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Abstract. We present two improved randomized neural network methods, namely
the RNN-Scaling and RNN-Boundary-Processing (RNN-BP) methods, for solving el-
liptic equations such as the Poisson equation and the biharmonic equation. The RNN-
Scaling method modifies the optimization objective by increasing the weight of bound-
ary equations, resulting in a more accurate approximation. We propose the boundary
processing techniques for the rectangular domain that enforce the RNN method to sat-
isfy the non-homogeneous Dirichlet and clamped boundary conditions exactly. We
further prove that the RNN-BP method is exact for solutions with specific forms and
validate it numerically. Numerical experiments demonstrate that the RNN-BP method
is the most accurate among the three methods, with the error reduced by up to 6 orders
of magnitude for some tests.
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1 Introduction

Elliptic partial differential equations (PDEs) model the steady-state conditions in various
physical phenomena, including electrostatics, gravitational fields, elasticity, phase-field
models, and image processing [1,/10,30]. For instance, the Poisson equation character-
izes the distribution of a scalar field based on boundary conditions and interior sources.
In contrast, the biharmonic equation is employed to model phenomena such as the de-
flection of elastic plates and the flow of incompressible, inviscid fluids. Solving these
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equations is essential for understanding and predicting system behavior in various ap-
plications. Traditional numerical methods for solving elliptic equations, such as finite dif-
ference methods [2,/3,21,132]], finite element methods [6,/19,20,22}23|,34,35], finite volume
methods [14,[26|27] and spectral methods [4,[7, 18] have been well studied and widely
used. However, these methods often require careful discretization to obtain numerical
solutions with high accuracy. Moreover, they may face challenges in handling mesh gen-
eration on complex domains and boundary conditions.

In recent years, deep neural network (DNN) methods have been greatly developed
in various fields, such as image recognition, natural language processing, and scientific
computing. One area where DNN has shown promise is in solving PDEs, including el-
liptic equations. The DNN-based method transforms the process of solving PDEs into
optimization problems and utilizes gradient backpropagation to adjust the network pa-
rameters and minimize the residual error of the PDEs. Several effective DNN-based
methods include the Physics-Informed Neural Networks (PINNs) [24], the deep Galerkin
method [28], the deep Ritz method (DRM) [9]], and the deep mixed residual method [17],
among others [8,33]. The main difference between these methods lies in the construction
of the loss function.

PINNS offer a promising approach for solving various types of PDEs. However, they
still have limitations. One major limitation is the relatively low accuracy of the solu-
tions [11]], the absolute error rarely goes below the level of 1072 to 10%. Accuracy at such
levels is less than satisfactory for scientific computing, and in some cases, they may fail
to converge. Another limitation is that PINNSs require high computational cost and train-
ing time, which makes them less practical for large-scale or complex problems. PINNs
require substantial resources to integrate the PDEs into the training process, especially
for the problems involving high-dimensional PDEs or those requiring fine spatial and
temporal resolutions.

RNN has recently attracted increasing attention for its application in solving partial
differential equations. The weights and biases of the RNN method are randomly gen-
erated and fixed, and do not need to be trained. The optimization problem of PINNS is
usually a complicated nonlinear optimization problem, requiring a great number of train-
ing steps. For the RNN method, the resulting optimization problem is a least-squares
problem, which can be solved without training steps.

For deep neural networks, the exact imposition of boundary and initial conditions
is crucial for the training speed and accuracy of the model, since it may accelerate the
convergence of the training process and improve overall accuracy. For instance, the inex-
act enforcement of boundary and initial conditions severely affects the convergence and
accuracy of PINN-based methods [29]. Recently, many methods have been developed
for the exact imposition of Dirichlet and Neumann boundary conditions, which leads to
more efficient and accurate training. The main approach is to divide the numerical ap-
proximation into two parts: a deterministic function satisfying the boundary condition
and a trainable function with the homogeneous condition. This idea was first proposed
by Lagaris et al. in [12,[13]]. The exact enforcement of boundary conditions is applied in
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the deep Galerkin method and deep Ritz method for elliptic problems in [5]. The deep
mixed residual method, employed in [16|[17] for solving PDEs, satisfies the Neumann
boundary condition exactly by transforming the boundary condition into a homogeneous
Dirichlet boundary. In [15], the authors propose a gradient-assisted PINNs for solving
nonlinear biharmonic equations, introducing gradient auxiliary functions to transform
the clamped or simply supported boundary conditions into Dirichlet boundary condi-
tions and then constructing composite functions to satisfy these Dirichlet boundary con-
ditions exactly. However, introducing the gradient-based auxiliary function or additional
neural networks into a model leads to an increase in computation and may introduce ad-
ditional errors. In [8], the authors use the universal approximation property of DNN and
specifically designed periodic layers to ensure that the DNN’s solution satisfies the spec-
ified periodic boundary conditions, including both C* and C* conditions. The PINNs
method proposed in [29] exactly satisfies the Dirichlet, Neumann, and Robin boundary
conditions on complex geometries. The main idea is to utilize R-functions and mean
value potential fields to construct approximate distance functions, and to use transfinite
interpolation to obtain approximations. A penalty-free neural network method is de-
veloped to solve second-order boundary-value problems on complex geometries in [25]
by using two neural networks to satisfy essential boundary conditions, and introduc-
ing a length factor function to decouple the networks. The boundary-dependent PINNs
in [31]] solve PDEs with complex boundary conditions. The neural network utilizes the
radial basis functions to construct trial functions that satisfy boundary conditions auto-
matically, thus avoiding the need for manual trial function design when dealing with
complex boundary conditions.

In this work, we present two improved RNN methods for solving elliptic equations,
specifically the Poisson and biharmonic equations. Motivated by the observation that
the error of the RNN method is concentrated around the boundary, we develop two
methods to effectively reduce the boundary error. The first method, called the RNN-
Scaling method, adjusts the optimization problem, resulting in a modified least-squares
equation. The second improved RNN method, called the RNN-BP method, introduces
interpolation techniques to enforce exact inhomogeneous Dirichlet or clamped boundary
conditions for the rectangular domains. We conduct extensive numerical experiments to
compare the accuracy and computation time of the standard RNN method with those
of the improved RNN methods, varying the number of collocation points and the width
of the last hidden layer. The numerical results demonstrate the effectiveness of both im-
proved methods. Additionally, we compare the accuracy and computation times of the
three RNN methods with those of PINNs and DRM. The results show that the errors and
computation times of the RNN methods are several orders of magnitude smaller than
those of PINNs and DRM.

The main contributions of this paper are summarized as follows:

¢ The RNN-BP method significantly reduces the errors of the RNN method by enforc-
ing exact inhomogeneous Dirichlet or clamped boundary conditions. Specifically,
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the RNN-BP method directly deals with the clamped boundary condition without
introducing gradient auxiliary variables. Consequently, the optimization problem
avoids introducing constraints related to gradient relationships, thereby potentially
reducing additional errors.

e The RNN-BP method is proved to be exact for the solutions of form u(x,y) =
fi(x)p1(y)+ f2(y)p2(x). For the Poisson equation, p; and p, are polynomials of
degree no higher than 1, and f3, f, are functions in C(Q). For the biharmonic equa-
tion, p; and p; are polynomials of degree no higher than 3, and f, f> are functions
in C1(Q).

* The RNN-Scaling method increases the weight of boundary equations in the opti-
mization problem, resulting in a more accurate approximation without taking more
collocation points.

The remainder of this paper is organized as follows. Section 2 and Section 3 describe
the RNN methods for solving the Poisson and biharmonic equations, respectively. Sec-
tion 4 presents numerical examples to illustrate the effectiveness of the RNN-Scaling and
RNN-BP methods. Finally, Section 5 concludes the paper.

2 The improved RNN methods for the Poisson equation

In this section, we focus on the Poisson equation with Dirichlet boundary condition on a
two-dimensional bounded domain Q C R? with boundary 9Q):

{—Au(x) =f(x), inQ,

u(x)=g(x), on 9Q). @1)

The source term f(x) and the boundary condition g(x) are given functions.

2.1 Randomized neural networks

The randomized neural network utilizes a fully connected architecture. Let L denote the
number of hidden layers, M denote the number of neurons in the last hidden layer, and
¢j(x) denote the output of the j-th neuron in the last hidden layer, where 1 <j< M. The
fully connected neural network is expressed as

M
i(x)= gwj(p]-(x) =wP(x), x€Q,
j=

where @ (x)=(¢1(x), -, ¢pm(x)) =0 (WL -0 (---0(Wa-0(Wy1-x+b1)+bz)---)+br), o denotes
the activation function, and w = (wy,---,wpm)T, Wy € R™*™-1 and by € R™* are the weight
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Figure 1: The architecture of the RNN.

matrices and bias vectors, respectively, and n; denotes the number of neurons in the k-
th hidden layer. We employ two methods to generate weights and biases: the default
initialization method in PyTorch and uniform random initialization within the range
[— Ry, Rin].

2.2 RNN method

First, we select collocation points, which are divided into two types: interior points and
boundary points. The interior collocation points consist of Ny points in ), while the
boundary collocation points consist of Nj, points on d(). The selection of collocation
points is not unique; they can be random or uniform. In this paper, we use uniformly
distributed collocation points.

The basic idea of the RNN is that the weights and biases of the hidden layers are ran-
domly generated and remain fixed. Thus, we only need to solve a least-squares problem
and do not need to train the network. The system of linear algebraic equations is

M ) ‘
—;ij¢f<x}>:f<x;>, i=1,-,Nj,
] M (2.2)
Y wigi(xh)=g(x}), i=1,Np.
j=1

Solving this system of equations yields w, which consequently obtains the solution #(x).
We apply the RNN method to solve the Poisson equation (2.1)) with the exact solution
u =sin(27mtx)sin(27ty). The absolute error of the RNN method is shown in Fig. 2| It is
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Figure 2: The absolute error of the RNN method.

observed that the error of the RNN method concentrates around the boundary 0Q). To
improve the accuracy of the RNN method, it is necessary to approximate more accurately
around the boundary.

2.3 RNN-Scaling method

To achieve a more accurate approximation around the boundary, a straightforward ap-
proach is to increase Nj,, which requires placing more collocation points on 9(). However,
this may increase the computational cost without significant improvement in accuracy.
Therefore, we slightly modify the algebraic equations to increase the weight of the
boundary equations.

We illustrate the RNN-Scaling method with an example on a square domain. Let the
number of collocation points on both the interior and boundary in both x-direction and
y-direction be the same, denoted as N. It is obvious that Ny = N? and N, =4N. The
corresponding equations for the RNN-Scaling method are modified as follows:

1 o i 1 i .

Nz L) = R f o), i= e Ny,
M . . .
Y wipi(xh)=g(x}), i=1,-,Nj.
j=1

Solving the system of equations yields the solution #(x).

We present the absolute error of the RNN-Scaling method in Fig. |3|and observe that
the error of the RNN-Scaling method is much reduced around the boundary 9Q2. Conse-
quently, the total relative L? error is also reduced by about 3 orders of magnitude.
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Figure 3: The absolute error of the RNN-Scaling method.

Remark 2.1. The weight coefficient % is chosen based on both intuitive and numerical
considerations. In the classical methods, such as finite element methods and finite dif-
ference methods, the scale of the equations for interior unknowns is typically larger than
that for boundary unknowns by a factor of approximately % For example, in the finite
difference method, assuming h = % is the mesh size, we have

1
—Agij~ i (495 — @ic1,j— Pit1,j— Pij—1— Pij+1) -

Thus, the coefficients for interior points are larger than those for boundary points. The
standard RNN method could be seen as an extension of the classical method and may
inherit this property. However, since the standard RNN method is based on the least-
squares method, the interior points are much more “important” than the boundary points
in the numerical scheme. This leads to increased errors at the boundary points. To bal-
ance this impact, we multiply the interior coefficients by ﬁ, analogous to h%.  We test
several numerical examples and find that % appears to be an appropriate choice for the
Poisson equation.

Remark 2.2. The idea of the RNN-Scaling method could be extended to general domains.
For instance, on a unit circular domain if we define h= % as the “mesh size”, representing
the average distance between collocation points. Then, the interior collocation points
can be uniformly distributed within the unit disk with a spacing of /1, and the boundary
collocation points can consist of [27tN] uniformly distributed points on the circle. Fig.[8(a)
shows the distribution of collocation points on the unit circle. The weight coefficient is
similarly chosen as % In this case, the total relative L? error is also reduced by one to
two orders of magnitude.
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2.4 RNN-BP method

As shown in Fig. |3, although the error of the RNN-Scaling method significantly de-
creased, it still exists on the boundary dQ). In this subsection, we introduce a bound-
ary processing technique to enforce exact Dirichlet boundary conditions. This technique
was initially proposed in [12]. The advantage of this boundary processing technique is
that the boundary conditions are imposed on the numerical solution across the entire
boundary, rather than only at collocation points. We now outline the construction of the
RNN-BP method. For simplicity, we consider the unit square domain Q= (0,1) x (0,1)
and denote x as (x,y). It should be noted that the technique can be easily extended to
rectangular domains.
The numerical solution of the RNN-BP method is constructed as follows:

M
a(x,y)=B(x,y))_wipi(x,y)+gp(xy), (2.4)
=1

where B and gp should satisfy

,y)=0, onadQ,
’y) 750/ ln Q/
gp(xy)=g(xy), onoQL.

A straightforward choice is B(x,y) =x(1—x)y(1—y) for the Poisson equation. The net-
work architecture is illustrated in Fig.

Boy

Figure 4: The architecture of the RNN-BP.
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Next, we describe the construction of ¢p(x,y). Let gp(x,y) =s(x,y)+P(x,y), where
P(x,y) is constructed to satisfy the relations at the four corners:

P(x;,y;) =u(xi,y;),

where 7,/ =0,1, with xg =10 =0 and x; =y; =1. Rewrite the Dirichlet boundary condition
as

u(Oy)=t(y), 0<y<i,
u(Ly)=ty), 0<y<l,
u(x,0)=ts3(x), 0<x<1,
u(x,1)=t4(x), 0<x<1.

Using the one-dimensional two-point Lagrange interpolation functions lp(x) =1—x and
l1(x)=x, P(x,y) can be expressed as a bilinear Lagrange interpolation function:

o= b0 ] [t e [ ]

or equivalently,

_[ o) 7] Blve) H(ya) || lo(y)
P(xy)= [ h(x) | [ b)) } { () ]

Denote ii(x,y)=u(x,y)—P(x,y). We then construct s(x,y) to satisfy the Dirichlet condition
of 7 exactly, i.e.,

s(x,y)=1(x,y), onadQ.

The boundary conditions of #(x,y) are denoted by ;, which satisfy the following rela-
tions:

h(y)=t(y)-P0y), 0<y<l,
h(y)=t(y)—P(Ly), 0<y<l,
f3(x):t3(x)—P(x,0), O§x§1,
fo(x)=ts(x)—P(x,1), 0<x<I.

The function s(x,y) is defined as

s(x,y) =lo(x)E (y) + 1 (x)E2(y) +lo(y) s (x) +11 (y) Ea(x).

After constructing s(x,y) and P(x,y), the corresponding equations for the RNN-BP
method are derived as follows:

—ijMquj)(x;)=f<x;>+As<x;>+AP<x;>, i=1,,Ny. 2.5)
=
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Theorem 2.1. The numerical solution (2.4) of the RNN-BP method satisfies the Dirichlet bound-
ary condition exactly.

Proof. Our aim is to prove that #(x,y)—P(x,y) = i(x,y) on 9Q), which is equiva-
lent to showing that "M, w;x(1—x)y(1—y)¢i(x,y)+s(x,y) = i(x,y) on 9Q. Note that
YM wix(1—x)y(1—y)@;(x,y) satisfies the homogeneous Dirichlet boundary condition.
Therefore, we only need to prove that s(0,y) = (y). Thus, we have

0(0)E (y)+h (0)E2(y) +10(y)E3(0) + 1 (y)Ea(0)

where we use the fact that ;(0) =#;(1) =0 fori=1,--- 4.
The conditions on the other boundaries can be proved in a similar manner. This com-
pletes the proof. O

Theorem 2.2. Assuming that the solution to the least-squares problem (2.5) is uniquely solvable.
Then the RNN-BP method is exact for solutions of the form

() pr(y) +f2(y)pa(x), (2.6)
where f1,f> € C(QY), and p1 and p; are polynomials of degree no higher than 1.

Proof. For simplicity, we only prove the case where u(x,y) = f1(x)p1(y). The proof for the
case u(x,y) = f1(x)p1(y)+ f2(y) p2(x) is similar and thus omitted.

The first step is to prove that u(x,y) =s(x,y) under the assumption that u(x,y) =0
at the four corners of dQ). It is obvious that P(x,y) =0 from the above assumption. We

analyze the four terms of s(x,y) =Ily(x)t1(y)+1 (x)t2(y) +1lo(y)t3(x) +11(y)ta(x) sequen-
tially. For the term #;(v) = f1(0) p1(y) € P4, it follows that t1(0) =t (1) =0. Consequently,
t1(y)=0on [0,1]. Similarly, £>(y) =0 in [0,1]. Hence we obtain

(
s(xy) =lo(x)t(y) +h(x)t2(y) +lo(y)ts(x) +h(y)ta(x)
=l A(x)p1(0)+h(y) fr(x)pr(1)

=fi(®)(lo(y)p1(0) +1(y)p2(1))

=f(X)p1(y)-
The second step is to prove that u(x,y) =s(x,y)+P(x,y) for u(x,y)=f1(x)p1(y). Let Q(x)
be a first-order polynomial satisfying Q(0) = f1(0) and Q(1) = f1(1). From the definition

(

of P(x,y) and the fact that Q(x)p1(y) = P(x,y) at the four corners of 0}, it follows that
Q(x)p1(y)=P(x,y). Thus, for any (x,y) € (), we have

u(xy) =Pley) = (f1(x) =Q(x))p1(y)
=s(x,y). (27)

The final equation follows from the conclusion of the first step, since f; (x) — Q(x) =0 at
the four corners of 9Q). Substituting into yields Zjl\il wjA(B(x})@j(xXy)) =0 for

)
)
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i=1,---,Ny. Clearly, {wj}jlﬁ 1 =0 is a solution to the least-squares problem. Hence, we
obtain
a(x,y)=u(x,y), inQ,

which completes the proof. ]

3 The improved RNN methods for the biharmonic equation

In this section, we focus on the biharmonic equation with clamped boundary conditions
on a bounded domain with boundary 9():

Au(x)=f(x), inQ,

u(x)=g1(x), onoaQ), @3.1)
31:1 (x)=g2(x), onoQ.

The source term f(x) and the boundary conditions g3 (x) and g(x) are given functions,
and n denotes the unit outward normal vector to d().

3.1 RNN method and RNN-Scaling method

For the biharmonic equation, the equations of the RNN method are

M ) ‘
Y wibpj(xp)=f(xp). i=1,-Ny,
]:
M ) ' ’
Y wigi(xh)=81(x}), i=1,,Nj,
=1

L 09 o
2“’]’371]("?):@("2)' i=1,,Np,
]:

where Ny and N; still represent the numbers of interior and boundary collocation points,
respectively. Solving this system of equations yields w, which is then used to compute
the solution 7(x).

For the biharmonic equation, we also observe that the error of the RNN method is
primarily concentrated around the boundary. Therefore, as with the Poisson equation, it
is necessary to develop an improved method to reduce the error around the boundary.

We describe the RNN-Scaling method on the square domain. Let the numbers of
points on both interior and boundary be the same in the x-direction and y-direction, still
denoted as N. Then Ny = N2 and N, =4N. The least-squares problem is then formulated
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as follows:
1 ¥ 2 i 1 i .
]:

M . .

Zw](P](XZ):gl(XZ)/ Z:1//1\]}]/ (32)

j=1
1 M a(p] . 1 . )
szleaj(xi)zﬁgz(x})/ i=1,--,Np.

Solving the system yields the numerical solution #(x).

Remark 3.1. The RNN-Scaling method can also be extended to general domains for the

biharmonic equation. For instance, on a unit circular domain, if we take h = % as the

“mesh size”, then the interior collocation points can be chosen as uniformly distributed

points within the unit disk at a distance of /1, and the boundary collocation points could

be [27tN] uniformly distributed points on the circle. The weight coefficients are set to
1

~i and L, respectively. The total relative L? error is thereby reduced by 1-2 orders of

magnitude.

3.2 RNN-BP method

The error of the RNN-Scaling method is significantly reduced, but a small error still exists
on the boundary. Therefore, we enforce the neural network to satisfy the exact clamped
boundary condition on the square domain.

The neural network used in the RNN-BP method for the biharmonic equation is con-
structed as follows:

M
a(x,y) =B(x,y) Y _wigi(x,y)+8p(x,y), (3.3)
i=1

where B(x,y) and gp(x,y) should satisfy the following conditions:

B(x,y)=0, onoQ,
oB

g(x,y) =0, ond),

B(x,y)#0, inQ,
gp(x,y)=g1(x,y), onodQ,
0
%(x’y) :gZ(x/y)/ on aQ.

For the biharmonic equation, B(x,y) is defined as B(x,y) =x*(1—x)?y*(1—y)>.
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Next, we construct gp(x,v) as gp(x,y) =s(x,y)+P(x,y). We define P(x,y) such that it
satisfies the following conditions at the four corners:
P(xi,yj) = u(xi,y;),
Px(xi,y;) = ux(xi,y;),
Py<xiryj) =y (X)),
Py (xi,yj) =y (Xi,Yj),

where 1,j=0,1, and xo =10 =0, x; =y; =1. Rewrite the clamped boundary condition (3.1)
as follows:

ou

u(Oy)=t(y), z-(Oy)=mhly) O=y<l
w(Ly)=tly), S(y)=lly), 0<y<1,
u(x,0)=ts(x), g;(x,O):h3(x), 0<x<1,
w(x,1) =ty (x), gZ(x,l):m(x), 0<x<l.

Recall the two-point Hermite interpolation basis functions, which are defined as follows:
Hi(x) =17 (x) (121} (xi) (x = 1)),
Gi(x) =1} (x) (x—x1),
for i=0,1, where lp(x) and I (x) are the first-order Lagrange interpolation functions. The
expression for P(x,y) is given by
T

Hy(x) u(xo,y0)  ulxoy1)  uy(xo,yo)  uy(xo,y1) Hy(y)

Plxy) = Hi (x) u(xy,yo)  ulxpyr)  uy(xyo)  uy(xuy1) Hi(y)
' Go(x) ux(x0,%0) ux(x0,y1) Uxy(X0,Y0) Uxy(x0,y1) Go(y)
Gi1(x) ur(x1,y0)  ux(xX1,y1)  Uay(x1,Y0)  Ury(x1,41) Gi(y)

1
Alternatively, P(x,y) can also be expressed as:

Hy(x) ti(yo) ti(y1) ha(xo) ha(xo) Ho(y)
Plry)= | ) b(yo) (1) ha(x1) ha(xa) || Hi(y)
Y Go(x) hi(yo) hi(y1) hs(xo0) hy(xo) Go(y)

Gi(x) ha(yo) ha(y1) hy(x1) hy(x) Gi(y)

Then, we define s(x,y) such that it satisfies the clamped boundary conditions for i(x,y),
where ii(x,y) = u(x,y) — P(x,y).

{s(x,y)ﬁ(x,y), on 9Q),

ds o
ﬁ(x,y) = ﬁ(x,y), on 9Q).
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The boundary functions of ii(x,y), denoted by f; and 7, satisfy the following conditions:

A(y)=t(y)~POy), nly)=m(y)-3 Oy), 0<y<1,
B(y)=t(y) —P(Ly), flz(y)zhz(y)—?,];(lly), 0<y<1,
f3(x)=t3(x)—P(x,0), I~13(x):h3(x)—31;(x,0), 0<x<1,
E(x) =ta(x) — P(x,1), fz4(x):h4(x)—gl;(x,l), 0<x<1.

The function s(x,y) is defined as:

s(vy)= ( )h(y) +Hi(x)E2(y) +Ho(y)E (x) + Hi (y) Fa (%)
Go ()1 (y) +G1(x) 2 (y) + Go(y) i3 () + Ga (y s ().

Finally, the corresponding equations for the RNN-BP method are

M

Zw]-Az(Bgoj) (x}) :f(xlf) —Azs(x}) —AZP(X}), i=1,---,Ny. (3.4)
=1

We emphasize that the clamped boundary condition can be exactly imposed. This bound-
ary processing method, which is applicable to rectangular domains, can be used for any
PDEs with clamped boundary conditions.

Theorem 3.1. The numerzcal solution (3.3)) of the RNN-BP method satisfies the clamped bound-
ary condition of (3.1)) exactly.

Proof. To prove the theorem, it suffices to show that (x,y)—P(xy) =
Y M w;B(x,y)gi(x,y)+s(x,y) satisfies the clamped boundary condition of #(x,y).

Since P(x,y) is the cubic Hermit interpolation of u(x,y) on (), we have:

(3.5)

fori=1,---,4.

It can be verified that Y, w;x?(1—x)%y2(1—y)2@;(x,y) satisfies the homogeneous
clamped boundary condition. Therefore, we need to prove that s(0,y) =F1(y), £(0,y) =
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I (y). From (3.5), we have

s(0,y) =Ho(0)t: (y) +Hi1(0)E2(y) +Ho(y)E3(0) + H1 (y)4(0)
+Go(0)h1(y) +G1(0)h2(y) +Go(y) 13 (0) +G1 () ha (0)
=h(y),
gfc(ory)ZHé(O) f1(y)+H1(0)E2(y) +Ho(y)E5(0) + Hy ()£, (0)
+Gy(0)711(y) +G1(0)h2 (y) + Go(y)15(0) + G1 (y) 4 (0)

=h (y)-

The clamped conditions on the other boundary can be proved similarly. This completes
the proof. O

Theorem 3.2. Assuming the solution to the least-squares problem (3.4) is unique, then the RNN-
BP method is exact for solutions of the form

A (y) +fa(y)pa(x), (3.6)
where f1,f> € CY(Q), and py and py are polynomials of degree no higher than 3.

Proof. The proof of this theorem is similar to that of Theorem 2.2} however, for complete-
ness, we provide the proof here. We only prove the case where u(x,y) = f1(x)p1(y).

We also divide the proof into two steps. The first step is to prove that u(x,y) =s(x,y)
under the assumption that u(x,y) =0 and 9%(x,y) =0 at the four corners of 9Q. It is
obvious that P(x,y) =0 from the above assumption. We analyze the eight terms of s(x,y)
one by one. Similar to the proof of Theorem it follows that t1(y) =t2(y) =hi1(y) =
hy(y)=0on [0,1]. Thus, we have

s(x,y)=Ho(y)ts(x)+ Hi(y)ta(x) + Go(y)h3(x)+Gi(y)ha(x)
= f1(x)(Ho(y) p1(0) +Hi(y)p1(1) — Go(y) p1(0) +G1(y)p1(1))
= fi(x)p1(y)-

The second step is to prove that u(x,y) =s(x,y)+P(x,y) for u(x,y) = f1(x)p1(y). Let
Q(x) be a first-order polynomial satisfying Q(0)=f1(0), Q(1)=f1(1), Q(0)=—f{(0) and
Q(1) = f{(1). From the definition of P(x,y), it can be inferred that Q(x)p1(y) =P(x,y) on
Q). This implies that

u(x,y)—P(x,y) = (fi(x)—Q(x))p1(y)
=s(xy), (3.7)

for any (x,y) € Q, where the final equation in follows from the conclusion of the first
step. Substituting into yields that ZinleA(B(x})gpj(x})) =0fori=1,--,Ny,
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which implies that {wj}jl‘i 1 =0 is a solution to the least-squares problem. Therefore, we
have

a(x,y)=u(x,y), inQ.

This completes the proof. O

4 Numerical experiments

In the numerical experiments, we compare the performance of the three RNN methods
using the relative L? error

VIR 00) ~u(x)|

lell 2= :

ZNtast |u(xl) |2

where N5 denotes the number of uniformly distributed collocation points in (), and we
set Niest = 10* for all examples. Throughout this paper, we use the sine function as the
activation function. In all tables, RNN-Scaling is abbreviated as RNN-S for simplicity. We
compare the numerical performance of the three RNN methods, PINNs, and DRM. The
RNN methods, DRM, and PINNSs are implemented in Python, using the PyTorch library.
The numerical experiments are performed on a workstation equipped with an Intel Xeon
Platinum 8260L CPU @ 2.40 GHz.

4.1 Poisson equation

We begin by testing our methods on the Poisson equation.

41.1 Example1.1
In the first example, the exact solution on Q= (0,1) x (0,1) is given by:

u(x,y) =sin(27mx)sin(2my).

The number of points in x and y dimensions is set to be the same, denoted as N. A neural
network with two hidden layers is used, containing 100 and M neurons, respectively.
We compare the relative L? errors of the RNN, RNN-Scaling, and RNN-BP methods for
different numbers of collocation points and values of M. Tables [l and [2| compare the
results for the default and uniform random initialization with R, =1, respectively. Table[3]
shows the CPU times of the three RNN methods under default initialization with varying
N and M.

From Tables we draw the following observations. The errors of all three RNN
methods initially decrease and then stabilize under both initialization methods. The
RNN-Scaling method consistently produces smaller errors than the RNN method. In
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Table 1: Errors of the three RNN methods with default initialization for Example 1.1.

method N M 50 100 150 200 250 300 400 500
RNN 8 ellz 944e-1 276e-3 10le-3 4.82e-4 7.7%-4 549e-4 4494 3.66e-4
12 [lefl;z 915e-1 3.13e-4 1.1le-6 3997 1.83e7 8.l14e7 253e7 597e-7
16 |[lef;2 945e-1 6.63e-4 243e-6 2.66e7 1357 453e-8 2.67e7 1.16e-7
24 |lef;2 1.04e+0 926e-4 3.6le-6 133e-6 20607 176e-7 146e7 14le7
32 Jlefl;2 1.14e+0 1.04e-3 399%-6 25le-6 2847 1.87e-7 127e-6  2.83e7
48 |||z 1.34e+0 120e-3 4.40e-6 235e-6 1.13e-6 194e-6 1.65e-6 1.08¢-6
RNN-S 8 |le|[z 209%-2 276e-3 10le-3 4.82-4 7.79-4 5494 3.06e-4 3.66e-4
12 lellz 1.75e-2 2.04e-5 4.35e7 218e-7 3.04e-7 3.38e7 6227 5.lle7
16 ||z 157e-2 142e-5 9.53¢-8 878e-8 1.08e-7 2198 1.65¢-7 2.60e-8
24 |le||l» 143e2 13le5 1.75e-7 329e-7 543e-8 82le-8 2567 3.32¢-8
32 |lellz 14le2 129e-5 3.67e7 342e-7 163e-7 812e-8 243e-7 547e-8
48 |le|;2 148e2 127e-5 33le-6 126e-6 137e-6 33le-6 2.18e-6 2.27e-7
RNN-BP 8 |e|[2 355e-4 3424 1894 243e-4 10le-4 1.02-4 16de-4 8.70e-5
12 lef;z 1.09e-4 237e-7 7.55¢-8 559-8 4.99¢-8 7.74e-8 4378  7.58e-8
16 |lell> 1.05e-4 3.72e-8 7.54e-10 4.63e-10 6.68¢-10 8.87e-11 6.72e-10 3.61e-10
24 |lef;2 1.02e-4 230e-8 1.03e-10 1.20e-10 3.86e-10 1.13e-10 1.57e-10 3.86e-11
32 lelz 9.89e-5 224e-8 1.63e-10 129e-10 236e-10 2.66e-10 2.74e-10 1.17e-10
48 |lellz 9.40e-5 2.13e-8 3.53e-10 5.00e-10 1.8le-10 1.37e-10 4.14e-10 4.34e-11

particular, the method exhibits more stable performance, with errors gradually decreas-
ing as N and M increase. The RNN-BP method achieves the smallest errors among the
three methods under both initialization conditions, with errors decreasing as N and M
increase. The CPU times for the three methods under default initialization are compared
in Table[3|and Fig.[6} Fig.[p[a) shows the results for a fixed M =300 with varying numbers
of points, while Fig. [6(b) shows the results for a fixed N =48 with varying M. The CPU
times for all three methods increase with the number of points and M. The CPU times
for the RNN and RNN-Scaling methods are similar, while the RNN-BP method requires
about 2-3 times the computational cost of the other two methods.

Figs. 5(a)-(b) show that the RNN-Scaling and RNN-BP methods consistently achieve
smaller L? errors than the RNN method, particularly under uniform random initializa-
tion with R,, =1. This suggests that these two methods are more robust to variations in
initialization and may offer better performance in practical applications. Moreover, the
performance of all three methods is generally better under uniform random initialization
than under the default initialization condition.

We compare the three methods for varying values of R;, (from 0.1 to 2) with fixed
M =300 and N =48. From Fig. c), it can be seen that as R, varies, the three methods
exhibit a similar trend. Specifically, for R,, in the range of 0.3 to 1.5, the errors of the three
methods are relatively small; however, for R, > 1.5, the errors increase rapidly. Among
the three methods, the RNN-BP method consistently achieves the smallest errors.
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Table 2: Errors of the three RNN methods with uniform random initialization (R;; =1) for Example 1.1.

method N M 50 100 150 200 250 300 400 500
RNN 8 ]2 219e+0 7.02¢-3 437e-3 3.77e-3 2.89%-3 284e3 405e3 271e3
12 lellz 2.28e+0 555e-2 495e-4 132e-4 3.07e5 236e-5 27%-5 2.35e-5
16 lellz 247e+0 6.08e-2 1.88e-3 334e-5 7.44e7 9.90e7 122e-7  2.34e-7
24 le||lz 273e+0 630e-2 246e-3 8.l4e-5 3.02-6 1.15e-7 2.86e-10 4.17e-11
32 Jlellz 294e+0 6.48e-2 273e-3 9.64e5 3.6le6 178e-7 9.82e-10 3.54e-11
48 |lefl2 3.25e+0 6.83e-2 3.05e-3 1.1le-4 424e-6 2.06e7 1629 124e-10
RNN-S 8 |ellz 925e2 7.02e-3 437e-3 3.77e-3 2.89%-3 284e3 405e-3 27le-3
12 Jlefl;z 807e-2 680e-4 45le-5 132e-4 3.07e-5 2.36e-5 2.79%-5 2.35e-5
16 |le|l2 858e-2 573e-4 16le-5 8.15e7 536e-7 349-7 15le7 2.34e7
24 le|2 9.02e-2 507e-4 122e-5 3.36e7 187e-8 2.06e-9 142e-10 3.48e-11
32 ]2 9.27e-2 5.00e-4 1.13e-5 3.0le-7 126e-8 5.67e-10 1.20e-11 2.69e-12
48 ||z 9.85e2 5.12e-4 1.08e-5 2.87e7 124e-8 4.77e-10 573e-12 8.27e-13
RNN-BP 8 |ef|z 1.15e2 1.0le2 440e-3 3.90e-3 534e-3 646e-3 42le3 4.6le3
12 lellz 7.21e-3 177e-4 444e-5 1.05e-4 120e-4 507e-5 126e-4  5.76e-5
16 |le|;2 6.87e-3 5.64e-5 217e-6 6427 130e-6 3.11e7 1.66e7 5.13e-7
24 ez 643e-3 4.06e-5 4.0le-7 138e-8 2.18e-9 25le-10 245e-11 2.12e-11
32 ]2 6.18e-3 3.85e-5 3.80e-7 844e9 435e-10 456e-11 9.71e-13 3.72e-13
48 ez 59le-3 357e-5 3.82e7 84209 3.63e-10 1.69e-11 8.15e-14 2.55e-14

Table 3: The CPU times (seconds) for the three RNN methods with the default initialization for Example 1.1.

method N M 50 100 150 200 250 300 400 500
RNN 8§ CPUtime 061 054 062 076 085 119 119 1.50
12 CPUtime 040 053 0.65 1.09 0.89 1.12 154 1.70
16 CPUtime 0.62 057 073 098 1.18 123 183 215
24 CPUtime 057 076 095 135 158 1.67 219 285
32 CPUtime 056 100 1.04 138 158 1.82 281 3.1
48 CPUtime 071 096 142 178 238 277 415 578
RNN-S 8§ CPUtime 038 070 059 061 071 089 116 1.65
12 CPUtime 038 049 060 0.78 0.88 1.10 1.62 1.69
16 CPUtime 043 057 0.67 081 1.02 150 1.65 215
24 CPUtime 051 078 091 1.06 154 155 211 271
32 CPUtime 048 072 093 148 148 172 237 3.58
48 CPUtime 059 081 144 160 238 272 396 5.68
RNN-BP 8 CPUtime 0.69 075 1.04 135 161 189 270 4.08
12 CPUtime 055 083 114 1.60 2.00 256 3.92 474
16 CPUtime 0.62 098 147 192 269 3.13 4.06 577
24 CPUtime 0.68 130 184 236 321 3.60 502 718
32 CPUtime 0.78 135 229 3.03 372 453 6.64 9.65
48 CPUtime 0.89 173 3.12 3.88 595 8.03 1261 18.03
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Figure 5: Comparison of relative L2 errors of the three RNN methods for Example 1.1: (a) Varying numbers
of points with the default initialization. (b) Varying numbers of points with uniform random initialization
(Rm=1). (c) Varying max magnitude of random coefficients.
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(a) Varying number of points with the default initial- (b) Varying M with the default initialization.
ization.

Figure 6: The CPU times of the three RNN methods for Example 1.1.

With the network architecture fixed as [2,100,200,1] and N =48, we compare the accu-
racy and efficiency of the RNN methods with PINNs and DRM. For the Poisson equation,
the loss functions for PINNs and DRM, evaluated on uniform points, are defined as:

L= 37 % {Aﬁ(x;;wf(x;)}zw;bi [204) ()]
Lown = % 5 vae - roace) |+ i [264) -5 )]

respectively. In the PINNs/Adam and DGM/Adam methods, the network is trained for
50,000 epochs, with the learning rate following a cosine decay schedule from 0.001 to
1075. In the PINNs/L-BEGS and DRM/L-BFGS methods, the network is trained for 500
epochs using a constant learning rate of 1. The results are summarized in Table @ The
L-BFGS optimizer is more efficient than the Adam optimizer for both PINNs and DRM.
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Table 4: Comparison between the three RNN methods and PINNs/DRM, in terms of relative L2 errors and
the computation times.

Method lell 2 Epochs Computation time (seconds)
PINNSs (Adam) 1.69e-4 50,000 833.84

PINNs (L-BFGS) 9.30e-5 500 69.05

DRM (Adam) 3.89e-2 50,000 467.05

DRM (L-BFGS) 4.36e-2 500 26.35

RNN 2.35e-6 0 1.78

RNN-S 1.26e-6 0 1.60

RNN-BP 5.00e-10 O 3.88

The L-BFGS optimizer takes about 1/10 to 1/20 of the computational cost of the Adam
optimizer while achieving similar accuracy. However, even using the L-BFGS optimizer,
PINNs and DRM achieve accuracies of only 107> and 1072, respectively. In contrast,
the RNN methods achieve accuracies of at least 10°°, with computational cost under
4 seconds. These results demonstrate the superior accuracy and efficiency of the RNN
methods.

4.1.2 Example 1.2

The second numerical example uses the exact solution on Q= (0,2)?:

3 2n 3 T 3 27 3 T
u(x,y)=-— [Zcos <2nx+5> +§cos <3nx—5>] [2cos (Zny+5> +§cos (3ny—5>} .

We compare the three methods by varying the maximum magnitude of the random co-
efficient, with the network architecture fixed as [2,100,500,1] and N =96. The results are
presented in Fig. [/[(a). It is observed that the optimal value of R, ~1.2. The RNN-BP
method achieves the smallest error among the three methods, reaching a minimum error
of 4.75x10719, We compare the methods for varying M, with R,, =1 and N = 64 fixed.
Fig. Ekb) illustrates that the errors of all three methods decrease as M increases, with the
RNN-BP method consistently achieving the smallest errors.

4.1.3 Example 1.3
This example demonstrates that the RNN-BP method is exact for solutions of the form
(2.6). We consider the exact solution on Q=(0,1) x (0,1):

u(x,y) =20+ 4 x*siny +* cosx,

where k is an integer.
We compare the three methods for different numbers of collocation points with k=1
and k=2, using a fixed network [2, 100, 300, 1] and random initialization (R,, =1). The
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Figure 7: Comparison of relative L? errors of the three RNN methods for Example 1.2.

Table 5: Comparison of the three RNN methods with different N for Example 1.3.

k N 4 12 20 28 36 44 52

1 RNN 8.17e-1  14le-4  2.44e-7 632e-7 823e-7 9.00e-7  9.43e-7
RNN-S 8.17e-1  1.4le-4  3.55e-8 5.47e-9 3.67e9 3.56e-9  3.60e-9
RNN-BP 235e-16 2.60e-16 2.57e-16 2.19e-16 2.19e-16 2.19e-16 2.19e-16

2 RNN 1.05e+0 1.70e-4 292e-7 7.58e-7 9.87e-7 1.08e-6  1.13e-6
RNN-S 1.05e+0 1.70e-4  4.25e-8 6.56e-9  4.3%-9 4.26e-9 4.30e-9
RNN-BP 2.64e-2 1.15e-6 1.39e-11 8.14e-13 1.62e-13 9.64e-14 9.06e-14

results are presented in Table 5| For the RNN-BP method, the relative L? errors reach
machine precision when k =1. This verifies that the RNN-BP method is exact for the
solution of the form (2.6). The errors decrease rapidly as the number of collocation points
increase when k =2, with the smallest error about 10~ 4. The relative L? errors of the
RNN-Scaling method are at most three orders of magnitude smaller than those of the
RNN method.

414 Example 1.4

This example considers the exact solution
u(xy) =x*+y*

on the unit circle centered at the origin (0,0).

We fix N =64 and vary M to compare the RNN and RNN-Scaling method. The net-
work architecture is [2,100,100,M,1], and the default initialization method is employed.
Fig. [§(a) illustrates the distribution of uniform collocation points for N = 32. Fig. [§(b)
shows the comparison results, indicating that the RNN-Scaling method achieves the
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Relative L2 error
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le-g

(c) The absolute error of the RNN method. (d) The absolute error of the RNN-Scaling method.

Figure 8: The numerical results for Example 1.4.

smallest error (about 10~?), typically reducing errors by two orders of magnitude com-
pared to the RNN method. Figs. [§(c)-(d) display the absolute errors for both methods
with N =64 and M =200. It can be observed that the errors of the RNN method are
concentrated near the boundary, while the errors of the RNN-Scaling method are con-
centrated in the interior.

From Examples 1.1-1.4, we offer the following summary for solving the Poisson equa-
tion. The RNN-BP method consistently produces the smallest errors among the three
methods. Specifically, for relatively large M and N, the RNN-BP method achieves errors
that are, on average, 4 orders of magnitude smaller than those of the RNN method in
Example 1.1 and 3 orders of magnitude smaller in Example 1.2. Moreover, under both
initialization methods, the RNN-BP method achieves significantly smaller errors than the
other two methods, demonstrating its robustness in practical applications.

On both the unit circular and square domains, the RNN-Scaling method outperforms
the RNN method in terms of accuracy. Specifically, on the unit circular domain, the RNN-
Scaling method achieves relative L2 errors that are, on average, 2 orders of magnitude
smaller than those of the RNN method. On the square domain, under the default initial-
ization method, the RNN-Scaling method achieves errors that are, on average, 2 orders of
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magnitude smaller than those of the RNN method when M is small; however, the differ-
ence between the two methods becomes less significant as M increases. Under uniform
random initialization, the RNN-Scaling method achieves errors that are, on average, 2
orders of magnitude smaller than those of the RNN method.

4.2 Biharmonic equation

Next, we test our methods for the biharmonic equation.

421 Example 2.1
In the first example, the exact solution on Q= (0,1) x (0,1) is given by:

u(x,y) =sin(7mx)sin(my).

A neural network with two hidden layers is used, containing 100 and M neurons, re-
spectively. We compare the relative L? errors of the three methods for varying numbers
of collocation points and values of M. Tables [] and [7] present the comparison results
with the default and uniform random initialization (R,,=1), respectively. Tables [f|and
show that the errors of all three methods decrease significantly as M and N increase. The
RNN-BP method achieves the best performance, followed by the RNN-Scaling method
and then the RNN method. Specifically, under the default initialization, the RNN-Scaling
method reduces errors by 1 to 4 orders of magnitude, while the RNN-BP method reduces

Table 6: Comparison of the three RNN methods with the default initialization for Example 2.1.

method N M 50 100 150 200 250 300
RNN 8 lellz 473e2 1.65e-5 1.03e-8 4.13e-9 3.65¢-9  4.40e-9
12 |le];> 548e-2 150e-4 3.62e-8 1.69-10 520e-11 1.54e-10
16 |le];2 5.87e-2 1.78e-4 6.17e-8 120e-9 579-10 1.20e-10
24 le|l;2 648e2 193e-4 7.35e-8 175e9 192e-9  3.65e-10
32 el 7.03e2 20le4 8838 1989 8.14e-10 1.96e-9
RNN-S 8 e[z 178¢-4 126e-7 894e-9 4.00e-9 3.45¢-9  4.29¢-9
12 lell 7.22e-4 5.68e-8 3.19e-11 1.6de-11 7.06e-12 7.13e-12
16 |le]l;» 9.56e-4 3.78¢-8 2.97e-11 576e-11 157e-11 6.29e-12
24 le|l;2 7.57e-4 5.05e-8 5.16e-10 2.80e-10 1.29¢-10 8.97e-11
32 |lell2 8524 657e8 125¢9 1399 6.19¢-10 8.57¢-10
RNN-BP 8 |le[;2 3.37e-9 579%-10 280e-10 154e-10 1.05e-10 1.85e-10
12 |lefl;2 149e-8 837e-13 249e-14 827e-14 5.12e-14 3.00e-14
16 |lef;2 1.20e-8 4.65e-13 9.27e-16 532e-16 2.67e-16 3.35e-16
24 le|l;2 933e9 544e-13 7.17e-16 1.15e-15 1.28e-16 2.37e-16
32 Jlel> 8189 5.09-13 6.73e-16 4.13e-16 1.87e-16 4.73e-16
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Table 7: Comparison between the three RNN methods with uniform random initialization (R,; =1) for
Example 2.1.

method N M 50 100 150 200 250 300
RNN 8 lel,2 496e+0 4.05e-3 6.38¢-4 6.74e-4 330e-4  1.05e-3
12 e,z 50%+0 427e-1 424e2 4.19¢-5 3.04e-7  4.32e-7
16 |[lefl;2 5.05e+0 5.62e-1 428e2 5.66e-3 128e-4  2.03e-6
24 |l 5.00e+0 6.33e-1 4.00e-2 7.98¢-3 3.18e-4  3.30e-5
32 el 498e+0 6.58e-1 4.08e-2 9.14e-3 394e-4  4.60e-5
RNN-S 8 |le[;2 815e2 9.32-4 638e-4 674e-4 330e-4 1.05e-3
12 lefl;2 396e-2 3.00e-3 453e-5 279%-6 3.04e-7  4.32e-7
16 |lefl;2 436e-2 372e-3 32le5 120e-6 297¢-8  3.45¢-9
24 el 273e2 3.50e-3 323e-5 7.27e-7 12le-8  7.52e-10
32 el 10le-l 297e-3 586e-5 9.14e-7 2.13e-8  7.95e-10
RNN-BP 8 e[,z 20le-4 235e-4 607e-5 325e-4 4.15e-4 3.09e-4
12 lefl;2 649%-4 193e-6 1.03e-6 9597 2.86e-7 125e-6
16 |lefl;2 655e-4 1.17e-6 4.42e-8 8249 3.85e-9  2.34e9
24 el 6324 5047 6.13e-8 126e-9 1.82e-11 1.02e-11
32 el 6.12e-4 3.85¢7 9.31e-8 154e-9 655e-11 1.1le-11

errors by 6 to 9 orders of magnitude. The RNN-BP method achieves errors at machine
precision for M >150 and N >16. Under random initialization, the RNN-Scaling method
reduces errors by up to 5 orders of magnitude, while the RNN-BP method reduces er-
rors by up to 7 orders of magnitude. These results demonstrate that the RNN-BP and
RNN-Scaling methods offer significant advantages over the RNN method. Figs. Eka)—(c)
show the error distributions for the three methods with M =300 and N =32. The errors
of the RNN are predominantly concentrated near the boundary, while the RNN-Scaling
method effectively reduces these boundary errors. Furthermore, the RNN-BP method
enforces exact boundary conditions, achieving the highest accuracy.

Table |8 presents the computation times of the three methods. It can be observed that
the CPU times of the RNN and RNN-Scaling methods are similar, while the RNN-BP
method takes approximately twice as long as the other two methods.

We fix the network architecture as [2,100,300,1] and compare the performance of the
three methods for varying numbers of collocation points. Figs.[I0(a)-(b) present the com-
parison results with the default and random initialization (R, = 1), respectively. It can
be seen that, regardless of the initialization method, the RNN-BP method consistently
achieves smaller errors than the other two methods. With the default initialization, the
RNN-Scaling method performs slightly better than the RNN method. With the uni-
form random initialization, the RNN-Scaling method significantly outperforms the RNN
method. Additionally, we compare the CPU times of the three methods for varying num-
bers of points. Fig.[I2a) illustrates the results with the default initialization. The CPU
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Table 8: The CPU times (seconds) for the RNN methods with the default initialization for Example 2.1.

method N M 50 100 150 200 250 300
RNN 8§ CPUtime 115 209 282 391 511 6.35
12 CPUtime 159 250 397 530 6.68 7.62
16 CPUtime 170 338 487 645 844 976
24 CPUtime 207 423 650 949 1125 1357
32 CPUtime 231 472 705 10.58 13.00 16.01
RNN-S 8§ CPUtime 111 187 283 406 502 6.29
12 CPUtime 132 236 370 530 659 8.09
16 CPUtime 165 3.08 499 651 858 1045
24 CPUtime 222 430 633 992 10.75 13.90
32 CPUtime 242 489 6.83 10.07 13.02 1592
RNN-BP 8 CPUtime 199 385 569 789 1046 13.19
12 CPUtime 270 477 738 11.00 1337 16.60
16 CPUtime 275 628 9.09 1294 1671 19.17
24 CPUtime 3.63 753 1208 1624 19.72 25.10
32 CPUtime 4.02 8.01 1272 1853 23.64 28.74

Error le—s

(a) The absolute error of the RNN  (b) The absolute error of the RNN-  (c) The absolute error of the RNN-BP
method. Scaling method. method.

Figure 9: The absolute errors of three methods with uniform random initialization for Example 2.1. (The
neural network architecture is [2, 100, 300, 1] and N =32.)

times for all three methods increase as the number of points increases. The CPU times
for the RNN and RNN-Scaling methods are approximately the same, while the RNN-BP
method takes roughly twice as long as the other two methods.

We fix the number of collocation points to compare the three methods for varying
M. Figs. [10(c)-(d) show the comparison results with the default initialization and uni-
form random initialization, respectively. The RNN-BP method outperforms the other
two methods in terms of accuracy under both initialization methods. With the default
initialization, the RNN-Scaling method achieves smaller errors than the RNN method
for M <150; while the errors of both methods become similar for M > 150. With the
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Figure 10: Comparison between the three RNN methods for Example 2.1: (a) Varying numbers of points
with the default initialization. (b) Varying numbers of points with uniform random initialization (R,; =1).
(c) Varying M with the default initialization. (d) Varying M with uniform random initialization (R, =1).

uniform random initialization, the RNN-Scaling method consistently produces smaller
errors than the RNN method, with a reduction of up to 5 orders of magnitude. We com-
pare the CPU times of the three methods for varying M with fixed N=12 and default ini-
tialization, as shown in Fig.[12(b). The computation time for the standard RNN method
is similar to that of the RNN-Scaling method, while the RNN-BP method takes approxi-
mately twice as long as the other two methods.

We compare the three methods for varying R,,, with M =300 and N =32, and vary
R, ranging from 0.1 to 2. Fig.[11|shows that the three methods exhibit a similar trend as
R, varies. Specifically, for R, in the range of 0.2 to 1.1, the errors of the three methods
are relatively small. For R,, >1.1, the errors increase rapidly. The RNN-BP method still
produces the smallest error.

We fix the network architecture as [2,100,300,1] and set N=48 to compare the accuracy
and efficiency of the RNN methods with PINNs and DRM. For the biharmonic equation,
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Figure 11: Comparison of relative L? errors of three methods varying max magnitude of random coefficients
for Example 2.1.
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Figure 12: Comparison of the CPU times of the three RNN methods for Example 2.1.

the loss functions of PINNs and DRM on uniform points are

LpinNs =~
i Ny = i=1
Bxhlon ’
+Nb,§{ an(xb) $2(x) |
P I 9 5 AP o
o= 1. |5 |89 |, ~f (xpacx))
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Table 9: Comparison between the three RNN methods and PINNs/DRM, in terms of relative L2 errors and
the computation times.

Method llell 2 Epochs Computation time (seconds)
PINNSs (Adam) 3.79e-3 50,000 7,082.96

PINNs (L-BFGS) 1.38e-4 500 883.90

DRM (Adam) 9.72e-2 50,000 1,180.29

DRM (L-BFGS) 9.69e-2 500 79.49

RNN 1.96e-9 0 16.01

RNN-S 8.57e-10 0 15.93

RNN-BP 4.73e-16 0 28.74

respectively. In the PINNs/Adam and DGM/Adam methods, the network is trained for
50,000 epochs, with the learning rate coefficient gradually decreasing in a cosine schedule
from 0.001 at the beginning to 10~° at the end. In the PINNs/L-BFGS and DRM /L-BFGS
methods, the network is trained for 500 epochs with a constant learning rate of 1. The
comparison results are presented in Table )} Compared to PINNs, DRM has a lower
computational cost but a larger error. The computation time of RNN methods is 0.2%
to 0.4% that of PINNSs, and the error is 5 to 12 orders of magnitude smaller than that of
PINNSs. The three RNN methods achieve higher accuracy with less computation time.

4.2.2 Example 2.2

In this example, we consider the exact solution on Q= (0,1) x (0,1) as follows:
u(x,y) =sin(27x)sin(27y).

The numerical performance of this example is generally similar to that of Example 2.1,
so we will provide a brief analysis of the numerical results. Tables [10|and (11| compare
the three methods for varying numbers of collocation points and M, and initialization
methods. It can be seen that the error with the default initialization is smaller, with a
reduction of up to 5 orders of magnitude. Under both initialization methods, the RNN-BP
method produces the smallest errors. With uniform random initialization with (R, =1),
the RNN-Scaling method is more accurate than the RNN method, with a reduction in
error of up to 5 orders of magnitude. Figs.[I3(a)-(c) plot the absolute errors of the three
methods, showing that the RNN-Scaling method significantly reduces the error and the
RNN-BP method is exact on the boundary.

Figs.|14(a)-(b) compare the three methods for varying numbers of collocation points,
with Fig. [14(a) employing the default initialization and Fig. [[4b) employing uniform
random initialization, and the network fixed as [2,100,300,1]. As the number of collo-
cation points increases, the errors of the three methods decrease rapidly. Figs. c)—(d)
compare the three methods for different M, with the network fixed as [2,100,M,1] and
N fixed at 32. As M increases, the errors of the three methods also decrease rapidly.
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Table 10: Comparison between the three RNN methods with the default initialization for Example 2.2.

method N M 50 100 150 200 250 300
RNN 8 ez 129e+2 46le2 477¢-5 116e-5 1225 1.80e-5
12 |z 1.15e+2 1.12e-1 648e-4 79le-7 5.14e-7  454e-7
16 |lef;2 1.12e+2 216e-1 9.74e-4 88le6 9.12e7  6.00e-6
24 el > 1.13e+2 342e-1 1.17e-3 144e-5 5.13e-6  5.87e-6
32 e,z 1.15e+2 4.18e-1 125e-3 1.65e-5 6.47e-6  2.4le-5
RNN-S 8 |le[;2 206e-1 12le-4 14le5 828e6 9926 6.0le6
12 |lell2 176e-1 6.80e-5 322e-7 220e7 4.97e-8  5.18¢-8
16 |lell2 1.67e-1 536e-5 3327 1297 1537  7.00e-8
24 le|l;2 182e-1 1.14e-4 8.63e-7 879%-7 697e-7  7.03e-8
32 le|l;z 2191 150e-4 2.55e-6 3.17e-6  49le-6  7.05e-7
RNN-BP 8 |le[;2 812e-6 219e-6 7.74e-7 376e7 3257 3.75¢-7
12 el 147e-5 5289 322e-10 2.11e-10 1.64e-10 9.05e-11
16 |lell;» 1.37e-5 1.12e-9 8.14e-12 1.67e-12 5.67e-13 1.18e-12
24 ez 132e5 2.05e-9 6.6le-12 158e-12 9.17e-13  1.37e-12
32 ez 130e5 258e-9 1.04e-11 1.04e-12 7.3%-13 1.94e-12

Table 11: Comparison between the three RNN methods with uniform random initialization (R,; = 1) for

Example 2.2.

method N M 50 100 150 200 250 300

RNN 8 lell;z 209e+1 1.87e-2 248e-3 226e-3 1.31e-3 3.17e-3
12 lell;z 2.09e+1 1.87e-2 248e-3 226e-3 1.3le-3 3.17e-3
16 ||| 2 2.0%+1 1.87e-2 248e-3 226e-3 13le-3 3.17e-3
24 Jle|]|;2 1.69e+1 1.3le+1 3.35e-1 4.36e-2 2.59%-3 1.55e-4
32 Jle|j;2 1l.66e+1 1.4le+l 3.64e-1 545e-2 3.10e-3 2.6le-4

RNN-S 8 el 2 3.03e-1 7.73e-3 248e-3 226e-3 13le-3 3.17e-3
12 le|l;2  2.02e-1 7.74e-3 224e-4 5.19e-6 2.82e-6 1.27e-6
16  |lell;z  1.69e-1 1.40e-2 1.65e-4 4.60e-6 1.63e-7 1.94e-8
24 Jle||;2 2.65e-1 1.54e-2 248e-4 6.65e-6 1.20e-7 4.32e-9
32 el 2 S5.dle-1 1.66e-2 3.15e-4 8.86e-6 2.30e-7 6.33e-9

RNN-BP 8 |le|l;2 2.03e2 6.73e-3 4.88e-3 52le-3 4.64e-3 1.17e-2
12 |le|l;2 5.73e-2 2.70e-4 2.38e-5 157e-5 1.42e-5 8.63e-6
16 el 2 525e-2  3.07e-4 323e-6 4.44e-7 4.19%-7 9.10e-8
24 el 2 477e2  3.14e-4 798e-6 957e-8 7.94e-9 3.47e-10
32 Jle||jz 453e-2 3.26e-4 9.20e-6 8.52e-8 6.6le-9 4.68e-10
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Figure 13: The absolute errors of three methods with uniform random initialization for Example 2.2. (The
neural network architecture is [2,100,300,1] and N =32.)
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Figure 14: Comparison between the three RNN methods for Example 2.2: (a) Varying numbers of points
with the default initialization. (b) Varying numbers of points with uniform random initialization (R, =1).
(c) Varying M with the default initialization. (d) Varying M with uniform random initialization (R, =1).
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Figure 15: Comparison of relative L? errors of the three methods varying max magnitude of random coeffi-
cients for Example 2.2.

From Figs. 14(a)-(d), it can be observed that the RNN-BP method consistently produces
the smallest error, and the RNN-Scaling method is more accurate than the RNN method
under uniform random initialization (R,, =1).

Fig. compares the three methods for varying R,, with the fixed network
[2,100,300,1] and N =32. The three methods achieve smaller errors for R, in the range of
0.2 to 1.1. The smallest errors of the RNN-BP, RNN-Scaling, and RNN methods are mag-
nitudes of 10712,10710, and 107¢, respectively, indicating the effectiveness of the RNN-BP
and RNN-Scaling methods.

4.2.3 Example 2.3

This example considers the exact solution with the exponential form
u (x,y) — ex2+y2+xy

on QO =(0,1) x(0,1), where the source term and boundary conditions are derived from
this solution.

Similar to Example 2.1, Figs. [17(a)-(b) compare the three methods for varying
numbers of collocation points, using the fixed network [2,100,300,1]. Subsequently,
Figs. c)—(d) compare the three methods for varying M, with the network architec-
ture [2,100,M,1] and N =32. Figs. a) and (c) employ the default initialization, and
Figs. b) and (d) utilize uniform random initialization (R,, =1). As in Example 2.1,
the RNN-BP method consistently achieves the smallest errors, reaching levels as low as
10~ 1. Figs. a)-(c) show the absolute errors for the three methods using the network
architecture [2, 100, 300, 1] and N =32. The RNN-Scaling method achieves smaller errors
than the RNN method, reducing errors by up to 5 orders of magnitude under uniform
random initialization.
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Figure 16: The absolute errors of the three methods with uniform random initialization for Example 2.3.
(The neural network architecture is [2,100,300,1] and N =32.)
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Figure 17: Comparison between the three RNN methods for Example 2.3: (a) Varying numbers of points
with the default initialization. (b) Varying numbers of points with uniform random initialization (R,; =1).
(c) Varying M with the default initialization. (d) Varying M with the uniform random initialization (R;; =1).
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Figure 18: Comparison of relative L? errors of the three RNN methods varying max magnitude of random
coefficients for Example 2.3.

Fig. compares the three methods for varying R,, using the fixed network
[2,100,300,1] and N =32. The three methods achieve their smallest errors when R,, is
in the range of 0.2 to 1.3. The smallest errors of the RNN-BP, RNN-Scaling, and RNN
methods are magnitude of 10713, 1071%, and 107%, respectively, demonstrating the effec-
tiveness of the RNN-BP and RNN-Scaling methods.

424 Example 2.4
This example validates that the RNN-BP method is exact for solutions of the form (3.6).
We consider the exact solution on Q= (0,1) x (0,1):

u(x,y) =x"0 4y +xFsiny -+ cosx.

For k=3 and k=4, the three methods are compared for varying numbers of collocation
points, using the fixed network [2,100,300,1] and uniform random initialization (R,, =1).
The results are presented in Table For the RNN-BP method, the relative L2 errors
reach machine precision when k =3, and the errors decrease rapidly as the number of

Table 12: Comparison between the three RNN methods with different N for Example 2.4.

k N 4 8 12 16 20 24 28

3 RNN 730e-1  5.18e-2  555e-5 2.34e-4 3.75e-3 59le-3 7.47e-3
RNN-S 730e-1  5.18e-2  5.16e-5 1.07e-6  1.44e-7 1.35e-7  1.49e-7
RNN-BP 4.02e-16 4.03e-16 4.0le-16 9.82e-16 4.03e-16 4.00e-16 4.03e-16

4 RNN 8.07e-1  5.65e-2  5.62e-5 2.53e-4 4.08e-3 6.42e-3 8.11le-3
RNN-S 8.07e-1  5.65e-2  5.62e-5 1.16e-6 156e-7 1.46e-7 1.6le-7
RNN-BP 1.20e-4 1.22e-6 3.96e9 156e-11 1.21e-13 5.44e-14 5.79%-14
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collocation points increase when k = 4, reaching levels as low as 1014, This confirms
that the RNN-BP method is exact for solutions of the form (3.6). We also observe that as
the number of collocation points increases, the errors of the RNN initially decrease but
then increase. In contrast, the errors of the RNN-Scaling method decrease as the number
of collocation points increase, and they are significantly smaller than those of the RNN
method.

4.2.5 Example 2.5
The fifth numerical example uses the following exact solution on (0,2) x (0,2):

3 27 3 T 3 27 3 T
u(x,y)=— [Zcos (27tx-|-5> +5 cos (37rx—5>] [2cos <2ny+5> +5cos (37ry—5)} _

The figure of the exact solution is displayed in 20{a).

Fig.[19(a) compares the three methods for varying numbers of collocation points, us-
ing the fixed network [2,100,500,1] and uniform random initialization (R,,=1). Fig. b)
compares the methods for varying M, using the fixed network [2,100,M,1] and uniform
random initialization (R, =1). Finally, Fig.[19(c) compares the methods for varying Ry,
using the fixed network [2,100,500,1] and N =32. The relative L2 errors for the three
methods reach the levels of 1074, 10¢, and 1019, respectively. The RNN-BP method con-
sistently achieves the smallest errors, followed by the RNN-Scaling and RNN methods,
demonstrating the effectiveness of the RNN-BP and RNN-Scaling methods. The absolute
errors are shown in Figs. c)—(d). The errors of the RNN method are concentrated near
the boundary, while the errors of the other two methods are not.
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Figure 19: Comparison of relative L2 errors of the three RNN methods for Example 2.5: (a) Varying numbers
of points with uniform random initialization (R,, =1) and the fixed network architecture [2,100,500,1]. (b)
Varying M with uniform random initialization (R, = 1), network architecture [2,100,M,1] and N =32. (c)
Varying R;, with the fixed network architecture [2,100,500,1] and N =32.

4.2.6 Example 2.6

The final example uses the exact solution

u(xy) =x*+y*
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(a) The exact solution. (b) The absolute error of the  (c) The absolute error of the  (d) The absolute error of the
RNN method. RNN-Scaling method. RNN-BP method.

Figure 20: The exact solution, absolute errors of three methods with uniform random initialization (R, =1)
for Example 2.5. (The network architecture is [2,100,500,1] and N =32.)
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Figure 21: Comparison between the RNN and RNN-Scaling methods for Example 2.6: (a) Varying M with
the default initialization, network architecture [2,100,100,M,1] and N=64. (b) The absolute error of the RNN
method. (c) The absolute error of the RNN-Scaling method.

on the unit circle centered at the origin (0,0).

We vary M to compare the RNN method and the RNN-Scaling method, using the net-
work architecture [2,100,100,M,1], N =64, and the default initialization. Fig. a) shows
the comparison results, indicating that the RNN-Scaling method achieves the smallest er-
rors, typically reducing errors by 2 orders of magnitude compared to the RNN method.
Figs. 21|b)-(c) show the absolute errors for both methods with N =64 and M =250. We
observe that the errors of the RNN method are concentrated near the boundary, while
the errors of the RNN-Scaling method are concentrated in the interior.

From Examples 2.1 to 2.6, we summarize as follows: the RNN-BP method consistently
achieves the smallest errors, although its computation time is approximately 2 to 3 times
that of the other two methods. In Examples 2.1 to 2.3, for relatively large M and numbers
of the collocation points, the RNN-BP method reduces errors by 6-7 orders of magnitude
compared to the RNN method, with reductions of up to 9 orders of magnitude in some
cases.

For the RNN-Scaling method, when M and the number of the collocation points are
relatively large, the errors in Examples 2.1 to 2.4 are reduced by 4-5 orders of magnitude,
while the errors in Example 2.5 are reduced by 2-3 orders of magnitude, demonstrating
the efficiency of the RNN-Scaling method.
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5 Conclusion

This work proposes two improved RNN methods for solving elliptic equations. The
first is the RNN-BP method, which enforces exact boundary conditions on rectangular
domains, including both Dirichlet and clamped boundary conditions. The enforcement
approach for the clamped boundary condition is direct and does not require the intro-
duction of auxiliary gradient variables, which reduces computational cost and avoids
potential additional errors. We demonstrate theoretically and numerically that the RNN-
BP method is exact for solutions with specific forms.

Secondly, the RNN-Scaling method is introduced, which modifies the linear algebraic
equations by increasing the weight of boundary equations. The method is extended to
the circular domain, achieving errors 1-2 orders of magnitude smaller than those of the
RNN, with potential for generalization to general domains.

Finally, we provide several numerical examples to compare the performance of the
three RNN methods. The computation time of the RNN and RNN-Scaling methods is
almost the same, and the computation time of the RNN-BP method is about 2-3 times that
of the RNN method. Both improved randomized neural network methods achieve higher
accuracy than the RNN method, with the error reduced by 6 orders of magnitude for
some tests. We also compare the three RNN methods with PINNs and DRM. The errors
of the RNN methods are approximately 5-14 orders of magnitude smaller than those of
PINNs and DRM, while the computation time is significantly reduced, demonstrating
the superiority of the RNN methods.
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