN ’
i=1
and {(#},,,. X, )}i4 are the point of LF, {(£,, . X, )}s are the point of HF and {(#], .x/, _ Ny,
are the residual points where we penalise the residual /. We choose Ny = 1024 for the tests here.
We choose the reaction term g(u) = A #*? and set the true parameters vy =1, v, =1, A; = —1
and A, = 2. Here, the LF training data are obtained by the second-order finite difference solution
of (3.1) with erroneous parameter values, i.e., vi = 1.25, v, = 1.25, ,; =—0.75 and A, =2.5,

where Ax = 5 and At = %; we choose 64 points of LF of u, i.e., Nz = 64. The positions of LF
are denoted by the red point in Figure 5. The HF data are obtained by the numerical solution of
(3.1) when v; =1, v =1, A; = —1, and A, =2, where Ax = 155; and At = ﬁ. The positions
of HF data are shown by the green points in Figure 5. We choose 12 HF training data (Nyr = 12)
in Figure 5(a) and 6 data as the HF training data (Ngyr = 6) in Figure 5(b).

To test the effect of the LF data, we compare the PINN and multi-fidelity PINN results in Table
2. As we can see, the parameter inference using the multi-fidelity PINN is much better than the
single-fidelity predictions. Moreover, if we have a small number of HF data, e.g. Ny = 6, the

results of the multi-fidelity PINN are still quite accurate.
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Table 2. Multi-fidelity case: Errors of the solution and of the parameters.
(mPINN refers to the multi-fidelity PINN)

E, Ey(%)  En(%)  Ey(%) En(%)
12 points+PINN 2.3558¢—03 34000  9.0891 1.6330 13.445
12 pointstmPINN  1.1214¢—03  0.6380 12772 24939  0.8975
6 points+PINN 6.5386e —03  9.3640  24.455 14707 49.445
6 points+mPINN 1.2425¢—03  1.6190  3.6775 21220  2.0635

4 Results for the stochastic case

Next, we test the effectiveness of SPINN for solving forward and inverse problems by considering
the following stochastic non-linear ADR equation:

Uy = (k(x, a))ux)x — VoUy +g(u) +f(x’ t)a ()C, t, (,()) € (X(),Xl) X (Os T] X Q,
u(x,0)=1—x?, X € (x9,x1), 4.1
u(xp, 1) =0, u(x;,1)=0, te(0,T].

Here, xo =0, x; =1, Q is the random space, and the stochastic diffusivity is modelled as
log(k(x; w)) € GP(ky(x), Cov(x,x’)), hence, it is a non-Gaussian random process with mean
ko(x) = sin(7r (x + 1)/2)/5, and covariance function Cov(x,x) =02 * exp( — (x_l—f/)z) with [, =
1 (GP stands for Gaussian Process here); o =0.1. We also define the residual f=u—
(k(x; w)uy)x + vou, — g(u). We consider the reaction term g(u) = A u*? and f(x, f) = 2. The true
parameter values are v, =1, A; =1 and A, = 3.

4.1 Forward problem

We use a sPINN with four hidden layers and 20 neurons per layer for the modes of u, i.e.,
u;, 0 <I<P. The learning rate is 5 x 1074,
We minimise the following mean-squared-error loss function:

MSE = MSE, + MSE, (4.2)

where MSE,, is the loss function for the initial and boundary conditions of u, MSE is the loss
function for the PDE, and they are computed as follows:

N Ny
MSE, = (i)’ 0; w,) — (i), 0: w, 2
N %N, ; ;[MNN(XH ; wy) — u(ax;, )]
1 N N
TNy 2 D, 1% @) — uGo, £7; o)

s=1 i=1
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Table 3. Forward problem: The L, error and the relative L,
error for different values of the order r of aPC

L, error Relative L, error
r=1 Elu] 2.5090e — 03 3.0862e — 03
Var[u] 7.5067e — 05 3.0841e — 02
r=2 Elu] 1.0230e — 03 1.2583e — 03
Var(u] 4.4646e — 06 1.8343e — 03
r=3 Elu] 6.1008¢ — 04 7.5045¢ — 04
Var[u] 7.4720e — 07 3.0699¢ — 04
The mean of u when t=0.5 The standard deviation of u when t=0.5
1.4 , : 0.2 s . :
= rafarence — raference
12 e s oer 2 P o Ml bl
sPINM order 3 4 F N 0.16 } sPINN order 3
r N
# 5
08| # Y
s 1
/ i1
06| 7
7 “
L /
0.4 / ‘!
02t ‘_' X1
i \
of
-02

FIGURE 6. Forward problem: predicted mean and standard deviation at # =0.5 when r=1, 2, 3. The
reference solution is obtained by QMC (see Appendix).

N Np
9t(l)9 s) — ’t(l)a 3 25
+ s Nng[uw(xl 5 00) = u(x, 1); )]
1 MM o o
MSEr =, YN w8 ) — G, 17 )T

s=1 i=1

We set M =4, N =1000, N; = 101, Nz = 101 and N; =441 in the loss function.

We use the first-order (» = 1, P = 4), second-order (r =2, P = 14) and third-order (r =3, P =
34) aPC expansion for u in this sub-section. In Table 3, we present the L, and relative L, errors
of the mean and variance of u at = 0.5; using the higher order aPC expansion, we obtain better
results. We present in Figure 6 the DNN predictions of the # mean and variance at ¢ = 0.5, where
the reference solutions are calculated by the Quasi-Monte Carlo (QMC) method (more details
are shown in Appendix). We also present in Figure 7 the sPINN prediction of a few modes of
u at t =0.5. Taken together, the results show that SPINN can solve forward stochastic problems
accurately for more complex (non-linear and time-dependent) SPDEs than the ones considered
in the original paper of [25].
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FIGURE 7. Forward problem: some predicted modes of u with aPC expansions versus the reference
solutions at 7 = 0.5 for polynomial order =1, 2, 3.
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4.2 Inverse problem

Next, we will infer the stochastic process k(x, @) as well as the parameters v, A1, A, and the solu-
tion u(x, ¢, w). We use two hidden layers and 4 neurons per layer for the £ mean and k;(x), (i =
1,...M) NNs, and four hidden layers and 20 neurons per layer for the u,(x, ), (¢ =0,1,...P)
NNs, and the learning rate is 5 x 10~*; we choose N =2000, N, =20, N, =7, Ny =441,
w, = 100 and wy, = 16. These values of weights were chosen based on experimentation and also
taken into account the order of magnitude of the various quantities, e.g., mean versus standard
deviation.
We minimise the following mean-squared-error loss function:

MSE =10 x (MSE, + MSE}) + MSE;, (4.3)

where

s=1

N, N 2
ud 1
MSE, = Z |: Z uNN(x(’) t(’) wy) — N Z u(x(’) tfj), ws)i|

(:) t(l) W) — — Z UNN(X([) t(') ws)
i=1 s=1
1 X
U, 45 0) = 21: u(x, 19; w,)T,
N Ny N

2
MSE, = Z|: ZkNN(xk ,wé)——Zk(XZ)’wb:| +WkN>:N ZZ

i=1 s=1

; 1 :
[l (s ) = Z (s ) + k(5 ) — — Z kG
s=1
N Nr
MSE; = 5 2 2 G b5 00) = O 1 )P

.Slll

We assume that we have measurements of u at the positions indicated in Figure 8; the positions
where k& is known are shown directly in the inference plots.

We use the first-order (r=1 and P =4), second-order (r =2 and P = 14) and third-order
(r =3 and P = 34) aPC expansions. The errors of the mean and variance of u and k are shown in
Table 4. The errors of the parameters are shown in Table 5. Overall, the results improve by using
a higher order aPC expansion.

The predicted mean, standard deviation and the modal functions of k£ are shown in Figure 9.
The predicted mean, standard deviation and the modal functions of u are shown in Figure 10. The
results for the solution u are good, but the inaccuracy of the first mode of k affects the accuracy of
the standard deviation. We have used a very small NN for k£ as we observed problems with over-
fitting; hence, in order to improve the overall learning of & in modal space, we will introduce the
meta-learning method next to search for better NN architectures for £ but also for .
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Table 4. L, and relative L, errors of u and k. BO refers to the meta-learning results

Elu] Var[u] E[k] Var[k]
r=1 L, error 2.0058¢ — 03 6.0891e — 07 2.0721e — 03 1.1191e — 06
Relative L, error 2.4673e — 03 2.5017¢ — 04 1.8106e — 03 8.5212¢ — 05
r=2 L, error 1.8472¢ — 03 8.2031e — 07 1.3080e — 03 2.3888¢ — 06
Relative L, error 2.2722e — 03 3.3702¢ — 04 1.1429¢ — 03 1.8189¢ — 04
r=3 L, error 1.7582¢ — 03 5.9305¢ — 07 2.1860e — 03 7.8451e — 07
Relative L, error 2.1628¢ — 03 2.4365¢ — 04 1.9102¢ — 03 5.9735¢ — 05
BO L, error 5.9512¢ — 04 9.7195¢ — 09 3.9250e — 04 1.5484e — 07
Relative L, error 7.3204¢ — 04 3.9933¢ — 06 3.4297¢ — 04 1.1790e — 05
Table 5. The error and the relative error of the parameters
E,, Ej E
r=1 Error 1.8855¢ — 02 1.2252¢ — 02 1.1636¢ — 01
Relative error 1.8855 % 1.2252 % 3.8787 %
r=2 Error 2.3376e — 02 4.2319¢ — 04 6.3868¢ — 02
Relative error 2.3376 % 0.0423 % 2.1289 %
r=3 Error 1.9281e — 02 2.306e — 03 3.9592¢ — 02
Relative error 1.9281 % 0.2306 % 1.3197 %
BO Error 2.2605¢ — 03 9.2113e¢ — 04 2.1623¢ — 02
Relative error 0.2261 % 0.0921 % 0.7207 %

0.5

The position of training data

0.45

047

035}

0.3}

0.2}

0.5

FIGURE 8. Stochastic inverse problem: Space—time positions of the training data for u.
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FIGURE 9. Stochastic inverse problem: predicted mean, standard deviation and modes of £ versus the

reference solutions when » =1, 2, 3. The locations of the k sensors are denoted by red points.

There are many types of meta-learning methods. To reduce the empiricism of selecting the sSPINN
architecture, in this section, we employ BO to learn the optimum structure of the NNs. We use
dg hidden layers and wg neurons per layer for £ mean NN, and dy; hidden layers and wy, neurons
per layer for k;(x), (i=1,..M) and u,(x,t), (¢ =0,1,...P) NN. The learning rate is /,. The

target is

Target =10 x (MSE,, + MSE}) + E,, + E), + Ej,.

4.3 Meta-learning
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FIGURE 10. Stochastic inverse problem: predicted mean, standard deviation and modes of u at = 0.25 and
t=0.5whenr=1, 2, 3.
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Table 6. The hyper-parameters and architecture
choices for the fully connected NNs

Hyper-parameter Range Log-transform
Hidden layers (dx) [1,10] No
Units per layer (wg) [1,64] Yes
Hidden layers (dy) [1,30] No
Units per layer (wy) [1,128] Yes
Learning rate (log(l,)) [-5,-2] Yes

Table 7. Top 10 results of meta-learning using BO

Number Target dyv wx dy wy log(l,)

1 0.03898 3 23 10 113 —=3.5670
2 0.04678 3 21 9 107 —=23724
3 0.04704 3 23 10 113 —3.6665
4 0.04915 2 2 6 7 —=2.3740
5 0.04962 3 21 9 127 —-3.4890
6 0.05007 3 25 9 118 —=3.7266
7 0.05429 3 22 9 110 —3.6487
8 0.05451 3 22 9 118 —3.6606
9 0.05691 3 20 9 107 -3.7656
10 0.05735 2 2 6 7 —3.1180
* 0.04704 3 4 15 80  —3.4890

So the target is a function: x — R, and x = {dk, wk, dy, wy, [,}. The acquisition function is
upper confidence bound and the tradeoff parameter is 2.576.

Table 6 gives the range of the hyper-parameters we choose. We use the log-transform for the
width of the NN and the learning rare. We compute 80 times to optimize the target function and
get the optimization hyper-parameters. The result is show in Figure 11. The top 10 good results
are shown in Table 7; the * result denotes that we do not use the log-transform. These results
suggest that we need a larger NN for both k£ and u.

Next, we use the best structure of the NN and learning rate to re-compute the previous stochas-
tic inverse problem, i.e. the depth of £ mean NN is 3, and the width is 23. For the NN of the £
modal functions, the # mean and the # modal functions, the depth is 10 and the width is 113. The
learning rate is 1073670, The results are shown in Figures 12—-13.

5 Summary

We addressed here a special inverse problem governed by a stochastic non-linear ADR equation,
where given some samples of the solution u(x, #; w) at a relatively few locations (here four spatial
locations and five time instants) but also given some samples of the stochastic diffusivity £(x; w)
at seven locations, we aim to obtain the full stochastic fields for u# and k& as well as three other
unknown parameters. We designed composite NNs, including NNs induced by the stochastic
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FIGURE 11. Convergence of the target for the BO (meta-learning) as a function of the number of iteration.

ADR equation, and relied on spectral expansions to represent stochasticity in order to deal with
the sparsity in data. We also presented a BO method for learning the hyper-parameters of this
composite NN as it is time-consuming to find the proper NNs by trial and error. We followed
a hierarchical approach in testing the various components of the NN, including training from
multi-fidelity data, investigating possible good locations in space—time for collecting the training
data, and evaluating different weights in the loss functions for the multiple terms representing
data and physics. To the best of our knowledge, this is the first time that such a study is under-
taken with the purpose of evaluating the potential of NNs to learn from sparse data of variable
fidelity and with uncertainty.

An important component missing in our study is quantifying the uncertainty of the NN approx-
imation as was first done in related work in [25] addressing the fotal uncertainty. This is a serious
but complex issue requiring the use of multiple methods to interpret this uncertainty in an objec-
tive way, and we will pursue this line of research in future work. The present work is also the first
study that uses meta-learning for PINNS, i.e., to optimise the composite NN, which in our case
consists of multiple NNs, as would be the case in simulating multi-physics dynamics. In addition
to the BO employed here, one could also consider using several other methods, including genetic
algorithms [13], the greedy method [11], hyperband [10, 5] as well as blended versions of the
aforementioned methods or even another NN, like an Recurrent neural network in conjunction
with reinforcement learning [9], to search for the best architecture. This has already been done
for classification work, and it is part of AutoML [8] but not for regression tasks.

Acknowledgements

This work was supported by China Scholarship Council scholarship and the PhILMs grant DE-
SC0019453. In addition, we would like to thank Dr. Guofei Pang, Dr. Lu Lu, Dr. Xuhui Meng
and Dr. Dongkun Zhang in the Division of Applied Mathematics at Brown University for their
helpful suggestions.

https://doi.org/10.1017/50956792520000169 Published online by Cambridge University Press


https://doi.org/10.1017/S0956792520000169

416 X Chen et al.

The mean of k The standard deviation of k

— ralirance — ralirence
===B0 order 2 ===B0 order 2
* Kk sonsors 012+ ® Kk saneors

0.115 -

0.105

0.1

0.085 . : :
-1 -05 0 05 1

£ o
k mode 2
0.8
= rafsroncn
06 — - —BO order 2
*  k sensors
04
0.2
ol
Y
04 b
0B+
— . . .
i -05 0 05 1
T
k mode 4
0.8

lirsnce — ralerance

===B0 order 2
®  ksensors

FIGURE 12. Stochastic inverse problem: Predicted results of sPINN for & against the reference solution
using the optimum hyper-parameters obtained via BO (meta-learning).

https://doi.org/10.1017/50956792520000169 Published online by Cambridge University Press


https://doi.org/10.1017/S0956792520000169

Learning and meta-learning of stochastic advection—diffusion—reaction systems 417

The mean of u when ¢=0.25 and t=0.5 The standard deviation of u when ¢=0.25 and {=0.5
1.4 0.2
—— 150.25 reference
—100.25 reterance
1ol = =1=025B0 orer2 e 0.18 v S LD s
1#0.5 reference 10,5 roterence

===1=0.5BO order 2 0.16 = =1=0.5 BO ordor 2
1+

0.8
0.6
0.4 -
0.2
of
-02 : a 2
-1 -0.5 o 0.5 1
xI F
u mode 1 when ¢=0.25 and t=0.5 u mode 3 when ¢=0.25 and t=0.5
0.02 0.005
—t=0.25 reference — bt
P = ={=(.25 B0 order 2 0 s _:=33: ;: $or 2
t=0.5 refarance 10,5 refurence
RS B ondec2 ——0,5 B ordor 2
=002 | -0005
=0.04 =001 |
-0.06 | / —oms |
-0.08 -002 ,
=01 F -0.025 - e — /

-012 F \V =003 - \-._/

=0.14 ‘ 1 . =0035 -
-1 -0.8 o 0.5 1 =1 -0.8 o 05 1
x x
0@ 4 mode 9 when t=0.25 and ¢=0.5 oo+ U mode 14 when ¢=0.25 and ¢=0.5
1.5 4.5
h— —1e0.25 referance
R sl Eom:dm A 4| = Tt028BOcwar2

1r s - 1405 refernce "

# -, 1=0.5 rteronce (.5 BO order 2 b,

ya \ —==1=0.5 BO onder 2

=1 =0.5 o 0.5 1

FIGURE 13. Stochastic inverse problem: predicted results of SPINN for u against the reference solutions at
t=0.25 and ¢ = 0.5 using the optimum hyper-parameters obtained via BO (meta-learning).

https://doi.org/10.1017/50956792520000169 Published online by Cambridge University Press


https://doi.org/10.1017/S0956792520000169

418

X Chen et al.

Conflict of interest

None

(1
(2]
(3]
(4]
(3]
(6]

(7]
(8]

References

BARAJAS-SOLANO, D. A. & TARTAKOVSKY, A. M. (2019) Approximate bayesian model inversion
for pdes with heterogeneous and state-dependent coefficients. J. Comput. Phys. 395, 247-262.

BERGSTRA, J. S., BARDENET, R., BENGIO, Y. & KEGL, B. (2011) Algorithms for hyper-parameter
optimization. In: Advances in Neural Information Processing Systems, pp. 2546-2554.

CHEN, T. Q., RUBANOVA, Y., BETTENCOURT, J. & DUVENAUD, D. K. (2018) Neural ordinary
differential equations. In: Advances in Neural Information Processing Systems, pp. 6571-6583.
CHAUDHARI, P., OBERMAN, A., OSHER, S., SOATTO, S. & CARLIER, G. (2018) Deep relaxation:

partial differential equations for optimizing deep neural networks. Res. Math. Sci. 5(3), 30.

FALKNER, S., KLEIN, A. & HUTTER, F. (2018) BOHB: robust and efficient hyperparameter
optimization at scale. arXiv preprint arXiv:1807.01774.

FINN, C., ABBEEL, P. & LEVINE, S. (2017) Model-agnostic meta-learning for fast adaptation of deep
networks. In: Proceedings of the 34th International Conference on Machine Learning-Volume 70,
JMLR.org, pp. 1126-1135.

HAN, J., JENTZEN, A. & WEINAN, E. (2018) Solving high-dimensional partial differential equations
using deep learning. Proc. Natl. Acad. Sci. 115, 8505-8510.

HE, Y., LIN,J., LiU, Z., WANG, H., L1, L.-J. & HAN, S. (2018) AMC: AutoML for model compression
and acceleration on mobile devices. In: Proceedings of the European Conference on Computer
Vision (ECCV), pp. 784-800.

JAAFRA, Y., LAURENT, J. L., DERUYVER, A. & NACEUR, M. S. (2018) A review of
meta-reinforcement learning for deep neural networks architecture search. arXiv preprint
arXiv:1812.07995.

L1, L., JAMIESON, K., DESALVO, G., ROSTAMIZADEH, A. & TALWALKAR, A. (2018) Hyperband:
a novel bandit-based approach to hyperparameter optimization. J. Mach. Learn. Res. 18, 1-51.

LI, Y. & OSHER, S. (2009) Coordinate descent optimization for 11 minimization with application to
compressed sensing; a greedy algorithm. Inverse Problemsd Imaging 3, 487-503.

MENG, X. & KARNIADAKIS, G. E. (2020) A composite neural network that learns from multi-
fidelity data: application to function approximation and inverse PDE problems. J. Comput. Phys.
401, 109020.

MITCHELL, M. (1998) An Introduction to Genetic Algorithms, MIT Press.

PANG, G., LU, L. & KARNIADAKIS, G. E. (2019) fpinns: fractional physics-informed neural
networks. SIAM J. Sci. Comput. 41, A2603—A2626.

PANG, G., YANG, L. & KARNIADAKIS, G. E. (2019) Neural-net-induced gaussian process regression
for function approximation and pde solution. J. Comput. Phys. 384, 270-288.

PAULSON, J. A., BUEHLER, E. A. & MESBAH, A. (2017) Arbitrary polynomial chaos for uncertainty
propagation of correlated random variables in dynamic systems. [FAC-PapersOnLine 50, 3548—
3553.

QIN, T., WU, K. & X1u, D. (2019) Data driven governing equations approximation using deep neural
networks. J. Comput. Phys. 395, 620-635.

RAISSI, M., PERDIKARIS, P. & KARNIADAKIS, G. E. (2019) Physics-informed neural networks:
a deep learning framework for solving forward and inverse problems involving nonlinear partial
differential equations. J. Comput. Phys. 378, 686—707.

RAISSI, M., PERDIKARIS, P. & KARNIADAKIS, G. E. (2018) Numerical gaussian processes for
time-dependent and nonlinear partial differential equations. SIAM J. Sci. Comput. 40, A172-A198.

Sirignano, J. & Spiliopoulos, K. (2018) Dgm: a deep learning algorithm for solving partial differential
equations. J. Comput. Phys. 375, 1339-1364.

SNOEK, J., LAROCHELLE, H. & ADAMS, R. P. (2012) Practical bayesian optimization of machine
learning algorithms. Adv. Neural Inf- Process Syst. 25, 2951-2959.

https://doi.org/10.1017/50956792520000169 Published online by Cambridge University Press


https://arXiv.org/abs/1807.01774
https://arXiv.org/abs/1812.07995
https://doi.org/10.1017/S0956792520000169

Learning and meta-learning of stochastic advection—diffusion—reaction systems 419

[22] SNOEK, J., RIPPEL, O., SWERSKY, K., KIROS, R., SATISH, N., SUNDARAM, N., PATWARY, M.,
PRABHAT, M. & ADAMS, R. (2015) Scalable bayesian optimization using deep neural networks.
Int. Conf- Mach. Learn. 37,2171-2180.

[23] TARTAKOVSKY, A. M., MARRERO, C. O., TARTAKOVSKY, D. & BARAJAS-SOLANO, D. (2018)
Learning parameters and constitutive relationships with physics informed deep neural networks.
arXiv preprint arXiv:1808.03398.

[24] WAN, X. & KARNIADAKIS, G. E. (2006) Multi-element generalized polynomial chaos for arbitrary
probability measures. SIAM J. Sci. Comput. 28, 901-928.

[25] ZHANG,D.,Lu, L., GUO, L. & KARNIADAKIS, G. E. (2019) Quantifying total uncertainty in physics-
informed neural networks for solving forward and inverse stochastic problems, J. Comput. Phys.
397, 108850.

Appendix

In Section 4, we use the finite difference method with the QMC method to obtain the reference
modes of k and u. In order to estimate how many samples we need for a converged solution, we
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FIGURE A.1. The mean, standard deviation and mode functions of k: MC vs. QMC.
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FIGURE A.2. The mean, standard deviation and mode functions of u: MC vs. QMC.

compare the results with different samples using the Monte Carlo (MC) and the QMC methods.
In Figures A.1 and A.2, we present the corresponding results using the MC and QMC methods.
We can see that the QMC method converges much faster than the MC method. For our examples,
we use 2000 QMC samples for training data, and to obtain the reference solutions, we use 10,000

samples.
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