arXiv:2109.09444v7 [cs.LG] 18 Oct 2022
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Abstract

Physics-informed neural networks (PINNs) have become a popular choice for solving high-dimensional partial
differential equations (PDEs) due to their excellent approximation power and generalization ability. Recently,
Extended PINNs (XPINNs) based on domain decomposition methods have attracted considerable attention due to
their effectiveness in modeling multiscale and multiphysics problems and their parallelization. However, theoretical
understanding on their convergence and generalization properties remains unexplored. In this study, we take an initial
step towards understanding how and when XPINNs outperform PINNs. Specifically, for general multi-layer PINNs
and XPINNSs, we first provide a prior generalization bound via the complexity of the target functions in the PDE
problem, and a posterior generalization bound via the posterior matrix norms of the networks after optimization.
Moreover, based on our bounds, we analyze the conditions under which XPINNs improve generalization. Concretely,
our theory shows that the key building block of XPINN, namely the domain decomposition, introduces a tradeoff for
generalization. On the one hand, XPINNs decompose the complex PDE solution into several simple parts, which
decreases the complexity needed to learn each part and boosts generalization. On the other hand, decomposition leads
to less training data being available in each subdomain, and hence such model is typically prone to overfitting and
may become less generalizable. Empirically, we choose five PDEs to show when XPINNs perform better than, similar
to, or worse than PINNs, hence demonstrating and justifying our new theory.

1 Introduction

Deep learning has revolutionized numerous fields in computer science, such as computer vision and natural language
process. Recently, deep neural networks have also been employed to solve partial differential equations (PDEs) and
integrated into the field of scientific computing, thanks to their unique optimization [[1H4] and generalization [J5]]
abilities. Physics-informed neural networks (PINNs) [6] are among the most popular approaches with a wide variety of
successful applications, including heat transfer problems [7], thrombus material properties [8], nano-optics [9], and
fluid mechanics [[10,[11]]. PINNs are used as surrogates of a target solution for solving PDEs, and a solution is found
by searching for the best parameters of PINNs that satisfy the physical laws governed by the PDEs. A more recent
work [12] proposed Extended PINNs (XPINNs), which improves on PINNs by employing a domain decomposition
method for partitioning the PDE problem into several sub-problems on subdomains, where each sub-problem can be
solved by individual networks called as sub-PINNs. In XPINNs, the continuity of the PINN functions between each
subdomain is maintained. XPINNSs facilitate parallel computing, accelerate convergence, and improve generalization
empirically. Despite great progress in applications, currently no theoretical understanding exists on when and how
XPINNSs are better than PINN.

Recently, some works on theoretically understanding of PINNs have emerged [[13H16]. For two-layer networks,
Luo and Yang [[13]] derived prior and posterior generalization bounds for PINNs based on Barron space and Rademacher
complexity, whereas Lu et al. [[14] provided prior error estimates based on Barron spaces with the softplus activation.
For multi-layer networks, Mishra and Molinaro [15]] introduced abstract formalism and stability properties of the
underlying PDEs to derive generalization bounds, and Shin et al. [[16] used the Holder continuity constant to bound
the generalization of PINNs. While these previous bounds significantly advanced our theoretical understanding of
PINNSs, we cannot rely on them to study the advantages and disadvantages of multi-layer XPINNs over PINNs. This
is because the previous studies focus on PINNs, and the previous bounds either only apply to two-layer networks or
depend on variables that are hard to be computed analytically or numerically. For example, the Holder continuity is
often difficult to compute efficiently and the assumption of Holder continuity regularization is not widely adopted
in practice. Accordingly, it is necessary to employ different approaches to derive new generalization bounds for the
multi-layer XPINN in order to understand its advantages and limitations.

*Published in STAM Journal on Scientific Computing (SISC)
TDepartment of Computer Science, National University of Singapore, Singapore, 119077 (0792494 @u.nus.edu kenji @nus.edu.sg)
Division of Applied Mathematics, Brown University, Providence, RI 02912, USA (ameya_jagtap @brown.edu, george karniadakis @brown.edu)


mailto:e0792494@u.nus.edu
mailto:kenji@nus.edu.sg
mailto:ameya\protect _jagtap@brown.edu
mailto:george\protect _karniadakis@brown.edu

In this study, we provide an initial step towards understanding how and when XPINNs improve generalization
capabilities of PINNs by proving new generalization bounds for multi-layer XPINNs and PINNs. Specifically, we
first discuss the Barron space theory for multi-layer networks to define the function space of neural networks. We
then derive a prior generalization bound for PINNs with the complexity of a target function measured via its Barron
norm without any further assumption. Furthermore, we derive Rademacher complexity bounds of PINNs via capacity
controls based on the spectral norm and the (2,1) norm, which are then used for our posterior generalization bounds
for PINNs. We then extend these bounds of PINNs to those of XPINNs by applying the bounds to each of the
subdomains in XPINNs and combine them to form the final results. Overall, our theoretical results predict that in terms
of generalization, the advantages and disadvantages of XPINNs come from the tradeoff between the reduction in the
complexity of decomposed target functions (within each subdomain) and the increase in the over-fitting due to less
available training data (in each subdomain). That is, the domain decomposition of XPINNs can make a target function
in a subdomain to be less complex than the whole target function, resulting in a reduction in a complexity measure,
whereas each sub-network tend to utilize less than the entire available training data. To illustrate when and how
XPINNs improve generalization based on our theory, we first provide analytical examples, where we mathematically
compute and compare the prior bounds of XPINNs and PINNs. Furthermore, we adopt five PDEs to numerically
demonstrate our posterior bounds via experiments. Both analytical examples and experimental observations confirm
our theoretical prediction and deepen our understanding, demonstrating that the two factors in our generalization
bounds lead to a tradeoff, leading to different performances of XPINNs over PINNs on various tasks.

The remainder of this paper is arranged as follows. In Section 2, we provide properties, background and assumptions
on PDEs, PINNS, and the function space for multi-layer neural networks. In Section 3, our main generalization results
(both prior and posterior bounds) are presented. In Section 4, discussion on theoretical analysis as well as analytical
examples are introduced. In Section 5, extensive experiments are conducted to numerically demonstrate our theory.

2 Preliminaries

In this section, we present introductory facts for PDEs, neural networks, as well as PINNs and XPINNs. We use
bold-faced lowercase letters to denote vectors, and capital letters to denote matrices and network parameters. Given a
vector v, we denote its Euclidean norm by ||v||, while || - ||, refers to the p-norms. For matrix norms, we denote the
spectral norm by | - ||2 and I, 4 norms by [[W ||, = (32,32, |W; x|P)?/P)1/4. Following convention, we define inf
of a set S to be the infimum of the subset S of R (the set of affinely extended real numbers); e.g., the infimum of the
empty set is infinity.

2.1 PDE Problem

In this paper, we consider PDEs defined on the bounded domain 2 = (—1, 1)?. More specifically, the PDEs under
consideration are in the form of

Lu* = finQ, u* = g on 99, (1)
where L is the differential operator characterizing the PDE, 0 is the boundary of the set 2, f : @ = (x1,...,2q) €
Q+— f(x) e Randg : © = (v1,...,74) € 02— g(x) € R are given functions, and the function u* : x =
(1,...,24) € Q— u*(x) € Ris the unknown solution of PDEs with its domain 2 = {2 U 0f2.

2.2 PINN and XPINN

In this subsection, we introduce neural network-based PDE solvers PINNs and XPINNSs. Specifically, in PINNs we
optimize neural networks via gradient-based algorithms to enable the network functions to satisfy the data and the
physical laws governed by the PDEs. Given n; boundary training points {mbvi}?:bl C 0N and n, residual training
points {:cm-}?:rl C Q, we approximate the true PDE solution u* :  — R by the PINN function ug parameterized by
6 via minimizing the empirical loss composed of the boundary loss and the residual loss, as given below.
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where the first term is included to force the network to satisfy boundary conditions, while the second term forces the
network to satisfy the physical laws described by the PDEs.

XPINN is an extension of PINN, obtained by decomposing the whole domain € into several subdomains, mapped
to several sub-PINNs. The continuity between each sub-nets is maintained via the interface loss function and the final
solution of XPINN is the combination and ensemble of all sub-nets, where each of them is responsible for prediction



on one subdomain. More specifically, the original domain €2 is decomposed into Np subdomains as {2 = UfV:Dl Q.
The loss of XPINN contains the sum of losses for the sub-nets, which consist of boundary loss and residual loss, plus
the interface loss using points on 9Q; N JQ;, where i, j € {1,2, ..., Np} such that 9Q; N 9; # () to maintain the
continuity between the two sub-nets ¢ and j. Mathematically, the XPINN loss for the i-th subdomain is

,7:0Q;M0Q; #0

where \; > 1 is the weight controlling the strength of interface loss, 8° is the parameters for subdomain i, and each
R%(6) is the PINN loss for subdomain 4 containing boundary and residual losses, i..
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where ny ; and n, ; are the number of boundary points and residual points in subdomain ¢ respectively, a:é ; and x! j

are the j-th boundary and residual training points in subdomain %, respectively. Moreover, 12 1(0‘ 6 ) is the interface
loss between the i-th and j-th subdomains based on several interface training points {x’ I, k}m 7 C O N oY
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|(Lugi (27 ) — fi(@])) — (Lugs (7)) — fi(@F,)],

where {{ugavs}} = Uag = (ug: (7 k) + ugs (z? k))/2 nr,; is the number of interface points between the i-th and

j-th subdomains, while @7, is the k-th interface points between them. The first term is the average solution continuity
between the i-th and the j- th sub-nets, while the second term is the residual continuity condition on the interface given
by the i-th and the j-th sub-nets.

We also notice a recent paper on improving the training and generalization of XPINN [[17], which includes the
following additional interface regularization term for XPINN:
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where d is the problem dimension, i.e., x € R<. The additional interface condition forces the continuity of the first
order derivatives between two sub-nets. In our experiment on the Poisson equation in section 5.4, which includes
residual discontinuity, we shall show how this additional term improves XPINN via decreasing errors near the interface.
For our discussion on generalization, besides the training losses above, the testing loss evaluating generalization

ability is defined as
Rp(0) = Euniro) [ue(x) — g(x)|* + Euniro) [Lue () — f@)f, (7

where Unif(A) is the uniform distribution on a set A. Note that in the definition of the population loss, the interface
losses of XPINNs are excluded to compare PINNs and XPINNs with the same quantity — the generalization bound
for the boundary and residual terms. The beneficial effect of the interface loss is in improving the generalization of
the boundary and residual terms instead of helping the generalization of the interface term itself. This is because
the interface allows the sub-net in the subdomain §2; to implicitly use samples from other subdomain €); (¢ # j) for
regularization through the continuity.

Lastly, we denote the boundary empirical loss and the residual empirical loss by Rsnaq and Rsnq, respectively,
and their population versions by Rpnaq and Rpngq, inspired by the fact that boundary points are on 0f2 and that
residual points are in {2. Specifically, their mathematical definitions are:

1 & 1 &
Rsnoo = . Z lug(xp.i) — g(®p.5)]>. Rsna = - Z |Lug (@) — f(2ri)|- ®)

Rproa = Euitoa) [ue(®) — 9()|>.  Rpna = Euiray| Lue(x) — f(2)[.

2.3 Neural Networks

In this subsection, we define neural networks and their related properties.



Definition 2.1. (Neural Network). A deep neural network (DNN) ug : ® = (21,...,74 ) € Q — ug(x) € R,
parameterized by 0 of depth L is the composition of L linear functions with element-wise non-linearity o, is expressed
as below.

ug(x) = Who(Wt=lo(--.o(W'z)--.), )

where x € R% is the input, and W' € R™*™-1 js the weight matrix at I-th layer with d = mq and my, = 1. The
parameter vector 0 is the vectorization of the collection of all parameters. We denote h as the maximal width of the
neural network, i.e., h = max(my,,--- ,mo).

We consider DNNs without bias because one can always set & < [x, 1] to involve the bias term. Note that the
non-linearity o is Lipschitz continuous with Lipschitz constant 1 in €2. The widely adopted ReLU activation function
ReLU(x) = max(0, x) cannot be used in our setting due to its non-differentiability.

Because the neural network ug is always differentiated with respect to its input in the residual losses in PINNs, we
introduce their expressions as follows:

8“;:’) =Wh. el twlt. d'W! e R, (10)
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where ®' = diag[o’(W'o(W!' ™ o(---o(W'x))))] € R™*™ and ¥' = diag[o”" (W'o( W' o(---a(Wk))))] €
R™ ™ In the Appendix, we provide detailed computation of the derivatives.

2.4 Generalized Barron Space

In this subsection, we introduce the generalized Barron space [18]], which is a natural building block to construct a
function space of multi-layer deep networks. This will facilitate our study of their approximation and generalization
properties. We begin by presenting some mathematical background.

Let X be a Banach space such that X embeds continuously into the space C*1(Q) of functions on Q. We further
assume that the closed unit ball BX in X is closed in the topology of C2(Q).

Because X embeds continuously into the space C?1 (), the Lipschitz constants of functions in BX and their
derivatives up to second order are bounded by the same constant and thus the subset B is uniformly 2-equicontinuous
(see the supplementary for definition).

The subset BX is pre-compact, i.e., its closure is compact, in the separable Banach space C?()), because () is
compact, and that C°(Q) is separable. Since BX is C-closed and pre-compact, it is compact and is a Polish space in
particular.

Let u be a finite signed measure on the Borel o-algebra of BX, with respect to the C°-norm. Then y is a
signed Radon measure. We therefore consider the infinite-dimensional vector function version of the activation
o : BX — C?(Q) givenby 0 : g — (00 g)foreachg € BX, where (a o b) represents the composition of
functions a and b. Then, the infinite-dimensional vector function o is continuous due to the Lipschtiz continuity
of the dimensional wise version of ¢. Thus, the infinite-dimensional vector function ¢ is strongly measurable (the
preimage of Borel sets in B are Borel sets in C°(£2)), and p-integrable in the sense of the Bochner integral. The
above construction of new function class containing all ¢ o g from the class of g in BX can be formalized as follows.

Definition 2.2. (Generalized Barron Space) The generalized Barron space modeled on X associated with the non-
linearity o is a normed space (Bx q, || - || x.q) with

Bxo={fe€C*Q):|flxa < oo}, and

. _ (12)
1fllx.0 = inf {[lulapx) : p € M(BY) s.t. f= fuonQ},

where M(B™) denotes the space of Radon measures on BX and f,, = [5x (g)du(g). Here, the integral represents
the Bochner integral with g € BX.

For example, if X is the space of linear functions from R? to R (which is isomorphic to R*+1), then the generalized
Barron space modeled on X is the (usual) Barron space for two-layer neural networks [19]]. If X is the (usual) Barron
space of two-layer neural networks, then the generalized Barron space modeled on X is the space for three-layer
neural networks. That is, we can construct the generalized Barron space of L-layer networks from that of (L — 1)-layer
networks by recursively applying its definition. This recursive construction leads to the tree-like function space
(Definition [2.3), which is a function space of multi-layer neural networks (Theorem 2.1), as given below.



Definition 2.3. (Tree-Like Function Space for Deep Networks) The tree-like function space W (Q) of depth L is
recursively defined by W'(Q) = Byi-vqy,qforalll € {2,3,..., L} where W(Q) is the space of linear functions
from R% to R.

The term “tree like function space” is taken from one of the most related works [[18], and a famous paper on neural
network approximation [20]. Intuitively, the neural networks resemble the tree structure, where each neuron in the
network is a node in the graph, and the edges of the graph connect the neurons in the previous and the present layers.
Our “tree like function space” has nothing to do with the tree functions in graph theory. Our definition contains a vast
function space covering the majority of PDE solutions.

Theorem 2.1. (Embedding of Finite Networks). The tree-like function space W (Q) contains all finite multi-layer
networks ug(x) of depth L satisfying HWZHLOO < 1,1 <1 < L — 1, and the Barron norm of networks satisfies

L
[uallwe @) < W10

Theorem [2.1] shows that the tree-like function space constructed via the generalized Barron space indeed contains
the class of multi-layer neural networks, the norm of which is controlled by the 1, co matrix norm of their parameters.
The following is a list of basic properties of the generalized Barron space, which also holds for the tree-like function
space and justifies our recursive construction of the tree-like function space:

Theorem 2.2. (Property of Generalized Barron Spaces). The following two statements are true. (1) The generalized
Barron space is complete in the metric defined by the generalized Barron norm || - || x q: i.e., the generalized Barron
space is a Banach space. (2) Bx o embeds continuously into C**(Q) and the closed unit ball of Bx ¢ is a closed
subset of C?(Q).

The last property indicates that Bx q satisfies the same properties, which we imposed on X during the construction,
i.e., we can repeat the construction and consider B x.q» hence, ensuring the validity of the recursive construction
in the tree-like function space. As universal approximators, neural networks can also approximate arbitrary Barron
functions accurately.

Theorem 2.3. (Approximation Properties of Tree-Like Functions). Let P be a probability measure with compact
support in ), and Q be a probability measure with compact support in S). Then for any L > 1, f € WY (Q) and
m € N, there exists a neural network ug(x) of depth L, with width m; = mL’lJrl7 VI > 1 such that

3L fllwe )
vmo

IN

[lug — f||H2(]P’)

(13)
o — Fllia < 3CaL| fllwe o)
0 L2(@Q) = Jm )
where Cq is a universal constant only depends on the domain ), and H*> = W?? is the Sobolev space, and
10]]7 < W51 00 < Ilfllwe ), where || - ||p is the path norm defined as
l6llp =D D IWE - Wil (14)
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The path norm is one type of complexity measure of neural networks correlated to generalization [21]. The above
theorem shows that the neural networks can approximate any target function in the generalized Barron space and its
derivatives well with complexities controlled by the Barron norm of the target functions, which shows the efficiency of
network approximation. Note that since 2 is fixed in this paper, the constant C, is actually universal. This is utilized
in the proof of our prior generalization bound in Theorem 3.1}

Actually, the theoretical result that neural networks can approximate a function and its derivative is not new [22}23]].
Their proof idea is two-step. First, they show that polynomials are dense in C*(Q). Second, they can approximate
polynomials in C*-norm, using Taylor’s expansion. In our paper, we adopt a functional analysis approach to adapt to
the Barron space setting, i.e., to show additionally that such networks have low complexity measured by Barron norm,
which is indispensable to our prior bound.

3 Theory

In this section, we introduce our main generalization results, including a prior bound based on the Barron space and a
posterior bound based on the Rademacher complexity. For both of them, we use the following assumption adopted
from a closely related previous study [13]].



Assumption 3.1. (Symmetry and boundedness of L). Throughout the analysis in this paper, we assume the differential
operator L in the PDE satisfies the following conditions. The operator L is a linear second-order differential operator
in a non-divergence form, i.e., (Lu*)(x) = 22:1,5:1 Aap(@)uy, () + Zi:1 bo(x)u; () +c(x)u*(x), where
all Aap, by, c: Q — R are given coefficient functions and uj, are the first-order partial derivatives of the function
u* with respect to its a-th argument (the variable x.) and u;_, , are the second-order partial derivatives of the
function w* with respect to its o-th and 3-th arguments (the variables x, and x3). Furthermore, there exists constant
K > 0 such that for all z € Q = [-1,1]¢, and o, B € [d], we have Anp = Apy and Anp(x), bo(x), c(x) are all
K-Lipschitz, and their absolute values are not larger than K.

Because multiplying the network functions by the coefficients A, b, ¢ and differentiation on them influence their
complexities, the universal bound on the coefficients A, b, ¢ and the restriction to second order PDEs are required for
our estimation on the Rademacher complexity of the hypothesis class of PINNs.

3.1 A Prior Generalization Bound (Theorem 3.1)
In this subsection, we introduce our prior bound based on the Barron space.

Theorem 3.1. (A prior generalization bound on PINN). Let the Assumption given in holds, then for any § €
(0,1) and the depth L, suppose that the true solution u*(x) lies in the tree-like function space W (), and set
A=3(2KCq+1)L?/m. Let 0" = argming Rs(0) + \||0||%. Then, with probability at least 1 — & over the choice
of random samples S = {:m}n:b—fnr C Q with ny, boundary points and n, residual points, we obtain the following

1
generalization bound

C(h)log ny 4o log(2/6)
N ny
3 C(h, K)logn, log(2/4)

where C(h) and C(h, K) are universal constants depending only on h and h, K, respectively.

Rproa(0) < Rsnoa(0”) + 8||u[lwr (o)
(15)

In Theorem [3.1] the generalization bounds on the right-hand side of equation (T3] (for both the boundary and the
residual points) contain three terms, where the first term is the empirical training loss, the second term is the complexity
of the model (original network for boundary loss and differentiated network for residual loss), and the third term is the
statistical term. Moreover, this theorem shows that under certain regularization of the path norm, the generalization
errors of PINNSs are controlled by the Barron norm of the target function v*. If the target function «* is more complex
(simpler), i.e., it has larger (smaller) Barron norm, the generalization error will be larger (smaller). This reflects a
data-dependent bound in which neural networks control their complexity based on those of target functions. The above
advantages are also summarized in the appendix to justify our choice of Barron space.

3.2 A Posterior Generalization Bound (Theorem

We now provide a posterior generalization bound based on the optimized network parameters (which are obtained
after optimization). We begin by defining the Rademacher complexity [24], which is one of key notions in statistical
learning theory.

Definition 3.1. (Rademacher Complexity). Let S = {xl}?zl C Q be a dataset containing n samples. The Rademacher
complexity of a function class F on S is defined as Rad(F; S) = E. [supfef- % S eif(xi)}, where €1, . .., €, are
independent and identically distributed (i.i.d.) random variables taking values uniformly in {—1,1}.

Intuitively, Rademacher complexity measures the richness of function class F by studying its ability to fit random
labels of z; generated by ¢;. Since simpler function classes tend to generalize better on unseen testing data, we will
investigate the Rademacher complexities of PINNs and XPINNs, which begins with a key lemma on that of neural
networks.

Lemma 3.1. /23] For every L, and every set of n points S C ), the hypothesis class ./\/'th given by the neural
networks

W,
NAE = {w o Woo(Wiao( - o(Wia)--) | [Wille < (), IWill21 N(l)} L as
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satisfies the Rademacher complexity bound

4 184/dlog(2h?)logn L L 3/2
Rad L i8) < M(l N(1)*/? 17
@ NNy 3 S) < o s II <>(l=21 02*)", a7
where h is the maximal width of the neural network, i.e., h = max(myg, -+ ,mg).

This lemma controls Rademacher complexities of neural networks by the product of the spectral norms of the
network parameter matrices at each layer, i.e., M (l). The complexity depends on the network depth via the N (1) term
as we always have N () > 1. We extend this result to the differentiated PINNS in the following lemma.

Lemma 3.2. (Rademacher Complexity of Differentiated Networks). For every L, and every set of n. points S C €, the
hypothesis class

PINNY y = {z— Lu(z) | u(z) e NN v}, (18)

satisfies the Rademacher complexity bound

8K +4d(L — VK 18K +/dlog(2h2) logn,
Rad(PINNY, ; 8) < 2t (L-DK 0g(2h?) logn,
Npy/ N NS

L L 3/2 L 2
1M (ZN(Z)2/3> 1+ V2L ][ M)+ V2d(L (HM )
=1 =1

=1
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This lemma shows a similar Rademacher complexity bound for PINNs, where the main differences are due to
the first order and second order differentiation in PINNS, respectively. Using these lemmas, we derive the following
posterior generalization bound.

Theorem 3.2. (A posterior generalization bound on PINN). Let Assumptions hold, for any 6 € (0,1) and the
depth L, let the (not regularized) empirical loss function be g = arg ming Rs(0). Then, with probability at least
1 — 0 over the choice of random samples S = {x L}"H_”T C Q with ny, boundary points and n,. residual points, we
have the following generalization bound

32 N 144+/dlog(2h?) log ny

Rproa(0s) < Rsnoa(fs) +

o - (20)
[T (3 v@pe)" oz, UL

=1 =1
Rpna(fs) — Rsna(fs)

< 64K 4 32d(L — 1)K 49 log(2/6(M, N)) n 144K +/dlog(2h?)log n,
- N/ T 27’LT A/ My (21)

I I 3/2 2
| R0 (ZN(Z)2/3> 1+\fLHM 1) +V2d(L (HM )
=1 =1

=1

where M (1) = [||W'2], and N(1) = [||W'|2.1/|W|2], in which [a] of a € R is the smallest integer that is
greater than or equal to a, and

L
§(M,N)=46/ [H M()(M(1) + 1)N()(N(1) + 1) (22)

=1

The deneralization bounds are mainly controlled by the complexity of networks measured by the spectral norm

-, and the (2,1) norm {N(! )}lel, as well as the last statistical term. When compared to the prior bound in
Theorem@ the posterior bound in Theorem [3.2]is easier to compute numerically, because it only involves terms
related to neural network parameters. Despite the difference, Theorems[3.T]and[3.2]are related. Concretely, Theorem[3.1]
shows that if the target function »™* is more complex (simpler), i.e., has larger (smaller) Barron norm, the generalization
error is larger (smaller), which implies that a complex (simple) neural network has been learnt to fit the target since
complex (simple) network generalizes worse (better). On the other hand, the complexity of neural networks can
also be reflected by the quantities {M (1), N (Z)}ZL:1 in Theorem (3.2 since they are directly linked to Rademacher



complexity in Lemmas [.1]and[3.2] Hence, we can expect that PINNs learning more complex target functions have
larger {M (1), N(1)}- 1—; quantities. And if a trained PINN has large {M (1), N (I ) ;- quantities, which signifies higher
complexity, the target function fitted should also be complicated (i.e., it has a larger Barron norm) due to the implicit
regularization of network training, i.e., stochastic gradient training finds out complex (simple) solution given a complex
(simple) target.

3.3 Posterior L, Error Generalization Bound

In this subsection, we will bridge the gap between the boundary + residual generalization error with the Lo generaliza-
tion error. In particular, we adopt the following assumption widely used in numerical PDE methods [26] 27]] and PINN
theory [[15H17,128]. Intuitively, the assumption states that minimization of the boundary and residual errors contributes
to the minimization of Lo error.

Assumption 3.2. Assume that the PDE satisfies the following norm constraint:
Cillull o) < I1LullLa) + ooy, Yu € NN VL, M, (23)
where the positive constant C does not depend on u but on the domain and the coefficients of the operators L.

This is Assumption 2.5 in [29]] and Assumption 2.1 in [[15]], which are two theory papers on PINN. In particular,
the function space (X, || - ||x) in [29] becomes the function space of all neural network functions with the Lo
norm, (Y, || - ||y) becomes the L, function space (€2, || - [|1,(q)). and (Z, || - ||z) becomes the L, function space
(O [ - | Lo (o0))-

Intuitively, Assumption specifies the well-posedness of the PDE problem, and justifies the motivation of
minimizing the boundary and residual losses.

To show that Assumption [3.2]is realistic, various papers have proved that Assumption [3.2]holds for various PDEs.
[15]] proves that our Assumption [3.2]holds for Poisson equation, heat equation, wave equation and Stokes equation.
(28] proves that Assumption [3.2] holds for Kolmogorov equations that include the heat equation and Black-Scholes
equation as special cases. [17] proves Assumption [3.2holds for incompressible Navier-Stokes equations. Lastly, [14]
proves that optimization of the Deep Ritz Method objective contributes to Lo error, on Poisson equation and static
Schrodinger equation. Therefore, we refer the readers to [14} (15 [17, 28] for concrete PDE examples satisfying the
assumption.

From the practice side [6], the motivation of the boundary and residual losses is to embed the physical law governed
by the PDE and the data into the neural networks. Empirically, as long as the PDE problem is well-posed (i.e., it
satisfies Assumption[3.2) and that data are sufficient (which means the corresponding bound will be small), then PINNs
can solve the PDE problem with small error. Assumption [3.2]is basically the foundation of PINNS.

The following theorem bridges the boundary and residual losses with the L2 error.

Theorem 3.3. Let Assumption[3.2] holds, then for all neural networks parameterized by 8, we can connect their Lo
generalization errors with the boundary + residual losses as follows:

lug — ull Loy < V2O (Rpna() + Rpraa(0))'?. (24)

Here, we can use both the prior bound (Theorem 3.1)) and the posterior bound (Theorem [3.2)) to evaluate the Lo
distance between solution of PINN or XPINN and the true solution of PDEs.

3.4 Comparing XPINN and PINN by Theorem 3.1]

In this subsection, we compare PINNs with XPINNs by using the generalization bound in Theorem We focus
on comparing PINN with XPINN on the residual loss, i.e. Rpno and Rgnq, because it is more representative
of the differentiated nets in PINNs. The case for boundary loss is similar but simpler, which is included in the
Appendix. Specifically, the comparison is performed by computing their respective theoretical bounds. In particular,
the generalization performance of PINN depends on the upper bound in Theorem which is: Rgnq(0%) +
8 ([Ju* ||WL(Q))3 C(h, K)logn,/\/ny + 2+/2(log(2/0))/n.,, where n, is the number of residual training points.

For XPINN’s generalization, we can apply Theorem [3.1]to each of the subdomains in the XPINN. Specifically,
for the i-th sub-net in the i-th subdomain of XPINN, i.e., the Q;,i € {1, 2, ..., Np}, its generalization performance is
upper bounded by Rgnq, (0") + 8 ([lu* HWL(QI.))S C(h, K)logn,i/\/fri + 2+/2(log(2/0))/ny i, where n, ; is the
number of training boundary points in the ¢-th subdomain.

Hence, since the i-th subdomain has n,.; training boundary points and is in charge of the prediction of = e
proportion of testing data, we weight-averaged their generalization errors to get the generalization error of XPINN:



Zivzfi T:; (Rsna, (0°) + 8 (flu* HWL(QJ)B C(h, K)logn,/\/fr; + 2+/2(10g(2/9))/nr,;). If we omit the last term
and assume that their empirical losses are similar, i.e., Rsng ~ Z?le(nr’i/nr)RSin, and /21og(2/9)/n,; <

lw*[we @), lu*lwe (q,), then comparing the generalization ability of PINN and XPINN reduces to the following:

e lognrn/nrz «
[0 [[3yz () (PINN)  versus Z log nric ||u [Sye () (XPINN), (25)
where the model having smaller corresponding quantity is more generalizable.

In the next section, we will present three analytic examples and adopt the above comparison method to illustrate
the circumstances under which XPINN is better or worse than PINN.

3.5 Comparing XPINN and PINN by Theorem [3.2]

The comparison using Theorem [3.2]is also done via computing their respective theoretical bounds. The residual
loss is considered in the main text while the case for boundary loss is included in the supplementary material.
Concretely, we denote the upper bound of PINN testing loss as Bpinn and those of the sub-net ¢ in XPINN as B; xpinN,
i € {1,2,..., Np}, which are provided by the right sides of Theorem i.e., the bounds are

64K 4 32d(L — 1)K i log(2/6(M, N)) n 144K +/dlog(2h?) log n,
Npr/Nopr 2n,. Vo

BPINN =

. . 3/2 2 (26)
[T (ZN(1)2/3) 1+fLHM 1) +v2d(L (HM > ;

=1 =1

and
64K + 32d(L — 1)K log(sarny) 144K \/dlog(2h?) log n,.
B; xpiNn = +2 + .
Ny in/Mor i Qnr,i Ny g
(27

I I 3/2 2
12 (ZNi(l)2/3> 1+fLHM 1)+ v2d(L (HM )
=1 =1

Specifically, we assume that all sub-PINNs as well as the PINN model use neural networks with depth L and
width h. In the bound of PINN, n, is the total number of residual training samples. M(I) = [|W'|], and
N(l) = [|WY2.1/[[W'||2], where W' is the I-th layer parameter matrix in the PINN model. Moreover, in
the bound of XPINN, ”m’ is the number of residual training samples in subdomain i. M;(I) = [||W|2], and
N;(1) = H|Wl ll2.1 / HW 121, where Wl is the [-th layer parameter matrix of the i-th subnet in the XPINN model.
averaged

their bounds to get that of XPINN, i.e., Bxpinn = Zi]ir(nr,z / nr) i XPINN Where BXPINN is the bound for XPINN.
Thus, we only need to compare Bpinn With Bxpinn, where the model having smaller corresponding quantity is more
generalizable. These quantities can be directly measured and calculated from the trained deep nets, which allows for
easy numerical validation. Thus, we validate this comparison method in computational experiments.

3.6 Comparing XPINN and PINN by Theorem 3.3|

In this subsection, we compare PINNs with XPINNs on the L, error by using the generalization bound in Theorem 3.3
Specifically, the comparison is performed by computing their respective theoretical bounds. In particular, we have
already shown how to compare PINN and XPINN based on the boundary and residual losses. Denote the boundary and
residual bounds of PINN (XPINN) as Biunt®¥ (BYw®Y) and Bigsidual ( gresidualy Then, we only need to compare the
following quantites:

o172 o\ 1/2
<Bgf§?\1dary + B{f,;}‘f\}'“”) (PINN)  versus (Bi%‘};dﬁry + B;?E}%'If]l) (XPINN). (28)

4 Analytical Examples Based on Theorem [3.1|

In this section, we provide analytical examples to further analyze the prior generalization bound in Theorem
The examples ensure analytical expressions of the Barron norm, which results in precise calculation of prior bounds.
Specifically, we show in what cases XPINNs are better than, similar to, and worse than PINNs in order to demonstrate
the tradeoff in XPINN generalization.
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Figure 1: Left: Decomposition causes simpler target in each part (red), but less training data leads to overfitting. Right:
Tradeoff between the two factors.

4.1 Case where XPINN Outperforms PINN

Let us consider the target function u*(x, y) = 2 sin x+sin y, on the broken line Q& = Q;UQ, = [0, 1] x{0}U{0}x]0, 1].
Obviously, we have [|u*||,y2(q) = 3, recall that WW?(€2) is the natural function space of two-layer sine networks on .
Interestingly, if we restrict u*(x, y) to {1, we have u*(z,y) = 2sinx on Qy, with a Barron norm |[u*||yy2(q,) = 2.
Similarly, if we restrict our observation to {23, we have ||u*||)y2(q,) = 1. Since the lines €2; and {2, have the same
length, it is natural to assume that the numbers of train residual data points on €2; and 25 are the same, i.e. n,; =
ny2 = N, /2 in equation . In addition, we also assume that there is sufficient training data, with log n,. > log 2.
We compare a PINN on §2 and an XPINN with two sub-nets on £, and Q,, respectively. Applying Theorem [3.T]and
our discussion in section 3.1, 27 = [[u* |2y 2 ([u*[Fy2(q,) + ||u*||;°’,v2(92))/ﬁ = (8+41)/v2 = 9//2. Thus,
XPINN generalizes better than PINN.

The underlying reason is as follows: u* remains simple on 29, while being complex on ;. Since XPINN
optimizes several sub-nets at different subdomains, XPINN may learn a simple network on {25 where the solution is
simpler, (i.e., very small [[u*[yy2(q,) = 1). Also, it learns a complex network in other subdomains, where the solution
is relatively complicated, (i.e., relatively large ||u*([yy2(q,) = 2). Therefore, compared with PINN, which learns a
very complex network on the whole domain €2 (extremely large ||u*||)y2 (o) = 3), XPINN tends to have lower overall
complexity, because it is complex on only part of the domain and remains simple on the rest of the domain, which
leads to better generalization.

4.2 Case where XPINN is Worse Than PINN

Let us consider the same target function u*(z,y) = 2sinx + % sin y, on a different broken line {2 = 2y U ()5, where
Q1 = [0,1] x {0} and Q5 = {(z,y)|y = z,z € [0,v/2/2]}. Obviously, we have |[u*|[yy2() = 2.5. Moreover,
if we restrict u*(z,y) to €21, we have u*(z,y) = 2sinz on Qy, with a Barron norm ||u*||\y2(q,) = 2. However,
even if we restrict our observation to 2, we still have |[u*[|)y2(q,) = 2.5. Since the lines ©; and €2, have the
same length, it is natural to assume that the numbers of train residual data points on 2; and )5 are the same, i.e.
Np1 = Np2 = N,/2 in equation (25). We compare a PINN on €2 and an XPINN with two sub-nets on ; and 3
respectively. Applying Theorem [3.1|and following our discussion in section 3.1, we have 15.625 = ||u* H?/VQ(Q) <
(Nl 3y2 ) + 10 y200))/V2 = (2% +2.5%) /v/2 = 23.625/+/2 ~ 16.70. Thus, in this example XPINN is worse
than PINN.

Although XPINN decreases the target function complexity via decomposition, at least on 25 it decreases to 2 from
2.5, it cannot complement the overfitting of less available training data on generalization, which is reflected in the
+/1/n, term in the bound, where n,. is the number of residual training samples, i.e. the complexity grows with less
data. Unfortunately, in this example, the more complexity brought by overfitting due to less data exceeds the benefit of
simpler target function parts after decomposition. Hence, XPINN performs worse than PINN.

4.3 Illustration of a Tradeoff in XPINN generalization

In this section, we summarize the above two examples and derive a tradeoff in XPINN generalization, which is
illustrated in Figure|l| There are two factors that counter-balance each other to affect XPINN generalization, namely
the simplicity of decomposed target function within each subdomain thanks to domain decomposition, and the
complexity and inclination to overfit due to less available training data, which counter-balance each other as follows.
When the former is more dominant, XPINN outperforms PINN, as in our example in section @ Otherwise, PINN
outperforms XPINN, as in our example in section When the two factors reach a balance, XPINN and PINN
perform similarly.
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To make the idea clearer, we consider another analytical example. Let us consider the target function u*(z,y) =
2sinz + gsiny, on the broken line © = Q3 U Qy, where Q; = [0,1] x {0} and Q5 = {(z,y)|y = z, 2 € [0,v2/2]},
where ¢ € R is a fixed constant to be decided. Obviously, we have ||u*||y2 (o) = 2+ q. Further, if we restrict u*(z,y)
to €1, we have u*(x,y) = 2sinx on €23, with a Barron norm ||u*||yy2(q,) = 2. However, even if we restrict our
observation to {2, we still have [[u*||yy2(q,) = 2+ ¢. Because the lines 2; and 2, have the same length, it is natural to
assume that the numbers of train residual data points on €2; and €2, are the same, i.e. n, 1 = 1,2 = N, /2 in equation
(23). We compare a PINN on 2 and an XPINN with two sub-nets on £, and Q,, respectively. Applying Theorem 31|
and following our discussion in Section 3.1, we need to compare the following quantities to determine when XPINN
outperforms PINN: (2 + ¢)* = [[u*[[3y2 g Versus ([u[[$y2(q,) + 10" [y2(0,))/V2 = (8 + (2 +9)*)/V2. When
(2+q)® < 8/(v/2—1)~19.31,ie., g < 0.683, PINN is better due to its more obvious effect with less data. When
q > 0.683, XPINN performs better due to the more obvious effect by decomposing complexity into simplicity.

In summary, inspired by the two analytical examples, we have shown in this section that there exists a tradeoff
in XPINNs, which results in their different performance when compared to PINNs. We further demonstrate these
phenomena in computational experiments for various PDEs in the next section.

S Computational Experiments
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Figure 2: Data visualization for the KdV experiment. Left: exact solution of the KdV equation. Right: Training points.
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Figure 3: Error visualization for the KdV experiment.

5.1 KdV Equation
5.1.1 Setup

In this experiment, we consider a one-dimensional KdV equation given by u; + uu, = 0.0025u,.,,x € [—1,1],t €
[0, 1], with the boundary condition of u(x,0) = cos(wz),z € [—1,1] and the periodic initial condition. The true
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Table 1: Computational results for KdV equation.

Train Loss Relative Ly error | Complexity | Bound
PINN 3.597e-3£7.194e-4 | 6.899e-11+8.015¢e-3 100.00% 100.00%
XPINN-R 101.31%
CPINNL 5.619e-3+5.056e-3 | 6.955e-149.905¢e-3 2350% 121.08%

solution is visualized in Figure 2]left. The entire dataset for this PDE is provided by the paper of PINN [6] and CPINN
[30].

Following the KdV equation experiment in CPINN [30], the training dataset for PINN contains 18000 residual
points and 914 boundary points. The testing dataset for PINN contains 102400 points uniformly distributed within the
domain. The backbone model for PINN is a 10-layer neural network with 20 hidden units activated by sine as in our
theory. Adam [31] optimizer with 1e-3 learning rate is used for optimization. No regularization is used.

Moreover, from the solution of the KdV equation in Figure [Z] left, we observe that it is complex, and that it fluctuates
when = > 0 corresponding to the right part. In contrast, the left part is smoother and simpler. Hence, to reflect our
discussion on the prior bound and analytical examples, for XPINN we partition the whole domain into two subdomains,
including (1) the right domain, corresponding to sub-net named XPINN-R as x > —0.74 and (2) the left domain,
corresponding to sub-net named XPINN-L as 2 < —0.74. Then, the target function in subdomain 1 is complicated and
it fluctuates significantly, while that in subdomain 2 is simpler and smoother.

For XPINN, it is given 646 and 268 boundary points, 14000 and 4000 residual points, in subdomain 1 and 2,
respectively. The number of interface points is 10000. The backbone models for XPINN are two 10-layer neural
networks with 20 hidden units activated by sine as in our theory. Two Adam [31] optimizers with 1e-3 learning rates
are used for optimizations. No regularization is used.

For fair comparison, we keep the same training procedure, i.e., training epochs, learning rate, model structure, and
weight decay, etc. We train each model for 5000 epochs, and the results reported in the table are those at the 5000-th
epochs. For both models, we use unity weight for the residual loss and zero weight for the residual continuity loss, and
also use unity weight for the boundary loss and the boundary interface loss. For reproducibility, we run each model for
5 times using fixed random seed O, 1, 2, 3, 4.

Lastly, we need to pay attention to the choice of ¢ in the posterior bound. Because the bound in Theorem [3.2] holds
with probability 1 — 4, in the computations we take § = 0.1 so that the bound holds with probability 0.9. At the same
time, for XPINN, we need to take 6 = 0.05 because there are two sub-nets for a union bound.

5.1.2 Results

We present the experimental results including train loss, and test relative L2 error, as well as the calculated theoretical
generalization bound in XPINN and PINN models in Table[I] Moreover, we also provide the product of norms of the
neural network parameter matrices, which is directly linked to the Rademacher complexity of neural networks and thus
their complexities (see Lemma([3.1). We compute this quantity to provide an intuitive observation on the complexities
of the optimized neural networks.

In addition, the products of norms of the weight matrices are presented in the columns “Complexity” where that
of PINN is denoted 100% for clear comparison. The complexity of PINN is similar to that of XPINN-R, while
XPINN-R is more complex than XPINN-L. XPINN-R corresponds to the domain x > —0.74, where the solution is
more complicated and XPINN-L corresponds to the simpler domain, validating the implicit regularization of gradient
descent, which learns simple (complex) function with simple (complex) neural networks. Although XPINN-R is
fitting a less complex function, the available data in its subdomain 1 is less than those of PINN, so overfitting causes
XPINN-R to be as complex as the PINN fitting the entire function.

Furthermore, the “Bound” columns in Table E] are the theoretical generalization bounds for PINN and XPINN,
where that of PINN is denoted as 100% for clarity. The theoretical generalization bound of XPINN is 121.08%,
which is slightly larger than PINN and consistent with their testing performances, i.e., the error of PINN (6.899¢-1)
is slightly better than that of XPINN (6.955e-1), justifying the effectiveness of our generalization bound. In Figure
El, we visualize the errors of PINN and XPINN. PINN and XPINN have similar error distributions, which justifies
their similar performances and bounds. In conclusion, for the KdV equation, the positive effect of simplicity of target
functions in every subdomain brought by the domain decomposition is similar to the negative overfitting effect caused
by less available data in each subdomain, which leads to similar performance of XPINN than PINN overall.
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Table 2: Computational results for the heat equation.

Train Loss Relative Ly error | Complexity | Bound
PINN 8.589e-51+2.218e-5 | 1.778e-3+2.195e-4 100.00% 100.00%
XPINN-T 156.24%
<PINNB 2.585e-4+1.726e-4 | 4.490e-3+1.517e-3 75750, 243.22%

5.2 Heat Equation
5.2.1 Setup

In this subsection, we consider the heat equation, which is a second order linear PDE. The one-dimensional heat equation
under consideration is u; = g,z € [—1,1],¢ € [0, 1], where its boundary conditions on (z,t) € {—1,1} x [0,1],
and its initial conditions on (z,¢) € [0, 1] x {0}, are given by the ground truth solution

u(z,t) = e ™ tcos(nz) + 0.6e 4™t cos(2mx) + 0.3¢** 4 cosh(2z) + 0.1¢" ! sinh z. (29)
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Figure 4: Data visualization for the heat experiment. Left: exact solution of the heat equation. Right: Training points.
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Figure 5: Error visualization for the heat experiment.

The solution is visualized in Figure ] The training dataset for PINN contains 2000 residual points and 200
boundary points, whereas the testing dataset for PINN contains 160801 points within the domain. The backbone model
for PINN is a 9-layer neural network with 20 hidden units activated by tanh. LBFGS with le-1 learning rate is used.
No regularization is used.

For domain decomposition of XPINN, from Figure 4] left, we observe that the solution of heat equation is complex
near t = 0 and ¢t = 1, due to the two nearby heat sources. The two heat sources are also dissimilar: at ¢ = 0 the source
is generated by trigonometric functions, while at ¢ = 1 it is generated by hyperbolic functions. To design a good
XPINN, we should partition the complexities of the two heterogeneous heat sources into different subdomains. Thus,
we partition the whole domain into a bottom domain ¢ < 0.5 containing trigonometric heat source, corresponding to
XPINN-B, and a top one ¢ > 0.5 containing the hyperbolic source, corresponding to XPINN-T.
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For fair comparison, we keep the same training procedure, i.e., training epochs, learning rate, model structure, and
weight decay, etc. We train each model for 20000 epochs, which can train orders of magnitude to 1e — 4 to 1le — 5, and
the results reported in the table are those at the 20000-th epochs. For both models, we use unity weight for the residual
loss and the residual continuity loss, and use 20 weight for the boundary loss and the boundary interface loss, which
has been adopted in the original code of XPINN [12]. For reproducibility, we run each model for 5 times using fixed
random seed O, 1, 2, 3, 4.

5.2.2 Results

Table [2] shows the experimental results for the heat equation. In the table, Train Loss denotes the training boundary
plus residual losses, Relative L2 denote the relative L2 error of the model, Complexity denotes the products of norms
of the weight matrices to quantify the network complexity, and Bound denotes the theoretical bound for the (relative)
L2 error.

PINN (1.778e-3) outperforms XPINN (4.490e-3) in relative L2 error, and its bound (100.00%) is also smaller than
that of XPINN (243.22%), i.e., our bound is consistent with numerical results. For complexity, the order is XPINN-T
(156.24%) > PINN (100%) > XPINN-B (75.75%). XPINN-T is the most complex because the top heat source is more
complicated than the bottom one, and XPINN-T only has half of the training data. In this case, the negative effect due
to overfitting caused by less data available is more obvious than the positive influence of less complex target function,
so PINN performs better than XPINN. In Figure[5] we visualize the errors of PINN and XPINN. The errors of both
models are distributed mainly in the bottom part of the domain, where XPINN-B performs much worse than PINN in
the corners of the bottom sub-domain, which may be due to limit data in this sub-domain, finally deteriorating the
performance in this part.

5.3 Advection Equation
5.3.1 Setup
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Figure 6: Data visualization for the advection experiment. Left: exact solution of the advection equation. Right:
Training points.

In this subsection, we consider the advection equation to show the difference between XPINN and PINN, which
is given by u; + 0.5u, = 0,z € [—1,1],¢ € [0, 1], with the initial condition u(x,0) = 1_¢ 2<4<0.2. The solution is
presented in Figure[6]left. The training dataset for PINN contains 2000 residual points and 200 boundary points. The
backbone model for PINN is a 6-layer neural network with 20 hidden units activated by tanh. Adam [31] optimizer
with le-3 learning rate is used for optimization. No regularization is used.

For XPINN, from Figure@ left, we observe that the solution of the advection equation can be divided into the fol-
lowing two parts, {—0.2 < z — 0.5t} N {z — 0.5¢ < 0.2} where u = 1 and { — 0.5¢ > 0.2} and {x — 0.5¢ < —0.2}
where u = 0. Hence, in XPINN-LMR (left, middle, and right), we partition the domain into these three continuous
parts mentioned above. XPINN-LMR seems to be a good partition since in each subdomain the target function is
extremely simple constant function, while the whole function is complex and discontinuous. The visualization of
domain decomposition is provided in Figure [fright.

For fair comparison, we keep the same training procedure. We train each model for 5000 epochs, and the results
reported in the table are those at the 5000-th epochs. For both models, we use unity weight for the residual loss and
zero weight for the residual continuity loss, and also use unity weight for the boundary loss and the boundary interface
loss. For reproducibility, we run each model for 5 times using fixed random seed 0, 1, 2, 3, 4.
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Figure 7: Error visualization for the advection equation.

Table 3: Computational results for advection equation.

Method Train Loss Relative Ly error | Complexity | Bound
PINN 1.387e-5+1.298e-5 | 2.052e-1+1.001e-1 100% 100%
XPINN-L 40.53%
XPINN-M | 4.239e-3£2.385e-5 | 1.617e-1+£3.582e-2 53.16% 66.59%
XPINN-R 79.95%

5.3.2 Results

Table 3] presents all computational results for the advection equation. XPINN (2.052e-1) performs better than PINN
(1.617e-1) in relative L2 error, which is consistent with their theoretical bounds, i.e., the bound of XPINN (66.59%)
is also smaller than that of PINN (100%). The reason is revealed by the norms. All sub-nets in XPINN (40.53%,
53.16%,79.95%) are less complicated than PINN (100%), because in each subdomain of XPINN, the target function
is constant, whose positive influence is more obvious than the overfitting due to less data. In sum, in the experiment
of advection equation, since the target functions in every sub-domains are extremely simple constant functions, the
positive influence of less complex target functions is much stronger than the negative effect of overfitting due to less
available data in each sub-domains, thus, XPINN performs better than PINN. Lastly, in Figurewe visualize the errors
of PINN and XPINN. The error mainly concentrates in the areas near the discontinuity part, where XPINN has smaller
error than PINN.

5.4 Poisson Equation

Poisson u(x,y) Poisson u(x,y)
1.0 . 0.000 y
1.0
-0.005
-0.010 0sd ?
-0.015 i ;. IR R
06d f . SubnetlResidual : H
-0.020 . ;) Subnet 2 Residual . .
> “ < Interface { . .
-0.025 , ¢+ Subnet1Boundary .i ¢
0.4 © .+ Subnet2Boundary ‘
-0.030 . ~ .
-0.035 0.2
—0.040
0.0
—0.045
0.0 0.2 0.4 0.6 0.8 1.0

Figure 8: Data visualization for the Poisson experiment. Left: exact solution of the Poisson equation. Right: Training
points.
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Table 4: Weighting strategies for the Poisson equation.

Residual | Interface R | Additional I | Boundary | Interface B
PINN 1 NA NA 20 NA
XPINNI1 1 20 0 20 20
XPINN2 1 20 30 20 20
XPINN3 1 20 30 80 20

Table 5: Computational results for the Poisson equation.

Train Loss Relative L, error Complexity Bound

PINN | 2.688c-4+3.411e-4 | 5.5536-242.936e-2 | 100.00% | 100.00%
gﬁg;_’ﬁ 1.181e-244.319¢-3 | 4.022¢-141.648¢-1 ;‘9‘%12‘; 122.56%
gﬂgﬁ'ﬁ 1.016e-243.713¢-3 | 1.387e-147.030¢-3 ;g;:ggzz 108.57%
;gllggiﬁ 1.621e-245.222¢-3 | 1.108e-1-1.561e-2 ;gg:i;gz 106.28%

54.1 Setup

In this subsection, we consider a Poisson equation with residual discontinuity, which is also a second order linear PDE.
The equation under consideration is u,, + uy, = f, where (z,y) € [0,1] x [0,1], and f is given by f(z,y) = 1 for
(x,y) € [0.25,0.75] x [0.25,0.75], and f(x,y) = O for the rest of the domain. The boundary condition is zero.

The solution is visualized in Figure[8] The training dataset for PINN contains 400 residual points and 80 boundary
points, whereas the testing dataset for PINN contains 1,002,001 points within the domain. The backbone model for
PINN is a 9-layer neural network with 20 hidden units activated by tanh. LBFGS with le-1 learning rate is used. No
regularization is used.

The weighting strategies for PINN and XPINNs are summarized in Table[d For PINN, we use unity weight for
residual and 20 weight for boundary. For XPINNI1, i.e., the simplest XPINN model, we use 20 weight for boundary,
boundary interface, and residual interface, while using unity weight for residual. Due to the existence of residual
discontinuity, we need to give stronger constraint to maintain the residual continuity. So, we use 20 weight for residual
interface rather than unity weight used in the official XPINN code [12].

In addition, to test the effective of the newly proposed regularization in [17]], we design the second XPINN2, which
builds upon XPINNTI, i.e., it adopts the same weights as XPINNT1 and use 30 weight for the additional regularization
on the first order derivatives near the interface.

For the last XPINN3, we shall see in the results that XPINN2 does not perform well on the boundary. So, we try to
remedy XPINN2 by XPINN3 through increasing the weight for the boundary loss, i.e., from 20 to 80 weight on the
boundary.

For domain decomposition of XPINN, sub-domain 1 contains the area (z,y) € [0.25,0.75] x [0.25,0.75], while
sub-domain 2 contains the rest of the domain. Specifically, we partition the domain according to the discontinuity, to
force each sub-net in the XPINN to focus on one continuous part, rather than fitting the entire function containing
residual discontinuity by one network. The sub-net for the sub-domain 1 is called XPINN-M since it is in the middle
of the domain, while the sub-net for sub-domain 2 is called XPINN-A since it is around the entire domain.

For fair comparison, we keep the same training procedure, i.e., training epochs, learning rate, model structure, and
weight decay, etc. We train each model for 20000 epochs, and the results reported in the table are those at the 20000-th
epochs. For reproducibility, we run each model for 5 times using fixed random seed 0, 1, 2, 3, 4.

5.4.2 Results

Table [5] shows the experimental results for the Poisson equation. PINN (5.553e-2) outperforms XPINN3 (1.108e-1),
and XPINN3 outperforms XPINN2 (1.387e-1), and finally XPINN2 outperforms XPINN1 (4.022e-1), and their bounds
also point to the same result, i.e., PINN (100%) < XPINN3 (106.28%) < XPINN2 (108.57%) < XPINNI1 (122.56%).
All sub-nets in the XPINNs (142.71%, 297.91%, 183.44%, 292.93%, 195.57%, 300.47%) are more complicated then
the PINN (100%), which is the reason accounting for the failure of XPINNSs. In this case, the lack of available data
in each sub-domain of XPINNs impacts the generalization negatively, whose effect is much more obvious than the
reduction of target function complexity in each sub-domain.

To understand the failure of XPINNs, we visualize the error plots in Figure E} For XPINNI1, due to the lack of the
additional residual interface regularization on the interface [17], the error is extremely large near the interface, which
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Figure 9: Error visualization in the Poisson equation.

causes the largest error of XPINN1. For XPINN2, although the additional residual regularization does mitigate the
error near the interface, the boundary error becomes much larger, which is because the introduction of an additional
regularization decreases the importance of boundary loss during the optimization. To solve the problem, in XPINN3
we add more weight to the boundary loss. While the error on the boundary decreases, the error near the interface
increases, which is due to the tradeoff between different loss components, namely the tradeoff between the boundary
loss and the interface loss. To conclude, XPINNs perform worse than PINN since they perform bad either on the
boundary or on the interface, which justifies the necessity of XPINNs with adaptive weight adjustment.

5.5 Compressible Euler Equations
5.5.1 Setup

Next, we consider the nonlinear inviscid compressible Euler equations, which govern the physics of high-speed
compressible fluid flows. The inviscid compressible Euler equations admit discontinuous solutions called shock or
contact waves, which are difficult to capture with good accuracy. The two-dimensional steady-state Euler equations
are given as F,(U) + F,(U) = 0, (x,y) € [0,1]%, where fluxes in = and y directions are defined as F,(U) =
(pu,p + pu?, puv,pu + puE) and Fy(U) = (pv, puv, p + pv?, pv + pvE), where p,u, v and p are density, velocity
components in x and y directions, and pressure, respectively. The total energy E is defined as E = ﬁ + %Hu| |3,
where u = (u, v). In this case, we are solving the oblique shock wave problem on a square domain [0, 1]2. The bottom
boundary is the wall where slip boundary conditions are applied, whereas left and top boundary are the inflow boundary
where Dirichlet boundary conditions are applied. The right boundary has extrapolation boundary conditions. A Mach
2 flow is at an angle of -10 degrees with respect to the bottom wall, which generates an oblique shock at an angle of
29.3 degrees with the bottom horizontal wall. The exact solution is given as

(1.0, cos10%,—sin10°, 0.17857) before shock,

, U, U, =
(pu,v,p) {(1.4584, 0.8873, 0.0, 0.3047) after shock.

Among all the primitive variables, we have plotted the fluid density which accurately shows the position of an oblique
shock wave. Figure[I0|shows the exact value of density (left) and domain decomposition (right) for XPINN-AM. From
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Figure 10: Two-dimensional compressible Euler equations: Exact solution (left) and domain decomposition for
XPINN-AM (right).

Density (Exact)

0.0 0.2 0.4 0.6 0.8 1.0

Table 6: Computational results for compressible Euler equations.

Method Train Loss Relative Ly errorin p | Norms Bound
PINN 1.819e-3+6.043e-4 | 3.4604e-2+7.385e-3 | 100.00% | 100.00%
XPINN-A 37.28%
XPINNM 9.210e-4+1.882e-4 | 1.048e-24+5.3793e-3 CA37T % 81.09%
XPINN-T 42.37%
<PINN-B 1.067e-3+4.829¢e-4 | 3.5722e-24+4.290e-3 131.26% 137.63%

the domain decomposition figure we observe that the solution of the Euler equations is divided into the following
two parts, {y > 0.57x + 0.1} U {y < 0.52222 — 0.0522}, where solution is constant (shown by blue points) and the
remaining strip (shown by red points), where oblique shock wave is present.

5.5.2 Results

Density (Point-wise error) Density (Point-wise error)
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Figure 11: Two-dimensional compressible Euler equations: Point-wise errors for PINN (left) and XPINN (right).

We used a deep net with 10000 residual points, 5 hidden-layers with 20 neurons in each layer, and 8e-4 learning
rate. The activation function is hyperbolic tangent. Table[6] gives the computational results, and Figure[TT| gives the
point-wise error for the density of the fluid. In this case, the XPINN-AM generalizes better than PINN. Furthermore,
the norms of XPINN-AM are much smaller than that of PINN (100%). We further divide the domain into top (y > 0.5)
and bottom subdomains (y < 0.5) for XPINN-TB. The XPINN-TB does not generalize well compared to PINNs, and
the complexities of the two sub-nets are 42.37% and 131.26% for top and bottom subdomains, respectively. These
results prove that the norms and generalization bounds are good indicators for XPINN based domain decomposition,
and can be efficiently used to further decompose the subdomains.

6 Conclusion

In this study, we have investigated the generalization abilities of PINNs and XPINNs, as well as when and how XPINNs
improve generalization. For this purpose, we have provided both prior and posterior generalization bounds to explain
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this from different viewpoints, where for the former we have developed the Barron space for multi-layer networks,
while for the latter we have derived the complexity of norm-based Rademacher for PINNs.

Through our discussion on theoretical results, analytical examples, and extensive experiments, we conclude that
the domain decomposition method in XPINNSs introduces a tradeoff on generalization. On the one hand, its advantage
is that it decomposes the complex target function into several simple parts, which lead to the phenomenon that the sum
of all parts is smaller than the whole. However, on the other hand, domain decomposition causes less available training
data in each subdomain, leading to higher empirical Rademacher complexity and makes models prone to overfitting.
When the complexity reduction brought by XPINN exceeds the increased complexity caused by less training data,
XPINN outperforms PINN, as in our experiment on KdV equation, heat equation, advection equation, compressible
Euler equation and the analytical example in Section When the overfitting caused by insufficient data is more
dominant than the simplicity due to domain decomposition, PINN outperforms XPINN, as in our experiment on heat
equation, wave equation and our analytical example in Section[d.2] When the two factors reach a balance, XPINN and
PINN perform similarly, as shown in our experiment on advection equation and our analytical example in Section 4.3

Our results can also provide a partial explanation for the following observation. For long-time integration of several
PDEzg, it has been empirically observed that only XPINNs are applicable as PINNs tend to be inaccurate. According to
our theory, this is expected as we tend to have a very high complexity measured by the norms for a whole solution of a
long-time integration, which can be decomposed into less complex sub-solutions in XPINNs. Our proposed theory can
also be useful for adaptive domain decomposition. Specifically, after initialization of a decomposition, we can compute
the bound during optimization to know how the corresponding XPINN generalizes. If it does not generalize well, we
can diagnose the reason, e.g., the negative overfitting effect caused by less training points is more obvious than the
positive effect of less complex target function in each sub-domain, then we can restructure the decomposition by letting
the sub-domain(s) contain more training points. Overall, the present work provides the first theoretical understanding
on when and how to employ XPINN for better generalization performances over the vanilla PINNs.
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A Preliminary: Functional Analysis

Definition A.1. (Multi-Index) If k is a positive integer, and u € C*(Q), then we define the multi-index o =

(a1, ,aq) of order || = aq + - - - + ag = k, and the corresponding derivative is:
8041 aan
D% = —— - ——u. 30
U B g <0

Definition A.2. (Holder space) The Holder space C*V(Q) consists of all functions uw € C*(Q) for which the norm

[ull gy = > ID%ullo + D, [ID*Ucon @) (BD
lal<k lal=k

is finite, where the norm and the semi-norm are defined as
||uHo(ﬁ) = sup |u(z)|.
€N

[u(z) — u(y)| } | G2

[ul o @) = sup { |z —y|7

z,yeN
Theorem A.1. The space of functions C*7(Q) is a Banach space.

Definition A.3. (Completeness) A metric space X is called complete if every Cauchy sequence in X has a limit that is
also in X.

Definition A.4. (Relative compactness) A relatively compact subspace Y of a topological space X is a subset whose
closure is compact.

Lemma A.1. Suppose (fn)nen is an equicontinuous sequence in C (), then if (fn)nen converges to f pointwise,
then f € C(§)) and the convergence is uniform.

Proof. Suppose x € €, since (f,,)nen is an equicontinuous sequence in C(€2), there exists V,, € A(x), where N (z)
denotes the neighborhood of z, such that when y € V., for all n € N we have

|fn(y) — fu(z)] < e (33)

Therefore,

[f () = F@) < 1f ) = Fa()] + [ fu(2) = f(@)] + | fu(2) = fu(y)]

(34)
Letn — oo, | f(y) — f(x)| < €. Thus, f is continuous.
Since the set {2 is compact, there exists 1, - - - , Z,, and their neighborhoods V,,,,- - - , V,,_, such that
Q=UL Ve, Vo €Q,3ap,2 € Vi, | fula) — falzw)| < e |f(z) = flaw) <e (35)

where m is large enough for the given ¢, and we consider the equicontinuity of f,, and the continuity of f. For all
x € (), there exists xy, such that x € V,, . Given large enough n, due to the continuity of f,, and f, we have

[fn(@) = f(@)| < [ful®) = falen)| + | fulzr) — fle)] + [ f (@) — f(2)] < 3e. (36)
Thus the convergence is uniform. O

Theorem A.2. (Arzela-Ascoli theorem) Suppose the funciton class H C C(Q), then H. is relatively compact in C(Q)
if and only if H is equicontinuous.

Proof. We shall only use the sufficiency part of this theorem. So, only that part will be proved.

We first prove that H is complete in C(£2). We select arbitrary Cauchy sequence (f,,)n>1 in 7. Then for all z € €,
(fn())n>1 is a Cauchy sequence in the Euclidean space R, which is convergent. By Lemmal[A.1] (f,)n>1 uniformly
converges to a continuous f. Thus, A is complete.

We only need to show that, for all € > 0, ? can be covered by finite balls of radius e. Since H is equicontinuous,
then for all z € Q and € > 0, there exists open set O, € N (z), where N(z) denotes the neighbourhood of z, such
that for all y € O, we have |f(y) — f(z)| < eforall f € H. Since Q is a compact set, there exists finite (O,,)_;,
such that Q = U"_, O,,.
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Since all f € H are continuous, the set U ; H(x;) is compact, so there exists finite set Z C Q, such that
?:1 H(JJ,) - UZEZB(Z7 €)a (37)
where H(z) := {f(z) : f € H}. Now we consider the finite set Z", for all Z = (21, -+ , z,) € Z™. Let
Bz = {fEC'(Q): sup sup |f(x)— 2] <2e}. (38)
1<i<n z€0,,

Then we can a finite number of open subsets (Bz)zczn.
For all f,g € Bz, we have

1f = dgllc@ < sap sup ([f(@) — 2] + |g(x) — zi]) < 4e. (39)
1<i<n z€0,,

Thus diamBz < 4e. We want to show H C Uz¢zn Bz.
For all f € H, we know that for all 1 < i < n, f(z;) belongs to one of B(z;,€) where z; € Z, due to the fact that
U H(z;) C UrezB(2,€). When z € O,,, then

|f(z) — 2] <|f(z) = f@i)| + [f(wi) — 21| < e+e=2e (40)
Therefore,
sup sup |f(z) — 2] < 2e. 41)
1<i<n 2€0,,
O

Lemma A.2. (Lebesgue’s dominated convergence theorem) Let ( f,)nen be a sequence of measurable functions in the
space Q with measure ji. Suppose that the sequence converges point-wise to a function f and is dominated by some
integrable function g in the sense that | f,,(x)| < g(x), for all numbers n in the index set of the sequence and all points
x € Q. Then f is integrable (in the Lebesgue sense) and

lim /ﬁ fal@) — F(@)ldpu(z) = 0. “2)

n—oo

Definition A.5. (Sobolev space) The Sobolev space W*?(Q) contains all locally summable functions u : Q — R
such that for each multi-index o with |a| < k, D®u exists in the weak sense and belongs to LP (). Furthermore, if
u € WFP(Q), we define its norm to be

1/p
iy = | 3 [ Dl . el
lal<k ¢ (43)
lullwe.r ) = Z ess supg| D%ul. P = 00.

o<k

Theorem A.3. When p = 2, the Sobolev space HP(Q) = W*2(Q)) is a Hilbert space.
Theorem A.4. (Trace Theorem) Assume ) is bounded and ) is C*. Then there exists a bounded linear operator:
T:WhP(Q) — LP(09Q) (44)
such that
o Tu = ulpq ifu € WHP(Q) N C(Q).
e For each u € WP(Q) and a constant C depending only on p and ),

1 Tul| L a0y < Cllullwir)- (45)
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B Proofs of the Barron Space

B.1 Proof of Theorem 2.2

Proof. (Proof of Theorem Because X embeds continuously into C?'1(2), there exists constants Cy, Cy > 0 such
that

[D%llco) < Cillgllx, [D*glcor () < Callgllx, Vg € X. (46)
Banach Space. By construction, Bx g is isometric to the quotient space M (B~ ) /Ny where
Nie={ue ) [ ooy —o.vwenl. @)
In particular, Bx ¢ is a normed vector space with the norm || - || x . Consider the mapping
MB) = C*@). 1> fu= [ pla)dln(o)), 8)

We prove that f,, € C%(£2). For the continuity, we have

[fu(@) = fu(y) = /BX p(g(x)) — p(g(y))ld(n(g))
(49)

< [ lat@) = glduto)).

For the continuity at point x, consider arbitrary sequence (z,)neny — 2. Consider the sequence of function h,, :
BX - R, f — f(z,)and h : BX — R, f + f(z). We have that |h,(f)| = |f(xn)| < [ fllco@)> which is
integrable. By Lemma[A.2]

S u(e) = fulen)| < Jim [ lg(@) = g(ea)ld(i(s)
= h(g) — h(gn)ld(u(g))
B /B i [(g) = hlgn)ld((9) (50)

_ / lim [g(z) — g(2n)|d(u(g))
B

X N—00

:0,

due to the continuity of g. Since the sequence (x,,),en is arbitrary, we know that f,, is continuous at all points z € Q.
fu is first order differentiable due to the following:

fu(@) = fulzn) /BX 30(9(%))d(u(g)) _ /BX [p(g(x)) —rlg(an)) _ Ople(x))] ,

T — T, T —x, ox;

oz, (1(9)), (51)

where x; is the i-th coordinate of z, (z,); — x; asn — oo, and (x,,)_; = x_;, i.e., other coordinates are the same.
Because X embeds continuously into C?1(£2), we have

‘p(g(x)) - p(g(wn))‘

T — Ty
< |9() — g(aa) (52)
- T — Tp
< (Cs.
Since the activation function and its derivatives are bounded, we also have
Ip(g(@)| _ |, Ip(g(z))
‘ or, | = | (9(x)) oz,
_ |90(g(@)) (53)
- ox;
< (.



By Lemma[A2]

| ful@) = fulzn) Ip(g(z))
i [ B dulon) [0
S/ i ’p(g(x):z—p(g(wn)) B 3929(@)) ‘ d(u(g)) (54)
BX N—00 Tn T
=0.
Ths ohu) [ Ople(x)
w(r) o(g(x
Then, by induction we can know that f, is C* continuous and
Df, = o Dgd(u(g))- (56)
Back to the mapping
M(B¥) = 2@, = £, = [ ola)ilu(a)). (57)
It is continuous because
|/ starituto)
BX c2(Q)
< [ 1@ leaedllnl(a)
d
= /BX {p(g)llcom) + p’(g)aigllcom)} d(|ul(g))
i=1
(58)

d d
Jr/Bx > 0" (9)9ig059llcoy + D, 10/ (9)Digll oy p dllul(9))

i,j=1 t,5=1

d d d
< /BX 1+ " [10iglicoy + Y 18i99gllcoy + Y 119i9llcoe) ¢ dl|ul(g))

i=1 i,j=1 ij=1

< [+ (d+d*)Cy + d*CF) el B xys
by the definition of Brochner integrals and note that € R, i.e., d is the input dimension, and that 9; denotes the first
order derivative with respect to the i-th coordinate, and 82»2]» denotes the second order derivative with respect to the
i-th and the j-th coordinates. Due to the continuity, N is the kernel of a continuous linear map. Therefore, N is a
closed subspace of M gx. By the theorem in functional analysis, we conclude that Bx ¢ is a Banach space.

Bx ¢ embeds continuously into C** (2). In the proof of statement (1), we already have | f,.[| o2 () < 2C1 (|l pmpx)-
By taking infimum over 1, we have || f||c2(q) < 2C1||f||5x.,,- Furthermore, for any x # y € Q, we have

[fu(@) = fuly) < /BX 1p(g(x)) = p(g(¥))ld|ul(g)
< [ lat@) = stw)idiel(o) )
< [ leos@le = vldlello

< Collpll mesxylz — yl-
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For the derivative, we have the similar conclusion:
10i fu(x) = 0i fu(y)] < /BX |0ilp(9(2))] = Dilp(g(w))]ldlnl(9)
< [ W a@)ote) - atu)oato)idiel o)
/ {10 (9(2)0ig(x) — p'(9(x))Dig(y)| + |¢'(9(2))Di9(y) — o' (9(y))Dig(y)|} dlpl(g)

</ X{[g]cn w2 = vl + oo glloole — ol dlnl(o)

< (Co + CLCo)|pl| msxy | — vl
(60)
where 0; denotes the first order derivative with respect to the i-th coordinate. Also, for the second order derivatives, we
have

|05 fru(x) — 0ij fuly)] < /BX 19i51p(g(x))] = 9ij1p(g(y))]ld|pl(g)

(61)
< [ (h+ B)dulio)
where 82 denotes the second order derivative with respect to the i-th and the j-th coordinates, and we have
= 1p"(9(2))0ig(x)0;9(x) — p"(9(y))0ig(y);9(y)]
< [p"(9(2))9ig(x)0;9(x) — p" (9(2))0i9(y)0;9(y)| + |p" (9(2))0:9(y)9;9(y) — p" (9(y))0ig(y)0;9(y)|
< |0ig(2)9;9(x) — Big(y)d;9(y)| + CElp" (9(x)) — 0" (9(y))] 2
< |09ig(2)0;9(x) — 0ig(x)D;59(y)| +19i9(x)0;9(y) — Dig(y)dj9(y)| + Ctlg(x) — g(y)|
< 2C1Calz — y| + CFCs|z — y|
< (20,05 + C3Cy) |z — y.
and
= 10'(9(2))9:9;9(x) — p'(9(y))0:0;9(y)|
< [p'(9(2))0:0;9(x) — p'(9(2))0:0;9(y)| + | (9(2))0:0;9(y) — p'(9())9:9;9(y)] (63)
< 2Cs|x — yl.
In sum, we have
1035.f1(x) — 05 fu(y)| < (20102 + CFCy + 2C3) |z — y. (64)

After taking infimum over p, we come to the conclusion.

The closed unit ball of B q is a closed subset of C?((2). We assume that (f,,)nen is a sequence such that
|| fnllx,5c < 1. Choose a sequence of measures (i, )nen such that f,, = f, and ||u,|| < 1+ 1. These meansures
exist because f,, are from the unit ball of B(X, (?). By the compactness theorem of Radon meansures, there exists a
subsequence (i, and a Radon measure y, such that 4, weak converge to p with ||x]] < 1. Since all functions p(g)
are C'? continuous and bounded, we have all D“ f,,, converge in the product topology (pointwise convergence) for all
la| <2, since f, € C?(Q). In particular, if f,, — f uniformly in the norm of C2, then f = fu € BBx2 je. the
unit ball of Bx ¢ is closed in the C%(Q2) topology. O

B.2 Proof of Theorem 2.1]

Proof. (Proof of Theorem [2.1)). This is immediate by the definition of generalized Barron space and that of neural
networks in Definition 2,11 O

B.3 Proof of Theorem

To prove the approximation property, we first prove the following useful lemma.

Lemma B.1. Let G be a set in a Hilbert space H such that ||g||g < R forall g € G. If f is in the closed convex hull

of G, then for every m € N and € > 0, there exist m elements g1, - - , gm € G such that
R+e
||f——Zgz||H N (65)
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Proof. This lemma is proved by using the law of large numbers. See [32] for details. O

Proof. (Proof of Theorem Due > to the choice of WV as linear functions, the constants of continuous embedding are
C1,Co = 1. By the fact that C%!(Q) embeds continuously into H?(2), we have || f||z= < 2|/ f|lwe.
Recall that the unit ball of W¥ is the closed convex hull of the class H = {o(g) : ||g|[yyz = 1}. Thus by Lemma,

there exists g1, , gm € Wl and €y, -+, €,, € {—1, 1} such that
1 ¢ 3| flbwe
- — i0(gi < ——F. 66
15 = 3 ciolgi@)) e < 21 (66)

1=1

If L = 1, g; are linear functions and u,, (€) = >_1" | <0(g;(x)) is a two-layer neural netowrk. Thus the case L = 1

in the theorem is proved.
We prove the remain by induction. Assume that the theorem has been proved for the case of L — 1. Then we note
that ||g;|lywr = 1, so for 1 < ¢ < m we can find a finite L — 1-layer network g; such that

1 1 1 &
IF = e @l <15 = Lesta@Dlr + 53 Lol
3 o m3(L-1) (67)
SUmTm um

We merge the m trees associated with g; into a single tree, increasing the width of each layer by a factor of m, and add
an outer layer of width m with coefficients .
For the remaining part of the theorem, we only need to apply Theorem[A.4] O
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C Proofs of Rademacher Complexity

In this section, we provide proofs for Rademacher complexity. We first provide full details for the second order
derivatives of neural networks.

D?up(x)

C0x?

1) Ovec(Wr . @l twi1..... o'Wt

- oz

@ L gvec(Wh - @ Wl @ W) Gvec(@)

o ZZ:; dvec(®') ox
L-1

dvec(®')

©) (Wl”.q)lwl)T®(WL(I)L—1“.WZ+1) 5
T

L—1
¢ { wh...a'whHT g (WL<I>L1.~W”1)8VZC((,I)[)}
T ) icj<a
L

:{ (Wl.¢1wl)T®(WL@L—1Wl+1)

=1 (63)
8vec(diag[a’(WlU(-"Wlﬂv))])} ,

3mj 1<j<d
L—1

— {Z(Wl .. ¢1W1)T ® (WL@L—l - Wl+1)
=1
do' (Wlo(---Wle))
8a:j

vec(diag| Dhi<j<a

L—1

_ {Z(Wl e '1’1W1)T ® (WL<I>L_1 e WHl)
=1
vec(diag[®' W' . .. ‘I’lw},j)])}lﬁjﬁd

L—1
© {Z(W%L—l W diag (T W W) (W <I>1W1)} .
=1 1<j<d

In (1), note that vec(W% . @ 'Whi=1..... W) € RY x € RY thus the result of (1) is in R4*%, In (2),
we apply the chain rule, with the first term € R?*m! and the second term € R™ ¥4, In (3) we use the formula

%‘W — BT ® A, and the first term € RY<™ second € R*™ | third € R™ *?. In (4), we decompose the

calculation into dimensional-wise with mgcim(fl) € R™ . In (5), we use the fact that BT © Avec(X) = vec(AX B).

C.1 Spectral Norm for Complexity

In this subsection, we shall use a covering number approach to Rademacher complexity. The following lemma is the
key to connect them.

Lemma C.1. [23)] Let F be a real-valued function class taking values in [0, 1], and assume that 0 € F. Then

4 12 VP
Rad(F;S5) < inf <\/ﬁ + ;/a \/logN(fs,s, - ||2,2)d6) : (69)

where S is the dataset, and Fg is the set containing the image of the dataset S under all mappings in F.

We note that this lemma requires that the hypothesis is in the interval [0, 1]. In practice, we can consider the class
of truncated neural networks. More specifically, if the class of neural network is denoted F, then we consider the

following class: R
F=Fi+F_, (70)
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where 7y = {f: fN[0,1],f € F}and F_ ={f: fN[-1,0], f € F}. Then, the function class F is bounded in
the interval [—1, 1], which is suitable for prediction of the target function w*(2) which is bounded by 1. In addition,

their Rademacher complexity have the relationship: Rad(F) < Rad(F) + Rad(F_). Throughout this paper, we will
adopt the truncated neural network function class unless specified.

Definition C.1. (Matrix Covering) We use N (U, €, || - ||) to denote the least cardinality of any subset V. C U that
covers U at scale € with norm || -

, Le.,
sup min ||[A — B <e. 71
4€pUBEV I I=e D

Lemma C.2. Consider the Hilbert space H with the norm || - ||. Let U € H has the reresentation U = Zidzl a; Vi,
where all V; € H, and o; > 0. Then for any positive integer k, there exists a choice of non-negative integers
(kv, ko, -+, ka), such that S° k; = k, and

d d
| k Z Vil < A Z%H ill5 < A 112?<XdH ill%- (72)
=1 =1 -

Proof. See [25,133]] for details. O

Lemma C.3. [25|] Let conjugate exponents (p, q) and (r, s) be given with p < 2, as well as positive reals (a, b, ¢),
and positive integer m. Let matrix X € R™"*? be given with || X || p.p < b, where n is the number of training data, and
d is the input dimension. Then,
232, 2/r
a“b*m
) < [ log(2dm), (73)

logN( (XA:AeRY™ AT,  <a),e| -]

where m can be interpreted as the hidden dimension of the model.

Proof. Fix the dataset matrix X, and construct Y € R"*4 by Y, ; := X. ; /|| X. j||,- We set the following quantites:

N := 2dm € N*,
2p2,2/7
k= [%1 e N*, (74)

@ = am"|| X||,.
Then, we define the following matrix sets:

{‘/i"/é?"' ’VN} = {gyeie3:ge{71’l}7i € {172a 7d}7j S {172a" : 7m}}a

_— N . N (75)
C = {kaVk zo,Zki :k} = {kav ki ZO,Zki :k}.
=1 =1 =1 =1
We first note that since p < 2,
Xe;
max [Vill2 < max |Ves|lo = max 1oeill2 < 1 76)
i i i |[Yeillp

where we use the fact that the matrix eie;»f has only one non-zero entry at (i, 7).
We then show that C is the desired cover. Due to the construction of C, its cardinal number |C| < N k as we can
interpret its construction as choose one from V; at each time and there are & such choices to form an element in C.
We consider a matrix ||A|,s < a, and construct a covering element in C as follows. Let the matrix o € R4*™,
whose elements in the j-th row are all equal to | X. ;|| . then XA =Y (a © A).

ol = || (levally - Dl )|
=[xty bt )] i, )|
,
d 1/p
T T 77
= mY/ (||X:,1||p,...7||X:,d||p) ‘p:m” SO X7 a7
j=1
n 1/p
=m K| = m X
j=11i=1
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Define B := o ® A, whereby using conjugacy of || - ||, and || - ||4,s gives

1Bl < e, |A]) <[l a5 <m7|X]|pa = a. (78)

|A

p,r

Consequently, X A is equal to

YB = YZZBUee | By ZZ”B” 1) ea-conv({V1,...,Vx})

=1 j5=1 1=15=1

where conv ({V1, ..., Vy}) is the convex hull of {V1,...,Vn}.

Combining the preceding constructions with Lemma A.6 there exist nonnegative integers (k1,...,ky) with
> ki = k with
a2 a’m?'"|| X
HXA—ZI@V YB—ka;V S%m?x||‘/i||§§¢< 2
The desired cover element is thus Y kiViecC. O
We first revisite the definition of neural networks. Given weight matrices W = (Wy,..., W), where L is the

network depth, we define the mapping Fy, and more generally for i < L define W! := (W71, ..., W;) and

Fw(Z):WLJ(WL_1~~'O'(W12)"'), (79)
Fypi(Z) =0 (Wioc(Wi—1--0 (W1Z)--+)), (80)
with the convention Fjy(Z) = Z, where Z is the input.
Define two sequences of matrix spaces Vs, ...,V and Wh, ..., Wy, where V; has a norm | - |; and W; has norm
|| - 1||s- Specifically, we choose all vector spaces as Euclidean spaces, and choose | - |; = || - [|l2,2 and ||| - |||; = || - ||2,2-

The inputs Z € V; = R?X" satisfy a norm constraint || Z||.«c < 1, which means the absolute values of all entries in
all data is not larger than B. Specifically, we are using Z = X T.

The linear operators A4; : V; — W, are associated with some operator norm |A;|;—i+1 < ¢;, where we use
|Ailimi+1 = ||Aill2, which is the spectral norm and satisfies:

||A1H2 = | sup ||AZZ||2’2 =C;. (81)

2,2<1

For the activation function, we consider the sine activation function, which is an 1-Lipschitz mappings o : W; 1 —
Vi+1, having the Lipschitz constant p; = 1, measured with respect to norms | - |; = || - [|oo and ||| - |||i = || - [|o- In
other words, for any z, 2z’ € W;.1, we have

|0(2) = o (i1 = lo(2) = 0(Nl22 < Iz = 2|22 = [l|2 = 2|lli41- (82)
We will prove the following lemma on covering number.

Lemma C.4. Let the resolutions for covering (€1, . .. ,€r,) be given, and given the operator norm bounds (cy, . .., cp).
Suppose the matrices W = (W1, ..., Wy,) lie within the set By x --- x By, where B; are arbitrary classes with
the property that each W; € B; has |Wi|iiv1 = [[Willa < ¢ Lastly, let the dataset Z = X be given with
|Z]1 = || Z]| 0,00 < 1. Then, letting

T —Zejp] H picr = ZGJ H €t (83)
l=5+1 l=j+1

then the neural net images Hz = {Fw(Z) : W € By x --- x B} have covering number bound.:

NHz, 7| [41)
=NHz, 7| [|2.2)
L
<II sw N({WiFy(2): Wie B} elll-lllin) (84)

i WiEB; Wi<i
L

=TI s N({WiBya(2):Wie B} el la2)

i WiEB; Yi<i
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Proof. In this paper, we consider the case when all ¢c; > 1. We first denote F; as the covering set of the image set of
all ¢-layer neural networks, which are inductively constructed as follows. Choose an €;-cover F; of the set of one-layer
neural networks {W,Z : Wy € B;}, then its cardinality satisfies

|Fil SN {WZ : Wy € Bi} e, ] - lll2) =: N, (85)

by the definition of covering number. For every element F' € F;, which is a covering vector, we construct an €;-cover
Git+1(F) of the set
Witr0i(F) : Wit € Biga}, (86)

where F' is chosen and fixed. Since the covers are proper, i.e.,
FeF c {WiFWiﬂfl(Z) W, € B;,Vj < z} , (87)
meaning that F' = WiFWfq (Z) for some matrices (W7, ..., W;) € By x --- x B;. Then, we obtain

G (F) < sup N ({Wip1Fw, . .w,(Z) : Wiy1 € Big1},€ivn, || - lliv2) =t Niga. (88)
Vi<iW;eB;

Lastly we construct the cover

Firr=J Gin(P), (89)
FeF;
whose cardinality satisfies
it+1
[ Fipa] < |Fil - Niga < [[ V. (90)
1=1

Define F := {o(F) : F € F1}. By construction, F satisfies the desired cardinality constraint. To show that it is
indeed a cover, fix any (W7y,..., W) satisfying the above constraints, and for convenience define recursively the
mapped elements

Fr=WXe WQ, Gi=o (Fl) S Vi+1 F¢+1 = Wi+1Gi S Wi+2. 1)
The goal is to show the existence of GLeF satisfying:
|GL — Gl = |G — Grlaz <7 (92)

To this end, inductively construct approximating elements (FZ, G‘i) as follows. The Base case: set Gy = X since

Go = X. For other cases, choose F; € F; with |\|Wi@i_1 — Fl| [li+1 < €, since F; is an €; cover of the following set:
{WiFwifl(Z) W, € B V) < z} . (93)

And set G; := 0(13’1-). To complete the proof, it will be shown inductively that

DT I1 me 94)

1<j<i I=j+1

‘Gi_éi

For the base case,
‘GO—GO‘I:O (95)

For the inductive step, we obtain
Git1 — éi+1 o < piyi|||Fig1 — ﬁi+1\|\i+2
1
< pitilllFit1 = Wi Gillliv2 + pis1|[IWis1Gi — Figallli+2

< pit1 Witalig1 g0 ’Gi -G;

) + pit1€i+1

it
; (96)
< Pit1Cit1 Zéjpj H pict | + Piri€it1
j<i I=j+1
it1
= Z €505 H piCL,
J<itl  i=jt1
i
where we note that [[,_; ., pic; = 1. =
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The whole-network covering bound in terms of spectral and (2, 1) norms now follows by the general norm covering
number and the matrix covering lemma.

Theorem C.1. Let spectral norm bounds (s1,...,sr), and matrix (2,1) norm bounds (b1, ...,br) be given. Let
data matrix X € R™*4 be given, where the n rows correspond to data points. Let Hx denote the family of matrices
obtained by evaluating X with all choices of network Fyy, i.e.,

Ha = { P (XT) s W = (Wi, W) [Willy < s, (Wil < i) ©7)
Then for any € > 0, we have the covering number bound:
ndlog (2h%) ({4 = 2/3
log V' (Hx, € || - [[2.2) < H (Z( ) 7 (98)
j=1 =1

where the network width is denoted h.

Proof. 'We set the matrix constraint sets as 13; = {WZ Willg < siy [[Will5 1 < bi}, and lastly the per-layer cover

resolutions (€1, .. ., €;,) set according to

) . 1 /b 2/3 L 2/3
€ = Qi€ — = Lae g where ai::a(s-) Z( ) . 99)

Pi Hj>7, PjSj Hj=i+1 Sj j=1

By this choice, it follows that the final cover resolution 7 provided by Lemma satisfies
L L
<> H => aje=c¢ (100)
J=1  1=j+1 =1
To start, the covering number estimate from Lemma|[C.4]can be combined with Lemma[C.3|with p = 2,5 = 1 to get

logN(Hx,& [+ l2,2)

= Z sup log (/\f ({WiFW{,—l(Z) W, € Bi} V€ || - ||22>>

i 1VVGB \Vi<i

L
T T (101)
= Z sup log (N ({le—l(Z) Wi W, € Bl} , €4, H : ||272))
i1 Wi€B; . Vi<i *
< b || Fyyi-1(Z)T 13 5 log(2h?)
S Z sup ) 7
T3 WEB; Vi<i €
We can bound the intermediate outputs of the neural network as follows:
T
HF(W1 ..... Wi_1) (2) H2 9 = HF(WI ----- Wi—1) (Z)H272
= ”U( i— 1F(W17 Wi_2) (Z) ”272 (102)
= HWi—lF(Whm,Wi—z) (Z)||2,2
S ||Wi*1||2 ||F(W17~--7Wi—2) (Z)||212,
which by induction gives
i—1
max | Fws.w ) (2)" ) < (103)
Jj=1
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Combining all equations, and then expanding the choice of ¢; and collecting terms, we attain

DX 3.2 TT, < 15 3 2
logN (Hx, e | - | Z sup = log (2h?)
1(W1, i i,1)7]<Z,W]‘EBJ‘ i
2], s2
< 1130 3 Lt % 1o o)
i=1 i
2 L 2 L
MNP ELE i
- 2,2 €2 a?s?
i=1 171
oz o (21?) [ 52 &aze [s2\? (104)
= [IX]32 2 52 b2
i=1 ? g
log (202) [Th, 82, & /02\/°
= X035 aZ()
i=1 \7i
log (2h?) HL,1 53
= X[, (o)
L 2
g (20%) [1, 8% .
< nd X2 o (@)
where we have used: , . ,
' 1 /b \2/3 b\ 2/3
6o ai:<t> , a::Z<j> . (105)
IZias) @ \Si =1 \%i

O

Lemma C.5. For every L, and every set of n points S C Q, the hypothesis class ./\/./Vﬁ“v given by the neural
networks

W,
NNMN = {:c = Wro(Wr_10(---o(Whz))) | |Will2 < M(1), ||||I/Il/”||221 N(1), Vl} (106)
satisfies the Rademacher complexity bound
4 18+/dlog(2h?)logn L L
Rad(NNE, 1 9) < M(l N(1)?/3 107
@ NNy 3 S) < o s [T (; )" (107)
where h is the maximal width of the neural network, i.e.,
h = max(mpg, - ,mgp). (108)
Proof. Consider the covering number bound:
3
dlog (2n2) [+ L b\ 3 R
log N (WN 3 w)ss - [l2) < H > (S ) =3 (109)
Jj=1 =1 v

What remains is to relate covering numbers and Rademacher complexity via a Dudley entropy integral:

Rad(NN}, vi S) < mf <4a / \/7de> = mf ( + log(v/n/a) 12f> . (110)

The inf is uniquely minimized at « := 31/ R/n, but the desired bound may be obtained by the simple choice « := 1/n,
and plugging the resulting Rademacher complexity estimate:

4 12V R

< = 3/2y22V 7L
4 18logn

“amt T VE i
4 18\/dlog(2h?) logn f[M (EL:N 2/3)3/2

a n\/ﬁ \/ﬁ =1 =1
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Recall the expressions of the differentiated PINNs:

)
“a"iw(m) — W&,  Wp_y... 0 W, € RY, (112)
D?ug(x) = )
W = Z(WL<I>L,1---VVlH)dlag(\IllVVl---\Ifl(Wl);’j)(Wl-~-<I>1W1) . (113)
=1 1<j<d
where
®; = diagle’ (Wio(W' o (- -a(Wha) - - )] € R™>m, (114)
U, = diaglo” (W'e(W' o (- o(Wx) )] € R™>*™, (115)

The forwards passes for one input 2; € R? of the PINN model are:

WLq)LleLfl'”(I)lWlb(wi) c R, (116)

L—1
Z Wr®p 1 --- Widiag( QW - Oy (Wh). ;)W --- & W1 A, j € R, (117)
j=11=1

Now we begin to prove their Rademacher complexities.

Lemma C.6. The hypothesis class Fo given by

W,
Fy = {m s W@, Wi 1 ... & Wib(x) | |Wi]2 < M(1), IIVIZ/ZHIZ; < N(l),vz} , (118)
satisfies the Rademacher complexity bound
4 18Ly/2dlog(2h?)1 L y i
) og ogn 2/3
Rad(F»; S) < + M(l N(l . (119)

Proof. We only need to consider how to cover the set of PINNs. We first consider the first-order derivatives, i.e., how
to cover:
xcRY— Wb, Wi_1... 0, Wib(z) € R. (120)

To do so, we consider the covering in Lemma|C.4] Specifically, denote F; as the ¢; covering of the following set:
{Wileifl(Z) W, € B V) < z} (121)

which is the set of all i-layer neural networks, with weight matrices in the set 5;. In Lemma @ we have in-
ductively constructed covers Fi, ..., Fr. Specifically, F; is an €;-cover of the set of one-layer neural networks
{W1Z : Wy € By}, and its cardinality satisfies

|Fil SN ({WiZ Wy € Bi}yen |- llz2) - (122)

For every element F' € F;, which is a covering vector of the set of image of all :-layer neural networks, we construct
an €;1-cover G;1(F') of the set
{Wig104(F) : Wip1 € Bija }, (123)

where I’ is chosen and fixed. Then, we obtain

1Git1(F) < sup  N{E{WipiFw,, .wi(Z): Wig1 € Bisa},€it1, || - ||22) (124)
Vi<iW;€eB;

where we note that the matrices W7 are fixed. Lastly we construct the cover

Firr={J Gin(P), (125)
FeF,;
whose cardinality satisfies
i41
[ Fipa] < |Fil - Niga < [[ V. (126)
1=1
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We consider how to cover the term &, within the PINN. We note that each ®; = ®,(Z;) for the j-th data is a diagonal
matrix:

dlag((bz(ZJ)) = 0'/(Wi"'O'(W1Zj)>, (127)
where the operator diag means to take the diagonal of the matrix to form a vector, which is a i-layer neural network in
particular. Therefore, F; can cover W; - - - o(W1 Z) with error not larger than } °,_; €; [T j+1 Ci> and in particular the

function class o’ (F;) can cover o' (W; - - - (W1 Z)) with error not larger than >, €; L c;, where we use the
fact that o’ is 1-Lipschitz.

Then, we consider the (Hz:l ck> e;-cover of the following set of intermediate output of a PINN:

=j+1

{WZ—GW{;_l(Z) LW, € B; V) < z} (128)
where
GWi—l(Z) = [(I)i—l(zj)wi—l - (131(2’]‘)W1b(2j)]?:1 € RMi-1xm, (129)

We stress that the image of PINN should be computed data-wise, as each ®;(Z;) is a matrix. More concretely, we
shall inductively construct covers Gy, . .., Gr. Specifically, G; is an ¢ e1-cover of the set of one-layer neural networks
{W1b(Z) € R™>™ : W, € By}, and its cardinality satisfies

G1| SN {W1b(Z) : Wy € B}, cren ] - [l2,2) - (130)

For every element G € G;, and F' € F;, we construct an H;:;ll cr€;41-cover of the set

H(F.G) = {[Wi+1diag(al (F(Z))))Gli_ € R™+XM Wiy € Bi+1} ; (131
where G and F' are chosen and fixed. We denote
G= |J HEG). (132)
FeF;,Geg;
whose cardinality satisfies
1+1
HF,G)| < sup N ({ WiiiGuwi(2)} H creirn, | 12, 2> = My, (133)
V5 <i,W; €B,;
where Vj <4, W; € B; are fixed. Consequently, its cardinality can be bounded as follows
i+1
Gial < ] MiVi. (134)
=1

After the construction, we shall show that how the function class can cover the PINN before the [-th layer with an error
no larger than (Hﬁczl ck) Zé.:l € Hﬁc:jﬂ ¢k, which will be shown inductively. For the first layer, we have

|G1 — Wib(Z)]|2,2 < ci€q, (135)
for some G; € Gy, due to its definition. For general cases, consider the following inequalities:

|8,Gy — By - B W1D(Z) |22

=11 [61(2) © Guz)) ~ 61(Z) @ Wi+ @ Z)Wb(Z)]| o
< |1 [(6(2) - nlz) © G2 >]j=1u2,2+|| [61(2) © (G = Wi @ Wib(Z))]_ e
< 1(61(2) = 6u(2)) 221 Go(2) | ow,00 + ll( z>||muél—Wl---qnwlb<z>>||g,2 (136)
< (Hck>ZeJ H c;ﬁ—l(H%)Zg H Ck
j=1  k=j+1 j=1  k=j+1
=({+1) <Hck>zej H Cks
j=1 k=j+1
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where <i>l € JF;. Furthermore, consider the new W, we attain

1Gii1 — Wi 1@ - & W1D(Z) 2.2
<G = W1 @G22 + ([Wig1 @1Gioy — Wi @y - - @1 W1b(Z)|a,2

I+1 I+1 ! l
(H ck> i1+ (1+1) (H ck> e I o (137)
k=1 =1 k=j+1
I1+1 141 I+1
(I+1) <H6k>ZeJ H Ck-
Jj=1 k=j+1

By the same logic, we have

1og./\/(’HX,7'7 [+ l2,2)

_ Z sup  log (N ({WiFWIa(Z)} el - ||2’2)) + sup  log (/\/ ({WiGwlil(Z)} , Hce I
k=1

i—1 Wi€B;,Vi<i W;eB;,Vj<i
L b} (| Fyyi-1 (Z) 713 2 log(2h?) b} [|Gyyi-1(Z) 7[5 2 log(2h?)
< sup 5 +  sup ) 2 :
i1 WHEB; Vi<i € WieB;vi<i <H2:1 Ck) €

(138)
Set B; = {Wl HIWilly < si [[Willg, < bi}, and set the per-layer cover resolutions (€1, ...,€r) as

1 /b 23 L N 2/3
€ = e where «; := — <b’> . Q= Z (bj) . (139)
(Hk 1 Sk) H]>’L @\ % 5

j=1
By this choice, it follows that the final cover resolution 7 provided by Lemma satisfies
L L L
T<L<H8k>26]‘ H Sk
= j=1  k=j+1
Lo e L
<> —— 1] = 140
= sisi I=j+1 (140
< (6713
J<L
=€
Therefore, the covering number bound can be written as:
log V' (Hx, €, || - [|2)
L B2[F i1 (2)T 3., log(2h?) DG 41 (2)7 3 5 log(2h2)
< sup 5 +  sup 2
. - Vi<i € - ~Vi<i )
7 Aj€B; ¥j< i A EB; Vi< (szl Ck) €2

. 2
L endlog2n?) B (TThcy ) 12132 108(202)
SZ 2 + ) 3
=t (M s) €

L 42 2
< 2ndlog (2h%) 3 bi log(2h7)

€-
=1 ?

L 2 r b2 .S ’
< 2ndlog (2n°) L* (H 3k> ZM

k=1

(141)

L 4
< 2ndlog (2h2) L? ( sk> (d3) /62.
k=1

34

)



Consequently, the Rademacher complexity of the function class constructed by all first-order derivatives is bounded by

2 3/2
4 18L\/2dlog(2h?)1 L L ,
n 0g(2h?) log n [Mvo) (S vo¥2) . (142)
nv/n v 1=1 1=1
O
Lemma C.7. The hypothesis class F, given by
L—1
Fr=Rm— Y > Wibp 1 Wigrdiag(W W, -+ Wy (W), ;)W ®1W1 A, () ¢, (143)
j=11=1
where the weight matrices satisfy
W,
Wille < ae), WL < v, (144)
Wil

satisfies the Rademacher complexity bound

L 3, . 3/2
Rad(Fyi ) < n\4/77 L I8(L+ 1)\/2\dﬁllogmlogn (HM(Z)) (Z N(l)z/:s) _ (145)
=1 =1

Proof. We consider the d(L — 1) terms one-by-one, and focus on the following term in particular:
WL(I)L,1 cee WZ+1dlag(\I/zW1 s \III(WI):,]')WZ' e CI)1W1A;J(Z), (146)

where we recall that A.; is the j-th row of the fixed coefficient function and A. ;(Z) € R%*™. We consider the covering
in Lemma|C.4] Specifically, denote F; as the €; covering of the following set:

{WiFWfl(Z) LW, € B; V) < z} : (147)

which is the set of all i-layer neural networks, with weight matrices in the set 5;. In Lemma we have in-
ductively constructed covers Fi,...,Fr. Specifically, /7 is an e;-cover of the set of one-layer neural networks
{WhZ : W1 € B}, and its cardinality satisfies

|Fil SN ({WiZ : Wy € Bi}sen |- llz2) - (148)

For every element F' € F;, which is a covering vector of the set of image of all ¢-layer neural networks, we construct
an €;41-cover G; 1 (F') of the set
{Wig10(F) : Wit1 € Big1}, (149)

where I’ € F; is chosen and fixed. Then, we obtain

1Git1(F) < sup  N{E{WipiFw,,. .wi(Z): Wiy1 € Bixa},€it1, || - ||22) - (150)
Vi<i. W, eB;

Lastly we construct the cover

Firr=J Gin(P), (151)
FeF;
whose cardinality satisfies
41
\Fial IRl Niga < [[ Vi (152)
=1

We consider how to cover the term ®; within the PINN. We note that ®; = ®,(Z;) € Ry, xm, is a diagonal matrix:
diag(®,(Z;)) = o' (W; - 0(W1 Z;)), (153)

where the which is a i-layer neural network in particular. Therefore, o’(F;) can cover o/ (W; - - - 0(W1 Z)) with error

not larger thaq > i<i € H;I j+1 €. Similarly, since W; ig also.a i—laye.r neural net, we can do the same reasoning to it.
In these covering, we use the fact that ¢’ and ¢’ are 1-Lipschitz functions.
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Then, we consider the (HZ:1 ck> €;-cover of the following set of intermediate output of a PINN:

{WiGW{vfl(Z) LW, € B;,Yj gi}, (154)
where
Gwli—l (Z) = [(bi—l(zj)wi—l ‘e él(zj)wlA:,(Zj)]?zl € Rmi*lxn. (155)
More concretely, we shall inductively construct covers Gy, ..., Gy. Specifically, G; is an ce1-cover of the set of
one-layer neural networks {W1 A, (Z) € R™*" : W, € By}, and its cardinality satisfies
|g1| < N({WlA’(Z) : W1 S Bl},Clﬁl, || . ||2’2) . (156)

For every element G € G;, and F' € F;, we construct an (H;:;ll ck) €;+1-cover of the set

H(F,G) = {[Wi—‘rldiag(F(Zj))G}? | ERTHT W € Bi—H} , (157)

where G and F' are chosen and fixed. We stree that F'(Z;) € R™:, and thus diag(F'(Z;)) € R™i*™:_ Since for each
input data, the matrix F'(Z;) depends on itself, we cannot write the expression of the functions in H(F, G) as a direct
matrix multiplication. We denote

Gin= |J HEG. (158)
FE.E-,GEGi
whose cardinality satisfies

i+1
H(F,G)| < sup N({ Wii1 Gy (2 }<Hck>em7n |22> = My, (159)

Vji<i,W; €B,
Consequently,
i+1
1Gisa| < J[ M. (160)
=1
For the first layer, we have
|G1 = Wi A, (Z)]l2,2 < crea, (161)

for some G; € Gy, due to its definition. For general cases, consider the following inequalities:
|8,G) — @ --- BWL A, (Z)] 2.2
=g © G *¢l®W1""I)1W1A (Z )||22
< (b — ) (G — ¢1WGA»( D22
< [(de = ) Hoooo + ||</>z||ocoo||Gz D1 W1 A (Z))]l2.2

(Hck)ze] 11 ckH(Hck)Ze] 11 o

j=1  k=j+1 j=1  k=j+1

(1+1) (Hck>zq IT e

=1 k=j+1

(162)

where ®; € F; and ¢ = diag(®). More concretely, we only each data point one-by-one in the above reasoning, i.e.,
|8:G1 — @y ©1 W1 A, (Z) 2.2
= 11 [612)) © CulZ)) ~ au(2) @ Wi+ @1 (Z)WiA.(2))] s
<1 [(61(2) - ou(Z) 0 GUZ)|_ lloa + 11 [61(2) @ (G = Wi @ WA (Z))] 2

< (&1(2) = o 2D 2,21 Ge(Z) 0,00 + I62(Z )HooooIIGz 0 W1A (2))]|2,2 (163)

(Hck>zq H ck+z<Hck>ZeJ I1 o

Jj=1 k=j+1 k=j+1

(1+1) (Hck>jzej II .

k=j+1
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Furthermore, consider the new W;, we attain

1Grs1 — W1 @y -+ & W1 A, (Z)]2,2
< H@H - Wz+1‘i’zé171||2,2 + HWlHqA’lélfl Wi @ W1 A, (Z)]|2,2

+1 +1 l l
< (H Ck:) a1+ (1 +1) (H Ck) e I « (164)
k=1 k=1 j=1  k=j+1
+1 I+1 I+1
(1+1) (H ck> Z €5 H Ck-

_j+1

Consider the case when [ = ¢, and in particular the term €2; = diag(¥;W; --- ¥;(W3). ;), then the PINN can be
rewritten as
Wr@r_1-- Wi QiW;--- &, W1 A, ;(2), (165)

where we note that the only difference between the first-order derivatives and the second-order ones is in the term €2;.
126G — Qi+ 21W1 A, (Z)|2.2
= | [@z ©G; —w; OW;--- (lelA:,(Zj)} - ll2,2
j=

< [@i(2) ~ ) © G| o+ 1l [(Z) © G- We 0 AZ)) 22

< (@i — wi) lloocol|Gi = Wi+ @1 W1 A, (2))]|2,2
i i 2 i
< (H ck> Approximate Error of Omega + ¢ (H ck> Z €; H C-
k=1 k=1 j=1  k=j+1

Based on our discussions in the previous lemma on first-order derivatives, we know that the constructed function
class can cover the PINN before the i-th layer with an error no larger than ¢ (HL:1 ck> Z;Zl €5 HZ:j+1 ck, 1.e., the
approximation error of €2; should be that quantity. Thus, we proceed with our bound and attain:

||Qlél Q- ¢1W1A:7(Z)||2,2

©
—
Q
=
N——
()
<.
.
a
<.
— -
Q
el

< (H ck> Approximate Error of Omega + ¢ <
k=1 k

<1 (H Ck) ZGJ H cr+1 <H Ck> €5 Ck ( )
k=1 J

k=j+1 =1  k=j+1
%
< <H6k> ZEJ H Ck.
k=1 k=j+1

Then, we guess the approximation error after the [-th layer is:
1
<H ) Ze] H Ch- (168)
k=1 k=j+1

For [ < 1, the above bound has already been shown. For the case when [ = ¢ 4 1, consider the new W, 1, we attain

Git1 — Wig1Qi - & W1 A (Z)]|2.2
<N Gis1 — Wig1QiGill22 + ||Wi+1QGi—1 — Wi 1Q - @ W1 A, (Z)]2,2

1+1
(H Ck) €ir1 + 2iCiq1 (H Ck) ZGJ H Ck (169)
j=1  k=j+1
it+1 i1 i+l
722‘ <H0k> Zﬁj H Ck.

=1 k=j+1
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For the [-th layer after the ¢-th layer, there is no {2 terms any more, and we only need to focus on ®:
18:G1 — @1 21W1A(2) 2,2
=g OG- OW - & WA, (Z )||22

< |l — d1) @ Gilla2 + lon @ (Gy — <I’1W114 (D)2.2
< |l(¢r — ¢z)H22||G1|\oooo+||¢1||oooo||Gz 0 WA (Z))]|2,2
1 2 (170)
< <Hck> Zej H ok + 21 (H ) Zej H Ck
=1 - _j+1 k=1 =1  k=j+1
l
<2l+1) (H ) Ze] H Ch-
k=1 k=j+1

And we consider the multiplication of W q:
1Gri1 — Wi 1@+ WA (Z) 22
< Hél+1 - Wz+1(i)zél—1||2,2 + HW5+1‘i’zél 1= Wi ®y - W1 A (Z)||2,2

I+1 I+1
(Hck> err1 +2(0+1) (Hck> Ze] H e (171)

k=1 = k=j+1
1+1 l+1 I+1
a0 (ITa) oo 1T o
j=1  k=j+1

After covering the class of second-order derivatives in the PINN model, by the same logic, we have the Rademacher
complexity of the function class constructed by all second-order derivatives is bounded by

3 3/2
4 18(L + 1)+/2d1og(2h?) log n (ﬁM(l)> <§L: N(l)ws) , (172)
n\/ﬁ \/ﬁ =1 =1

O

C.2 Tree-Like Function Space

Barron space is an important pat in this paper. The spectral norm based bound can be connected with the Barron space,
and thus provide Rademacher complexity bound for tree-like functions in the Barron space.
To illustrate the idea, we use the original network,

7%
NNE = {sc s Wio(Wi_10(---o(Wia))) | [Will2 < M(1), ||lez”||221 N(l), vz} (173)
which satisfies the Rademacher complexity bound
L 3/2log(2h?
93 g(2h*)logn

Rad(NN'E,; S) < HM (Z:N(l) / ) B (174)

where h is the maximal width of the neural network, i.e.,
h = max(mp, - ,mp). (175)

In other words, the Rademacher complexity is related to the following quantity:

L

[Will2,1 3/2log(2h?) logn
H||W1||2(Z( ”WH ) T, (176)
=1 =1

which can be upper bounded by the path norm or (1, c0) norm related to the Barron space. Concretely, all matrix
norms are equivalent, which means there exists a constant C'() that depends on the maximal width h, such that

L L 2/3 L
||Wl||21> 3/2
W : < C(h Wil|1.00.- 177)
I IQ(E(HWIHQ )" <o wi,

These intuitions are summarized in the following theorem.
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Lemma C.8. (Rademacher Complexity of Tree-Like Functions). For every L, and every set of n points S C Q, the
hypothesis class NN ﬂ given by the neural networks

NNy ={x = Weo(Wr_10(---o(Wiz))) | [[Wi]|l1,00 < M(1),VI}, (178)

satisfies the Rademacher complexity bound

L L C(h)logn
Rad(NNyp; S) < (11:[1 ||Wl||1,oo> —iz (179)
where h is the maximal width of the neural network, i.e.,
h = max(mpg,- - ,mo), (180)

and C(h) is a universal constant depending only on h.

Lemma C.9. (Rademacher Complexity of Tree-Like Functions). For every L, and every set of n. points S C ), the
hypothesis class PIN N {(4 given by the neural networks

PINNY = {x — Lug(x) | ug € NN}, (181)

satisfies the Rademacher complexity bound

I 3
C(h,K)logn
Rad(N/\/ﬁ/I;S) < (H Wz||1,oo> %7 (182)
1=1 "
where h is the maximal width of the neural network, i.e.,
h = max(mp,---,mg), (183)

and C(h, K3) is a universal constant depending only on h, K.

D Proofs of Main Results

D.1 Proof of Theorem 3.1]
Proof. (Proof of Theorem Let ug parameterized by 0 satisfy the conditions in Theorem ie.,

3L[| fllwe o
l|lue — f”H?(P) < #7
3CoL| fllwe o 184

Wy

11,00 < [ we(a)-
where ||WL |l1,00 is the L-th layer weight parameter matrix of 6, and take the probability measures P, Q as

1 1
P=— 3 b Q= > ba (185)

" xzesn ESNIN

which means IP contains the empirical distribution of residual points and Q contains the empirical distribution of
boundary points. Thus

1 np 2 1 o 2
Rs(8) = ny Z (ug(®pi) — g(®p4))” + n. Z (Lug(ri) — f (i)
i=1 "=l
< lue — v w2y + 2K |lug — u*||L2(q) (150
3(2KCq + 1)L| fllwe (o)

Jm
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Then, by the fact that " = arg ming Rs(0) + MW7 , and A = 3(2KCq + 1)L? /m, we have

Rs(8") + AW oo < Rs(8) + AIWLI o

32K Co + 1) L2[Ju*||3) g
< @) +>‘HU*||12/VL(Q) (187)
m
= 2>‘||U*||WL(Q)-
In particular,
* 2 [u* flyye @ *
luo-lwe < Wil € == = 2u e o). (188)

The Rademacher complexity of the neural network model used for the boundary points prediction is upper bounded by

C(h)logny . C(h)logn,
Wil o 2V 08T g S e 1
IWL1,00 S [w* [ we (@) i (189)

Hence, consider the function class of the composition of the MSE loss function and the neural network model. Since
we have truncated the neural network function to [—1, 1], i.e.,

1
l(z, ') = 5||oc—ac’||§ <2, (190)

we know that the loss function is ¢-Lipschitz. Therefore, we can attain the following generalization bound for boundary
points prediction:

" N . C(h)logn 2log(2/6
Rproa(0) < Rsnoa(0) + 16]|u”|lywe (o) (\)/nT,g b 42 gn(b/ ) (191)

Similarly, Rademacher complexity of the PINN used for residual points, i.e., the differentiated networks are upper
bounded by

X )3 C(h, K)logn,
,00 \/7Tr ’

This is due to the fact that for the neural networks in the tree-like function space section, we force |W;||1 oo < 1, for

all1 <[ < L — 1. Thus, only ||W||1,00 matters for its Rademacher complexity. Therefore, the generalization bound
for the residual loss is:

" . N C(h, K)logn, 2log(2/6
Rpna(0") < Rsna(67) +16 (||u |le(9>)3(¢27g +2\/%. (193)

In sum, we obtain the two generalization bounds on the boundary and in the residual, respectively. L

(e

(192)

D.2 Proof of Theorem 3.2]
Proof. (Proof of Theorem 3.2). Consider the function class

W
Hirwn = {w = lu(@), up(@)) | W]l < M(1), ||V[/l”||21 <N(@),l=1, ~~,L} , (194)
2

where M (1), ..., M(L) and N(1),..., N(L) are positive integers, M and N are the collection of all M (1), ..., M (L)
and N(1),..., N(L), respectively. And (-, -) is the mean square error (MSE) loss function, u(x) is the PDE solution,
and W' is the [-th layer weight matrix of neural network ug (). Then the class of composition of all L layers neural
networks and the loss function is

M- = Uﬁ(1):1 T U})\.}(L):l U]OVO(I):I T U?VO(L):I H%/[,Na (195)
where M = (M(1),--- ,M (L)) and N = (N(1),--- , N(L)). Therefore, we subdivide § > 0 into

)
) = ,
[T MO + D] [T NOW ) +1)

§(M,N (196)
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such that
Z Z Z Z §(M,N) = 6. (197)
M(1)= M(L)=1N(1)=1 N(L)=

By the result of Rademacher complex1ty of neural networks in Lemmas [3.1)and[3.2] for any given § and any positive
integers M(1),..., M (L) and N(1),..., N(L) with probability at least 1 — §(M, N') over S, we have

log(2/6(M, N
RDmaQ(e) - RSmaQ(O) < S]EsRad(./\/./\/‘ﬁﬁN; S) +2 M

an
i i (198)
o 32 n 144+/dlog(2h?) log ny, HM (Z 2/3> log(2/6(M,N))
T e/ N Pl — 2ny, .

For any parameter @ minimizes the empirical loss, choose the integers M (1), ..., M (L) and N (1), ..., N(L) such that

M(1) 1< [W']2 < M),
[W*l2.1 (199)

N()—1 < L2020 < N,
Wl

and the integers are the smallest integers satisfying the above equations. Then we have

32 144./dlog(2h2)log ny 1= L 2/3\/2 log(2/8(M, N))

M(l N(l 9, == )

Np+/Mp + A/ My g ( )<§ ( ) ) + 2774,

(200)

where we note that M (1) = [||W'||3], and N (1) = [||W"|2.1/|[W"||2], in which [a] of a € R is the smallest integer
that is greater than or equal to a.
The above bound just holds with probability 1 — §(M, N) for any pair (8, M, N) as long as 0 satisfies M (l) =
(W21, and N(1) = [||W"|2.1/||W"||2]. Since 3", x 6(M, N) = 4, the bound holds with probability 1 — §.
We have already proved the generalization bound of the boundary loss in PINN. That for residual loss is similar.
Specifically, let

Rproa(0) < Rsnon(0) +

)

l
Gl = {:c o 1(f (), Lup(@)) | [[W2 < M), ”|le”|| <N@).I=1, L} . 01)
2

Then the class of composition of the loss function and all L layers differentiated neural networks becomes
Gt = UOI\?I(l):l T UO]\?[(L):l U%(l):l o U(;VO(L):1 g]%LN' (202)
Similarly, using our assumption of truncated neural network, we obtain:
Rad(G1;; S) < 4Rad(PINN Y, ). (203)

By the result of Rademacher complexity of neural networks in Lemma [3.2] for any given § and any positive integers
M(1),..., M(L) and N(1), ..., N(L) with probability at least 1 — 6(M, V) over the training dataset S, we have

Rpna(0) — Rsna(6)

< SEsRad(PINNY, : §) + 2,/ 282U N)

2n,
_ 64K +32d(L — DK s log(2/6(M, N)) N 144K \/dlog(2h?) log n, (204)
- nr\/ﬁr 2n7” W

I I 3/2 2
| J R0 (ZN(Z)2/3> 1+\fLHM 1) +V2d(L <HM )
=1 =1

=1
For any parameter @ minimizes the empirical loss, choose the integers M (1), ..., M (L) and N (1), ..., N(L) such that

M) —1 < [W!'|2 < M(D),

l 205
[Wl21 < N(1), (205)



and the integers are the smallest integers satisfying the above equations. The above bound just holds with probability
1—§(M, N) for any pair (8, M, N) as long as 6 satisfies M (I) = [||W'||2], and N(1) = [||W"||2.1/|W"]}2]. Since
> a.n 0(M, N) = 4, the bound holds with probability 1 — 4. O

D.3 Proof of Theorem
Proof. We shall use Assumption [3.2]and the fact that

a+b< 2% (aP +bP)7 . (206)
Specifically, specify p = 2, we have
o — ull L, < Cr ' ([[Lug — Lull o) + llus — ullL,00))
< V20! (Hﬁue — Lul|7,q) + Iluo — UH%Z(aQ)y/Q (207)

< V2C7 Y (Rpna(8) + Rpnoa(6))'”.

E Related Work

In this section, we summarize related works. We focus on related works on PINNs, Rademacher complexity of neural
networks, and the theory of PINN.

E.1 Physics-Informed Neural Networks

We first introduce some background on physics-informed neural networks (PINNs), which are the models we have
considered throughout this paper.

Due to its success in approximating high-dimensional functions while generalizing well, deep learning has been
used to solve partial differential equations (PDEs). Among them, PINNs [[6] approximate the solutions of PDEs by
neural networks, and then optimize them by stochastic gradient descent for expectation minimization to let them satisfy
the physical rule described by the PDE. Later, the extended PINNs (XPINNs) [[12] which adopt domain decomposition
methods show faster convergence and better generalization performances than vanilla PINNs, but the underlying reason
for this remains unknown. Prior to XPINN, CPINN [30] is also a domain decomposition-based PDE solver. However,
CPINN is only applicable to conservation laws and does not allow the general spatio-temporal domain decomposition.

To the best of our knowledge, the present work provides the first proof on generalization of PINNs and XPINNSs,
and the first analysis on when and how XPINNs perform better than PINNS.

E.2 Rademacher Complexity of Neural Networks

In this subsection, we review the Rademacher complexity of neural networks, which plays a key role in our generaliza-
tion theory on PINNs and XPINNs.

In statistical learning theory, the Rademacher complexity measures the richness of a class of functions on which
the generalization error bound is based. In the literature, there have been various controls and estimations on the
Rademacher complexity of the class of neural network functions.

There are various ways to bound the Rademacher complexity of the class of neural networks, namely the norm-based
control (adopted in this study), and sharpness. For norm-based capacity control, [34] bounds Rademacher complexity
by product of Frobenius norms of parameter matrices. However, their bounds grow exponentially as the depth increases,
which contradicts the fact that deeper networks generalize better. To eliminate the exponential dependency on network

2
depth, [23] uses a covering number approach to show a bound scaling as O(]1, ||W" HQ(ZlL:l( ”‘m;‘,lﬁ; )8 //m).

Although the explicit dependency on network depth L disappears, the bound still has polynomial dependency (L3) on
the depth due to the fact that |[W'||2; > ||[W"||. To derive size-independent sample complexity for neural networks,
[33]] further proves several useful results. Firstly, [35] improves the dependency on depth from L? in [25] to v/L.
Secondly, [35] uses Shatten p-norms of matrices to derive bounds which totally remove any dependency on the depth.
[21] empirically validates the effectiveness of these norm-based capacity controls to explain the generalization mystery
of deep learning. Another line of work focuses on sharpness, which adopts robustness of the training error to the
perturbations in the parameters as a complexity measure for neural networks. [36] combines sharpness measure with
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. . . . e, WSk, (Wole
PAC-Bayesian approach, providing a generalization bound scaling at O( = ), which is shown to
be similar to the bound in [25] when weights are sparse, and tighter than [25] when the weights are fairly dense and are
of uniform magnitude.

In this paper, we mainly consider [25]] to control the Rademacher complexity of PINN.

E.3 Theory on PINNs

Due to the success of PINNs in approximating high-dimensional complicated functions such as solutions of PDEs,
theoretical evidence accounting for the outstanding empirical performance has increasingly attracted considerable
attention.

The most related work is [13]], where the authors consider Barron space for two-layer networks for prior and
posterior generalization bounds. [13]] also leverages neural tangent kernel to show global convergence of PINNs. [[15]
introduces an abstract formalism and the stability properties of the underlying PDE are leveraged to derive an estimate
for the generalization error in terms of the training error and number of training samples. By adapting the Schauder
approach and the maximum principle, [[16] shows that as number of training samples go to infinity, the minimizer
converges to the solution in C° and H*. [[14] uses the Barron space for two-layer neural networks to provide a prior
analysis on PINN with softplus activation, via adopting the similarity between softplus and ReLU.

Our work extends existing results to multi-layer networks, which is more general and realistic, and considers
various kinds of capacity controls for PINNs, namely the Barron norm and the spectral norm. Extensive experiments
and analytical examples further validate the effectiveness of our theory. Our work is also the first to analyze when and
how XPINN is better than PINN.

F Why Barron Space?

This subsection is devoted to clarify why we choose Barron space theory for developing our prior bound. Overall, it
has the following two advantages.

Firstly, we should choose a theory that can measure complexity of both networks and target functions, which plays
a key role in the prior generalization bound in Theorem[3.1} In the Barron space, we are able to measure the complexity
of target functions easily via Barron norm, and we can further show that complexities of trained neural networks are
controlled by that of the target functions. Since the success of deep learning owns to its data-dependent training, i.e.
although the class of networks has huge complexity, gradient descent does find out a simple network, which is reflected
by the Barron space theory.

Secondly, the Barron space in high dimension neural networks resembles Sobolev and Besov space which are
indispensable building blocks for low dimension classical theory. A proper function space is essential in analyzing
PDEs. The class of network functions define a natural function space, i.e. the Barron space. By studying the target
function of the PDE problem in the Barron space by its norm, the generalization error of the trained network can be
obtained in terms of that norm. This reasoning resembles prior error analysis in classical finite element method where
the error is controlled by the Sobolev norm of the target. Therefore, the Barron space adopted is appropriate for PDE
analysis.

G Additional Comparison

G.1 Comparison of Boundary Loss via Theorem 3.1

The comparison will be done via computing their respective theoretical bounds. In particular, the generalization
performance of PINN depends on the upper bound in Theorem 3.1} which is

N N C(h)logn log(2/6
Rsn00(0°) + 8l e @) %g L2 g;b/ ! (208)

where ny is the number of boundary training points.
For XPINN’s generalization, we can apply Theorem [3.1]to each of the subdomains in XPINN. Specifically, for the
i-th sub-net in the ¢-th subdomain, i.e. the Q;,7 € {1,2, ..., Np}, its generalization performance is upper bounded by

N . C(h log(2/6
Rsnoq, (07) + 8lu ||WL(Qi)\/T(%+2 % (209)
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where ny, ; is the number of training boundary points in the i-th subdomain.
Hence, since the i-th subdomain has n;; training boundary points and is in charge of the prediction of
proportion of testing data, we weighted average their generalization errors to get the generalization error of XPINN

TLb i

Np

i C(h log(2/0
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=1 b,i

If we omit the last term and assume the empirical losses of PINN and XPINN are similar, i.e.

Np
Ny 2log(2/6 % «
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then comparing the generalization ability of PINN and XPINN reduces to the following comparison:

Np
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PINN =t

XPINN

where model having smaller corresponding quantity is more generalizable.

G.2 Comparison of Boundary Loss via Theorem 3.2]

In this subsection, we compare PINN with XPINN by Theorem [3.2] where we focus on the boundary losses of PINN
and XPINN. we denote the upper bound of PINN testing loss as Bpinn and those of the sub-net 7 in XPINN as B; xpinN,
i € {1,2,..., Np} which are provided by the right sides of Theorem i.e. the bounds are

TN L L 3/
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(214)
Specifically, we assume that all sub-PINNs as well as the PINN model use neural networks with depth L and
width h. In the bound of PINN, n, is the total number of residual training samples. M (1) = [||W"||3], and
N() = [|WH2.1/[[W'||2], where W' is the I-th layer parameter matrix in the PINN model. Moreover, in
the bound of XPINN, 7,.; is the number of residual training samples in subdomain i. M;(l) = [||W!||3], and
Ni(1) = [[|W2.1/|W||2], where W is the I-th layer parameter matrix of the i-th subnet in the XPINN model.
Because the i-th sub-net in XPINN is in charge of the prediction of % proportion of testing data, we weight-averaged
their bounds to get that of XPINN, i.e., Bxpinn = Zf\g (ng,;/m) B xpinn Where Bxpiny is the bound for XPINN.
Thus, we only need to compare Bpinn With Bxpinn, where the model having smaller corresponding quantity is more
generalizable.
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