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1. Introduction

Data-driven learning of unknown partial differential equations (PDEs) has been a prominent area of research in recent
years. One way to approach this problem is to construct a mapping from the state variables and their spatial derivatives
to their time derivatives, which can explicitly reconstruct the governing equations via sparse approximation from a large
dictionary set. In certain circumstances, exact equation recovery is possible. See, for example, [1] and its many extensions
in recovering both ODEs ([1,9,28,29,31]) and PDEs ([25,27]). Deep neural networks (DNNs) have also been used to construct
this mapping. See, for example, ODE modeling in [16,20,24,26], and PDE modeling in [13-15,22,23,21,30].

This paper focuses on another approach for learning unknown PDEs, which is to construct a mapping between two dis-
cretized system states separated by a short time. Unlike the governing equation discovery approach, this evolution discovery
approach constructs an approximate flow map between system states and does not directly formulate the underlying equa-
tions. Instead, if an accurate approximation for the true flow map is constructed, it allows for the definition of an accurate
predictive model for the unknown system that marches new initial conditions through time. This approach is particularly
effective when DNNs, more specifically, residual networks (ResNet [7]) are used to approximate the flow map, and it does
not require construction of an appropriate dictionary as in governing equation discovery. Introduced to model autonomous
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ODE systems in [20], the flow map learning (FML) method has been extended to modeling of non-autonomous ODE systems
[19], parametric dynamical systems [18], partially-observed dynamical systems [6], chaotic systems [4], and systems with
coarsely observed temporal data [5]. Modeling PDEs represents a significant deviation from modeling ODEs. To this end,
several methods have been explored, cf., [10-12,15]. The FML approach was also extended and adapted to PDE modeling,
with observation data in modal space [33], as well as in nodal space [2].

In this paper, we consider data-driven modeling of PDEs with incomplete data, which is a case rarely considered in the
previous related literature. It is a step closer to real-world problems, where it is often difficult, if not impossible, to collect
data of all the state variables in all areas of the domain for an unknown system. In fact, sometimes it may be difficult
even to identify all state variables in an unknown system. In other words, we consider the case of modeling an unknown
PDE system using measurable data that represent partial information of the system. More specifically, we consider two
cases: (1) when only a subset of the state variables are observed; and (2) when data of the state variables are available
only in a sub-domain of the entire domain. Most, if not all, of the existing methods are not applicable for these cases. The
method presented in this paper is based on generalization of two recent works: modeling of partially-observed dynamical
systems [6] and DNN modeling of PDEs in nodal space [2]. Motivated by the celebrated Mori-Zwanzig formulation, the
work of [6] proposed the use of DNNs with memory terms to model dynamical systems when only a subset of the state
variables are observed. (It should be noted that the same modeling principle was first proposed in [32], in the context
of closure for reduced order modeling and by using LSTM structure.) In this paper, we adopt the simple DNN structure
from [6], which explicitly incorporates memory terms from the measurement data as network inputs, in order to cope with
the situation of incomplete data. To effectively model PDE systems, we employ the modeling principle from [2], where
a specific DNN structure with disassembly layers and an assembly layer was developed to model the unknown spatial
operators in the unknown PDEs. As a result, the proposed new DNN structure is capable of modeling unknown PDE systems
using incomplete data. Through an extensive set of numerical examples, we demonstrate that our method is indeed highly
effective and accurate.

The proposed method is particular useful for modeling time dependent PDEs system, whose the governing PDE equations
are not known. When one has snapshot data of the solution variables, the method can be readily applied to create an
accurate predictive model of the system, without seeking to identify the PDEs. More notably, our method can be used when
the solution data are available in only part of the domain, or when only a subset of the solution variables can be observed.

2. Preliminaries

In this section, we briefly review the existing DNN-based framework for learning the evolution of unknown ODEs,
partially-observed ODEs, and PDEs. Throughout this paper our discussion will be over discrete time instances with a constant
time step At,

to<ti<---, thy1 — th = At, Vn. (2.1)

We will also use subscript to denote the time variable of a function, e.g., X; = X(ty).
2.1. ResNet modeling of ODEs

For an unknown autonomous system,

dx

— =f(x), xeRY, 22
gt =™ (22)
where f: R? — R is unknown. The flow map of the system is a function that describes the evolution of the solution. The
flow map of (2.2) depends only on the time difference but not the actual time, i.e., X, = ®¢, ¢, (Xs). Thus, the solution over

one time step satisfies

Xn+1 = ®ar(Xn) = Xn + War(Xn), (2.3)

where Wa; = ®A; — I, with I as the identity operator.
When data for the state variables x over the time stencil (2.1) are available, they can be grouped into sequences separated
by one time step

x?©), xOp),....xOKaAny, I1=1,...,L, (2.4)

where L is the total number of such data sequences and K + 1 is the length of each sequence.! These data sequences form
the training data set. Inspired by basic one-step numerical schemes for solving ODEs, one can then model the unknown
evolution operator using a residual network (ResNet [7]) in the form of

1 The data sequence length K is assumed to be constant for notational convenience. If in fact data are of different lengths, chunks of the minimum
sequence length can be taken from longer trajectories.
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YU = [1+N](y"™). (2.5)

where N: R¢ — R? stands for the mapping operator of a standard feedforward fully connected neural network. The network
is then trained by using the training data set and minimizing the recurrent mean squared loss function

3 i me (kAD) — [T+ NIFx? (0)) HZ , (2.6)

1 k=1

==

L
1=

where [I+NJ¥ indicates composition of the network function k times. This recurrent loss permits the incorporation of longer
data lengths and is used to increase the stability of the network approximation over long term prediction. Once the network
is trained to satisfactory accuracy, the trained network thus accomplishes

xOkat) ~1+Nkx®?©0), VI=1,....,L, k=1,...,K,

and it can be used as a predictive model

Xn+1 = Xp + N(Xp), n=0,1,2,..., (2.7)

for any initial condition X(tp). This framework was proposed in [20], with extensions to parametric systems and time-
dependent (non-autonomous) systems ([18,19]).

2.2. Memory-based modeling of ODEs

A particularly relevant extension of the flow map modeling in [20] to systems with missing variables was presented
in [6]. Let x = (z; w), where z € RP and w € RY~P. Let z be the observables and w be the missing variables. That is,
no information about w is available. When data are available for z, it is possible to derive a system of equations for
z only. The celebrated Mori-Zwanzig formulation ([17,34]) asserts that the system for z requires a memory integral. By
making a mild assumption that the memory is of finite length (which is problem dependent), memory-based DNN structures
were investigated [32,6]. While [32] utilized LSTM (long short-term memory) networks, [6] proposed a fairly simple DNN
structure, in direct correspondence to the Mori-Zwanzig formulation, that takes the following mathematical form,

Zni1 =2y +N(Zp,Zp1, ..., Zn_ny), nz=ny, (2.8)

where ny > 0 is the number of memory terms in the model. In this case, the DNN operator is N : RP*@+1) _ RP Note
that in the case where memory is required, the dataset (2.4) is amended to
0} (U} (U0

ey Zn10 20+ Z

200 1=1,....L, (2.9)

{Z n+1> > "n+K

such that the data sequences are now length ny + K + 1 so that the appropriate memory length and recurrent loss can be
incorporated. The special case of ny; = 0 corresponds to the standard ResNet model (2.7), which is for modeling systems
without missing variables (thus no need for memory).

2.3. Modeling of PDE

The flow map learning approach has also been applied in modeling PDEs. When the solutions of the PDE (i.e. the
training data) can be expressed using a fixed basis, the learning can be conducted in modal space. In this case, the ResNet
approach can be adopted. See [33] for details. When data of the PDE solutions are available as nodal values over a set
of grid points in physical space, its DNN learning is more involved. In this case, a DNN structure was developed in [2],
which can accommodate the situation when the data are on unstructured grids as well as PDE systems. It is based on a
simple numerical scheme for solving the PDE, and consists of a set of specialized layers including disassembly layers and an
assembly layer, which resemble the differential operators involved in the unknown PDE. The proposed DNN model defines
the following mapping,

W1 =Wy +AF (W), ..., Fj(wy)), (2.10)

where Fy,...,F; are the operators for the disassembly channels and A the operator for the assembly layer. The DNN
modeling approach was shown to be highly flexible and accurate to learn a variety of PDEs [2]. See [2] for more details on
this structure and its mathematical properties. Since this configuration can also be viewed as a residual network application,
i.e. Wpy1 =[I4+ N](w,) where N=Ao (Fy,...,Fj), we can directly apply the recurrent loss scheme described above. Since
this scheme will be expanded in the next section, we leave additional details until then.

3
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3. Learning partially-observed PDE systems

In the main task of this paper, we describe a new method for approximating the evolution operator of a partially-
observed system of PDEs using DNNs. We first set up the problem being considered with appropriate notation, then move
on to motivate and discuss the new DNN structure.

3.1. Problem setup and data

Consider an autonomous time-dependent system of PDEs,

us = L(u), x, ) e QxRT,
B(u) =0, (x,t) € 992 x RF, (3.1)
u(x,0)=up(x), xe€Q,

where u, the vector of state variables, has n elements, 2 c RY, d =1, 2, 3, is the physical domain, and £ and B stand for

the PDE operator and boundary condition operator, respectively, of the entire system. We assume that the PDE is unknown.
Let u = (v; w), where v contains the m state variables with available data and w contains the n — m unobserved subset

of state variables. Our goal is to model the effective governing equations for the reduced system of observed variables v.
We assume that state variable solution data for v are available over a set of nodal points, or grids,

XN={X1,...,XN}CQ. (3.2)

We note that we treat Xy as quite a general grid that may in fact be a discretization of some proper subset of € such
that Conv(Xy) € Q where Conv(Xy) is the convex hull of Xy. We emphasize that the difference can be nontrivial, i.e.
|2\ Conv(Xy)| = O(1) where | - | represents the Lebesgue measure.

Using vector notation, we concatenate

V() = (Vi(b), ..., V()T e R™N, (3.3)

where each component of the subset of state variables is given by

Vit) = (vj(x1,0),...,vjxn, ) eRN, j=1,...,m. (3.4)

As in [2], we note that the DNN structure that follows will allow us to simply concatenate the state variable solutions on
grids (or arbitrarily permute these grids if data is collected in a different manner). These state variables are observed at
discrete time instances (2.1) such that the set

R VACRR TAY v

()
v w1 Vngh

n—npy

I=1,...,L, (3.5)

represents all available data similar to (2.9) where ny; > 0 is the memory length, K is the recurrent loss parameter, and L
is the total number of trajectories available. Note that we continue to use the compact notation, V, = V(t;). Accounting for
each of the L training samples with length of each vector m- N observed over the memory and recurrent length ny; + K +1,
the dataset is of size m-N x (nyy + K+ 1) x L.

3.2. Mathematical motivation

In [2], a simple one-step forward Euler method for solving PDEs motivated a DNN structure that nonlinearly combines
several NN channel outputs to resemble the right-hand-side PDE operator. We now consider partially-observed PDEs.

Without loss of generality, to motivate the problem we consider a p-th order autonomous PDE in the following general
form of

w=Lw0Vu,..., 0P, p>1, (3.6)
where u= (v;w)T, and for 1 <s <p,
3 = {og) - v | =5}, (3.7)

with || = a1 +- - - +aq. Note that for d > 1, each 3*D represents multiple partial derivative operators. Without considering
the boundary conditions, we assume that the unknown PDE (3.1) is well-posed and has a finite number Np > p of partial
derivative terms.

In [2], the explicit construction of the following numerical scheme that relies upon approximating partial derivatives
with differentiation matrices was used to inspire a DNN structure for learning the evolution of fully-observed PDEs and PDE

4
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systems. For sufficiently smooth functions f(x), for any a with 1 < |&| < p, there exists a differentiation matrix D% : RN —
RN such that

Fe -+ 0l f ()| xy ~ D, (3.8)
where f= (f(x1), ..., f(xy))T. Then a numerical approximation scheme modeled after (3.6) can be constructed of the form
Xni1 =Xpn+At- L (xn, DDx,, ..., D(p)xn) , (3.9)

where D® = {D? : |@| =s}, 1 <s < p. Mild assumptions can be made on the PDE to show that this scheme can return low
global truncation error (see [2] for details). This is a special case of the more general scheme

Xna1 =Xn + At - M[F1(Xp), ..., Fj(Xp)], (3.10)

where (F; RN RN j=1,...,J}, J =1, is a set of nonlinear functions, and M is a nonlinear function that operates
component-wise (i.e. independently on each grid element). Specifically, £ is M, Fy is the identity and F,, ..., F; are the
differentiation matrices, with J = Np + 1. In [2], (3.10) served as a motivation for designing a residual network structure
with feedforward neural network channels (resembling Fi,..., F;) whose outputs are nonlinearly combined component-
wise (resembling M).

Here, we must consider the case of approximating the evolution of the PDE for only v, the observed variable of (3.6).
The following design of a numerical scheme similar to (3.10) motivates the new network structure. In this case, a numerical
scheme for only the observed variables would still require differentiation matrices not only for v but also differentiation
matrices operating on the unobserved w. For example, applying the scheme (3.10) to u (split into v and w) yields

1 1
[Wv] = [wv] g | £ DO, D wn, D w, . D wi) (311)
' 1 1 , ,
n+1 n [/|w(vnaD\(I )Vna--.,D\(,p)Vn,Wn,D&,)Wn,...,D‘(,e)w,—,)

where Dy and Dy, are the parts of the differentiation matrix D acting on v and w, respectively. Similarly, the PDE operator
L can be restricted to the equations for v or w, denoted £|y and L|w. Furthermore, we are only interested in a numerical
scheme for v, and we find that
1 1
Vi1 = Va + At - Lly(n, DV, .. DP v, Wi, DV, ..., DPwy), (3.12)

may be an appropriate scheme. However, a difficulty arises because the right hand side still has dependence on w and its
derivatives, yet no data for w is available.

Relying on inspiration from the Mori-Zwanzig formalism for systems of ordinary differential equations [17,34] and pre-
vious work in [6], we posit that the reduced system (for v only) relies not only on the current time v, but also on a finite
time history. Hence, we propose to model the flow map via the scheme

Vpiy1 =Vp+ At- Ly (F(l)(vna e Vnemy)s - - ,F(q)(vna cee ’annM)> ) (3.13)

where the functions F), j=1,...,q, now input a time history of v. Differing from the scheme above for fully-observed
PDEs, we now have a nonlinear combination (via L|y) of functions of a finite time history of v.
The above scheme is a specific example of the more general nonlinear scheme

Vi1 =Vn + M[NT(Vn, oo Vg, oo N (Vn, o Vi) ] (3.14)

where NV7,..., N ; are nonlinear functions, and M is another nonlinear function which combines their outputs component-
wise, which will serve as the main motivation for the DNN structure that follows.

3.3. DNN structure

Given the data (3.5), we present our DNN modeling of partially-observed PDE systems. We now discuss the structure of
the proposed network. The basic structure is illustrated in Fig. 3.1, and consists of the following components:

e Input layer: This layer has dimensionality m - N - (ny; + 1), accounted for by the number of components of v discretized
over Xy and its ny; + 1 time history.

e Disassembly block: This block has J > 1 fully-connected feedforward neural networks operating “in parallel”, where
each NN channel has ng hidden layers each with n. neurons. It receives the m- N - (nyy 4+ 1) input and has output layers
that create a matrix structure of dimension m- N x J.
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e Assembly layer: This is a fully-connected feedforward neural network with ng; hidden layers each with ] neurons. It
operates componentwise (thickness-wise) on the outputs of the disassembly block, taking in a J-dimensional input
and outputting a scalar. All m - N components of the disassembly output are fed through this same assembly structure,
resulting in a final output size of m- N.2

e Output layer: This layer has dimensionality m - N, the dimensionality of v discretized over Xy, and incorporates the
re-introduction of the input layer before the final output in the manner of a residual network (ResNet).

Therefore, per the motivating scheme (3.14) and the above specification of network components, we propose and define
the entire network function
N(:0): RMN-(m+1) _, gmeN, (3.15)
consisting of hidden layers with weights and biases as well as nonlinear activation (collected in the network parameters ©®),
as
N=[In+Ao(Fr,.... Fp], (3.16)

where

Iy : RWN-@m+D _, gm-N (317)

is the appropriate identity operator returning only the most recent time history,

AR/ SR, (3.18)

is the assembly layer, a feedforward neural network function operating component-wise to nonlinearly combine the outputs
of

Fiyoo, Fp:RONOu+D ( Riey o gMN - 7> (3.19)

which are the disassembly block channels, feedforward neural network functions operating independently that each take

the input time history and map to an m - N-dimensional output. The parentheses in (3.19) above serve as a reminder that

the m- N - (ny + 1)-dimensional input is first mapped to an n.-dimensional vector and n. is not necessarily equal to m- N.

It is important to note that the layers within the disassembly block channels N; can accommodate a different number of

neurons. This is codified in Fig. 3.1 as n.. The case of choosing nc <m - N is important, as (among other things) it can keep

network size down as increasing memory length causes the input size to become very long in two-dimensional problems.
All together, the network operation on inputs from the dataset (3.5) looks like

Vip1 =V, "l‘A[]:] (Vn, ... Vin_ny), - - ,]:](vrh s ,Vn—nM)] > (3.20)

where we note that this is a generalization of the form of (3.14).
3.4. Model training and prediction

Our partially-observed PDE system learning is constructed by training the DNN model (3.20) with the dataset (3.5). We
minimize the recurrent mean squared loss

L K
11 k oy () oo O 2
%HZE;;”N ViV, 1 @) = V113, (3.21)
=1 k=

where A* denotes function composition k times.
Once trained, we obtain a predictive model over the grid set Xy for the underlying unknown PDE, such that given a new
initial condition (Xy,,, .. ., Xo)T over the grid Xy, we have

Vny, -+, Vo) = Kny, - .-, Xo),

(3.22)
Virny+1 ZN(vkﬁ-nM, Vi), k=0,1,2,....

It should be noted that although the trained DNN model resembles a forward Euler numerical scheme, it is not restricted
to the accuracy of a forward Euler scheme. Instead, it is a fully nonlinear model that does not generate traditional temporal
error as a function of the time step. See [20] for details.

2 We note that while it may seem logical to include m assembly layers each corresponding to Lly; for j=1,...,m, we stress that the disassembly
outputs, while modeled to resemble the partial derivatives in the unknown equation, do not actually approximate these derivatives. We note also that in
[2], a single assembly layer sufficed to account for PDE systems with multiple variables.
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Fig. 3.1. The proposed DNN structure.

4. Computational studies

In this section, we present several numerical examples to demonstrate the proposed approach for learning partially-
observed PDEs.

In each of the following numerical examples, the true governing PDEs are in fact known. However, this is only used
to generate training data either by solving exactly or with a high-fidelity numerical solver, and to generate reference data
for validation of the trained models. Spectral collocation method is used when solving the true governing PDEs.) We note
again that the knowledge of the true PDEs does not facilitate the DNN model construction. Full specification of the data
generation as well as network structure parameters are provided in each example.

We first present the case of missing variables, that is, when data are available only for a subset of the state variables.
The examples include a system of linear wave equations, as well as FitzHugh-Nagumo system with diffusion in both one
and two spatial dimensions. In both cases only one state variable is observed, and the other one remains unknown.

We then present the missing domain case, that is, when state variable data are available only in a sub-domain. Our
examples include a fourth-order PDE, advection-diffusion equation, and viscous and inviscid Burger’s equation. The parts of
the domain where data are missing range from 10% to as large as 60%.

In each example, we have chosen a time step At such that it is reasonably large and yet delivers satisfactory temporal
resolution. The numerical results exhibit strong numerical stability. Unfortunately, stability analysis remains an open issue,
largely due to the lack of mathematical analysis of DNN properties. Also, how to adapt to real-world problems when the
time step is subject to experimental restrictions is another an open issue.

4.1. Missing variable: wave equations

We first consider the following wave system

[‘:’V] :[? H [‘:’V] . (0 e[0,27] x RY, (41)
t X

with 27 -periodic boundary conditions. We consider the case when only data on the solution component v are available
and aim at constructing an accurate DNN predictive model for the evolution of v.
Data generation is based on solving the full system analytically from 10, 000 randomized initial conditions given by

Ne .
|:1‘,\/,:| (x.0) = ap + 2111\1?1 (an cos(nx) + by s.m(nx)) , (42)
co+ Y_psq(cn cos(nx) + dy sin(nx))

with ag, co ~ U[—3. 31 and an, by, ca,dn ~ U[—21, 1], Nc = 7. Then, only the solutions for v are recorded into our training data,
which are observed on a uniform grid with N =50 points at a time step At =0.01 from t =0 to t = 0.3 (30 time steps).
This length is chosen as the memory length ny; plus the recurrent loss length (K =10 here).

We compare memory lengths of ny = 0, 10, 20, resulting in DNN structures with inputs of length m- N - (nyy + 1) =
50, 550, 1050. The J =5 disassembly block channels each have 1 hidden layer with n. = 1,000 neurons for all ny;. The
assembly layer has | =5 neurons. Hyperbolic tangent is used as the activation function for each layer. 10 DNN models are
trained for 10, 000 epochs each with a constant learning rate of 10~3. Testing data is created in the same way as training
data, except now we use the new initial condition
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Fig. 4.3. 1D FitzZHugh-Nagumo System - example test trajectory.
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Fig. 4.4. 1D FitzHugh-Nagumo System - ¢, absolute error over time.
v(x,0) exp(sin(x))
= . (4.3)
w(x, 0) exp(cos(x))

Ensemble prediction [3] using the 10 trained DNN models is carried out for 600 steps (total time T =6 s) from only the
v portion of the new initial condition (and the required memory). We see the results for an example test trajectory in
Figs. 4.1. We see that the no-memory model is unable to learn the appropriate evolution, while ny = 10 starts to get the
correct shape. The ny; = 20 model is consistently the most accurate, as evidenced by the mean absolute ¢, error over 100
test trajectories (created using (4.2)) displayed in Fig. 4.2. This verifies our mathematical motivation, which states memory
terms are critical in modeling partially observed systems. Despite prediction time length far exceeding the training data
sequence length, we still see accurate predictions in terms of ¢, error.

4.2. Missing variable: FitzHugh-Nagumo system
We now consider the FitzZHugh-Nagumo system with diffusion [8],

15
Vi=vV—=v —w+I1+D,Av,
t 3 +I1+D, (4.4)

wi=€e(V+b—cw)+DyAw,

a reaction-diffusion type system. We consider the case when only the solution component v is observed and seek to create
an accurate DNN model for the evolution of v only. We present numerical studies in one dimension and two dimensions.

4.2.1. One dimension

In the following one-dimensional example, we set the parameters as D, =0.01, Dy, =0, € =0.08, b=0.7,¢c=0.8, [ =0.
Equation (4.4) is solved using a high-order numerical solver in the domain [0, 5] on a uniform grid of N =50 points and
observed up to time T =7.5 s with time step At =0.25 (30 time steps), using 10, 000 randomized initial conditions in the
form of the step functions

dp, My =Xx=my

v(x,0) = { X , (45)

ay, mp=xz=mp

bo, x=<m (456)
by, x>mq ’

w(x,0) = {
where ag ~ U[0.9,1.1], a; ~ U[-1.2,-1], by ~ U[-0.1,0.1], b; ~ U[-0.6,—-0.4], m; ~ U[0,1.25], and my; = my +
U[0.25, 1.5]. These initial conditions along with periodic boundary conditions generate a traveling wave phenomenon. Upon

solving the system, only the solution data of v are recorded into our training data set.

10
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Fig. 4.6. 2D FitzHugh-Nagumo System - ¢, absolute error over time.

Memory lengths of ny =0, 10,20 are compared using a recurrent loss length of K = 10, resulting in a DNN structure
with input lengths of m- N - (ny; + 1) =50, 550, 1050. The ] =5 disassembly block channels each have 1 hidden layer with
ne = 1000 neurons. The assembly layer has J =5 neurons. Hyperbolic tangent is used as the activation function for each
layer. 10 DNN models are trained for 10, 000 epochs each with a constant learning rate of 10~3.

Testing data is created in the same way as training data (albeit with new random numbers). Ensemble prediction [3]
using the 10 trained DNN models is carried out for 400 time steps (total time T = 100 s) from only the v portion of the

11
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Fig. 4.7. DNN prediction of the 4th-order PDE in sub-domain [1, 5], where the complete domain is [0, 277]. (Data are missing in ~ 36% of the domain.)

new initial conditions (and the required memory). The results are shown in Fig. 4.3 for an example test trajectory, and in
Fig. 4.4 for the mean absolute ¢ error over 100 test trajectories. Again we see that a longer memory improves accuracy.

4.2.2. Two dimensions

In the following two-dimensional example, we set the parameters as D, =0.1, D, = 1.6, € =0.08, b=0.7, c =0.8,
I = 0.35. Equation (4.4) is solved using a high-order numerical solver in the domain [0, 10] x [0, 10] on a uniform grid of
N =502 = 2,500 points and observed up to time T =30 s with time step At =1 (30 time steps), using 1,000 randomized
initial conditions in the form of random noise,

V(X j,0) ~U[-1.1,-0.9]

(4.7)
w(x; j, 0) ~ U[—0.4, —0.2]

for i, j=1,..., N. These initial conditions along with periodic boundary conditions generate a phenomenon whereby one
or more blobs amass from the random noise and then grow and decay, eventually settling to a steady state.

A memory length of ny; = 20 is used with a recurrent loss length of K = 10, resulting in a DNN structure with input
length m- N - (nyy + 1) =52,500. The J =5 disassembly block channels each have 1 hidden layer with n. = 100 neurons.
Using such a small number of neurons allows us to keep the total number of parameters lower given the large input size.

12
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Fig. 4.8. Advection-diffusion with 20% of missing domain. DNN prediction with the initial condition u;”(x) in sub-domain [%n, 2.

The assembly layer has J =5 neurons. Hyperbolic tangent is used as the activation function for each layer. 10 DNN models
are trained for 10,000 epochs each with a constant learning rate of 1073.

Testing data is created in the same way as training data (albeit with new random numbers). Ensemble prediction [3]
using the 10 trained DNN models is carried out for 50 time steps (total time T =50 s) from only the v portion of the new
initial conditions (and the required memory). The results are shown in Fig. 4.5 for an example test trajectory and in Fig. 4.6
for the mean absolute ¢, error over 100 test trajectories. For this memory level, we see good accuracy that levels out over

a long time period.
4.3. Missing domain: fourth-order equation
We consider the following 4th-order equation:

ou 94u

M e 0, xe0.27],
or T Coxa =0 X €10, 27]

13
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Fig. 4.9. Advection-diffusion with 60% of missing domain. DNN prediction with the initial condition ug”(x, 0) in sub-domain [gn, 2m].

with periodic boundary conditions and ¢ = 1072, The equation is solved numerically over a uniform grid with Ax = 0.05
and randomized initial conditions. We assume the solution data are only available in the sub-domain [1, 5], which is about
4/2m ~ 64% of the entire domain. In other words, solution data are missing from about 36% of domain.

The training data are generated by initial conditions as randomized Fourier series

N
ux,0)=ag+ Z(an cos(nx) + by sin(nx)), (4.9)

n=1

where N. =7, ap ~ U[-1/2,1/2] and a,(.,"),b,ﬂi) ~ U[—1/n,1/n], 1 <n < N.. For the time march step, we take At =0.1 and
end time T = 5. With the training data recorded only in the sub-domain [1, 5], we employ our DNN structure by setting
the recurrent loss step K =10, J =5 disassembly block channels each have 2 hidden layers with 21 neurons.

After the DNN model is trained, we perform various validation tests. Here we present the results based on an initial
condition of u(x,0) = exp(—sin®x) — 1/2 up to a termination time T = 50. We present the results for memory length
ny = 20 in Fig. 4.7. We observe very good agreement between the DNN prediction and the reference solutions.
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Fig. 4.10. Advection-diffusion with 20% of missing domain. DNN prediction with the initial condition u((lz)(x) in sub-domain [%n, 2m].

4.4. Missing domain: advection-diffusion equation

We consider the following advection-diffusion equation:

ou du 9%u
- ax o
with periodic boundary conditions, and x = 1073,

We consider two cases: (i) solution data are available in the sub-domain [%7‘[, 27], and (ii) solution data are available in
the sub-domain [gn’, 2m]. The first case represents 20% of the domain missing, and the second case has 60% of the domain
missing.

The training data are generated by solving the equation using the same randomized Fourier series from (4.9) in the
previous section as initial conditions. The time step is set at At =10~ and the end time at T = 10. The DNN structure has
J =5 disassembly block channels, each of which has 1 hidden layers with 40 neurons. The recurrent loss length is K = 20.

For validation tests, we consider two initial conditions:

xe[0,2m], (410)

1) —sinzx _ 1 2) 2 2072 202
u X)=¢e - =, u X) = —e 1 —e 2 - =,
0o X 3 o &) z + 5

(=11)? ; (r-n)? 1

15



V. Churchill, Y. Chen, Z. Xu et al. Journal of Computational Physics 493 (2023) 112502

T=10.0 T=40.0
0.30 0.30
Reference Reference
0251 —e= Learned 0251 -e—- Learned
0.20 1 0.20 4
0.154 0.154
> 0104 > 0104
0.05 4 0.05 1
0.00 4 0.00 4
—0.05 1 —0.054
-0.10 T T T T T T -0.10 T T T T T T
1 2 3 4 5 6 1 2 3 4 5 6
X X
T=70.0 T=100.0
0.30 0.30
Reference Reference
0.251 -e= Learned 0251 —-e- Learned
0.20 0.20
0.154 0.15
> 0.104 > 0.10
0.05 0.05
0.00 0.00
—0.051 —0.051
-0.10 T T T T T T -0.10 T
0 1 2 3 4 5 6 0 1 2 3 4 5 6
X X

(2)
0

Fig. 4.11. Advection-diffusion with 60% of missing domain. DNN prediction with the initial condition u; "’ (x, 0) in sub-domain [gn, 2],

where p1 = %n,m = gn, o1 = 0.3, 0 = 0.5 The DNN prediction results for the first initial condition are shown in
Figs. 4.8, 4.9, for the case of sub-domain [%n, 27] (20% missing domain) and sub-domain [gn, 27] (60% missing domain),
respectively. Compared to the reference solutions, we note the DNN model produces fairly accurate predictions, even in
the case when 60% of the domain is without any observational data. The results for the 2nd initial conditions are shown in
Figs. 4.10, 4.11, for the case of sub-domain [%n, 27] (20% missing domain) and sub-domain [%n, 27] (60% missing domain),
respectively. We again observe accurate predictions made by the DNN model.

4.5. Missing domain: viscous Burger’s equation

We now consider the viscous Burger’s equation

du au 9%u

— +Uu—=v—,

ot 0x 0x2
with periodic boundary conditions and viscosity set to be v =0.1.
We consider the case when only data in sub-domain [—%JT, gn] are observed. This amounts to 30% of the domain
missing. The training data are generated on a uniform grid with Ax = 71 /25, using the same randomized initial conditions

xel|[—m, ], (411)
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Fig. 4.12. Viscous Burger’s equation with 30% missing domain. DNN prediction in sub-domain [—37”, 47”].
as (4.9) in the previous section, over a time step At =0.1 up to a termination time T = 3. The DNN structure again has
J =5 disassembly block channels, each of which has 1 hidden layers with 40 neurons, and the recurrent loss length is
K =20.

Validation results using an initial condition ug(x) = —sinx are shown in Fig. 4.12, for time up to T = 100. We observe
good agreement of the DNN results when compared to the reference solution.

4.6. Missing domain: inviscid Burger’s equation

We now consider the inviscid Burgers equation
au u

o T Max

with periodic boundary conditions. This is a more challenging case, as the solution may develop shocks within finite time.

Same as before, the equation is solved over uniform grids and a time step A = 0.05, by using the same randomized initial
conditions as before (4.9). We consider two cases: data are available in the sub-domain [—%n,n] (20% of the domain

missing) and in the sub-domain [%n,n] (60% of the domain missing). Our DNN structure has | =5 disassembly block
channels, each of which has 1 hidden layer with 50 neurons. The recurrent loss length is set at K = 20.

0, xel[—m, ], (412)
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Fig. 4.13. Learned results of Inviscid Burgers equation in partial domain [—%”,n], the complete physical domain is [—, ].

For validation, we present the DNN prediction results using an initial condition ug(x) = cosx, for up to a termination
time T = 6. The results of the first case with 20% missing domain are shown in Fig. 4.13. We observe that the DNN model
captures the development of the shock with fairly good accuracy. For the second case of 60% missing domain, the results
are shown in 4.14. Again, the DNN model correctly captures the development of the shock. Although the overall accuracy
is relatively lower, compared to the other results we have presented here, we remark that this is a very challenging case: a
nonlinear problem with shocks with a large portion of the domain 60% without data.

5. Conclusion

We have presented a new approach for learning unknown partially-observed PDEs from their solution data using DNNs
by making significant generalizations to the existing work on learning dynamical systems as well as PDEs. Our method is
a notable advancement of data driven modeling, as it allows one to model PDEs when data are not available for certain
state variables or in certain parts of the domain. Future work will focus on accelerating training of large models for two-
dimensional examples through learning reduced representations.
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