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Abstract

Recently we have developed a new 3-D numerical approach for the time dependent wave and heat equations as well as
for the time independent Poisson equation on irregular domains with the Dirichlet boundary conditions. Its extension to the
Neumann boundary conditions that was a big issue due to the presence of normal derivatives along irregular boundaries is
considered in this paper. Trivial Cartesian meshes and simple 27-point uniform and nonuniform stencil equations are used with
the new approach for 3-D irregular domains. The Neumann boundary conditions are introduced as the known right-hand side
into the stencil and do not change the width of the stencil. The calculation of the coefficients of the stencil equations is based
on the minimization of the local truncation error of the stencil equations and yields the optimal order of accuracy of the new
technique. Very small distances (0.1 & — 10=2 h where & is the grid size) between the grid points of a Cartesian mesh and the
boundary do not worsen the accuracy of the new technique. At similar 27-point stencils, the accuracy of the new approach is
much higher than that for the linear finite elements. The numerical results for irregular domains show that at the same number
of degrees of freedom, the new approach is even much more accurate than the high-order (up to the fourth order) tetrahedral
finite elements with much wider stencils. The wave and heat equations can be uniformly treated with the new approach. The
order of the time derivative in these equations does not affect the coefficients of the stencil equations of the semi-discrete
systems. The new approach can be directly applied to other partial differential equations.
© 2020 Elsevier B.V. All rights reserved.
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1. Introduction

The finite element method, the finite volume method, the isogeometric elements, the spectral elements and similar
techniques represent very powerful tools for the solution of partial differential equations (PDEs) for a complex
geometry. However, the generation of non-uniform meshes for a complex 3-D geometry is not simple and may lead
to the decrease in accuracy of these techniques if ‘bad’ elements (e.g., elements with small angles) appear in the
mesh. Moreover, the conventional derivation of discrete equations for these techniques (e.g., based on the Galerkin
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approaches) does not lead to the optimal accuracy. For example, it has been shown in many publications on wave
propagation that at the same width of the stencil equations of a semi-discrete system for regular rectangular domains
with uniform meshes, the accuracy of the conventional linear finite elements can be improved from order two to
order four (e.g., see [1-8] and others), the accuracy of the conventional high-order finite and isogeometric elements
can be improved from order 2p to order 2p+2 (e.g., see [9-13] ) where p is the element order. These improvements
are based on the use of the averaged mass matrix or on the use of the special locations of the integration points
for the calculation of the elemental mass and stiffness matrices. However, the increase in the order of accuracy for
the high-order elements in [9-13] is not optimal. In [14—16] the order of accuracy of the high-order elements on
rectangular domains has been improved to 4p and this order is optimal at a given width of stencil equations. There
is a significant number of publications related to the numerical solution of different PDEs on irregular domains
with uniform embedded meshes. For example, we can mention the following fictitious domain numerical methods
that use uniform embedded meshes: the embedded finite difference method, the cut finite element method, the
finite cell method, the Cartesian grid method, the immersed interface method, the virtual boundary method, the
embedded boundary method, etc. The main objective of these techniques is to simplify the mesh generation for
irregular domains as well as to mitigate the effect of ‘bad’ elements. For example, the techniques based on the finite
element formulations (such as the cut finite element method, the finite cell method, the virtual boundary method and
others) yield the p + 1 order of accuracy even with small cut cells generated due to complex irregular boundaries
(e.g., see [17-23] and many others). The main advantage of the embedded boundary method developed in [24-28]
is the use of a simple Cartesian mesh. The boundary conditions or fluxes in this technique are interpolated using
the Cartesian grid points and this leads to the increase in the stencil width for the grid points located close to the
boundary (the numerical techniques developed in [24-28] provide just the second order of accuracy for the global
solution). Therefore, the development of robust numerical techniques for the solution of PDEs on irregular domains
that provide an optimal and high order of accuracy is still a challenging problem.

Recently in our papers [29-31] we have developed a new numerical technique for the solution of PDEs that yields
an optimal accuracy for a given structure of discrete or semidiscrete equations. Currently it is implemented for the
wave, heat and Poisson equations. We called this approach the optimal local truncation error method (OLTEM);
see [29,30]. The main features and advantages of the new approach are a high optimal accuracy as well as the use
of trivial Cartesian meshes that are modified in a simple manner in the vicinity of boundaries of complex irregular
domains. In contrast to the finite element, finite volume, isogeometric element and similar techniques, there is
no need in complicated mesh generators for multidimensional problems with irregular domains with the proposed
technique. At the same structure of the semidiscrete or discrete equations, the new technique provides the optimal
order of accuracy that exceeds the order of accuracy of many known numerical approaches on regular and irregular
domains. In [29-31] we showed that the new approach can be easily implemented in the 2-D and 3-D cases for
the Dirichlet boundary conditions. The structure of the stencil equations for the new approach with the Dirichlet
boundary conditions is similar to that for the linear quadrilateral finite elements on Cartesian meshes. We were not
able to develop the new approach with the Neumann boundary conditions using the stencils similar to those for
the linear quadrilateral finite elements. However, we implemented the new approach with the Neumann boundary
conditions in [29,30] for the 2-D case using a special selection of the grid points included into the stencils. This
selection depends on the location of a Cartesian grid with respect to the boundary with the Neumann boundary
conditions. The extension of this 2-D approach to 3-D irregular domains with the Neumann boundary conditions
becomes intractable (at least, we were not able to implement it in the 3-D case). We should also mention that the
different stencil equations were used in [29,30] for the Dirichlet and Neumann boundary conditions.

In this paper we will show that the Neumann boundary conditions can be also implemented with the compact
stencil equations that are similar to those for the Dirichlet boundary conditions. These new findings allow us to solve
not only 2-D problems but also 3-D problems with the Neumann boundary conditions for any complex irregular
domains. Similar to our previous papers, here we apply the new numerical approach to the time-dependent wave
and heat equations as well as to the time-independent Poisson equation on 3-D irregular domains with the Neumann
and Dirichlet boundary conditions.

Wave propagation in an isotropic homogeneous medium is described by the following scalar wave equation in
domain 2:

d%u

v — NV =f. (1)
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Similarly, the heat equation in domain {2 can be written as:

vl aViu = f. @
The Poisson equation in domain {2 has the following form:
Viu=f. 3)

In Egs. (1)—(3), c is the wave velocity, a is the thermal diffusivity, f(x,¢) is the loading (source) term, u is the
field variable. The Neumann boundary conditions nlg—z + ”23_: + n3g—‘z‘ = g; are applied along the boundary I,
the Dirichlet boundary conditions u = g, are applied along the boundary I'* where the entire boundary I is
I'=T*UTI" and n; (i = 1,2, 3) are the x—, y— and z—components of the outward unit normal vector. The initial
conditions are u(x, t = 0) = g3, v(x,t = 0) = g4 in {2 for the wave equation and u(x, t = 0) = g3 in {2 for the heat
equation where g; (i = 1,2, 3, 4) are the given functions. According to the new approach, the semidiscrete system
for the wave and heat equations after the space discretization with a Cartesian rectangular mesh can be represented
as a system of ordinary differential equations in time. The ordinary differential equation of this system formed for
each internal grid point is called the stencil equation and can be written down as follows:

M

D Imi— e 4 k") = f @
i=1
nyfrm . . . . . . . . .
where u!"" and :;" are the numerical solution for function u and its time derivative at the grid points, m; and k;

are the unknown coefficients to be determined, f (¢) is the discretized loading (source) term (see the next Sections),
M is the number of the grid points included into the stencil equation, n = 2 for the wave equation and n = 1 for
the heat equation, / is the mesh size along the x-axis. The stencil equation for the Poisson equation after the space
discretization can be written as an algebraic equation:

M ~
> kum = f. )
i=1

Many numerical techniques such as the finite difference method, the finite element method, the finite volume method,
the isogeometric elements, the spectral elements, different meshless methods and others can be finally reduced to
Egs. (4) and (5) with some specific coefficients m; and k; for the wave, heat and Poisson equations. In the derivations
below, we will assume 27-point stencils (N = 27) in the 3-D case that are similar to the 27-point stencils of the
linear quadrilateral finite elements on Cartesian meshes. Generally, stencils with any number of grid points M can
be used with the suggested approach.

Let us introduce the local truncation error uiegmxvith the new approach. The replacement of the numerical values
of the function u}"" and its time derivatives —— at the grid points in Eq. (4) by the exact solution u; and d:t'ﬁ"
to the wave or heat equation, Eq. (1) or (2), leads to the residual e of this equation called the local truncation error
of the semidiscrete equation, Eq. (4):

M
d"u; ~

= hPmi—— 4+ kiuj] — f . 6

e ;[mdtn+u]f (6)
Calculating the difference between Egs. (6) and (4) we can get

M dﬂu dnunum M
e = ;{hzmi[ T g | kil — ) = ;[#m,é,@ + kel )
where & = u; — 1" and &! = L4 — dn;;:m are the errors of the function u and its time derivatives at the grid

points i. As can be seen from Eq. (7), the local truncation error e is a linear combination of the errors of the function
u and its time derivatives at the grid points i which are included into the stencil equation. The local truncation error
e for Eq. (5) can be obtained from Egs. (6)—(7) with m; = 0.

In Section 2 a new numerical approach with 27 point uniform and nonuniform stencils is uniformly derived for
the 3-D wave and heat equations with zero and non-zero loading (source) term. In Section 3 we show that along
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Fig. 1. The spatial locations of the degrees of freedom u; jx (i =A—1,A,A+1, j=B—1,B,B+1and k =C—1,C, C+1) contributing
to the 27-point uniform stencil for the internal degree of freedom u 4 p ¢ located far from the boundary.

with the time dependent wave and heat equations, the new approach with 27 point uniform and nonuniform stencils
can be similarly developed for the 3-D time independent Poisson equation with zero and non-zero loading (source)
term. 3-D numerical examples with regular and irregular domains as well as the comparison with FEM are presented
in Section 4. For the derivation of many analytical expressions presented below we use the computational program
“Mathematica”.

2. A new numerical approach for the 3-D wave and heat equations

2.1. Zero load (source) f =0 in Egs. (1) and (2)

Here, we present 27-point uniform stencils that will be used for the internal grid points located far from the
boundary and 27-point non-uniform stencils that will be used for the grid points located close to the boundary. Let
us consider a 3-D bounded domain and a Cartesian rectangular mesh with the mesh size 4 where 4 is the size of
the mesh along the x-axis, byh and b h are the sizes of the mesh along the y— and z—axes (b, and b, are the
aspect ratios of the mesh); see Fig. 1. The 27-point stencil considered here is similar to that for the 3-D linear
quadrilateral finite elements. The spatial locations of the 26 degrees of freedom that are close to the internal degree
of freedom u 4 p ¢ and contribute to the 27-point stencil for this degree of freedom are shown in Fig. 1 for the case
when the boundary and the Cartesian mesh are matched or when the degree of freedom u4 p ¢ is located far from
the boundary. In the case of non-matching grids when the grid points do not coincide with the boundary, the grid
points that contribute to the stencil for the internal point u4 p ¢ and are located outside the physical domain are
moved to the boundary of the physical domain as shown in Fig. 2. They form 27-point nonuniform stencils for the
internal grid points u4 (14 p,c) located close to the boundary. For convenience, the local numeration of the grid
points from 1 to 27 is used in Fig. 2 as well as in the derivations below for the 27-point uniform and non-uniform
stencils. In order to find the boundary points that are included into the stencil for the degree of freedom u4 (see
Fig. 2) we join the central point u;4 with the 26 closest grid points of the Cartesian mesh; i.e., we have 26 straight
lines starting from point u4. If any of these lines intersects the boundary of the domain then the corresponding
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Fig. 2. The spatial locations of the degrees of freedom u, (p =1,2,..., 27) that contribute to the 27-point nonuniform stencil for the
internal degree of freedom u4 located close to the boundary.

grid points of the Cartesian mesh should be moved to the boundary. E.g., Fig. 2 shows a particular case when only
3 lines out of 26 intersect the boundary and three grid points ug, ug and u;g (designated as o) are moved to the
boundary (the new locations are designated as o). In our approach, for all internal points located within the domain
we use 27-point uniform (see Fig. 1) or non-uniform (see Fig. 2) stencils. In order to describe the coordinates of the

boundary points for non-uniform stencils, we introduce 27 coefficients 0 < d, <1 (p =1,2,...,27) as follows
(see also Fig. 2):
Xp = X4+ (0 _Z)dphs Yp = y14+(] _z)dpbyhs ip = Z14+(k_2)dpbzhv (8)

where diy =0, p =9k —1)+3(j —1)+i with i, j,k = 1,2, 3. Eq. (8) can be also used for the coordinates of
the grid points of the 27-point uniform stencil with the corresponding coefficients d,, equal to unity (d, = 1). E.g.,
only three coefficients dg < 1, dy < 1 and djg < | in Fig. 2 are smaller than one and all other coefficients are equal
tounity, d, =1(p=1,...,7,10,...,13,15,16, 17,19, ..., 27).

Eq. (4) for the 27-point uniform (see Fig. 1) or nonuniform (see Fig. 2) stencil for the grid point u4 (or u4 g.c)
will be assumed in the following form:

27 d"ym 27 27 d"gl(x Vo, 2 I) 27 _ _
B2y mp— e+ Y ki = (Y iy =SB e Y kg1, e 2p O+ fis, )
p=1 p=1 p=1 p=1

where fm = 0 in the case of zero load (source) f = 01in Eqs. (1) and (2), the expression in the square brackets on the
right-hand side of Eq. (9) is known and represents the Neumann boundary conditions with their time derivatives at
the stencil points with the coordinates x,, y,, z,, that belong to the boundary with the Neumann boundary conditions
(see Fig. 2), the unknown stencil coefficients m ,, m,, k,, and IE,, (p=1,2,...,27) are to be determined from the
minimization of the local truncation error, m, = 0 and k, = 0 if a point with the coordinates x,, y,, z, belongs
to the boundary with the Neumann boundary conditions; otherwise, m, = 0 and /Ep = 0 (this means that Eq. (9)
includes only 54 non-zero coefficients m,, m, k,, and lzp), the central grid point with the coordinates x4, y14 and
Z14 18 always the internal point (therefore m4 = 0 and ki = 0), the superscript n in the time derivative in Eq. (9)
is n = 1 for the heat equation and n = 2 for the wave equation.
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Remark 1. Only 53 out of the 54 coefficients m,, m,, k,, and IEP (p=1,2,...,27) in Eq. (9) can be considered
as unknown coefficients. This can be explained as follows. In the case of zero load (source) f = 0 and fi4 = 0,
Eq. (9) can be rescaled by the division of the left and right sides of Eq. (9) by any non-zero scalar a;. For
example, let us select a; = k4. In this case the rescaled coefficients of the stencil equation are: m,/ki4, 1,/ k4,
Izp/km (p=12,....2T), kiy =1, kp/kis (p=1,2,...,13,15,...,27); i.e., there is only 53 unknown rescaled
coefficients. The case of nonzero load (source) fi4 # O can be similarly treated because the term fi4 is a linear
function of the stencil coefficients (see Eq. (24)).

Remark 2. The stencil equations for the new approach are constructed only for the internal Cartesian grid points
located inside the domain. There are no stencils for the boundary points; the boundary points contribute to the
stencils of the internal points; see the right-hand side of Eq. (9). The form of the 27-point stencils in Eq. (9)
provides a high order accuracy for uniform and non-uniform stencils for the internal grid points located close to
the boundary with the Neumann boundary conditions.

The local truncation error e of the stencil equation, Eq. (9), at any time ¢ can be written down by the replacement
of the numerical solution in Eq. (9) by the exact solution as follows:

9" +1 anJrl anJrl p
= —n
Z 4 ;m”(n"’ axam T dyor” C )
ou,
—WZ“M8+MW Hwy%m, (10)
where n,, ny, and n3, (p =1,2,...,27) are the x-, y- and z-components of the outward unit normal vector n, at

the boundary point p (see Fig. 2), function u(x, y, z, t) in Eq. (10) corresponds to the exact solution, the Neumann
boundary conditions on the right-hand side of Eq. (9) are expressed in terms of the function u(x, y, z,#) and are
moved to the left-hand side of Eq. (10). In order to represent the local truncation error e as a Taylor series, let us
expand the exact solution to the wave or heat equation in Eq. (10) into a Taylor series at small 7 < 1 as follows:

ous . Ouy %us [(i —2)d,h1?
up = 4+ W[(l —2)d,h] + W[(] 2)d,byh] + [(k 2)dpb:h] + 9x2 2

ymw—M@W+%mm4mmPHzmmdmmudmm]

9y2 2! 972 2! dxdy 2!
92 i — 2)d,h][(k — 2)d,b,;h —2)d,byh][(k — 2)d,b.h
597U [0 — 2)d,h]l( )d b, ]+2 uig [(j —2) JiK¢ ) ] . (a1
0x0z 2! ayoz 2!
Bup 81414 3 u14 [( 321/!14 32 3u14 [(l — Z)dph]z
2% _ i —
ds 8s b 050y 0s0x2 2!
P uig [(J —2)d,byh]* | 0uyy [(k —2)d,b.h]* ury [0 —2)dphl[(j — 2)d,byh]
9s0y? 2! 05072 2! 9s0xdy 2!
Puis [ —2)dphll(k —2)d,b.h] ’ Puis [(j —2)dpbyh]l(k — 2)d,b_h] g (12)
ds0xdz 2! 950ydz 2! ’

LI I N N I R I N Lo S BN Lo S IS Lo ; ;
wherea = 970 b5 = Bx0 35 = By» 95 = 92 85 = oxar 95 = ayam> 95 = pzar> and p =9k =D+ 3(j — D+

with i, j, k =1, 2, 3; see Fig. 2. The exact solution u14 to the wave and heat equations, Egs. (1) and (2) with f =0
at x = x4, y = y14 and z = z;4 meets the following equations:

3”14]4 )
—cV =0, 13
o Vi 13)
glititk+n) gltithry2
S S ) (14)
dxidyiazkorn dxidyJozk
with ¢ = ¢? for the wave equation and ¢ = a for the heat equation as well as i, j,k = 0,1,2,3,4,.... Here,

Eq. (14) is directly obtained by the differentiation of Eq. (13) with respect to x, y and z. Inserting Eqgs. (11)—(14)
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with the exact solution into Eq. (10) we will get the following local truncation error in space e:

¢ = Elbuuna + hby 2 4 b, 21 +b4a”14] +h2[b53 L PN
dx ay axdy 0x0z

+b8882—;:214 + bg% + bl()%—zzu]
+h3[by, 83124 + b12 Gl 20y + b3 83148‘; + by 88;1;;42 + bis 8i3ab;]gz + big 5;1:)1142
+ b1z ; 3 -|-b188 8 —i—b198 P +bzoaaz314]
+ h*[bay 8;;4 +bx ;43'4;; + b3 g:?ai + b 88:221;2 + bos Bjjauylgz + 26%

4 4 4
+ by E)axl;;; + bog 3 3;;({& + 298)?8—;12;2
+ b3 g::; + b3 8;:4 + by ;Zai + b33 821;421431;2 + b34§ g; + b3s 88;24]
s D Ty T

5 5 5
a2 ai;;l; + 0 axiam;az +hu 3xa2<‘;;lgzz

5 5 5 5 5 5
+bas 8i2u8143 + b46§ g 3+ b d aal;:gz +bas 8x88;2];z2 b 8)?8?;;3 050 g)c;lz211
+ bs; 8;:514 + bsp aa;f:éz + bs3 ai;ual;z
s s+
+ h%[bs; 3;;4 + bs 886u8 + b59 2u ;;; + bgo 8?;%1;2 + -+ bgy 268 <+ bsa 88124]
+ h7[b85 O * + b " Z; + bs7 ;);::51 + bss ;j;b;l;z + -+ b 37’; s T b1 aau;4]
+1®[bia 8; . thiz 88;15 + b3 38?51 + b2 88)68:81;2 + -+ bisa gj;; + bies 8;2;4]}
+ 0%, (15)

where the coefficients b, (p =1, 2, ...) are expressed in terms of the coefficients m; and k; (j = 1,2, ...,27); see

Appendix A. Due to Egs. (13) and (14), there are no time derivatives in Eq. (15). For the uniform stencil in Fig. 1
withd, =1(p =1,2,...,13,15,...,27) the expressions for coefficients b, (p = 1,2, ...) are simplified and
some results can be obtained analytically. For example, equating to zero coefficients b, (p = 1,2,...,35) up to
the fourth order in Eq. (15) yields all zero coefficients k,, and k p» (p=1,2,...,27) in the stencil equation after the
solution of the corresponding system of algebraic equations b, =0, p =1, 2, ..., 35. This means that we cannot
generally zero all first 35 coefficients b, in Eq. (15). In order to improve the order of the local truncation error in
Eq. (15) for uniform and non-uniform stencils at small 7 < 1, we will zero the first 20 coefficients b, in Eq. (15)
up to the third order with respect to A; i.e.,

b,=0, p=12,...,20. (16)

Then, in order to have a sufficient number of linearly independent equations for the calculation of the stencil
coefficients m,, m,, k,, and k, (p = 1,2,...,27) in Eq. (9), we use the least square method for the
minimization of coefficients b, related to the fourth and higher orders of the local truncation error with the following
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residual R:
120 165
R_Zb2+h12b2+h22b2+h32b2+h4Zb (7
p=21 p=36 p=57 p=85 p=121

where h; (i = 1,2, 3, 4) are the weighting factors to be selected (e.g., the numerical experiments show that #; = 1
(i=1,2,3,4) yields accurate results). In order to minimize the residual R with the constraints given by Eq. (16),
we can form a new residual R with the Lagrange multipliers Ap:

120 165
R = be +Zb2+hlzb2+hzzb2+hz2b2+h4sz (18)
p=21 p=36 p=57 p=85 p=121
The residual R is a quadratic function of coefficients m ,, m,, k, k (p=1,2,...,27) and a linear function of

the Lagrange multipliers A ,; i.e., R = R(m,,, kp,m,, k s Ap). In order minimize the res1dual R(m,,, kp,m,, k,,, Ap)s
the following equations based on the least square method for the residual R can be written down:

R R R R

=0, — =0, — =0, — =0, =1,2,...,27, 19
om, ok, o, ok, P (19)

dR
— =0, p=12...,20, (20)

oAp
where equation -2 W = 0 should be replaced by k14 = 1; see Remark 1 after Eq. (9). Egs. (19) and (20) form a
system of 74 linear algebraic equations with respect to 54 unknown coefficients m , m,, k,, kp p=12...,27

(one of the coefficients m, or m, and k, or lg,, is always zero and we should exclude the corresponding equations in
Eq. (19); see the explanations after Eq. (9)) and 20 Lagrange multipliers A, (p = 1,2, ..., 20). Solving these linear
algebraic equations numerically, we can find the coefficients m,, m,, k, IEP (p =1,2,...,27) for the 27-point
uniform and non-uniform stencils. As can be seen from the procedure, the 27-point stencil provides the fourth order
of the local truncation error in Eq. (15). This is one order less accurate than the fifth order of the local truncation
error of the new approach for the Dirichlet boundary conditions developed in [31] but is one order more accurate
than the order of the local truncation error for the linear finite elements with similar stencils. Moreover, due to
the minimization of the leading fourth order terms of the local truncation error in Eq. (18), at the same numbers
of degrees of freedom the new approach yields more accurate results than those obtained by the high-order finite
elements (up to the fourth order) with much wider stencils; see the numerical examples below.

Remark 3. To estimate the computation costs of the solution of 74 linear algebraic equations formed by Egs. (19)
and (20) we solved 10° such systems with a general MATLAB solver on a simple student laptop computer
(Processor: Intel (R) Core(TM) i5-4210U CPU @ 1.70 GHz 2.40 GHz). The computation ‘wall’ time was T =
7356 s for 10° systems or the average time for one system was 0.007356 s. Because the coefficients m ps My, kp,
IEP, p=1,2,...,27 are independently calculated for different non-uniform stencils, the computation time of their
calculation for different grid points can be significantly reduced on modern parallel computers. This means that
for large global systems of equations, the computation time for the calculation of the coefficients m ,, m,, k,, lgp,
p=1,2,...,27 is very small compared to that for the solution of the global system of equations.

Remark 4. The proposed technique yields accurate results for the non-uniform stencils even with very small
coefficients d; < 1; see below the numerical examples. However, the new technique allows also to exclude very
small coefficients d; < 1 from calculations. For example, if d; < rol for some internal point where rol is a
small tolerance (e.g., tol = 1073), then the non-uniform stencil for this internal point can be removed from the
global system of equations and this point can be moved to the boundary and treated as the boundary point for other
stencils. In this case, the corresponding coefficients d; for this point in other stencils can be slightly greater than
one. According to the derivations in the previous Section, all equations will be valid also for d; > 1. The numerical
experiments with a small tolerance ol = 103 show that if the point with very small coefficients d; < 1 is moved
to the boundary then the coefficients d; for this point in other stencils can be taken as d; = 1 without introducing
any significant errors.
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Remark S. The 27-point stencil equations for the internal grid points as well as for the grid points close to the
boundary with the Dirichlet boundary conditions can be obtained from Eq. (9) with the coefficients m, =k, =0
(p=1,2,...,27). The corresponding derivations are presented in our paper [31].

The final semi-discrete system of equations includes the 27-point uniform and nonuniform stencil equations (see
Figs. 1 and 2) for all internal grid points located inside the domain and close to the boundary with the Dirichlet
boundary conditions (see [31]) as well as the 27-point uniform and nonuniform stencil equations for all internal grid
points located close to the boundary with the Neumann boundary conditions (see Figs. 1 and 2 and Eq. (9)). It is
interesting to note that the final semi-discrete system of equations does not include the unknowns at the boundary;
i.e., all unknowns are introduced at the internal grid points and the Neumann boundary conditions can be considered
as the known load (source) term for the final global system of equations.

2.2. Nongzero load (source) f # 0 in Egs. (1) and (2)

The inclusion of non-zero loading (source) term f in the partial differential equations, Eqs. (1) and (2), leads
to the non-zero term fl4 in the stencil equation, Eq. (9) (similar to Eq. (4)). The expression for the term f14 can
be calculated from the procedure used for the derivation of the local truncation error in the case of zero loading
(source) term as follows. In the case of non-zero loading (source) term (f(x,?) # 0), Egs. (13) and (14) for the
exact solution at x = x4, y = yi4 and z = z;4 can be modified:

3"”14

ryrale Vg = f(x14, Vi, 2145 1) (21)
a(i+j+k+n)u14 8(i+j+k)v2u14 a(i+_i+k)f(xl4 Via, 214 l)

—— —C —— = LAttt 22

dxidyiazkorm dxidyJazk 0xi0yJazk @2

Then, inserting Eqgs. (11), (12), (21) and (22) with the exact solution to the wave or heat equation, Eq. (1) or (2),
into Eq. (10), we will get the following local truncation error in space e:

e =e—[fia — (I framy +my+my+--)+--- 11, (23)

where e is the local truncation error in space given by Eq. (15) for zero loading (source) term, fj4 designates
function f(x,y, z, ) calculated at x = x14, y = y14 and z = zy4. Equating to zero the expression in the square
brackets on the right-hand side of Eq. (23), we will get the expression for fi4:

fla=h>fralmy +my+ms+-- )+, (24)

as well as we will get the same local truncation errors ey = e for zero and non-zero loading (source) term (see
Appendix B for the detailed expression of f]4). This means that the coefficients m,, m,, k,, IEP, p=12...,27
of the stencil equations are first calculated for zero load (source) f = 0 as described in Section 2.1. Then, the
nonzero loading (source) term fi4 given by Eq. (24) is used in the stencil equation, Eq. (9).

3. A new numerical approach for the 3-D Poisson equation

3.1. Zero source f =0 in Eq. (3)

The derivation of the new approach for the Poisson equation is similar to that for the wave and heat equations
in Section 2. The 27-point uniform and non-uniform stencils introduced in Section 2.1 (see Figs. 1 and 2) will
be used with the new approach for the internal grid points located far from the boundary and for the grid points

located close to the boundary. The stencil equation for the degree of freedom u'[;” of the time independent Poisson

equation can be obtained from Eq. (9) with m, =0 and m, =0 for p =1,2,...,27 as follows:
27 27
D k™ = h Y kpgi(xp, yp, 2p) + fia (25)
p=1 p=1

where fi4 = 0 in the case of zero source f = 0 in Eq. (3), the first term on the right-hand side of Eq. (25) is known
and represents the Neumann boundary conditions at the stencil points with the coordinates x,, y,, z,, that belong to
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the boundary with the Neumann boundary conditions, the unknown stencil coefficients k, and k »(p=12,...,27)
are to be determined from the minimization of the local truncation error, k, = 0 if a point with the coordinates
Xp, ¥p, Zp belongs to the boundary with the Neumann boundary conditions; otherwise, 12,, = 0 (this means that
Eq. (25) includes only 27 non-zero coefficients k, and IE,,), the central grid point with the coordinates x4, y14 and
Z14 1s always the internal point (therefore kg = 0).

The exact solution u 4 to the Poisson equation, Eq. (3), with f = 0 at x = x4, y = y14 and z = z;4 meets the
following equations:

321/[14 _ _(82Li14 821414) (26)
9x2 dy? azz "’

PeH+IHO, G L 9@ttty

0x2+19yJ 9k T (axiay<f+2>azk + axiByjaz(k+2)> 7

with i, j,k=0,1,2,3,4,.... Here, Eq. (27) is directly obtained by the differentiation of Eq. (26) with respect to
x, y and z. For the calculation of the local truncation error, we also use Eq. (11). Inserting Egs. (11), (26), (27)
into the stencil equation, Eq. (25), we will get the following local truncation error in space e:

Ou 4 Ou14 8M14 2p 3%u 1y 3%ua 0%uq d%uys d%uis
=b h[b b h b b b b
e 114 + [23Z + oy +b ]+ [bs Py + 68y8z+ "oy + 88x8z+ 98x8y]
8314]4 83u14 33u14 83u14 331414 831/{14 831/{14
h[b bij——— +b b b b —
+ h[bio + 1 9y022 + 125 Tay + bi3 0y3 + 45502 + bis oxdy02 léaxayz]
4 34M14 34M14 84M14 34M14 84u14 84M14
O Rt Ly A LA +b +b +b +b
vy = oy Tas T ov g T hwgisy s Tt g s by e
d*uia dtuyy
by —— 12
+ M5 8 28 258x8y3]
5 5 5 5 5 5
7 074 07u 4 07u 4 0 u14 0 u4 0 u14
b b b b b b
+ [26 + 278y8z4+ %7 23Z3+ M55, 5+ 305 431+ 33 + Sy
8 Uig 851414 85141 85M14
+byz3—+b + b3s +b
Poxayazr | toxay2azz | axdylaz 368x3y4]
3 U4 36 86141 861/!14 86u14 361414
6
+h’[b3y 526 bssa Py L+ by PREr + bago 877073 ~+ bay 8y7022 -HMzW
30uyy 3%uyy
b b
+ D43 3y6 + 44avaS
u 0°u u 9% 3%u,
+b4smyg4z4 + bas 3xay21313 + b4y 8x3y31;z2 + bag 8x8y‘1é) —i—l7498 oy 5] + 0", (28)
where the coefficients b, (p =1, 2, ...) are expressed in terms of the coefficients k; and 12, (G=1,2,...,27); see

Appendix C. Due to Egs. (26)—(27), there are no second and higher order partial derivatives of x in Eq. (28). In order
to improve the order of the local truncation error in Eq. (28) at small 2 < 1, we will equate to zero the coefficients
b, in Eq. (28) for the smallest orders of i. The stencil equation, Eq. (25), includes 27 non-zero coefficients k; and
k; (i =1,2,...,27) but only 26 of them can be considered as unknown coefficients (the explanation is similar
to that for the wave (heat) equation in Remark 1 after Eq. (9)). For the uniform stencil in Fig. 1 with d, = 1
(p =1,2,...,27) the expressions for coefficients b, (p = 1,2,...) can be simplified and some results can be
obtained analytically. For example, equating to zero the coefficients b, (p = 1,2, ...,25) up to the fourth order
in Eq. (28) yields all zero coefficients /E,, in the stencil equation after the solution of the corresponding system of
algebraic equations b, =0, p =1,2,...,25. This means that we cannot generally zero all first 25 coefficients b,
in Eq. (28). In order to improve the order of the local truncation error in Eq. (28) for uniform and non-uniform
stencils at small 7 < 1, we will zero the first 16 coefficients b, in Eq. (28) up to the third order:

b,=0, p=12,...,16. (29)

Then, in order to have a sufficient number of linearly independent equations for the calculation of the stencil
coefficients k, and k, (p = 1,2,...,27) in Eq. (25), we use the least square method for the minimization of
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coefficients b, related to the fourth, fifth and sixth orders of the local truncation error with the following residual R:

25 36 49
R=Y by +h Yy bi+h Y b, (30)
p=17 p=26 p=37

where h; and h, are the weighting factors to be selected (e.g., the numerical experiments show that 4| = hy = 0.1
yields accurate results). In order to minimize the residual R with the constraints given by Eq. (29), we can form a
new residual R with the Lagrange multipliers A :

16 25 36 49
R=Y hpby+ ) bo+ i ) by +h ) b 31)

p=1 p=17 p=26 p=37
The residual R is a quadratic function of coefficients k, and Igp (p = 1,2,...,27) and a linear function of

the Lagrange multipliers A,; i.e., R = Ié(kp, Igp, Ap). In ordgr minimize the residual ﬁ(kp, 12,,, Ap), the following
equations based on the least square method for the residual R can be written down:

R o, R o pi2 (32)
ok, ok,

and
ﬁ=0, p=12,...,16, (33)
Irp

where equation % = 0 should be replaced by ki4 = 1; see Remark 1 after Eq. (9). Egs. (32) and (33) form a

system of 43 linear algebraic equations with respect to 27 unknown non-zero coefficients k, and k pp=12,...,27
(one of the coefficients k,, or lgp is always zero and we should exclude the corresponding equations in Eq. (32); see
the explanations after Eq. (9)) and 16 Lagrange multipliers A, (p = 1,2,...,16). Solving these linear algebraic
equations numerically, we can find the coefficients k, and lg,, (p = 1,2,...,27) for the 27-point uniform and
non-uniform stencils. As can be seen from the procedure, the 27-point stencil provides the fourth order of the local
truncation error in Eq. (28). This is one order less accurate than the fifth order of the local truncation error of the
new approach for the Dirichlet boundary conditions developed in [31] but is one order more accurate than the order
of the local truncation error for the linear finite elements with similar stencils. Moreover, due to the minimization of
the leading fourth order terms of the local truncation error in Eq. (31), at the same numbers of degrees of freedom
the new approach yields more accurate results than the high-order finite elements (up to the fourth order) with much
wider stencils; see the numerical examples below.

Remark 6. The 27-point stencil equations for the internal grid points as well as for the grid points close to the
boundary with the Dirichlet boundary conditions can be obtained from Eq. (25) with the coefficients k, = 0
(p=1,2,...,27). The corresponding derivations are presented in our paper [31].

The final semi-discrete system of equations includes the 27-point uniform and nonuniform stencil equations
(see Figs. 1 and 2) for all internal grid points that are located inside the domain and close to the boundary with the
Dirichlet boundary conditions (see [31]) as well as the 27-point uniform and nonuniform stencil equations for all
internal grid points that are located close to the boundary with the Neumann boundary conditions (see Figs. 1 and 2
and Eq. (29)).

3.2. Nonzero source f # 0 in Eq. (3)

The inclusion of non-zero source term f in the partial differential equation, Eq. (3), leads to the non-zero term
f14 in the stencil equation, Eq. (25). The expression for the term fi4 can be calculated from the procedure similar to
that for the wave (heat) equation in Section 2.2 and is given in Appendix D. Similar to Section 3.1, the coefficients
of the stencil equations are first calculated for zero source f = 0. Then, the nonzero source term fy4 is used in the
stencil equation, Eq. (25). The expressions for the local truncation error are the same for zero and non-zero source
functions.
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4. Numerical examples

In this Section the computational efficiency of the new approach developed in the previous Sections will be
demonstrated and compared with the 3-D conventional linear and high-order finite elements. Similar to the finite
element terminology, a grid point of a Cartesian mesh will be called a node. In order to compare the accuracy of the
new technique with FEM, the following errors are used in the numerical examples considered below. The relative
errors e; for the function u and e} for its first time derivative v at the jth node are defined as:
num exact num exact
i j_ et v P

and e = ——m-—+—, j=12,...,N. (34)
pexact v pexact
max max

The maximum relative errors e}“* for the function and e'** for its first time derivative are defined as:

o |u
el =

e = max e’ and e = maxe/ j=12,...,N. (35)
J J

In Eqgs. (34)—(35) the superscripts ‘num’ and ‘exact’ correspond to the numerical and exact solutions, N is the
total number of the grid points used in calculations, 5" and v5*%“" are the maximum absolute values of the exact
solution over the entire domain for the function and its first time derivative, respectively. For the time dependent
wave and heat equations, the errors given by Eqs. (34)—(35) are evaluated at the final observation time 7. The
errors e; and e are used for the wave equation only. For the time integration, the trapezoidal rule is used for the
wave equation and the backward difference method is used for the heat equation. A sufficiently small size of time
steps is used in calculations. In this case the error in time can be neglected and the numerical error is related to the
space-discretization error only. For convenience, the function u is called ‘temperature’ for the heat and Poisson
equations and ‘displacement’ for the wave equation.

In order to study the effect of matched and non-matched meshes on the accuracy of the new approach in the
3-D case, first a simple rectangular parallelepiped ABC DO P QR with the dimensions 1 x 1 x 0.8 is considered
with matched and non-matched Cartesian meshes; see Fig. 3a. Then the new approach is applied to a 3-D complex
irregular domain presented by a prism ABC DO P QR with a spherical hole; see Fig. 5a.

The 3-D problems for the irregular domain are also solved by the tetrahedral linear and high-order finite elements
(e.g., see Fig. 6 for an example of a tetrahedral mesh) using the commercial software COM SOL.

4.1. 3-D wave equation

Here, first we consider two test problems for the wave equation on regular and irregular domains with the
following exact solutions:

u(x, y, z,t) = sin(B1x) sin(B2y) sin(B3z) cos(B4t) (36)
with 8) = B, = B3 = 57, By = 5+/37 and zero loading function f = 0, and
u(x,y, z,t) = sin(Bsx) cos(Besy) sin(B7z) cos(Bst) (37)

with 5 = Bg = 5w, B¢ = B7 = 4m and non-zero loading function f(x,y,z,t) = (—ﬁ§ + cz(,BS2 + ﬂg +
ﬂ%)) sin(Bs5x) cos(Bey) sin(B7z) cos(Bst). The wave velocity ¢ = 1 and the observation times 7 = 0.2 for zero
loading and 7' = 0.25 for non-zero loading are selected. For these problems, the initial conditions at time ¢ = 0 in
the entire domain and the combined Neumann and Dirichlet boundary conditions along the entire boundaries are
applied according to the exact solutions, Eqgs. (36) and (37).

4.1.1. A rectangular parallelepiped

First, let us analyze the effect of matched and non-matched cubic (b, = b, = 1) Cartesian meshes on the
accuracy of the numerical results obtained by the new approach on the rectangular parallelepiped ABCDOP QR
(see Fig. 3) with the exact solution given by Eq. (36). The Dirichlet boundary conditions are imposed on all faces
except the face O P QR where the Neumann boundary conditions are imposed. In order to create a simple non-
matched Cartesian mesh of size &, we use a matched Cartesian mesh of size & for the rectangular parallelepiped and
then move the upper face O P QR of the rectangular parallelepiped in the z direction by a distance €4 (0 < & < 1)
with respect to the fixed Cartesian mesh; see Fig. 3b. In this case, the height H of the parallelepiped is changed
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Matched mesh

Shifted boundary

H=08+¢h

dyih |1+ b3+ b2
1 0\*—/
dyoh bﬁ + b2

@ —Nodes inside the domain with uniform stencil
@ —Nodes on the boundary
.=Nodes inside the domain with non-uniform stencil

dy3bsh (O=Nodes outside the domain
2

Fig. 3. A rectangular parallelepiped ABCDO P QR with matched (a) and non-matched (b) Cartesian meshes of size i and the aspect ratios
by and b;. (c) zooms a part of the non-matched mesh (b) located close to the upper boundary O P QR.

from 0.8 to 0.8 + £h. The 27-point stencils for the grid points located close to the upper boundary include 18 grid
points inside the parallelepiped and 9 boundary points on the upper face with the Neumann boundary conditions
(see Fig. 3(b,c)). For non-matched meshes, the coordinates of these boundary points are calculated according to the

procedure described in Section 2.1 (see also Fig. 2). The corresponding coefficients d; (i = 1,2, ..., 27) used for
the nonuniform stencils close to the upper boundary O P QR are:

di=dy=---=dz=1,duy=0,dis=de=dr=dis=1,dow=dyp=--=dy=5§
with 0 <& < 1.

Remark 7. Despite the fact that for the matched and non-matched meshes we consider the rectangular parallelepiped
with slightly different heights, the exact solutions for these rectangular parallelepipeds are the same and are given
by Eq. (36). This allows us to estimate the effect of parameter £ of the non-matched meshes with the selected
element size /# on the accuracy of numerical results.

Fig. 4 shows the logarithm of the maximum relative errors in displacement e]'“* and in velocity e]'™* as a

function of £ at the selected mesh sizes 4~ = 1/10 and & = 1/20. As can be seen from Fig. 4(a, c) e“* and e}%*
are almost constant in the range 0.1 < £ < 0.5 and become slightly greater in the range 0.5 < & < 1. At very small

1072 < & < 1073 these errors are almost constant (see Fig. 4(b, d)). There is a small variation of e and e'“* in
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Fig. 4. The logarithm of the maximum relative errors in displacement ¢]'** (a, b) and in velocity e'** (c, d) as a function of the coefficient
& (a, ¢) and Logy¢ for small & (b, d). The numerical solutions of the 3-D wave equation with zero loading function for the rectangular
parallelepiped (see Fig. 3) are obtained by the new approach on cubic (by = b, = 1) Cartesian meshes of sizes 4 = 1/10 (curve 1) and
h = 1/20 (curve 2). (b, d) zoom (a, c) along the x-axis for 0 < & < 0.1. Symbols [J and O correspond to the results for the different
coefficients £ used in the calculations.

the range 1073 < & < 107!; see Fig. 4(b, d). These observations indicate that there is no degradation in accuracy
of the new approach at very small distances £/ between the boundary points and the internal grid points included
into the stencil; i.e., in contrast the finite elements, the large differences in distances between the points included
into the non-uniform stencil do not worsen the accuracy of the new approach.

4.1.2. A prism with a spherical hole (with the exact solutions given by Egs. (36) and (37))

Next, let us analyze the accuracy of the new approach applied to a more complex irregular domain represented
by a prism ABCDO P QR with a spherical hole; see Fig. 5a. Two problems for the 3-D wave equation with zero
and non-zero loadings are solved by the new approach on the irregular domain. The Neumann boundary conditions
are imposed on the upper face RO PQ and on the spherical surface of the hole whereas the Dirichlet boundary
conditions are imposed on all other faces; see Fig. 5a. An example of a cubic (b, = b, = 1) Cartesian mesh used
with the new approach is shown in Fig. 5b.

Fig. 7 presents the errors e/'** and e'** as a function of the number of degrees of freedom N in the logarithmic
scale obtained by the new approach (curves 1) and by the conventional finite elements (curves 2-5) at mesh
refinement. The slopes of curves 1 at large N in Fig. 7 approximately describe the order of accuracy of the new
approach because +/N is approximately proportional to mesh size & (this is strictly valid for regular domain with
matched meshes). As can be seen from Fig. 7, the new approach yields the order of accuracy which exceeds three
for zero and non-zero loadings. This is in agreement with the theoretical results of Section 2.

Curves 2-5 in Fig. 7 present the errors e;“* and e'** for the tetrahedral linear and high-order finite elements (see
Fig. 6 for an example of a tetrahedral finite element mesh for the prism with the spherical hole). It can be seen from
Fig. 7 that at the same N the new approach yields more accurate results than those obtained by the conventional
linear and high-order (up to the fourth order) finite elements. It is important to mention that the high-order finite
elements have much wider stencils and require much more computation time compared to that for the new approach
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Fig. 5. (a) A 3-D prism ABCDOP QR (A(0,0,0), B(1,0,0), C(1,1,0), D, 1,0), 0, 1, 1), P(0,0,0.8), Q(1,0,0.6), R(1, 1, 0.8)) with
a spherical hole of radius 0.25 centered at (0.4, 0.6, 0.3). b) A cubic Cartesian mesh for the new approach.

a) b)

Fig. 6. (a) An example of a tetrahedral finite element mesh generated by the commercial software COMSOL for the discretization of the
3-D prism ABCDO P QR with the spherical hole (see Fig. 5a). b) shows a part of the mesh in the vicinity of the spherical hole.

at the same N. It is also interesting to note that at accuracy of 1%, the new approach reduces the number of degrees
of freedom by a factor of greater than 1000 compared to that for the linear finite elements with similar stencils
(e.g., compare curves 1 and 2 in Fig. 7c at Log;yel’™ = —2 ). This leads to a huge reduction in computation
time for the new approach at a given accuracy. This reduction in computation time will be even greater if a higher
accuracy is needed.

In order to study the convergence and numerical stability of the new approach in more detail, Fig. 8a presents the
variation of the errors " and e]'“* at the variation of the grid size /& of a Cartesian mesh with small increments
Ah = ﬁ where N, is the number of the grid points along AB (N, = 11,12, ...,31); see Fig. 5a. Curve 1 in
Fig. 8a corresponds to curve 1 in Fig. 7a; and curve 2 in Fig. 8a corresponds to curve 1 in Fig. 7c. As can be
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Fig. 7. The maximum relative errors in displacement e}** (a, b) and in velocity e}'* (c, d) as a function of JN in the logarithmic scale at
mesh refinement. N is the number of degrees of freedom. The numerical solutions of the 3-D wave equation with zero (a, ¢) and non-zero
(b, d) loading functions for the prism with the spherical hole (see Fig. 5a) are obtained by the new approach on cubic (b, = b; = 1)
Cartesian meshes (curve 1) and by the tetrahedral linear (curve 2), quadratic (curve 3), cubic (curve 4) and quartic (curve 5) finite elements.
Symbols O, O, v, ¢ and x correspond to the results for the different N used in the calculations.
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Fig. 8. The maximum relative errors in displacement e]** (curve 1) and in velocity e}'“* (curve 2) as a function of mesh size & in the
logarithmic scale at mesh refinement for the prism with the spherical hole (see Fig. 5a). The numerical solutions of the 3-D wave equation
with zero loading function are obtained by the new approach on cubic (b, = b, = 1) Cartesian meshes. (b) zooms (a) in the interval
0.083 < h <0.1. Symbols O and O correspond to the results for the different & used in the calculations.

seen from Fig. 8a, at small variations of the grid size & the new approach converges with small oscillations. The
magnitudes of these oscillations become smaller with the decrease in h. One of the oscillations in Fig. 8a between
the mesh sizes /1 &~ 0.083 and /, = 0.1 is shown in Fig. 8b in more detail using smaller increments Ah = “2=1
(for the selected meshes point A in 5a always coincides with a grid point whereas point B is located between grid
points of Cartesian meshes). Now much more oscillations can be observed between the mesh sizes 4, =~ 0.083 and
hy = 0.1. The oscillations of the curves in Fig. 8b are explained by the following two facts: a) the complicated

dependence of the leading terms of the local truncation error on the coefficients d; that define the location of the grid
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Fig. 9. The relative errors in displacement 65 (a) and in velocity ef, (b) at point S(0.2,0.2,0.4) as a function of JN in the logarithmic
scale at mesh refinement. N is the number of degrees of freedom. The numerical solutions of the 3-D wave equation for the prism with the
spherical hole (see Fig. 5a) are obtained by the new approach on cubic (b, = b, = 1) Cartesian meshes (curve 1) and by the tetrahedral
linear (curve 2), quadratic (curve 3), cubic (curve 4) and quartic (curve 5) finite elements. Symbols [J, O, v, ¢ and x correspond to the
results for the different N used in the calculations.

points in the non-uniform stencil; and b) small jumps in curves 1 and 2 in Fig. 8b are related to the discontinuous
change in the location of the grid points with respect to the boundary (e.g., some grid points that are located close
the boundary inside the domain or are located on the boundary for one mesh size & will be located outside the
domain at very small variation of the grid size Ah). It is important to mention that these oscillations in accuracy
at the variation of the mesh size & are typical for numerical techniques on irregular domains. For example, at the
transition from one finite element mesh to another one with approximately the same element sizes, the finite changes
in the angles of finite elements can occur. This also leads to the oscillations in the convergence of the finite element
techniques. We should also mention that the detailed study of convergence of the new approach (similar to that in
Fig. 8) was conducted for all numerical examples considered in this paper and it showed that the new approach
yields stable and convergence results.

4.1.3. A prism with a spherical hole (with a reference solution)

In this Section we solve a test problem for the prism with the spherical hole (see Fig. 5a) with the Neumann
and Dirichlet boundary conditions described by different functions. The initial, boundary conditions and the loading
term for the 3-D wave equation are given as follows: the initial displacements and velocities over the entire domain
u(x,y,z,t =0)=cos(10x+7y+5z) and v(x, y, z, t = 0) = 0; the Neumann boundary conditions g;(x, y,z,#) =0
on the face OPQR and g(x, y,2,¢t) = (x2 + y> + z%)cos(3m¢) on the spherical hole; the Dirichlet boundary
conditions g3(y, z,t) = cos(7y 4+ 5z) cos(10¢) on the face ADO P, g4(x, z,t) = cos(10x + 5z) cos(10¢) on the face
ABQP, gs(x,y,t) = cos(10x + 7y) cos(10z) on the face ABCD, g¢(x, z,t) = cos(10x + 5z + 7) cos(10¢) on the
face CDOR, g7(y, z,t) = cos(10 + 7y + 5z) cos(10¢) on the face BCRQ; and non-zero load f(x,y,z,t) = 10.
The wave velocity ¢ = 1 and the observation time 7' = 0.2 are selected. For this problem the exact solution is
unknown. Therefore, the numerical solution obtained on a fine mesh with the 7¢h order finite elements and with
1, 352, 444 degrees of freedom is selected as the reference solution for the calculation of the errors.

In order to estimate the order of convergence of the new approach and to compare the accuracy of the numerical
solutions obtained by different techniques we select a point § inside the domain with the coordinates (0.2, 0.2, 0.4)
and plot the errors in displacement e and in velocity 3 at this point S; see Fig. 9 with the errors plotted in the
logarithmic scale at mesh refinement. Fig. 9 shows that at the same number N of degrees of freedom the results
obtained by the new approach are more accurate than those obtained by the conventional linear and high-order (up
to the fourth order) finite elements (similar results can be obtained at other points). It can be also seen from Fig. 9
that the order of convergence of the new approach for the displacement and velocity exceeds three.

It can be concluded that for the 3-D wave equation with the Neumann and Dirichlet boundary conditions on
irregular domains, the new approach with the 27-point stencils (similar to those for the linear quadrilateral finite
elements) yields much more accurate numerical results than those obtained by the linear and high-order (up to
the fourth order) finite elements at the same number of degrees of freedom. Moreover, higher order finite elements
require much more computation time due to much wider stencil equations compared to those for the new approach.
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Fig. 10. The logarithm of the maximum relative error in temperature e)'** as a function of the coefficient £ (a) and Log;y& (b) at small &.

The numerical solutions of the 3-D heat equation with zero source for the rectangular parallelepiped (see Fig. 3) are obtained by the new
approach on cubic (by = b; = 1) Cartesian meshes of sizes 4 = 1/10 (curve 1) and A = 1/20 (curve 2). (b) zoom (a) along the x-axis at
0 <& <0.1. Symbols [0 and O correspond to the results for the different coefficients & used in the calculations.

4.2. 3-D heat equation

Here, we consider two test problems for the heat equation on regular and irregular domains with the following
exact solutions:

u(x, y, z, 1) = m DDA in(By7) (38)
with 9y =50, B1 =4, o = 12, B3 = 4m, s = (B3 — B; — B3) and zero loading function f = 0, and
u(x,y,z, 1) = nysin(Bsx) cos(Bey) sin(Brz)e ") (39)

with 7, = 200, Bs = 57, B = 4, f7 = 37, fs = —27 and non-zero source f(x, y,z,1) = n(Bs + a(BZ + B2 +
B3)) sin(Bsx) cos(Bey) sin(B7z)e#s). The thermal diffusivity a = 100 and the observation times 7 = 0.002 (due to
the selected exponential solution in time, Eq. (38), there is a significant change in temperature during this time) for
zero source and T = 0.2 for non-zero source are selected. For these problems, the initial and boundary conditions
are applied according to the exact solutions, Egs. (38) and (39).

4.2.1. A rectangular parallelepiped

Similar to the wave equation, first let us analyze the effect of matched and non-matched cubic (b, = b, = 1)
Cartesian meshes on the accuracy of the numerical solutions obtained by the new approach for the rectangular
parallelepiped ABCDOP QR (see Fig. 3) with the exact solution given by Eq. (38). The Dirichlet boundary
conditions are imposed on all faces except the face O P Q R where the Neumann boundary conditions are imposed.
The non-matched meshes with the 27-points non-uniform and uniform stencils are formed similar to those in
Section 4.1.1.

Fig. 10 shows the logarithm of the maximum relative error in temperature e};“* as a function of £ at the selected
mesh sizes h = 1/10 and & = 1/20. As can be seen from Fig. 10, the error e]“* is practically constant at very small
& (107° < £ < 1073) and slightly varies at small & (1073 < & < 0.3). Moreover, at these small & (107° < £ <0.3),
the error ¢'** is smaller than that at £ = 1 corresponding to the matched meshes. This means that the large
differences in distances between the points included into the non-uniform stencil do not worsen the accuracy of the
new approach.

4.2.2. A prism with a spherical hole

Next, let us analyze the application of the new approach to the 3-D heat equation with zero and non-zero sources
on a more complex irregular domain represented by the prism ABC DO P Q R with the spherical hole; see Fig. Sa.
Two problems for the 3-D heat equation with zero and non-zero sources are solved by the new approach on the
irregular domain. The Neumann boundary conditions are imposed on the upper face RO P Q and on the spherical
surface of the hole whereas the Dirichlet boundary conditions are imposed on all other faces; see Fig. 5a. An
example of a cubic (b, = b, = 1) Cartesian mesh used with the new approach is shown in Fig. 5b.
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Fig. 11. The maximum relative error in temperature e)'“* as a function of VN in the logarithmic scale at mesh refinement. N is the number
of degrees of freedom. The numerical solutions of the 3-D heat equation with zero (a) and non-zero (b) sources for the prism with the
spherical hole (see Fig. 5a) are obtained by the new approach on cubic (b, = b, = 1) Cartesian meshes (curve 1) and by the tetrahedral
linear (curve 2), quadratic (curve 3), cubic (curve 4) and quartic (curve 5) finite elements. Symbols [J, OO, v, ¢ and X correspond to the
results for the different N used in the calculations.

Fig. 11 presents the error e/** as a function of the number of degrees of freedom N in the logarithmic scale
obtained by the new approach (curves 1) and by the conventional finite elements (curves 2-5) at mesh refinement.
As stated earlier the slopes of curves 1 at large N in Fig. 11 approximately describe the order of accuracy of the
new approach because /N is approximately proportional to the mesh size 4. It can be seen from Fig. 11 that the
order of accuracy of the new approach exceeds three for the temperature. This is in agreement with the theoretical
results in Section 2.

Curves 2-5 in Fig. 11 present the error e]** for the tetrahedral linear and high-order finite elements (see Fig. 6
for an example of a tetrahedral finite element mesh for the prism with the spherical hole). It can be seen from
Fig. 11 that at the same N the new approach yields more accurate results than those obtained by the conventional
linear and high-order (up to the fourth order) finite elements. It is important to mention that the high-order finite
elements have much wider stencils and require much more computation time compared to that for the new approach
at the same N.

4.3. 3-D Poisson equation

Here, first we consider two test problems for the Poisson equation on regular and irregular domains with the
following exact solutions:

u(x, y, z) = neP1e=D+HAR0="Dgin(Bs7) (40)
with 1 = 8, B, = /(4m)? — 8%, B3 = 4w and zero source f = 0, and
u(x,y,z) = nsin(Bs4x) sin(Bsy) cos(Bsz) 41

with B4 = 57, Bs = 47, Be = 37 and non-zero source f(x,y,z) = —n(Bi + B2 + B2) sin(Bax) sin(Bsy) cos(Bsz).
In Egs. (40) and (41) the coefficient = 100 is used. For these problems, the combined Neumann and Dirichlet
boundary conditions are applied according to the exact solutions, Egs. (40) and (41).

4.3.1. A rectangular parallelepiped

Similar to the wave and heat equations, first let us analyze the effect of matched and non-matched cubic
(by = b, = 1) Cartesian meshes on the accuracy of the numerical solutions obtained by the new approach for
the rectangular parallelepiped ABCDO P QR (see Fig. 3) with the exact solution given by Eq. (40). The Dirichlet
boundary conditions are imposed on all faces except the face O P QR where the Neumann boundary conditions
are imposed. The non-matched meshes with the 27-points non-uniform and uniform stencils are formed similar to
those in Section 4.1.1.
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The numerical solutions of the 3-D Poisson equation with zero source for the rectangular parallelepiped (see Fig. 3) are obtained by the

new approach on cubic (b, = b, = 1) Cartesian meshes of sizes 7 = 1/10 (curve 1) and = = 1/20 (curve 2). (b) zoom (a) along the x-axis
at 0 <& <0.1. Symbols [ and O correspond to the results for the different coefficients £ used in the calculations.

Fig. 12. The logarithm of the maximum relative error in temperature e}/** as a function of the coefficient £ (a) and Log;o& (b) at small &.
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Fig. 13. The maximum relative error in temperature e}** as a function of JN in the logarithmic scale at mesh refinement. N is the number
of degrees of freedom. The numerical solutions of the 3-D Poisson equation with zero (a) and non-zero (b) sources for the prism with the
spherical hole (see Fig. 5a) are obtained by the new approach on cubic (by = b, = 1) Cartesian meshes (curve 1) and by the tetrahedral

linear (curve 2), quadratic (curve 3), cubic (curve 4) and quartic (curve 5) finite elements. Symbols (I, O, v, ¢ and X correspond to the
results for the different N used in the calculations.

Fig. 12 shows the logarithm of the maximum relative error in temperature e!'** as a function of & at the selected

mesh sizes & = 1/10 and & = 1/20. As can be seen from Fig. 12, the error e]]** is practically constant at very small
£ (107° < & < 107?) and slightly varies at small £ (1073 < £ < 0.3). Moreover, at these small £ (107° < £ < 0.3),
the error e'** is smaller than that at £ = 1 corresponding to the matched meshes. This means that the large
differences in distances between the points included into the non-uniform stencil do not worsen the accuracy of the
new approach.

4.3.2. A prism with a spherical hole (with the exact solutions given by Egs. (40) and (41))

Next, let us analyze the application of the new approach to the 3-D Poisson equation with zero and non-zero
sources on a more complex irregular domain represented by the prism ABCDO P QR with the spherical hole;
see Fig. 5a. Two problems for the 3-D Poisson equation with zero and non-zero sources are solved by the new
approach on the irregular domain. The Neumann boundary conditions are imposed on the upper face RO P Q and
on the spherical surface of the hole whereas the Dirichlet boundary conditions are imposed on all other faces; see
Fig. 5a. An example of a cubic (by = b, = 1) Cartesian mesh used with the new approach is shown in Fig. 5b.

Fig. 13 presents the error e'** as a function of the number of degrees of freedom N in the logarithmic scale
obtained by the new approach (curves 1) and by the conventional finite elements (curves 2-5) at mesh refinement.
As stated earlier the slopes of curves 1 at large N in Fig. 13 approximately describe the order of accuracy of the
new approach because /N is approximately proportional to the mesh size 4. It can be seen from Fig. 13 that the
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Fig. 14. The relative error in temperature ef at point S(0.2,0.2,0.4) as a function of W in the logarithmic scale at mesh refinement. N is
the number of degrees of freedom. The numerical solutions of the 3-D Poisson equation for the prism with the spherical hole (see Fig. 5a)
are obtained by the new approach on cubic (b, = b, = 1) Cartesian meshes (curve 1) and by the tetrahedral linear (curve 2), quadratic
(curve 3), cubic (curve 4) and quartic (curve 5) finite elements. Symbols [J, O, v, ¢ and x correspond to the results for the different N
used in the calculations.

order of accuracy of the new approach exceeds three for the temperature. This is in agreement with the theoretical
results in Section 3.

Curves 2-5 in Fig. 13 present the error e]** for the tetrahedral linear and high-order finite elements (see Fig. 6
for an example of a tetrahedral finite element mesh for the prism with the spherical hole). It can be seen from
Fig. 13 that at the same N the new approach yields more accurate results than those obtained by the conventional
linear and high-order (up to the fourth order) finite elements. It is important to mention that the high-order finite
elements have much wider stencils and require much more computation time compared to that for the new approach
at the same N.

4.3.3. A prism with a spherical hole (with a reference solution)

Here, we solve a test problem for the prism with the spherical hole (see Fig. 5a) with the Neumann and Dirichlet
boundary conditions described by different functions. The boundary conditions and the source term for the 3-D
Poisson equation are given as follows: the Neumann boundary conditions g(x, y,z) = x2y3¢'%@=D on the face
OPQR and g»(x, y, z) = sin(7x — 5y + 2z) on the spherical hole; the Dirichlet boundary conditions g3(y, z) =
cos(3m(4z—3y)) on the face ADO P, g4(x, z) = cos(2m(5x +6z)) on the face ABQP, gs(x, y) = cos(z(10x —9y))
on the face ABCD, g¢(x, 7) = — cos(2m(5x + 6z)) on the face CDOR, g7(y, z) = cos(3w(4z — 3y))) on the face
BCRQ; and the non-zero source f(x,y,z) = 50(x? 4+ y? + z?). For this problem the exact solution is unknown.
Therefore, the numerical solution obtained on a fine mesh with the 7tk order finite elements and with 1, 352, 444
degrees of freedom is selected as the reference solution for the calculation of the errors.

Similar to Section 4.1.3, in order to estimate the order of convergence of the new approach and to compare the
accuracy of the numerical solutions obtained by different techniques we select a point S inside the domain with the
coordinates (0.2, 0.2, 0.4) and plot the error in temperature e> at this point S; see Fig. 14 with the errors plotted in
the logarithmic scale at mesh refinement. Fig. 14 shows that at the same number N of degrees of freedom the results
obtained by the new approach are more accurate than those obtained by the conventional linear and high-order (up
to the fourth order) finite elements (similar results can be obtained at other points). It can be also seen from Fig. 9
that the order of convergence of the new approach exceeds three.

It can be concluded that for the 3-D Poisson equation with the Neumann and Dirichlet boundary conditions on
irregular domains, the new approach with the 27-point stencils (similar to those for the linear quadrilateral finite
elements) yields much more accurate numerical results than those obtained by the linear and high-order (up to
the fourth order) finite elements at the same number of degrees of freedom. Moreover, higher order finite elements
require much more computation time due to much wider stencil equations compared to those for the new approach.

5. Concluding remarks

A new 3-D numerical approach has been developed and applied to a number of partial differential equations on
irregular domains with the Neumann and Dirichlet boundary conditions. It is based on the 27-point uniform and
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non-uniform stencils that are similar to those for the linear quadrilateral finite elements. The main advantages of
the suggested technique can be summarized as follows:

e Many difficulties of the existing numerical techniques for irregular domains (e.g., the finite elements, spectral
element, isogeometric elements, the finite volume method, and many other) especially in the 3-D case are
related to complicated mesh generators and the accuracy of ‘bad’ elements (e.g., the elements with small
angles). In contrast to these techniques, the new approach is based on trivial Cartesian meshes with a simple
procedure for the formation of the 27-point nonuniform stencils for the grid points located close to the
boundary. Moreover, very small distances (0.12 — 10~°h where # is the grid size) between the grid points of
a Cartesian mesh and the boundary ( i.e., some coefficients d; of the non-uniform stencil are close to zero
while some other coefficients d; of the same stencil equal unity; see Fig. 2) do not worsen the accuracy of
the new technique.

e In contrast to the finite-difference techniques with the stencil coefficients calculated through the approximation
of separate partial derivatives, the entire partial differential equation is used for the calculation of the stencil
coefficients in the new approach. This leads to the optimal accuracy of the proposed technique. E.g., the
27-point uniform and nonuniform stencils of the new approach provide the optimal accuracy that cannot be
improved without changing the width of stencil equations. In contrast to the 27-point stencils of the linear
quadrilateral finite elements, the new approach yields a much higher order of accuracy.

e One of the important features of the new approach with the Neumann boundary conditions is the formation of
the final semi-discrete system of equations without including the unknowns at the boundarys; i.e., all unknowns
are introduced at the internal grid points and the Neumann boundary conditions are used as the known right-
hand side for the final system of equations. This feature is promising for the application of the new approach
to the problems with moving boundaries (e.g., crack propagation) because there is no need to redefine meshes
for moving boundaries as in many existing approaches (e.g., FEM). The application of the new approach to
such problems will be considered in the future.

e The numerical results for irregular domains also show that at the same number of degrees of freedom, the new
approach is even much more accurate than the high-order (up to the fourth order) tetrahedral finite elements
with much wider stencils. This also means that at a given accuracy, the new approach significantly reduces
the computation time compared to the linear and high-order finite elements.

e The new approach does not require time consuming numerical integration for finding the coefficients of the
stencil equations; e.g., as for the high-order finite, spectral and isogeometric elements. For the new technique,
the coefficients of the uniform stencils for the grid points located far from the boundary are calculated
analytically. For the grid points located close to the boundary, the coefficients of the nonuniform stencils
are calculated numerically by the solution of small local systems of linear algebraic equations. Numerical
experiments show that the solution of these small local systems of algebraic equations is fast. Moreover, these
local systems are independent of each other and can be efficiently solved on a parallel computer.

e It has been shown that the wave and heat equations can be uniformly treated with the new approach. The
order of the time derivative in these equations does not affect the coefficients of the stencil equations of the
semi-discrete systems because in the presented derivations the space discretization is considered independent
of the time discretization without the interaction between the errors in space and time.

It is interesting to note that the final formulas for the calculation of the stencil coefficients do not include the
derivatives of the solution and the new approach can be also applied to the problems with reduced regularity
(smoothness). In our paper [30] the 1-D impact wave propagation problem with a propagating discontinuity has been
solved by the new approach on matched and non-matched meshes as well as by the conventional finite elements.
The numerical results in [30] show that even in this case the new approach yields more accurate results compared
to those obtained by the conventional finite elements. We observed similar effects for the isogeometric elements
applied to the same 1-D impact problem; i.e., the approximation of discontinuous solutions by smooth functions of
high-order isogeometric elements yields accurate results.

In the future we plan to consider the stencils with a larger number of grid points for a higher order of accuracy
(similar to the high-order finite elements or to the high-order finite-difference techniques), to consider a mesh
refinement with uniform Cartesian meshes using special stencils for the transition from a fine mesh to a coarse
mesh,

to apply the proposed technique to the wave and heat equations with variable and piecewise-constant coefficients
as well as to other partial differential equations, to solve real-world problems with the new approach.
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Appendix A. The coefficients b, used in Eq. (15)

The first five coefficients b; (i = 1,2, ..., 5) are presented below. All coefficients b; (i = 1,2, ..., 165) used in
the paper are given in the attached file ‘b-coeff-wave.pdf’

by =ki+kio+ky +kip+kiz+kia+kis +kig +kiz +kig +kio + ko + koo + kay + koo + ko + kog + ks +
koo + ko7 + k3 + ks 4+ ks + ke + k7 + kg + ko

by = —diky — diokio + dizkiz2 — dizkiz + diskis — diskis + digkis — diokio + darka) — dykao + drakos — daskos +
dyrkay + dsks — daks + deke — drky + doko + kini 1 + kioni 1o + knnii + kiong o + kisng s + ki + kisni s +
kigni 16 + kirni 17 + kisniis + kioni 1o + kany 2 + kaoni oo + kaini o1 + kaony o + kasni 23 + kaani pa + kosni os +
kasni o6 + kagni o7 + kany 3 + kanya + ksny s + keni e + kyny 7 + ksny s + koni o

by = by(—diky — diok1o — di1ki1 — dizkiz + digkis + di7ki7 + digkis — diok19 — daky — daokag — darka1 + doskos +
daskas + darkay — dzks + drky + dgks + doko) + kina.1 + kiona.io + kinaan + kiana1a + kisna s + kig + kisnas +
kigna, 16 + ki7no 17 + kisnais + kiona 1o + kanaa + kaono o + kaino ot + kaono o + kasna 2z + kaano pa + kasno ps +
kasnan6 + kagnaor + kana s + kanoa + ksna s + kenae + kynag + ksna s + kona,o

by = b (—dik1 + dioki9 — daky + drokao + darka1 + dozkoy + dazkas + daskns + daskos + dogkos + dagkar — daks —
dyky — dsks — deke — d7ky — dsks — doko) + kins + kionsi0 + kinsn + kions o + kisnsas + kig + kisna s +
ki6n.16 + kirns a7 + kigns. s + kions 1o + kans o + kaons 0 + kains or + kaana oo + kaans 23 + kaana a4 + kasnz 2s +
k26n3,26 + konz 27 + kana 3 + kang 4 + ksna s + kens ¢ + kqns 7 + kgnz g + kons g

2(2m1 +2myg+2myy 4+ 2min +2my3 +2mag + 2mys + 2mig + 2my7 + 2mig + 2my9 + 2mo + 2mog + 2mog +

2m22 + 2mop3 + 2mog + 2mops + 2mog + 2moy7 + 2ms 4 2my + 2ms + 2me + 2m7 + 2mg + 2mo + d k1 — 2d, kll’l1 1+
d10k10 —2dokion1,10 +d12k12 +2d2kion1 12 +dl3k13 —2di3ki3n1 13 +d15kls +2dys5kisny 15 +d1(,k16 —2dkioni 16+
d18k18 +2dskigny 15 + d19k19 —2dy9ki9n1 19 +d21k21 +2do1kainy o1 + d22k22 —2dykaoni 2 +d24k24 +2daakaani 24 +
d3skas — 2daskasny o5 + d2kay + 2dyrkarny o7 + d3ks + 2dsksn 3 + drks — 2dskany 4 + d?ke + 2dsken 6 + d3ky —
2d7kyn 7 + dake + 2dokon o)

Appendix B. The explicit expression for the term f_14 in Eq. (24) in the case of nonzero load (source) f # 0
in the wave (heat) equation

The expression for fl4 including the first two orders with respect to h is presented below. The expression for
f14 up to the eight order with respect to k is given in the attached file ‘RHS-wave.pdf’

fia = W2(my +mig+mi +mip+miz +mis+mis +mig +mig +mig +mig +may +mag +may +map +moz +
M4 + Mas + Mag + Moy + m3 + my + ms + me + my + mg + mo) f14
+h3((b,(—dym +dygm 19 — doma +dogmag +do1may +daama +dosmas +doamas +dosmas +dogmag +dogmay — dsms —
dymy —dsms —dsme — dymy —dgmg — domo) +m14 +mn3 1 +mion3, 10 +M1113,11 +M 120312 +M 131313 + 151315+
Mi6N3 16+ mM1713,17+M18N3, 18+ 19N3 19 +1M2N3 2 +M12013 20 + 121713 21 +1122713 22 + 112313 23 + 1112413 24 + 2513 25+
agN3 06 + Man3 7 + Mans 3 + Mans 4 + msny s + Men3 6 + mansg + mgnsg + mons o) fia Y + (by(—dymy —
diomio — dyymyy — diomyp + digmig + dizmyg + digmig — diomig — damy — dyomag — daymay + dasmas + dogmae +
dyymy; — dsms + dymy 4 dgmg + domo) + i 14 + ming | 4+ Migno, 10 + W10, 11 + Mg, 12 + Mi302,13 + M5k 15 +
MmNy, 16+ M17M2,17+M 18N, 18+ 119N 19 +M2N2 2 +1120M2 20 + 112172 21 +M122712 22 + 112312 23 + 112412 24 + 252 25+
a6 06 + MagN 07 + M3Na 3 + Mano 4+ Misny s + Menae + Migna, 7 + g g +ona o) f1a %0 + (—dymy — digmio +
diomy —dizmyz +dismys — digmie + digmig — diom g + daymay — dypymay + dogmag — dysmos + dogmay; + dsms —
damy +deme — dymy + domo +mg +mng +miong 1o+ myny 1+ miang 2 + mi3ng 13+ msng s + mighi e +
mi7ny 17 + migny g + Mighy 19 + Moy + Mooy 20 + Ma1N1 21 + Mophyop + Mo3ny 23 + Mol g + 17_125”1,25 +

1,0,0
MaeN 26 + MagNy 27 + Many 3 + Many 4 + Msny s + meny 6 + many 7 + msny g + mony o) f1a %) + -

() _ aitiHk f14
with f - 3)(’3\7/ azk
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Appendix C. The coefficients b, used in Eq. (28)

The first five coefficients b; (i = 1,2, ...,5) are presented below. All coefficients b; (i = 1,2,...,36) used in
the paper are given in the attached file ‘b-coeff-Pois.pdf’

by = ki +kio +kip + k2 + ki3 + kg + kis + kis + k17 + kig + kg + ko + koo + kot + koo + ko3 + kog + kos +
koo + ko7 + k3 + ks + ks + ke + k7 4 ks + ko

by = b (—diky + dioki9g — dakz + daokao + darka1 + daokay + doskas + daskas + daskas + dagkae + darkay — dsks —
dsky — dsks — dgke — d7ky — dsks — doko) + kins1 + kions 1o + kiins i+ kiona iz + kiznz iz + kis + kisna s +
ki6n3,16 + ki7ns,17 + kisns s + kions 10 + kans o + kaons 0 + kains o + kaans oo + kasns oz 4 kaans o4 + kasnz s +
kaen3 26 + kagns 27 + kans 3 + kanz 4 + ksni s + kenz ¢ + kqnz 7 + kgnz g + kons o

by = by(—diky — diokio — diikin — di2ki2 + dicki6 + di7ki7 + diskis — diok19g — daky — daokao — darkar + daskas +
daekae + d27/<27 — dsk3 + d7k7 + dgks + doko) + kinay + kiono, 10+ kiina 1 + kiona 1o + kizna, 13+ kia + klsnz 15+
k16n2 16 + k17n2 17 + k18n2 18 + kiona, 19 + kano, 2 + kaona, 20 + kzlnz 21 + kzznz 2 + ka3no o3 + koano s + kosna s +
kagna 26 + kagna a7 + kana 3 + kanoa + ksna s + keno + kana + ksnag + kona,o

by = —diky — diokio + diokiz — dizki3 + diskis — dickie + diskis — dioki9 + darkar — dankay + daskos — daskas +
darkyr + dsks — daks + deke — d7k7 + dokg + kiny 1 + kioni o + kuni g + kiangaz + kisniaz + ks + kisns +
kioni,i6 + ki7ni 17 + kisni s + kioni 19 + kani o + kaoni 20 + ka1 21 + kaoni 22 + kaani 23 + koani 24 + kosni os +
k26n1,26 + kogny o7 + kany 3 + kany g + ksny s + keny e + kyny 7 + kgny g + kony o

= 2((b.? 1)d2k1+b 2d39k19+b 2d2ky+b, d2koo+b.2d3 kot +b, 2 kan + b, d2kos + b2 d3 kos + b, daskos +

b, d§6k26 +b,%d3 ko + b, d3ks + b, 2d2k4+b *d2ks+b. d2ke+b. d3k+ b, diks + b, diko +2d ki (ny 1 —b;n3 1)+
2b.dokions 19 — 2b.drkans o + 2b dzokzonz 20 +2b dzlkzlns 21 + 2b,drkaons 2 + 2b,drskasns o3 + 2b,drskoans pa +
2b d25k25n3 25+2b d26k26n3 25+2b d27k27n3 27—2b d3k3n3 3— —2b d4k4l’l3 4— —2b d5k5n3 5—2b d6k6n3 6— —2b, d7k7n3 7—
2b. dsksns, s —2b, dokon 9—d10k1o+2d10k10n1 10—dhkin— 2d12k12ﬂ1 12 —dykis +2d13k13n1 13—d15k15 2d15k15n1 15
_d16k16+2d16k16n1 16 _d18k18 —2digkisni 13 —d19k19+2d19k19n1 19 —d21k21 2dg1k21n1,21 d22k22+2d22k22n1 02—
d3 kas — 2daakoany 24 — diskas + 2daskosn, 25 — dysko7 — 2dyrkygny o7 — diks — 2dsksn 3 — diks + 2dakany 4 — dgke —
2d6k6n1 6 — d k7 + 2d7k7l11 7 — d k9 — 2d9k9l’l1 9)

Appendix D. The explicit expression for the term f_14 in Eq. (25) in the case of nonzero source f # 0 in the
Poisson equation

The expression for f, including the first two orders with respect to h is presented below. The expression for
fia up to the eight order with respect to h is given in the attached file ‘RHS-Pois.pdf’

f14 = 2 (k1d2 2k1n1 1dy +d k10+d k12+d k13 +d skis +d k16+d k13+d k19+d221k21+d222k22+d24k24+
d25k2_5 + d27k27 + d_2k3 + d2k4 + 6_12k6 + d ky +_d kg — 2d10k19n1,1o + 2d12k1_2n1’12 — 2d13k_13n1,13 + 2d15k_15n1’15 —
2di6k16n1,16 + 2d1skisni 1s —_2d19k19n1,19_+ 2dy1ka1n 21 — 2dokonny 20+ 2daakoan 24 — 2daskasni o5 +2dorkarny 27 +
2073/63711 3 — 2dskan 4 + 2dskeni ¢ — 2d7king 7 4 2dokon o) fia
+L (3(k1n3 1d?4+-b,(—kd3+2k ny  d>+-d3, k19+d§]k21+d;2k22+d234k24+d235k25+d27k27 d3ks—dika—dike—d3ks—
d3k9 2d19k19n1 19+2d21k21n1 21— 2d22k22n1 22+2d24k24n1 24—2d25k25n1 25 +2d27k27n1 27 —2d3 kan., 3+2d kanyq—
2d? k6n1 6+2d7kon, 7 —2dgkon, 9)+d10k10n3 10+d12k12n3 12 +d13k13n3 13 +d15k15n3 15 +d16k16n3 16 +d18k18n2 18+
d19k19n3 19+ dzlkzmz 21 + d22k22n3 2+ d24k247’l3 24 + d25k25n3 25+ d27k27”% 27 + d3ksny 3 + d2kans 4 + d2kens 6 +
d3kans 7 + d3kons, 9)]614(O 0. 4 3(k1n2 1d + by(—kid} + 2kny 1d} d10k10 d12k12 + d16k16 + diskis — digkio —
d21k21+d25k25+d27k27 d; k3+d kr+ds k9—|—2d10k10n1 10—2d12k12n1 12_2d16k16nl 16+2d18k18n1 18+2d19k19n1 19—
2d21k21n] 21— 2d25k25n1 25~|—2d27k27n1 27—2d k3ny, 3—2d kany 74-2dZkon, 9)+d10k10n2 10+d12k12n2 |2+d13k13ﬂ2 13+
d15k15n2 15 +d15kl6n2 16+d13k18n2 13+d19k19n2 19+d3 ka1 21 +dakaons, 22+d24k24n2 24+d25k25n2 25 +d27k27n2 27+
d ksny, 3+d kany, 4+d keny, 6+d kny, 7+d kony, 9)f14(0 L 0)+( k1d3+3k1n1 1d d10k10+d12k12 d13k13+d15k15—
d136k16+d13k18 d19k19+d21k21 d22k22+d24k24 d3skas +d27k27 +d3ky—d; kq +d3k6 d3 k7 +d3k9+3d10k10n1 10+
3d12k12n1 12+ 3d13k13n1 13+ 3d15k15n1 15+ 3d16k16n1 16+ 3d13k18n1 18+ 3d19k19n1 19+ 3d21k21n1 21+ 3d5kaon 0+
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<: Bk _ R,

Appendix E. Supplementary data

Supplementary material related to this article can be found online at https://doi.org/10.1016/j.cma.2020.112985.
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