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Abstract

Recently we have developed the optimal local truncation error method (OLTEM) for PDEs with constant coefficients on
irregular domains and unfitted Cartesian meshes. However, many important engineering applications include domains with
different material properties (e.g., different inclusions, multi-material structural components, etc.) for which this technique
cannot be directly applied. In the paper OLTEM is extended to a much more general case of PDEs with discontinuous
coefficients and can treat the above-mentioned applications. We show the development of OLTEM for the 1-D and 2-D scalar
wave equation as well as the heat equation using compact 3-point (in the 1-D case) and 9-point (in the 2-D case) stencils that
are similar to those for linear quadrilateral finite elements. Trivial unfitted Cartesian meshes are used for OLTEM with complex
interfaces between different materials. The interface conditions on the interfaces where the jumps in material properties occur
are added to the expression for the local truncation error and do not change the width of the stencils. The calculation of the
unknown stencil coefficients 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 at a given width of stencil equations. In contrast to the second order of accuracy
for linear finite elements, OLTEM provides the fourth order of accuracy in the 1-D case and in the 2-D case for horizontal
interfaces as well as the third order of accuracy for the general geometry of smooth interfaces. The numerical results for the
domains with complex smooth interfaces show that at the same number of degrees of freedom, OLTEM is even much more
accurate than quadratic finite elements and yields the results close to those for cubic finite elements with much wider stencils.
The wave and heat equations are uniformly treated with OLTEM. OLTEM can be directly applied to other partial differential
equations.
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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
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geometry. However, the generation of non-uniform meshes for a complex 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
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 conventional linear finite elements can be improved from order two to order
four (e.g., see [1-8] and others), the accuracy of conventional high-order finite and isogeometric elements in
the L? norm 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 accuracy
of these techniques is limited to the wave equation with constant coefficients, zero loading term and rectangular
domains. Moreover, 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. We should also mention different techniques based on the
discontinuous Galerkin method that also improve the accuracy of numerical solutions; e.g., see [17-22] and many
others.

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 of
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 in the L? norm even with small cut cells generated due to
complex irregular boundaries (e.g., see [23—29] and many others). The main advantage of the embedded boundary
method developed in [30-34] is the use of simple Cartesian meshes. 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 [30—34] provide just the second
order of accuracy for the global solution). A stable generalized finite element method for the Poisson equation
was developed in [35] for heterogeneous materials with curved interfaces and unfitted uniform meshes (the uniform
meshes are not matched with curved interfaces). The second order of accuracy in the energy norm (that includes
partial derivatives) was achieved in [35] with 2-D quadratic finite elements that form 25-point stencils.

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 [36—41] we have
developed a new numerical technique for the solution of PDEs with constant coefficients on regular and irregular
domains with Cartesian meshes. We called this approach the optimal local truncation error method. At the same
structure of the semidiscrete or discrete equations, OLTEM provides the optimal order of accuracy that exceeds the
order of accuracy of many known numerical approaches on regular and irregular domains. Here, we extend it to
a much more general case of PDEs with discontinuous coefficients that have numerous engineering applications;
e.g., the modeling of composite materials, wave propagation and heat transfer in heterogeneous materials and many
others. The focus of this paper is the development of compact high-order stencils affected by irregular interfaces
between different materials (these stencils can be used for regular and irregular domains).

Section 2 introduces the wave and heat equations for heterogeneous materials and the local truncation error. In
Section 3, OLTEM with 3-point stencils is uniformly derived for the 1-D wave and heat equations with discontinuous
coefficients. Its extension to the 2-D case for uniform and non-uniform 9-point stencils with horizontal and complex
interfaces is considered in Section 4. 1-D and 2-D numerical examples with horizontal interfaces and the general
geometry of interfaces as well as the comparison with FEM are presented in Section 5. The approach developed
in the paper reduces PDEs to ODEs. Any known time-integration method can be used for the time integration
of ODEs. For the derivation of many analytical expressions presented below we use the computational program
“Mathematica”.
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2. The wave and heat equations for heterogeneous materials and the local truncation error

Wave propagation in a composite domain 2 = Uf2 (I = 1,2, ..., N where N is the total number of subdomains)
is described by the following scalar wave equation in each subdomain (2:
2
% — V2 = . (1)
Similarly, the heat equation in each subdomain (2 can be written as:
81/” 2
E—alvmzﬁ. (2)

For each subdomain (2 we use the following notations in Egs. (1)—(2): ¢; is the wave velocity, ¢; is the thermal
diffusivity, f;(x, t) is the loading or source term, u; is the field variable. Eqs. (1)—(2) can be uniformly written down
in subdomain {2, as:

—&Viu = fi, 3)

where n = 2 and ¢; = c,2 for the wave equation and n = 1 and ¢; = q; for the heat equation. We also assume
that the functions u; and f; are sufficiently smooth in each subdomain (2. At the smooth interface G (G a point
in the 1-D case and a curve in the 2-D case) between any two subdomains, the following interface conditions (the
continuity of the function and the flux across the interface; e.g., see [42—44]) are applied:

L our,  dur dur
Ug = Ug , e*(nxg +ny dy ) = e**(”xw +ny dy ), “4)

where n, and n, are the x and y-components of the normal vector at the interface, e is the corresponding material
constant, the symbols % and =% correspond to the quantities on the opposite sides from the interface for the
corresponding subdomains (. This means that the functions u; are continuous across the interfaces but can have the
discontinuous spatial derivatives across the interfaces. The functions f; can be discontinuous across the interfaces.

Remark 1. The second condition in Eq. (4) for the flux continuity corresponds to isotropic materials with one
material parameter for the flux calculation (e.g., e, and e,, are the thermal conductivity coefficients on opposite
sides from the interface in the case of the heat equation). However, the approach considered in the paper can be
also extended to anisotropic materials with the modified second condition in Eq. (4) (e.g., for the heat equation, the
thermal conductivity tensors should be used for the flux calculation instead of material parameters e, and e,,).

Remark 2. Numerical examples (e.g., Section 5.2 for the impact problem) show that the numerical approach
developed in the paper can be also applied to the problems with reduced regularity (smoothness) of the functions
uj.

In this paper the Dirichlet boundary conditions u = g; are applied along the boundary I". However, the Neumann
boundary conditions can be also used with the proposed approach; e.g., see our papers [41,45]. The initial conditions
are u;(x,t = 0) = go, v/(x, t = 0) = g3 in {2 for the wave equation and u;(x, t = 0) = g4 in (), for the heat equation
where g; (i = 1,2, 3,4) are the given functionsand/ = 1,2, ..., N. According to OLTEM, 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 for each
internal grid point of the domain is called the stencil equation and can be written down as follows:

dn num

M

u; -
E (R*mi —— + ku""] = f, ®)
i=1

dt

where u?*" and % are the numerical solution for function u and its time derivative at the grid points, m; and
k; are the unknown stencil 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. Many numerical techniques such as the finite

difference method, the finite element method, the finite volume method, the isogeometric elements, the spectral
3
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Fig. 1. The spatial locations of the degrees of freedom u}_,, u}*, ul’.‘j_l (i =2,3,4,...) and the interface G between two materials for the
3-point stencil.

* % *%

Ui+

elements, different meshless methods and others can be finally reduced to Eq. (5) with some specific coefficients
m; and k; for the wave and heat equations. In the derivations below, we will assume 3-point stencils (M = 3) in
the 1-D case and 9-point stencils (M = 9) in the 2-D case that are similar to the 3-point and 9-point stencils of
the 1-D and 2-D linear quadrilateral finite elements on Cartesian meshes. Generally, the stencils with any number
of points M can be used with the suggested approach. We should also mention that the stencil width can be used
for the approximate estimation of computational costs because numerical techniques with similar stencils require
approximately the same computational costs.

Let us introduce the local truncation error used with OLTEM. The replacement of the numerical values of function

n, num
i d

u?"™ and its time derivatives Ji— at the grid points in Eq. (5) by the exact solution u; and ;:ll_ 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. (5):

M n
e = ;[hzmi% + kil — f . ©)
Calculating the difference between Egs. (5) and (6) we can get
M s d”ui dnul(zum o M R . .
e = ;{h m;[ am 1+ kilu; —ui™]} = i:Zl[h m;e; + k;e!'l, (7
_ dhy A

where e = u; —u!"" and e} = o — —or— are the errors of 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.

3. OLTEM for the 1-D wave and heat equations with discontinuous coefficients (with zero loading (source)
term f; =0 in Eqgs. (1) and (2))

For OLTEM in the 1-D case, we consider a uniform mesh with 3-point stencils (similar to those for linear finite
elements). We assume that the mesh is sufficiently fine in order to include only one interface between different
materials within any 3-point stencil; see Fig. 1. The case of the 3-point stencil inside the homogeneous material
follows from this stencil when point G coincides with the end point i — 1 of the 3-point stencil; see Fig. | for
& = 1. The coordinates x;_; and x;; of the points i — 1 and i 4+ 1 of the 3-point stencil and the coordinate x; of
the interface point G are (see Fig. 1):

Xip1 = X; +h, Xi-1 = Xx;—h, xg = xi —&h, (®)

where 0 < £ < 1. For the exact solution, the interface conditions at the interface point G can be written down as
follows:
* *%
I/tz‘ = uz* s €x auG = e**au_G ’ (9)
ox ox
where symbols % and #x correspond to different materials from the left and right sides of the interface point G (of
course, the domain under consideration can include any number of different materials).

For the 3-point stencil in Fig. 1, the stencil equation Eq. (5) can be explicitly rewritten as follows:

n, x,num dnu**,num n,knum
2 i—1 i i+1 s s s
Iy T e T ) G o k) = 0, (10

dtn
4
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where the case of zero loading f; = f = 0 is considered, i = 2,..., N — 1 (N is the total number of the grid
points), n = 2 for the wave equation and n = 1 for the heat equation, the coefficients m; and k; (j =1, 2, 3) are to
be determined from the minimization of the local truncation error, the index / related to subdomain (2 is replaced
by the corresponding symbol * or **. For convenience, we use the local numeration of the stencil coefficients k;,
mj with j =1, 2, 3 instead of the global numeration with j =i —1,7,i + 1.

Remark 3. Only 5 out of the 6 coefficients m;, k; (i = 1, 2, 3) in Eq. (10) can be considered as unknown coefficients.
This can be explained as follows. Eq. (10) can be rescaled by the division of the left- and right-hand sides of Eq. (10)
by any scalar; i.e., one of the stencil coefficients can be selected as unity and there will be only 5 unknown rescaled
coefficients. For convenience, we will scale the stencil coefficients in such a way that the coefficient k; is k, = 1.

Remark 4. Conventional linear finite elements used for the wave (heat) equation have the stencil given by Eq. (10)
with the stencils coefficients m;, k; (i = 1, 2, 3) calculated in terms of the elemental mass and stiffness matrices.

The local truncation error e follows from Eq. (10) by the replacement of the numerical solution u"\"", u;™"*"
and u;;"" by the exact solution u} |, u;* and u}7:
e = hi(m, du ;kl—i—m dn”?*+mgdn ﬁl)+(k1u + kou™* + kst . (11)
drn drr Todr P it

One of the ideas of the new approach is to include the interface conditions for the exact solution in the expression
for the local truncation error (Eq. (11)):

) Vlu;k71 dn ** dnu;kil
e = h"(m, g + my d” + m3 T )+ k| + kout™ +k3ul+1)
314* 3u** anu* 8”14** 8n+1u* 8n+1u**
_ h X _ G oUg OdlUg . G _ G
+Hq1(ug —ug) + hqa(e )+ g3( o —L) + I qule s O 3max )
aZnM* aZnM**
4 G G
+h'gs( 5 — O, (12)
where the coefficients ¢; (i = 1,2, ...,5) will be used for the minimization of the local truncation error in Eq. (12),

the expressions in parenthesis after ¢; and ¢, are the interface conditions, Eq. (9), the expressions in parenthesis
after g3, g4 and g5 are the time derivative of the interface conditions (the time derivative of the left- and right-hand
sides of Eq. (9)). Therefore, the expression in the square brackets in Eq. (12) is zero and Egs. (11) and (12) yield
the same local truncation error e.

To derive the coefficients m; and k; (i = 1,2, 3) in Eq. (12), let us expand the exact solution «; at the grid points
i—1,iand i + 1 into a Taylor series in the vicinity of the interface point G at small 2 < 1 as follows (see Fig. |
for the locations of u; and ug):

dvg %y (1 —h)?* %5 (A —Hh)P % (1 —H)h)
* * G G G G
o=k - —H20-85h - - 13
Vi = Vg — 5 (=0 e v 3 ot & (13)
vk 32U** (Eh)2 331)** (r‘;:h)3 341)** (Eh)4
ok sk G G G G
ok — h 14
R T TR PR TR PO ’ (14
o BUZ‘;* VE (L +EHR?  Pvg (A +Eh)?® g (1 + §)h)4
Vi =g O+ o ox3 3l axt 4l " (15)
where the function v in Egs. (13)—(15) is u and 2 M .
The exact solution to Eq. (3) also meets the following equations at point G:
"uy azug i"uy Bzu’g‘
= Cx B = Cyx ) 16
o ~ “ox? T (10
8j+lnu*G _ 8]+2+(Z l)n * a]+lnu>gk . a]+2+(1 l)n ** (17)
axiarn  axit2g - o xiarin  gxitaggl- b

where the case of zero loading (source) term f* = f** =0 is considered, / = 1,2 and j =1,2,3,4,.... Eq. (17)
is obtained by the differentiation of Eq. (16) with respect to x/ and 1. Inserting Eqs. (13)—(17) into Eq. (12) we

5
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get the following local truncation error in space for OLTEM:

us ours 2% 92uk 3ux 33ur
e = b + by + hlbs— ¢ G]+h[b 5+ bs §]+h3[b by
841/!* 4 ** BSM* 5 ** 86 86 **
+h*[by 8x4G +b10 ]+h5[b11 +b12 ]+h [b13 +b14 ]+0( . (18)
where the coefficients b, (p = 1,2, ...) are expressed in terms of the coefficients my, k;, g; (! = 1,2,3 and

j = 1,2,...,5) and the distance &; see Appendix A. We should mention that by the use of the wave (heat)
equation, Egs. (16)—(17), the time derivatives for the local truncation error in Eq. (18) are excluded. In order to
minimize the order of the local truncation error, we will zero the first 10 coefficients b, =0 (p = 1,2, ..., 10) for
the smallest power of /4. From these 10 algebraic equations and the condition k, = 1 (see Remark 3 after Eq. (10))
we can find the 11 coefficients my, k;, g; ({ =1,2,3and j =1,2,...,5):

C@eE +28 D) e (4 264662 4 E 1) 420806 — PG+ D+ (2 HE+ D)+ BuelE — DY
12¢,Chs(es€ + e — esi§ + e**)(C*e*g(g + 1) + Cyess(— 2%-2 +&+ 1)+ cen(E — 1)2)
1 2 2
= 1 3 1
M e Te enE T ek T ) hen (T E T DT e e T EH DE + 3+ D
Fenenn(—5E% — 15EY — 485 + 14E2 4 9 + 1)+ 2 (88> + 2482 + 208 + S)(E — 1)) — 28.Gnea(E — 1 (ean(58° + 5E2 — 65 — 4)
—e E(E2 +3E +2) + 0L enE — D*SenE + 1) + enn(—8) + €],
1 =2, 262,83
-2 —1
D280k T or—enE T e GeEE T DT a2 T EF D L aneE — D+ E —2 =D
terenE (=56 + 583 + 657 — 4 —2) + €2, (88 — 4f — 1)(E — 1)?) + 26, Cunes(E — 1) (en(€ + 1E — Sed” + e

+¢2,e.(E — D*(5es& + el —E) + )],

msz = —

_ €x _ _ (ex€ + e (=) + esi)
k= 7‘3*‘? + ey — e**%‘ + s ’ k=1, ks = 6*5 + ey — e**‘f + s ’ (19)
Here we show the stencil coefficients m; and k; (I = 1,2, 3) only because the coefficients g; (j =1,2,...,5) are

not used in the global system of equations.
Inserting the coefficients m; and k; (i = 1,2, 3) for OLTEM (see Eq. (19)) into Eq. (18) we get the following
local truncation error:
5,,%

n _ u
= —[E — DCres—L
xx ox

(=528 — 1 (exn(E* +287 — 687 — £ + 1) — e,£(8° + 287 — 1) — GuGn (6 — D (Teru (267 =6 — 1)
35 ok

—27e,E(E + 1)) + 282, e(E — 1) — Cp 3 G (EE2E2(E + 12287 + 56 +2) + exest (— 1487 — 426* — 2587 + 2067 + 218 + 4)

+¢2, (3080 + 4585 — 356% — 5583 + £2 + 125 +2)) + Cylrnen(exE(128° + 186% — 2083 — 2582 + 85 +7)

e (=658 + 14584 — 1583 — 7382 + & + 7)) + 582 €46 — 1’ (Se £ (282 + 38 + 1) + e (=38% + 26 + D))

6 6 kok
+4h7x[(c** G (C2(e2E2 (380 + 887 — 1083 + 8€ + 3) + 2e,e,mb(—1287 — 1650 42885 +256% — 2563 — 1262 + 96 + 3)
+e2,(56£% + 108&5 6083 + 168 + 3)(& — 1)) + 4G, Csses (& — 1) (exE(76° + 156 — 1087 +2)

e (=378 — 238% + 608* + 2087 — 2067 — 2 +2)) + 582, e (& — 1)*(Se.E(58% + 682 — 1)

36 *
Fenn(—8E* 4267 + 62+ — 1)) — c;e*W”fvsai@s FDE = D (epn(@E* +28° — 687 — £ + 1) — e,6(E° + 267 — 1)
F4G,Can(E — 1) (€2EQ0E% + 275 +T) + €4 (—1083 + £2 + 7€ +2)) + T2, e4(56 +3)E — D)+ Oh7) (20)
with
XX = 3608, Crn (et + ex — enf + ex)(@xesf (€ + 1) + Culin (=267 + & + 1) + Cpen( — 1))

In case of a homogeneous material with £ = 1, the following stencil coefficients m; and k; (I = 1, 2, 3) and the
local truncation error ejomoq follow from Egs. (19) and (20):
1 5 1 1

1
5 = ) = 3 k = — =, k = 1 y k = ——= 21
2c,. = T2, = 4, ! 2 2 3 > @D

nm; =

and
h6 86u>i(<;*

womog = — oh®). 22
€j g 480 8X6 + ( ) ( )
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The global semidiscrete system of equations includes the 3-point stencils for homogeneous materials inside each
subdomain (2 with the stencil coefficients given by Eq. (21) and the sixth order of the local truncation error (see
Eq. (22)) as well as the 3-point stencils intersected by the interface (with the stencil coefficients given by Eq. (19))
that provide the fifth order of the local truncation error (see Eq. (20)). This global semidiscrete system provides the
4th order of accuracy of the entire numerical solution at mesh refinement; see the numerical examples below.

Remark 5. In order to simplify the explanation of the idea of the imposition of the interface conditions for OLTEM,
in this section we have considered a uniform stencil shown in Fig. 1. A more general case of non-uniform stencils
for the grid points close to irregular boundary is considered in the next section for the 2-D case (see also the
treatment of 1-D non-uniform stencils for homogeneous materials in our paper [36]).

4. OLTEM for the 2-D wave and heat equations with discontinuous coefficients

In this section we first introduce the local truncation error for 9-point stencils with the interface conditions in
the 2-D case. Then, we derive OLTEM with 9-point stencils for heterogeneous materials in the case of zero load
(source) term. Finally, we take into account nonzero load (source) term.

4.1. Zero load (source) term f; = 0 in Egs. (1) and (2)

Here, we extend OLTEM described in the previous Section for the 1-D case to the 2-D case. In contrast to
the 1-D case, the interface between different materials in the 2-D case is a curve and the interface conditions also
include the components of the unit normal to the interface; see Eq. (4). Let us consider a 2-D bounded domain
and a Cartesian rectangular mesh with a mesh size 4 where h is the size of the mesh along the x-axis, byh is
the size of the mesh along the y-axis (b, is the aspect ratio of the mesh). Similar to OLTEM for a homogeneous
material (see [36—38]), 9-point uniform stencils are used for the internal grid points located far from the boundary
and 9-point non-uniform stencils are used for the grid points located close to the boundary in the 2-D case. The
9-point stencil considered here is similar to that for 2-D linear quadrilateral finite elements. The spatial locations of
the 8 degrees of freedom that are close to the internal degree of freedom us and contribute to the 9-point stencil for
this degree of freedom are shown in Fig. 2a for the case when the boundary and the Cartesian mesh are matched or
when the degree of freedom us is located far from the boundary. In the case of non-matching grids when the grid
points do not coincide with the boundary, the neighboring grid points for the internal grid point us that are located
outside the physical domain are moved to the boundary of the physical domain as shown in Fig. 2b. In order to find
the boundary points that are included into the stencil for the degree of freedom us (see Fig. 2b) we join the central
point us with the 8 closest grid points; i.e., we have eight straight lines along the x— and y—axes and along the
diagonal directions (the dashed lines) of the grid; see Fig. 2b. If any of these lines intersects the boundary of the
domain then the corresponding grid point (designated as o) should be moved to the boundary (the new location is
designated as o). This means that for all internal points located within the domain we use a 9-point uniform (see
Fig. 2a) or non-uniform (see Fig. 2b) stencil. For convenience, the local numeration of the grid points from 1 to 9
is used in Figs. 2a and 2b as well as in the derivations below for the 9-point uniform and non-uniform stencils.

The interface in Fig. 3a divides the 9-point uniform stencil into two parts with different material properties. In
order to impose the interface condition at the interface, first we select one point at the interface with the coordinates
xg = x¢,3 and y¢ = yg.3. This point can be selected as follows. We join the central point us with the 8 closest grid
points; i.e., we have eight straight lines along the x— and y—axes and along the diagonal directions of the grid; see
Fig. 3a. If several these straight lines intersect the interface then we select the intersection point closest to the grid
points us. Then, for the procedure described below, we select four additional points at the interface located at the
same distances i = \/ (xG.i+1 — x6.1)* + (V6.it1 — Y6.i)* (i = 1,2,3,4) from each other (the numerical experiments
show that small distances 7 = h/10 yield accurate results). In the case of the intersection of the 9-point non-uniform
stencil in Fig. 2b by the interface, the selection of five points on the interface for the 9-point non-uniform stencil
in Fig. 2b is similar to that for the uniform stencil in Fig. 3a.

To describe the coordinates of the boundary points for non-uniform stencils (see Fig. 2b) we introduce 9
coefficients 0 <d, <1 (p=1,2,...,9) as follows:

Xp = x5+ —Ddph,  yp = ys+( —2dypbyh, (23)
7
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Fig. 2. The spatial locations of the degrees of freedom u, (p =1,2,...,9) that contribute to the 9-point uniform (a) and nonuniform (b)
stencils for the internal degree of freedom us.
Y
h
[y 3y w3
L3
[ % ok *x
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G, 3 y 3, Interface G G, Gs| Gs Gs Ebyh
Interface uy u u3 X
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Fig. 3. The spatial locations of the degrees of freedom u, (p =1,2,...,9) and the five interface points G; (i =1,2,...,5) on the general
(a) and horizontal (b) interface that contribute to the 9-point uniform stencils for the internal degree of freedom us.

where ds =0, p =3(j — 1)+ with i, j = 1,2, 3. Eq. (23) can be also used for the coordinates of the grid points
inside the domain with the corresponding coefficients d,, equal to unity (d, = 1).

To describe the coordinates of the five points on the interface (see Fig. 3a) we introduce 10 coefficients d, , and
dy, (p=1,2,...,5) as follows (see also Fig. 3a):

XG,]‘ =X(;+dx’jh, yG,j =yG+dy,jbyh, j=1,2,...,5, (24)

where dy 3 = d, 3 = 0 for the central interface point G = G3 with the coordinates xg = x5 3 and yg = yg,3; see
Fig. 3.

Remark 6. Some of the four interface points G, G2, G4, Gs can be located slightly outside the 9-point cell. The
derivations presented below are also valid for this case.

Eq. (5) for the 9-point stencils for the grid point us (see Fig. 2, Fig. 3) will be assumed in the following form:

n *num n, xk,AUmM

h? Zm,,[a,, (1 —apl— o — +Zk [apu’y™™ + (1 — apus™™"] = fs (25)

where f5 = 0 in the case of zero load (source) f; = 0 in Eqgs. (1) and (2), the 18 unknown stencil coefficients
my, k, (p=1,2,...,9) are to be determined from the minimization of the local truncation error, the coefficients
a, = 1 if point u, belongs to material * and a, = 0 if point u, belongs to another material *x* (i.e., only one
variable u;‘;"”’” or uj;*’”””‘ is included into Eq. (25) for each grid point; see Fig. 3a witha; = a; = a3 =as =ag = 1
and a4 = a7 = ag = a9 = 0), the superscript n in the time derivative in Eq. (25) is n = 1 for the heat equation

8
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and n = 2 for the wave equation. The local truncation error e follows from Eq. (25) by the replacement of the
numerical solution u;"*" and u},*"*“" by the exact solution u), and u)":

9 9
d"u* n wk _
e=h? Zmp[ap#-i-(l—ap) : ]+ka[apu;+(l —ap)bt:*]—fs- (26)
p=1 p=1

dt

One of the ideas of the new approach is to include the interface conditions for the exact solution in the expression
for the local truncation error in Eq. (26) as follows:

9 ny* Tk 9 5
e=h? Zmp[apgdznp + (1 —ap)gdtnp 1+ ka[a[,u; + (1 —ap)u;*] + {ZQIJ(”*G,]' — M*G*j)
p=1 p=I j=1
5 * * *k o kK 4 n, % n, %%
ou*. . . usr . ourr . o"u¥, . s
G.j G.j G.j G.j 2 G.j G.j
+3 hga, 2 om0ty —=L by I+ > s -
= q2,jlex(nx, ax Ny, j dy ) — ewx(ny % ny,j 3y )] = q3,( 91 Y
3n+lu* 8n+lu* 8"“14** an+lu** 82nu* 82;1“**
3 G3 ,3 , G,3 4 G.3 G,3 z
i qalenng s — e s 379y ) = enlney o= oy 379y N+ Rgs(— = =~ = s (27)

where ny ; and n, ; are the x and y-components of the normal vectors at the five selected interface points (see
Fig. 3a), the coefficients g1 ;, g2,i, 3,7, ga and g5 (i = 1,2,...,5, j =2, 3,4) will be used for the minimization of
the local truncation error in Eq. (27), the expressions in parenthesis after g ; and ¢, ; are the interface conditions at
the five selected interface points, Eq. (9), the expressions in parenthesis after g3 ;, g4 and g5 are the time derivative
of the interface conditions (similar to those in the previous Section 3 for the 1-D case). Therefore, the expression in
the curled brackets in Eq. (27) is zero and Egs. (26) and (27) yield the same local truncation error e. The expression
in the curled brackets in Eq. (27) is the generalization of the interface conditions in Eq. (12) for the 1-D case to
the 2-D case when the interface is a curve. The addition of the interface conditions at five points in Eq. (27) with
the coefficients q1 j, g2, g3.i, g4 and gs allows us to obtain the analytical expressions for the stencil coefficients
for the horizontal interface as well as to get a high accuracy for general geometry of interfaces; see below.

Remark 7. Only 32 out of the 33 coefficients m,, k,, q1,j, q2,j, q3,i» g4 and g5 (p = 1,2,...,9,i = 2,3,4,
Jj =1,2,3,4,5) in Eq. (27) can be considered as unknown coefficients. This can be explained as follows. In the
case of zero load (source) term f; = 0 and f_5 = 0, Eq. (27) can be rescaled by the division of the left- and
right-hand sides of Eq. (27) by any scalar; i.e., one of the coefficients can be selected as unity and there will be
only 32 unknown rescaled coefficients. The case of nonzero load (source) term fs5 # O can be similarly treated
because the term f5 is a linear function of the stencil coefficients; see below. For convenience, we will scale the
stencil coefficients in such a way that ks is k5 = 1.

In order to represent the local truncation error e as a Taylor series, let us expand the exact solution at the grid
points and the five selected interface points in Eq. (27) into a Taylor series in the vicinity of the central interface
point G = G3 with the coordinates xg = xg,3 and yg = y¢.3 (see Fig. 3) at small 7 < 1 as follows:

ovg . . dvg 3%vg [(( — 2)d, — dxg)h]?
v, = V6 + g[((l —2)d, — dxg)h] + W[((l —2)d, — dyg)byh] + P o
906 [(U =2y — dyo)by P, g [ = Ddy = dx)hll( = 2d, —dyo)byh] 08)
dy? 2! axay 2!
i 811)(; BwG Bsz [dx,jh]2
wW; = Vg + W[dx’jh] + W[dy’jbyh] + 9x2 21
92 d, ibyh]? 92 d. :h][d, ;b,h
n wg [dy,jbyh] 12 wg [dy, ][my]_l_”., 29)
dy? 2! 9x0dy 2!
where p =3( — 1)+ with i,/ =1,2,3 and j = 1,2,...,5 (see Fig. 3a), dxg = 4= and dy¢ = yiy_h”. The
function v, in Eq. (28) is u}, u3’, % and %, the function w; in Eq. (29) is ug ;. ug ;s auai'j, a;;i./.’ al;i’j,

JutE . LI PLITL 8n+1u* . 3n+1u** . 3n+lu* . 3n+lu** . 32”1,4* . 62"14** .
G,j G,j G,j G,j G,j G,j G,j G,j G,j : * K%k
By 0 oM Tam o Tamax» Tamax 0 amay » amdy o o The exact solution uy; and u( to the

wave and heat equations, Egs. (1) and (2), at the central interface point G = G3 with the coordinates xg = x¢.3

9
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and yg = yg,3 meets the following equations:

n, * n, %k
"u 0"ug

G = 72 * - 2wk ks
Y — iV MG = fG s agn — Cxx V Ug = Jg » (30)
R O] N (G R Gy DU EE Iy ki)
STanTays " axiay eI = axiayia—on ' aingxigy " axiayiarmn — axigyig-tn OV

with/ =1,2and i, j =0,1,2,3,4,.... Here, Eq. (31) is directly obtained by the differentiation of Eq. (30) with
respect to t", x' and y/. Inserting Egs. (28)—(29) and Egs. (30)-(31) with zero load (source) term f5 = 0 into
Eq. (27) we will get the following local truncation error in space e:

ut 8u** ous oust
—b b G G 4 p M6 |y MG
e =bug + buf L + 05— 3y + 06— 3y )
* 321/[*0* 82uG 32 ** azu* azu»&*
+h? (b7 S +bg Py + by oxdy -i-b1oa 3y + b 5y S +bn 0y )
+h (b 3 * +b 33 ** +b 831/!* ++b 3 ?}* +b 83 >|(<; +b 83usgﬁ +b 83u* +b 83 E*)
B33 M5 g 155 29y 29y 165 29y 178x8y2 188x8y2 19 3y3 20 3y3
341/! 34 ** 84 * 84 ** 8414*
h*(b b byy—2G 4 +b G
+ (21 S+ bypy— P g+ 530y +bauo 8 % 520y
841/!** a4u* 8414** 84 * 84u**
b G G L G b Ug b G
+b26 9x20y? + D27 xdy? + D23 dxdy? + D29 ay* + 030 ay* )
8514* 8514** 8514* aSM** asu* 8514**
+h3(b +b +b & 1+p +b + o
(bt s T hmgs Hhugys T 0ugagy T 09500, T 0% 5,59,
m 3du* n 9 b 85u*G b 85142* b dut b 8514*0*)
Tox2ay3 T P ax20y3 T P axayt T Vaxayt | N ays TP gys
6 * aﬁu** aéu* a6u** a()u* 86 ** aﬁu* aﬁu**
+h(b S +b +b G 1p G 1 +b +b +b G
(43 PG 455 5oy 46ax53y 75 19y2 485 48 3 495 9y 508x38y3
6 * 6 ** 6 * 6 ** 6 * 6, %%
0 0 °u 0°u
b S 4+b b S 4+b b b G O(h 32
+518x28y4+ 528284+ 53885+ 54885+ 55 +56 )+ O, (32)
where the coefficients b, (p = 1,2,...,56) are expressed in terms of the coefﬁcients mi, ki, q1,j, G2,j> 43,1, 94

and gs; see Appendix B. We should mention that by the use of the wave (heat) equation, Egs. (30)—(31), the time
derivatives for the local truncation error in Eq. (32) are excluded.

For the uniform stencil with the horizontal (or vertical) interface in Fig. 3b with d, = 1 (p = 1,2,...,9),
with the distance £byh between the central grid point uZ* and the horizontal interface, with the components of
the normal vectors to the interface n, ; = O and n, ; = 1 (j = 1,2, 3,4, 5), the expressions for coefficients b,
(p =1,2,...,56) are simplified and the stencil coefficients can be analytically obtained. For example, equating
to zero coefficients b, = 0 (p = 1,2, ...,26,29,30,38), g2.1 = g3,2 = q3.4 = 0 and using the scaling equation
ks = 1 we get 33 algebraic equations with the 33 unknown stencil coefficients m;, k; (i = 1,2,...,9) and ¢ ;,
Q2. q31, q4 and g5 (j = 1,2,...,5,1 = 2,3,4). Solving this system we can analytically find the 18 unknown
stencil coefficients m; and k; (1 = 1,2, ...,9); see Appendix C. Because some of the coefficients b, in Eq. (32) are
linearly dependent, the analytical solution given in Appendix C zeros the first 30 coefficients b, in Eq. (32); i.e., for
uniform stencils with the horizontal interface we can get the fifth order of the local truncation error in Eq. (32)
(see Appendix C). It is also necessary to mention that for the uniform distribution of the five interface points G;
(i =1,2,...,5) (see Fig. 3b), the stencil coefficients in Appendix C are independent of the distance & between
the interface points Gj;.

Some analytical results for the stencil coefficients can be also obtained for the uniform stencil and the interface
represented by an inclined line. In this case, if we zero the coefficients b, =0 (p =1, 2, ..., 30) up to the fourth
order in Eq. (32) then the stencil coefficients k; = 0 (i = 1,2,...,9) are zero; i.e., this solution is unacceptable
and we cannot zero all coefficients b, =0 (p = 1,2, ..., 26,29, 30) up to the fourth order.

Therefore, we will use the following procedure in order to minimize the order of the local truncation error in
Eq. (32) for uniform and non-uniform stencils for the general geometry of the interface. First, we will zero the first

10
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20 coefficients b, in Eq. (32) up to the third order with respect to h; i.e.,

b,=0, p=12,...,20. (33)
Then, in order to have a sufficient number of equations for the calculation of the 33 stencil coefficients including
mi, ki (i =1,2,...,9) and q1,;, 92, 934, 94, g5 (j = 1,2,...,5,1 = 2,3,4), 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 residual R:

30 42 56
R=Y"0+m Yy bo+h ) b, (34)
p=21 p=31 p=43

where h; and h, are the weighting factors to be selected (e.g., the numerical experiments show that 7, = h, = 0.1
yields accurate results). In order to minimize the residual R with the constraints given by Eq. (33), we can form a
new residual R with the Lagrange multipliers A;:

20 30 42 56
=Y hbit Y04 Y0+ 0 30 @
=1 p=21 p=31 p=43
The residual R is a quadratic function of the stencil coefficients m;, k; (i = 1,2,...,9) and g j, q2.js

q3,r> 44> gs G = 1,2,...,5 r = 2,3,4) and a linear function_of the_ Lagrange multipliers A;; i.e., R =
R(m;, ki, q1,j,92,,93,r5 94, 45, A1). In order minimize the residual R_: R(m;, ki, q1,j, 92,93, 94,5, A1), the
following equations based on the least square method for the residual R can be written down:

IR IR 0 IR IR
Bmi o ’ 8](, o ’ 8q1,j o ’ 8(,]2’/‘ o ’
dR dR AR AR
—o, M_o W _y o 2X_y, (36)
0g3,r 094 9gs oA
i=1,2,...,9, j=12,...,5, r=2,3,4, [=1,2,...,20,
where equation % = 0 should be replaced by ks = 1; see Remark 7 after Eq. (27). Eq. (36) forms a system of
53 linear algebraic equations with respect to 33 unknown coefficients m;, k; (i = 1,2,...,9) and ¢, s G2, s G3.r»
gsand g5 (j = 1,2,...,5, r = 2,3,4) and 20 Lagrange multipliers A; (/ = 1,2, ...,20). Solving these linear
algebraic equations numerically, we can find the coefficients m;, k; (i = 1,2, ...,9) for the 9-point non-uniform

and uniform stencils. As can be seen, the presented procedure provides the fifth order of the local truncation error
for the 9-point uniform stencils with a horizontal interface and the fourth order of the local truncation error for the
9-point uniform and non-uniform stencils with the general geometry of the interface. The 9-point uniform stencils
of OLTEM for a homogeneous material (with no interface) provide the sixth order of the local truncation error. This
leads to the fourth order of accuracy of global solutions; see the numerical examples below. Moreover, due to the
minimization of the leading high-order terms of the local truncation error in Eq. (35) for uniform and nonuniform
stencils, at the same numbers of degrees of freedom OLTEM on irregular domains yields more accurate results than
those obtained by high-order finite elements (up to the third order) with much wider stencils; see the numerical
examples below.

Remark 8. To estimate the computational costs of the solution of 53 linear algebraic equations formed by Eq. (36)
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 7 = 5658 s for 10°
systems or the average time for one system was 0.005658 s. Because the coefficients m;, k; (i = 1,2,...,9) are
independently calculated for different grid points, 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;, k; (( = 1,2,...,9) is very small compared to
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that for the solution of the global system of equations. We should mention that the coefficients g1 j, g2,;, g3,
qsand gs (j = 1,2,...,5, r = 2,3,4) are used for the calculation of non-zero load (source) term f5 only (see
the next section) while the Lagrange multipliers A; in the local system of equations, Eq. (36), are only used for
the calculation of the unknown coefficients m;, k; ( = 1,2,...,9), q1,;, 92,j, 93,0, g4 and g5 (j = 1,2,...,5,
r = 2,3,4) and are not used in the global system of equations.

The global semi-discrete system of equations includes the 9-point uniform and nonuniform stencils with and
without interfaces between different materials (see Figs. 2-3) for all internal grid points located inside the domain.
The difference between the 9-point uniform and nonuniform (for the grid points located close to curved boundarys;
see Fig. 2b) stencils is in the values of the d, (p = 1,2,...,9) coefficients in Eq. (23). These d, coefficients
contribute to the calculations of the b, coefficients in Eq. (32); see also Appendix B. Numerical examples with the
application of nonuniform stencils to curved boundary can be found in our recent papers [38,41,45] for PDEs with
constant coefficients.

Remark 9. In the presented approach we use the non-diagonal mass matrix with 9 m, (p =1, 2, ..., 9) coefficients
contributing to the mass matrix. In this case we can get a high order of accuracy. Therefore, in the numerical
examples considered below we use implicit time integration methods. In our paper [16] we have shown that the
9-point stencils with the diagonal mass matrix (ms #Oandm, =0 (p =1,...,4,6,...,9)) can provide only
the second order of accuracy (similar to that for linear finite elements) for the wave (heat) equation with constant
coefficients.

Remark 10. Here we considered the derivation of the stencils coefficients of the 9-point stencils for the 2-D wave
and heat equations with heterogeneous materials that include interfaces. The derivation of the stencils coefficients
of the 9-point stencils for the 2-D wave and heat equations with homogeneous materials that are also used for
numerical simulations is presented in our paper [36]. It is interesting to mention that the stencil coefficients can be
also derived by using the central grid point with the coordinates x5 and ys in Egs. (28)—(32) instead of the interface
point with the coordinates x and yg.

4.2. Nonzero load (source) term f; # 0 in Egs. (1) and (2)

The inclusion of non-zero loading (source) term f; in the partial differential equations, Egs. (1) and (2), leads
to the non-zero term fs in the stencil equation, Eq. (25) (similar to Eq. (5)). As we mentioned after Eq. (4), the
functions f; can be discontinuous across the interfaces. The expression for the term f5 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 and f5 # 0, the insertion of Eqs. (28)—(29) and
Eqgs. (30)—(31) into Eq. (27) yields the following local truncation error in space e;:

er=e—[fs— h2((a1my + axmy + asms + asmy + asms + agme + azmy + agms + agmo + q32 + q3.3 + q3,4) 3

+(—aymy +my — apmy + my — azmz + m3 — agmy + Mg — asms + ms — aghie + Me — azmy +m7 — agmg + mg

—agmg +my — q32 — @33 — @3 f5) +H.], (37)
where e is the local truncation error in space given by Eq. (32) for zero loading (source) term, f and f3&* designate
functions f*(x, y,t) and f**(x,y,t) calculated at the central interface point with the coordinates x = xs and

¥y = y¢. Equating to zero the expression in the square brackets on the right-hand side of Eq. (37), we will get the
expression for fs:

fs = W2 ((aymy + azma + azms + agmy + asms + agme + azmy + agms + aomo + q32 + q33 + q3.4) &

+(—aymy +my —axmy + my — azmz + m3 — agmy + mg — asms + ms — agMme + me — aymy + my7 — agmg + mg
—aomo +mo — g3 — q33 — q3.) [ +h (38)

as well as we will get the same local truncation errors e, = e for zero and non-zero loading (source) term (see
Appendix D for the detailed expression of f5). This means that the coefficients m;, k; (i = 1,2, ..., 9) of the stencil
equations are first calculated for zero loading (source) term f; = 0 as described in Section 4.1. Then, the nonzero
loading (source) term f5 given by Eq. (38) is used in the stencil equation, Eq. (25).
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5. Numerical examples

In this Section the computational efficiency of OLTEM developed for the solution of the wave and heat equations
with discontinuous coefficients will be demonstrated and compared with conventional linear (Q2, T3, Q4) and
high order (quadratic Q3, T6, Q9 and cubic T10, Q16) finite elements. ‘T” and ‘Q’ designate the triangular and
quadrilateral finite elements in the 1-D (Q2, Q3) and 2-D (T3, Q4, T6, Q9, T10, Q16) cases. For finite element
calculations, the commercial finite element software ‘COMSOL’ with isoparametric finite elements is used. 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 OLTEM with FEM, the following errors are considered in this Section. The relative errors e for the
function u and e} for its first time derivative at the jth node are defined as:

| yhum g exact | | phum _ gexact |
=yt T and e=—t S i—12...,N. (39)
u uexact v pexact
max max

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

en = m]ax el and et = mjaX e, j=12,...,N. (40)
In Egs. (39)—(40) the superscripts ‘num’ and 'exact’ correspond to the numerical and exact solutions, N is the
total number of the grid points used in calculations, %" and vS*" are the maximum absolute value of the exact
solution over the entire spatial and temporal domain for the function # and its first time derivative, respectively. We

also use the L? error norm for finite elements (e.g., see [46]) and the {? error norm (e.g., see [47]) for OLTEM:

Ny Ny
e ={dxdy Y S W, y) — w (xR @1)

i=0 j=0

where w = u for the function u and w = v for the its first time derivative v; N, and N, are the numbers of Cartesian

grid points along x- and y-axes; x; and y; are the coordinates of Cartesian grid points. All the above mentioned

errors are evaluated at the final observation time. The errors e} and e”%* are used for the wave equation only. For

convenience, index [ related to subdomain (2 is dropped as well as u and v are called the displacement and the

velocity for the wave equation; and u is called the temperature for the heat equation. 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. Therefore, the error in time is negligible and the

numerical error is related to the space-discretization error only.

Remark 11. The numerical experiments presented below show that at the same numbers of degrees of freedom,
approximately the same time increments can be used for OLTEM and linear finite elements. For example, for the
problems in Sections 5.3-5.4, OLTEM and linear finite elements with approximately 3300 degrees of freedom
require the time increments At = 0.00122 for the small error in time. However, the maximum relative error in
space in this case is 1.2% for OLTEM and 70% for linear finite elements. In order to have the same error in space
for OLTEM and linear finite elements, a much larger number of degrees of freedom is required for linear finite
elements. However, this leads to a significant decrease in the size of time increments for linear finite elements.
For example, for the maximum relative error in space of 1.2%, linear finite elements requires 256895 degrees of
freedom with much smaller A = 0.0000185 time increments. This trend was observed for all problems considered
below as well as for the wave and heat equations with homogeneous materials considered in our paper [37].

Remark 12. In OLTEM presented in the paper, function u is the basic unknown in the stencil equations. Therefore,
in the numerical examples in this section we plot function u. If necessary the fluxes for OLTEM can be calculated
during post-processing using any approach and any approximation for fluxes. This is exactly the same procedure
as that for conventional finite elements.

5.1. Traveling waves in a 1-D bi-material bar

Let us consider wave propagation in the 1-D bi-material bar; see Fig. 4. Young’s modulus E, the density p and
the corresponding wave velocity ¢> = E/p are selected to be E; = 1/2, p; = 1/2 and ¢; = 1 for the left half of
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Interface conditions:
Uy = Uy
duy duyy

Iax' Hax

Fig. 4. Wave propagation in a 1-D bi-material bar.
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Fig. 5. The distribution of the relative errors in displacement e, (a) and in velocity e, (b) as a function of distance x from the left end
of the bi-material bar; see Fig. 4. The numerical solutions of the 1-D wave equation are obtained by OLTEM (curve 1) and by linear Q2
finite elements (curve 2) on a uniform mesh of size & = 1/40.

the bar (2; and E;; = 1/4, p;; = 1 and ¢;; = 1/2 for the right half of the bar (2;;. The following coefficients
e; and e;; are used in the interface conditions: e; = E; = 1/2 and ¢;; = E;; = 1/4. Based on the method of
manufactured solutions, the following exact solution to the 1-D wave equation can be constructed:
uGx 1) = cos{dm(x + 1)} ?n 2; 2)
cos{4n(2x + 1)} in (2.

It meets the interface conditions shown in Fig. 4 as well as the 1-D wave equation with zero loading term. The
initial conditions at time # = 0 in the entire domain and the Dirichlet boundary conditions at both ends of the bar
are imposed according to the exact solution given by Eq. (42). This problem is solved by linear Q2 finite elements
and by OLTEM.

In order to compare the accuracy of the numerical results obtained by OLTEM and by linear finite elements
(these two methods have the same width of the stencil equations), Fig. 5 shows the relative error in displacement
e, and in velocity e, at the final observation time 7' = 10 as a function of the distance x along the bar for the mesh
size h = 1/40. It can be seen that the results obtained by OLTEM are much more accurate than those obtained
by linear Q2 finite elements; see Fig. 5. In order to compare the convergence of different numerical techniques at
mesh refinement, the maximum relative errors in displacement e)“* and in velocity e]'“* are plotted in Fig. 6 as
a function of the mesh size & in the logarithmic scale. As can be seen, OLTEM yields more accurate results than
those by linear Q2 finite elements at the same /4. It can also be seen from Fig. 6 that the order of accuracy for
OLTEM is close to four. This is in agreement with the theoretical results in Section 3.

In the Introduction we mentioned the finite element techniques for the wave equation (see [1—8] and other)
based on the modified integration rule (MIR) or the averaged mass matrix (these techniques coincide in the 1-D
case and result in 3-point stencils for linear finite elements). They improve the order of convergence of linear finite
elements to four for the wave equation with constant coefficients. However, these techniques do not improve the
order of convergence of linear finite elements in the case of discontinuous coefficients; see curve 2 for Q2_M IR
in Fig. 6.
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Fig. 6. The maximum relative errors in displacement e)'“* (a) and in velocity e}/** (b) as a function of the mesh size / in the logarithmic
scale at mesh refinement. The numerical solutions of the 1-D wave equation for the bi-material bar are obtained by OLTEM (curve 1), by
conventional linear Q2 finite elements (curve 3) and by the modified linear Q2_MIR finite elements (curve 2) on uniform meshes.

It can be concluded that in contrast to the known finite element techniques with the 3-point stencils, the proposed
OLTEM improves the order of accuracy to four not only for the wave equation with constant coefficients but also
for the wave equation with discontinuous coefficients.

5.2. Wave propagation in a 1-D bi-material bar under impact loading

Let us consider a 1-D bi-material bar under impact loading; see Fig. 4. Young’s modulus E, the density p and
the corresponding wave velocity ¢ = E/p are selected to be E; = 1, p; = 1 and ¢; = 1 for the left half of the
bar {2; and E;; = 1/4, p;; = 1 and ¢;; = 1/2 for the right half of the bar (2;;. The following coefficients e; and
ey are used in the interface conditions: e; = E; = 1 and ¢;; = Ej; = 1/4. The boundary conditions are: the
displacement u(x = 0,¢) =t is applied at the left end of the bar. This corresponds to the velocity v(x =0,7) =1
instantaneously applied at the left end of the bar (impact loading). The right end of the bar is free of forces. The
initial displacements and velocities at time ¢+ = 0 are zero, the observation time is selected to be 7 = 0.8. This
problem has the continuous solution for the displacement and the discontinuous solution for the velocities. The
exact solution for this problem (see curves 3 in Fig. 7) can be found using the approach presented in [16].

This impact problem is solved by OLTEM and by linear and quadratic finite elements on the same mesh with 201
degrees of freedom. It is known that the accurate time integration of the semidiscrete systems for impact problems
may lead to large spurious oscillations in numerical results. Therefore, the two-stage time-integration procedure
with the basic computations and the filtering stage (that has been developed in our papers [48-50]) is used to
obtain accurate and non-oscillatory numerical results. The basic calculations in this procedure correspond to the
accurate time integration of the semidiscrete system and are equivalent to the time integration procedure used for
the first test problem in Section 5.1. The velocity distributions along the bar at time 7 = 0.8 after the stage of basic
computations and after the filtering stage are shown in Fig. 7 for OLTEM and for linear and quadratic finite elements
on the same mesh with 201 degrees of freedom. As can be seen, two considered approaches yield large spurious
oscillation after basic computations. However, it is very easy to compare the numerical results after the filtering
stage. As can be seen from Fig. 7b,d, after the filtering stage OLTEM yields more accurate results compared to
those obtained by linear finite elements and slightly more accurate results compared to those obtained by quadratic
finite elements.

It is interesting to note that higher order isogeometric elements (with continuous high-order spatial derivatives)
applied to the same 1-D impact problem yield more accurate results than lower order isogeometric elements
(e.g., see [50]); i.e., the approximation of discontinuous solutions by smooth functions of high-order isogeometric
elements yields accurate results.

5.3. Traveling waves in a 2-D bi-material plate with the horizontal interface

Let us consider wave propagation in a 2-D bi-material plate ABC DEF consisting of two square plates ABCF
(domain (2;) and CDEF (domain {2;;) with the horizontal interface FC; see Fig. 8. For the horizontal interface
the components of the unit normal used in the interface conditions equal n, = 0 and n, = 1 for all interface points.
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Fig. 7. The velocity distribution along the 1-D bi-material bar (see Fig. 4 for the bar) after basic computations (a, c¢) and after the filtering
stage (b, d). The numerical solutions of the 1-D wave equation for the bi-material bar under impact loading are obtained by OLTEM (curve
1) and by conventional linear Q2 (curve 2(a, b)) and quadratic Q3 (curve 2(c, d)) finite elements with 201 degrees of freedom. Curve 3
corresponds to the exact solution.

The wave velocities are selected to be ¢; = 2/+/5 for ABCF (domain §2;) and ¢;; = 1/+/5 for CDEF (domain
£21). The following coefficients e; and e;; are used in the interface conditions: ¢; = 4/5 and e;; = 1/5. Based on
the method of manufactured solutions, the following exact solution to the 2-D wave equation can be constructed:
u(r, y. 1) = cos(4mx)cos{2m (y + 2t)}, %n 2 43)
cos(4nx)cos{drw(Qy + 1)}, in 2

It meets the interface conditions shown in Fig. 8a as well as the 2-D wave equation with zero loading term.
The observation time is chosen to be 7' = 5. Fig. 9a,c shows the distribution of the displacement and the velocity
of the exact solution at time 7 = 5. The initial conditions at time # = 0 in the entire domain and the Dirichlet
boundary conditions along AB, BD, DE and EA are imposed according to the exact solution given by Eq. (43).
This problem is solved by linear, quadratic and cubic finite elements as well as by OLTEM. For convenience, for
OLTEM we use the Cartesian meshes for which two vertical grid lines are matched with the boundary BD and
EA. Then, moving the Cartesian mesh in the vertical direction, the non-matched and matched (with the interface
FC as well as with the boundaries AB and DFE) meshes can be created. Fig. 8b shows examples of non-matched
and matched Cartesian meshes (only matched meshes are used in finite element calculations).

First, we solve the problem by OLTEM on the matched square (b, = 1) Cartesian mesh of size 4 = 1/80. Fig. 9
shows the distribution of the relative error in the numerical results for the displacement and for the velocity. As
can be seen from Fig. 9b,d, the results obtained by OLTEM are accurate (the errors are small). We should also
mention that the stencil coefficients obtained analytically (see Appendix C) and calculated numerically from the
general procedure (see Eq. (36)) yield practically the same results.

Next, let us analyze the effect of non-matched (with the interface) meshes on the accuracy of the numerical
solutions obtained by OLTEM. We start with a mesh matched with the interface F'C; see Fig. 8c. Then, we move
the mesh in the vertical direction by a distance £4, (0 < & < 1) in order to create meshes non-matched with the
interface; see Fig. 8b. Fig. 10 shows the results obtained by OLTEM for different distances £. As can be seen from
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Fig. 8. A 2-D bi-material plate ABCDEF with the horizontal interface FC (a). Examples of non-matched (b) and matched (c) Cartesian
meshes.
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Fig. 9. The distribution of the displacement u (a) and velocity v (c) of the exact solution as well as the distribution of the relative errors
in displacement e, (b) and in velocity e, (d) of the numerical solution for the 2-D plate with the horizontal interface; see Fig. 8a. The
numerical solution for the 2-D wave equation is obtained by OLTEM on a square (b, = 1) Cartesian mesh of size 4 = 1/80.
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Fig. 10. The logarithm of the maximum relative errors in displacement e}'** (a) and in velocity ¢}'** (b) as a function & for the 2-D plate

with horizontal interface (Fig. 8a). The numerical solutions of the 2-D wave equation with discontinuous properties are obtained by OLTEM
on square (b, = 1) Cartesian meshes with the mesh sizes 4 = 1/20 (curve 1) and & = 1/30 (curve 2).
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Fig. 10, the maximum errors e“* and e}'** are practically constant for different £ at the constant mesh size 4. This
means that OLTEM yields almost the same results on matched and non-matched (with the interface) meshes.

In order to compare the accuracy of the numerical results obtained by different techniques, the errors e}/“* and
el'“* are plotted in Fig. 11 as a function of the number N of degrees of freedom in the logarithmic scale at mesh
refinement. As can be seen, at the same N the numerical results obtained by OLTEM are more accurate than those
obtained by linear and quadratic finite elements as well as they are close to those obtained by cubic finite elements.
For the rectangular plate with Cartesian meshes, the relationship between 4 and N is & = 1/+/N. Therefore, the
slopes of the curves at large N in Fig. 11 correspond to the order of convergence. It can be also seen from Fig. 11
that the order of accuracy of OLTEM is close to four which is in agreement with the theoretical results in Section 4.
A similar comparison of OLTEM with finite elements can be obtained in the L? error norm; see Fi g. 12. At the same
N the numerical results obtained by OLTEM are more accurate than those obtained by linear and quadratic finite
elements and are close to those obtained by cubic finite elements. We should also mention that similar numerical
results with the fourth order of convergence of OLTEM were obtained for different grid points.

Next let us compare the partial derivatives g—: and % for OLTEM and finite elements that can be calculated by
post-processing the numerical results for function . For OLTEM we will use the following simple formula that
requires negligible computation time:

ou 1 1 2 n 2 1 (a4
— ) | G2 — Ui+ Ui — Sui2 )
ds ), ds \12 77 3t gnH TR

where ds = dx for the x derivative and ds = dy for the y derivative, i = 1,2,...,5 correspond to five

uniformly-spaced grid points with distance ds along the horizontal or vertical grid line that are located in the
same subdomain. This formula provides the fourth order of the truncation error if the exact solution for u; is used
(this can be easily checked using a Taylor series for u; o, u;_1, Uj+1, Uiy2):

ou 1 2 n 2 1 ds* [ du + 0(dsY) 45)
— ) | =i — Ui+ Suip — —u; =—\|— 57).
as ), \12"'7 3t T 30 \ 955/,
We calculated the relative errors in the partial derivatives em = - (,,“)LW,K%)"”’" — (g—)’j)”“cﬂ and e =
X Jx /max y

1 |(3_u num
Gt 0y

of convergence (here (g—Z);f;f’ and (g—z)f,fa“;’ are the maximum absolute values of the partial derivatives over the
. ou

entire domain). Therefore, Fig. 13 presents the numerical results of the convergence for the partial derivatives 3+

and % at two points G(0.4, 0.9) and H(0.3, 1.1) located in different subdomains (see Fig. 8a for the locations of

these points). As can be seen from Fig. 13, OLTEM yields more accurate results for % and % compared to those

for linear, quadratic and cubic finite elements at the same number N of degrees of freedom. The fourth order of

accuracy for OLTEM at mesh refinement in Fig. 13 will be studied in more detail in the future (we expected a

lower order of convergence for % and Z_L; due to the use of numerical values of function u; in Eq. (44)).

- (g—g)”“cﬂ at several grid points and obtained similar results at all points with similar orders

5.4. Traveling waves in a 2-D bi-material plate with the inclined interface

Here, we consider wave propagation in a 2-D bi-material plate ABC DEF consisting of two trapezoidal plates
ABCF (domain ;) and CDEF (domain (2;;) with the inclined interface FC; see Fig. 14a. For the inclined
interface the components of the unit normal used in the interface conditions equal n, = —cos(50°) and n, =
sin(50°) for all interface points. The same material properties as those in Section 5.3 are selected. We use a test
problem with the same exact solution as Section 5.3 that is written down in the Cartesian system x’ - y'; see Fig. 14a
for the x” and y’ axes. This solution can be rewritten in the Cartesian system x - y (see Fig. 14b for the x and y
axes) as follows:

ux, y. 1) = cos(4nx")cos{2m (y’ + 2t)}, %n 2 46)
cos(dnxcos{dm 2y’ + 1)}, in 2
with x” = xcos(2/9) + (y — 1)sin(27/9) and y' = —xsin(2w/9) + (y — 1)cos(27/9).

Fig. 15a,c shows the distribution of the displacement and the velocity of the exact solution. The initial conditions

at time ¢ = 0 in the entire domain and the Dirichlet boundary conditions along AB, BD, DE and E A are imposed
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Fig. 11. The maximum relative errors in displacement ¢”** (a) and in velocity ¢%* (b) as a function of /N in the logarithmic scale at
mesh refinement for the 2-D plate with the horizontal interface (Fig. 8); N is the number of degrees of freedom. The numerical solutions
of the 2-D wave equation are obtained by OLTEM (curve 1) and by linear and high-order finite elements (curves 2—4) on square (b, = 1)
Cartesian meshes. The Cartesian meshes of size 7 = 1/10, 1/20, 1/40, 1/80 are used for OLTEM and linear finite elements. The slopes of
the curves 2-4 at mesh refinement are 1.93, 3.92, 4.03 in (a) and 2.16, 3.63, 3.45 in (b).
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Fig. 12. The L? error norm for displacement e,fz (a) and for velocity efz (b) as a function of +/N in the logarithmic scale at mesh
refinement for the 2-D plate with the horizontal interface (Fig. 8); N is the number of degrees of freedom. The numerical solutions of the
2-D wave equation are obtained by OLTEM (curve 1) and by linear, quadratic and cubic finite elements (curves 2, 3, 4) on square (b, = 1)
Cartesian meshes. The Cartesian meshes of size h = 1/10, 1/20, 1/40, 1/80 are used for OLTEM and linear finite elements. The slopes of
the curves 2, 3, 4 at mesh refinement are 1.77, 3.87, 4.15 in (a) and 2.06, 3.91, 4.33 in (b).

according to the exact solution, Eq. (46). The observation time is chosen to be T = 5. The problem is solved by
linear and high-order finite elements as well as by OLTEM. For convenience, Cartesian meshes used by OLTEM are
always matched with the boundary AB and EA; i.e., the mesh is always non-matched with the inclined interface
FC and can be non-matched or matched with the boundary BD and DE. Fig. 14b shows a typical non-matched
Cartesian mesh used by OLTEM. Fig. 14c,d also shows examples of triangular and quadrilateral finite element
meshes generated by COMSOL.

The distribution of the relative error of the numerical solution for the displacement and for the velocity obtained
by OLTEM on the square (b, = 1) Cartesian mesh of size 1 = 1/80 is shown in Fig. 15b,d. As can be seen from
Fig. 15b,d, the results obtained by OLTEM are accurate (the errors are small).

In order to compare the accuracy of the numerical results obtained by different techniques, the errors e}“* and
el'“* are shown in Fig. 16 as a function of the number N of degrees of freedom in the logarithmic scale at mesh
refinement. As can be seen from Fig. 16, at the same N the numerical results obtained by OLTEM are much more
accurate than those obtained by linear and quadratic finite elements (the OLTEM results are close to those for cubic
elements in the considered mesh size range: they are slightly more accurate for coarse meshes and are slightly less
accurate for fine meshes). For fine meshes the slopes of the curves for the cubic elements in Fig. 16a are slightly
greater than those for OLTEM. It can be also seen from Fig. 16 that the order of accuracy of OLTEM exceeds
three (for the problem under consideration it is close to four). This is in agreement with the theoretical results in
Section 4. A similar comparison of OLTEM with finite elements can be obtained in the L? error norm; see Fig. 17.
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Fig. 13. The relative errors e o (a, ¢) and e?Tu (b, d) in the partial derivatives g—: and g—; at point G(0.4,0.9) (a, b) and at point H(0.3, 1.1)
x y

(c, d) (see Fig. 8) 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 2-D wave equation are obtained by OLTEM (curve 1) and by linear, quadratic and cubic finite elements (curves 2, 3, 4)
on square (b, = 1) Cartesian meshes. The Cartesian meshes of size h = 1/20, 1/40, 1/80 are used for OLTEM and linear finite elements.
The slopes of the curves at mesh refinement 2—4 are 2.29, 2.63, 3.23 in (a); 1.77, 2.43, 3.05 in (b); 1.78, 2.25, 3.53 in (c) and 1.5, 2.1,
3.31 in (d).
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Fig. 14. A 2-D bi-material plate ABCDEF with the inclined interface FC (a). Examples of a Cartesian mesh (b) for OLTEM as well as
triangular (c) and quadrilateral (d) finite element meshes generated by the commercial software COMSOL.

At the same N the numerical results obtained by OLTEM are more accurate than those obtained by linear and
quadratic finite elements and are close to those obtained by cubic finite elements. The order of convergence for
OLTEM in the L? error norm is also close to four for the considered problem. The fourth order of convergence of

OLTEM were also observed at different grid points.
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Fig. 15. The distribution of the displacement u (a) and velocity v (c) of the exact solution as well as the distribution of the relative errors
in displacement e, (b) and in velocity e, (d) of the numerical solution for the 2-D plate with the inclined interface; see Fig. 14a. The
numerical solution of the 2-D wave equation is obtained by OLTEM on the square (by = 1) Cartesian mesh of size A = 1/80.
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Fig. 16. The maximum relative errors in displacement e]'“* (a) and in velocity e)'* (b) as a function of /N (a, b) and the maximum
relative errors as a function of the mesh size & (c) in the logarithmic scale at mesh refinement. N is the number of degrees of freedom.
The numerical solutions of the 2-D wave equation for the 2-D plate with the inclined interface (Fig. 14a) are obtained by OLTEM (curve
1 in (a, b, ¢) and curve 2 in (c)) on uniform square (b, = 1) Cartesian meshes and by linear (curves 2, 5 in (a, b)), quadratic (curves 3, 6
in (a, b)) and cubic (curves 4, 7 in (a, b)) finite elements on triangular (curves 2, 3, 4 in (a, b)) and quadrilateral (curves 5, 6, 7 in (a, b))
meshes. The Cartesian meshes of size h = 1/10, 1/20, 1/40, 1/80, 1/160 are used for OLTEM in (a, b). The slopes of the curves 2-7 at
mesh refinement are 1.85 3.87, 4.67, 2.07, 3.72, 5.2 in (a) and 1.27, 2.10, 3.09, 1.03, 2.01, 3.11 in (b).

Next let us compare the partial derivatives g—z and g—” for OLTEM and finite elements that can be calculated by

post-processing the numerical results for function # for OLTEM using Eq. (44). We calculated the relative errors
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Fig. 17. The L? error norm for displacement e (a) and for velocity e (b) as a function of /N in the logarithmic scale at mesh
refinement for the 2-D plate with the inclined 1nterfdce (Fig. 14); N is the number of degrees of freedom. The numerical solutions of the
2-D wave equation are obtained by OLTEM (curve 1) on square (b, = 1) Cartesian meshes and by linear (curves 2, 5), quadratic (curves
3, 6) and cubic (curves 4, 7) triangular (2—4) and quadrilateral (5-7) finite elements. The Cartesian meshes of size # = 1/30, 1/60, 1/120
are used for OLTEM. The slopes of the curves 2-7 are 1.93, 3.83, 4.25, 2.01, 3.87, 4.73 in (a) and 2.00, 3.7, 3.46, 2.42, 3.77, 4.17 in (b).

in the partial derivatives ep = WK Lymum (%)””"’l and e = (au)em, |( )””m — (g—g)”“"’l at several grid

dx

points and obtained similar results at all points with similar orders of convergence Therefore, Fig. 13 presents the
numerical results of the convergence for the partial derivatives = and L at two points G(0.7, 1.5) and H(0.6, 1.6)
located in different subdomains (see Fig. 14a for the locations of these p01nts). As can be seen from Fig. 18, OLTEM
yields more accurate results for 3—)’: and g—;‘ compared to those for linear and quadratic finite elements and provides
similar results (somewhere more accurate and somewhere less accurate) compared to those for cubic finite elements
at the same number N of degrees of freedom. The fourth order of accuracy for OLTEM at mesh reﬁnement in
Fig. 18 will be studied in more detail in the future (we expected a lower order of convergence for ~ and ; a” due
to the use of numerical values of function u; in Eq. (44)).

In order to study the convergence of the numerical results obtained by OLTEM in more detail, Fig. 16¢ presents
curves 1 in Figs. 16a,b at small changes of the mesh size & (curves 1 and 2 in Fig. 16c correspond to curves
1 in Figs. 16a and 16b, respectively). For this study, we solve the test problem on 1001 Cartesian meshes with
the mesh sizes h; = hy + 25N=D with /iy = 0.1, h, = 0.02 and i = 1,2,...,1001. As can be seen from
Fig. 16¢c, OLTEM shows convergent and stable results with small oscillations in the convergence curve at large
h. At mesh refinement, these oscillations become smaller at small /. This oscillatory behavior can be explained
by the complicated dependency of the leading terms of the local truncation error on the coefficients d, ; and d, ;
(1,2,3,4,5). It is important to mention that small oscillations in the numerical convergence curves are typical for
many numerical techniques on domains with irregular interfaces at small variations of /. For example, the change
in the angles of finite elements at small variations of the element size & also leads to such oscillations in the
convergence curves for the finite element techniques.

5.5. Traveling waves in a 2-D bi-material plate with the circular interface

Let us consider wave propagation in a 2-D bi-material plate ABC D consisting of an outer domain (domain {2;)
and a circular inner domain centered at 0(0.5, 0.5) with radius » = 0.25 (domain (2;;) with the circular interface;
see Fig. 19a. For the circular interface the components of the unit normal used in the interface conditions are
different for different interface points (they are calculated according to the geometry of the circular interface). The
wave velocities are selected to be ¢; = 2/ /5 for domain 2 and ¢;y = 1/ /3 for domain {2;1; the coefficients
e; and ej; in the interface conditions are selected to be ¢; = 4/5 for domain (2; and e¢;; = 1/5 for domain
£2;;. The loading term in the wave equation is selected to be f;(x,y,t) = 1 for §2; and f;;(x,y,t) = 0 for
£2;;. The following Dirichlet boundary conditions are applied: u(y, t) = —cos(4mwy)sin(Sxt) along the edge AD,
u(y,t) = cos(4my)sin(Smt) along the edge BC, u(x,t) = sin(2mx — Swt) along the edges AB and CD. The
initial displacements u(x, y,t = 0) = sin(2wx)cos(4wy) and velocities v(x, y,t = 0) = —Smcos2rux)cos(4my)
are imposed over the entire domain. The final observation time is chosen to be 7 = 5. For these loading term,
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Fig. 18. The relative error in the x-derivative of the displacement e u (a, ¢) and in the y-derivative of the displacement e (b, d) as a
X y

function of +/N in the logarithmic scale at mesh refinement at point G(0.7,1.5) (a, b) and at point H(0.6, 1.6) (c, d) (see Fig. 14a); N
is the number of degrees of freedom. The numerical solutions of the 2-D wave equation are obtained by OLTEM (curve 1) on square
(by = 1) Cartesian meshes and by linear (curves 2, 5) and high-order finite elements (curves 3, 4, 6, 7). The Cartesian meshes of size
h =1/30, 1/60, 1/120 are used for OLTEM. The slopes of the curves 2-7 at mesh refinement are 1.2, 2.6, 3.21, 1.63, 2.32, 3.5 in (a);
1.43, 2.47, 3.01, 1.7, 2.06, 3.23 in (b); 1.67, 2.98, 3.14, 2.13, 2.42, 3.2 in (c) and 1.9, 2.43, 3.03, 1.65, 2.52, 3.02 in (d).

L . Y

Dl

|
e

0 0.5 1
a) b) c) d)

Fig. 19. A 2-D bi-material plate ABCD with the circular interface centered at O(0.5,0.5) with a radius » = 0.25 (a). Examples of a
Cartesian mesh used by OLTEM (b) as well as triangular (c) and quadrilateral (d) meshes for linear finite elements generated by the
commercial software COMSOL.

boundary and initial conditions, the exact solution is unknown. Therefore, the numerical solution obtained by the
5th order finite elements on a triangular mesh with 679401 degrees of freedom is used as the reference solution for
the error calculation. Fig. 20 shows the distribution of the displacement and the velocity of this reference solution
at the time 7' = 5.

This problem is solved by linear, quadratic and cubic finite elements as well as by OLTEM. Fig. 19b,c,d shows
examples of a Cartesian mesh used by OLTEM as well as triangular and quadrilateral finite element meshes
generated by COMSOL.
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Fig. 20. The distributions of the displacement u (a) and the velocity v (b) of the reference solution for the plate with the circular interface;
see Fig. 19a. The reference numerical solution of the 2-D wave equation at the time 7 =5 is obtained by the 5th order finite elements on
a triangular mesh with 679401 degrees of freedom.
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Fig. 21. The relative errors in displacement euo (a) and in velocity euo (b) at point O(0.5,0.5) as a function of /N in the logarithmic scale
at mesh refinement. N is the number of degrees of freedom. The numerical solutions of the 2-D wave equation for the 2-D plate with the
circular interface (Fig. 19a) at the time T = 5 are obtained by OLTEM (curve 1) on uniform square (by = 1) Cartesian meshes and by
linear (curves 2, 5), quadratic (curves 3, 6) and cubic (curves 4, 7) finite elements on triangular (curves 2-4) and quadrilateral (curves 5-7)
meshes. The Cartesian meshes of size & = 1/10, 1/20, 1/40, 1/80, 1/160 are used for OLTEM. The slopes of the curves 2—7 at mesh
refinement are 1.90, 2.95, 4.30, 1.94, 2.81, 3.84 in (a) and 2.13, 3.47, 3.07, 2.13, 3.55, 4.04 in (b).

In order to study the order of convergence of OLTEM and to compare the accuracy of the numerical solutions
obtained by different techniques, we select point 0 (0.5, 0.5) and plot the errors in displacement ¢ and in velocities

e? at this point O; see Fig. 21 with the errors plotted in the logarithmic scale at mesh refinement. It can be seen

v
from Fig. 21 that at the same number N of degrees of freedom, OLTEM yields more accurate results than linear,
quadratic and cubic finite elements (the OLTEM results are close to those for cubic elements in the considered mesh
size range: they are slightly more accurate for coarse meshes and are slightly less accurate for fine meshes). Similar
results can be obtained at other points. It can be also seen from Fig. 21 that the order of convergence of OLTEM
for the displacement and velocity exceeds three which is in agreement with the theoretical results in Section 4.

It can be concluded that for the 2-D wave equation with discontinuous coefficients, the developed OLTEM yields
more accurate results than those obtained by linear and quadratic finite elements at the same numbers of degrees of
freedom (it yields the results close to those for cubic finite elements with much wider stencils). It should be also
mentioned that at the same number of degrees of freedom, high-order finite elements require greater computational
costs compared to those for OLTEM due to a greater width of their stencil equations.

5.6. Heat transfer in a 2-D bi-material plate with the circular interface

Here, we consider heat transfer in the bi-material plate ABCD shown in Fig. 19a and used in the previous
Section 5.5. The thermal diffusivity of the plate are selected to be a; = 2/5 for {2; and a;; = 1/10 for 2;; the
coefficients ¢; and e;; in the interface conditions are selected to be ¢; = 4/5 for domain §2; and e¢;; = 1/5 for
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Fig. 22. The distribution of the temperature u of the reference solution obtained by the 5th order finite elements on a triangular mesh with

679401 degrees of freedom (a) as well as the relative error in temperature euo at point 0(0.5,0.5) as a function of /N in the logarithmic

scale at mesh refinement (b). N is the number of degrees of freedom. The numerical solutions of the 2-D heat equation for the 2-D plate
(Fig. 19a) with the circular interface (b) at the time 7" = I are obtained by OLTEM (curve 1) on uniform square (b, = 1) Cartesian meshes
and by linear (curves 2, 5), quadratic (curves 3, 6) and cubic (curves 4, 7) finite elements on triangular (curves 2—4) and quadrilateral
(curves 5-7) meshes. The Cartesian meshes of size h = 1/10, 1/20, 1/40, 1/80, 1/160 are used for OLTEM. The slopes of the curves
2-7 at mesh refinement are 2.01, 2.93, 4.00, 1.95, 2.68, 3.66.

domain (2;;. The source term in the heat equation is selected to be f;(x,y,t) = 0 for £2; and f;;(x,y,t) = 20
for (2;;. The following Dirichlet boundary conditions are applied: u(y,t) = 10cos(4wy)cos(3xt) along the edge
AD, u(y,t) = —10cos(4my)cos(3mt) along the edge BC, u(x,t) = 10cos(Swx)cos(3nt) along the edges AB and
CD. The initial temperature u(x, y,t = 0) = 10cos(Smx)cos(4my) is imposed over the entire domain. The final
observation time is chosen to be 7' = 1.

For these source term, boundary and initial conditions, the exact solution is unknown. Therefore, the numerical
solution obtained by the 5th order finite elements on a triangular mesh with 679401 degrees of freedom is used as
the reference solution for the error calculation. Fig. 22a shows the distribution of the temperature of this reference
solution at the time 7 = 5.

This problem is solved by linear, quadratic and cubic finite elements as well as by OLTEM; see Fig. 19b,c,d
for examples of a Cartesian mesh used by OLTEM as well as triangular and quadrilateral finite element meshes
generated by COMSOL.

In order to study the order of convergence of OLTEM and to compare the accuracy of the numerical solutions
obtained by different techniques, we select point 0(0.5, 0.5) and plot the error in temperature e?; see Fig. 22b for
the errors plotted in the logarithmic scale at mesh refinement. It can be seen from Fig. 22b that at the same number
N of degrees of freedom, OLTEM yields more accurate results than linear, quadratic and cubic finite elements (the
OLTEM results are close to those for cubic elements in the considered mesh size range: they are slightly more
accurate for coarse meshes and are slightly less accurate for fine meshes). Similar results can be obtained at other
points. It can be also seen from Fig. 22b that the order of convergence of OLTEM for the temperature exceeds three
which is in agreement with the theoretical results in Section 4.

It can be concluded that for the 2-D heat equation with discontinuous coefficients, the developed OLTEM yields
more accurate results than those obtained by linear and quadratic finite elements at the same numbers of degrees of
freedom (it yields the results close to those for cubic finite elements with much wider stencils). It should be also
mentioned that at the same number of degrees of freedom, high-order finite elements require greater computational
costs compared to those for OLTEM due to a greater width of their stencil equations.

6. Concluding remarks

The new numerical approach developed in the paper is the extension of our approach for the wave and heat
equations with constant coefficients (see [36—38]) to a much more general case of discontinuous coefficients. The
main idea that allows this extension is the addition of the interface conditions at a number of the interface points
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to the expression for the local truncation error. The unknown stencil coefficients can be analytically found in the
1-D case and in the 2-D case for horizontal (vertical) interfaces or can be numerically calculated from a small local
system of algebraic equations for the general geometry of interfaces. This procedure does not change the width
of the stencil equation; i.e., the size of the global system of equations is the same for the wave (heat) equation
with constant or discontinuous coefficients. The calculation of the unknown stencil coefficients 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 at a given width of stencil equations. The increase in the computational costs for the calculation of
the unknown stencil coefficients from the local system is insignificant compared to the computational costs for the
time integration of the global semidiscrete system.
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., finite elements, spectral
element, isogeometric elements, the finite volume method, and many other) are related to complicated mesh
generators and the accuracy of ‘bad’ elements (e.g., the elements with small angles). In contrast to these
techniques, OLTEM is based on trivial unfitted Cartesian meshes with a trivial procedure for the formation of
the 9-point uniform and nonuniform stencils for 2-D domains with complex irregular interfaces.

e OLTEM has the same width of the stencil equations and the same structure of the global semidiscrete equations
for the wave (heat) equations with the constant and discontinuous coefficients. There are no unknowns on the
interfaces between different materials for the proposed technique; i.e., complex irregular interfaces do not
affect the structure of the global system of equations (they affect just the values of the stencils coefficients).

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 OLTEM. This leads to the optimal accuracy of the proposed technique. For example, the
9-point uniform and nonuniform stencils of OLTEM in the 2-D case provide the optimal accuracy that cannot
be improved without changing the width of stencil equations. In contrast to the 9-point stencils of linear
quadrilateral finite elements, OLTEM yields a much higher order of accuracy (the increase by two orders for
horizontal (vertical) interfaces and by one order for the general geometry of interfaces).

e The numerical results for domains with complex interfaces show that at the same number of degrees of
freedom, OLTEM is even much more accurate than quadratic finite elements and yields the results close
to those for cubic finite elements with much wider stencils. This also means that at a given accuracy, OLTEM
significantly reduces the computation time compared to that for linear and high-order finite elements.

e OLTEM does not require time consuming numerical integration for finding the coefficients of the stencil
equations; e.g., as for high-order finite, spectral and isogeometric elements. The stencil coefficients are
calculated analytically or numerically (for the general geometry of interfaces) 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 OLTEM. 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.

e Numerical examples (e.g., Section 5.2 for the impact problem) show that the numerical approach developed
in the paper can be also applied to the problems with reduced regularity (smoothness) of the solutions within
each subdomain with the same material properties.

In the future we plan to consider the stencils with a larger number of grid points for a higher order of accuracy
(similar to high-order finite elements or to high-order finite-difference techniques) for problems with interfaces. For
example, in our papers [15,16] we showed that on uniform meshes, OLTEM with 2-D 25-point stencils yields the
18 — th order of accuracy for the Poisson equation with constant coefficients and the 8 — th order of accuracy for
the scalar wave (heat) equation with constant coefficients. Another direction is the development of OLTEM with
adaptive refinement similar to 21— and p— refinements for finite elements (e.g., in our papers [15,40] we showed
that OLTEM can easily combine different stencils). We plan to use quadtrees/octrees meshes that allow a simple
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refinement strategy with Cartesian meshes. The extension of OLTEM to other PDEs with discontinuous coefficients
as well as to non-linear PDEs will be also considered in the future.
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Appendix A. The coefficients b, used in Eq. (18)

by =k +q

by =k, + ks —q

by = e.qy + k(€ — 1)

by = —ewqy + ko& + k3€ + k3

bs = ¢ (m1 + q3) + 1k (E — 1)

be = (28, (m2 4+ m3 — g3) + ko> + k(€ + 1)?)

by = Cresqs + Cum1(E — 1) + tki(§ — 1)?
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bio = 2 (—24¢%,qs5 + 126,,,(m2E% + m3(E + D?) + ko&* + ks(& + D)
by = eml(E — 1)° + ki€ — 1)°

bia = 135(20C,.m2€° + 20C,m3(§ + 1)° + ka8 + k(6 + 1)°)
bis = 7556 — D*(30c,m1 + k(6 — 1)?)

bis = 5(30¢,,m28* + 30¢,,m3(E + 1)* + ko£® + k(€ + 1)°)

Appendix B. The coefficients b, used in Eq. (32)

The first ten coefficients b; (i = 1,2, ..., 10) are presented below. All coefficients b; (i = 1,2, ...,56) used in
the paper are given in the attached files ’b-coeff.pdf’ and ’b-coeff.nb’.

b1 = arki + azky + asks + asky + asks + aske + azky + agks + acko +q1.1 +q12 +q13 +qra+q1 s

by = —a1ky — axky — azks — asks — asks — agke — a7k7 — agkg — aoke + ki + ko + k3 + k4 + ks + ke + k7 + kg +
ko —qi1—q12—q13—q1.4— 415

b3 = —alkl (d] +de) - de(a2k2 +a3k3 +a4k4 +(l5k5 +616k(, +a7k7 +Clgk3 +a9k9) +a3d3k3 - a4d4k4 +a6d6k6 -
azdrky + agdokg + dy 1q1,1 + dy 2q12 + dr4qra + di5q1 5 + e 1g21 + N 0G0 + 1y 3023 + Ny ago g + Ny 5G25)

by = dxg((a; — Dky + (ap — ko + (a3 — Dks + (ag — Dks + (a5 — ks + (ag — ke + (a7 — Dk7 + (ag — 1)kg +
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Dkg + (a9 — Dko) + (a1 — Ddik1 + (a2 — Dok + (a3 — 1)dsks — azdrk7 — agdgks — aodoke — dy2q1,1 — dy 2912 —
dy aq1,4 — dy 5q15 + drk7 + dgks + doko) — e (ny 1q2,1 + Ny 2G22 + 1y 3G23 + Ny agra +1y5G25)
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Appendix C. The coefficients k;, m; (j =1,2,...,9) for the 9-point uniform stencil with the horizontal
interface and the corresponding local truncation error
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& —sm+e**>2b§.+1os<e£—e§*)hi‘.+«1—1352)e3+2<52+1>e:fex*+(11sz+1>e3*>h§—4s3<3e§+2e**e*—Sez*)h%+s2<e*—e**><8e*52+e*+<852+3)e**)h,\»—zs3(4sz—1)(e*—e**)2
4 = ’ 2xx - ’
ks =1,

& —5(extexn )b +108 (e2—e2 b +((1—1362)e2+2(E2+ Deswes+(11E2+1)e2, )b —4£3 Be2+2e e —5e2,)b2 +£2(ex—e4s) (84 +ex+(8E2+3)ess )by — 263 (462 —1)(ex —ess )
6 = - - -

2xx g
ky = ﬁ[_e**(e* + e**)bi + 5(361 T G — Zei*)bi - ((17&% — 10e.e, — 7ei*)52 + esles + e**))b3~ +&(ex —
e**)((z&fz — De, — 4529**)17% - 52(6* - e**)((24€:2 — De, + (3 — 1652)6**)by + 253(452 — D(es — e**)z],

kS = #[6**(6* +e**)b§ —|—§(—3€£ +€**€* +235*)bi + (52(1765 - 106**6* _762*) - 56**(6* +e**))b§ +(—4(7€£ -
8e.ves + ei*)é3 — Se.(e, — e**)é}‘)bi + %‘2(6* - e**)((24§2 + S)es — (16%‘2 + 15)6**)by - 253(452 + 5)(ex — e**)z]v

ky = ﬁ[—e**(e‘* + e**)bS + 5(363 T CuxCy — 263*)17? - ((1765 — 10e,.e, — 761*)52 + eles + e**))b3 +&(es —
e**)((zggz — Dey — 4523**)by - 52(3* - e**)((24€2 — De, + (3 — 1652)6**)by + 253(452 — D(es — €)1,

my; = m[b)(by - é)ze*(—f*(é* - E**)e**(e* + e**)bf + Se*((e** - e*)Ei + 5**(58* + 76**)5* + 451*6*)b§ +
(ex(—13€,6 + 3457 + €4 4 €4 )Ch, + CulCan(€s + €4n) — E2(6F + esnes +3€2,))Co + C1E* (€] + 2108, +9€2,))b) +
(e, (1182 =3)e, — (BE* + 1)ew )l + (962 + 1)es 4 (esn — 27862 )es +2(562 4 1)€2, )Con + 2026 s (€s — €:))b3 +
£2(e.((TE2 +5)e,. —3(3e. &> + e**))Ef* + Co((ey — 3ss) e — 8E2e, (€5 — 2€4:))Cos — Ef&z(ei —13e,e4 + 18€$*))b§ +
E3(e0 — 0an)(—S(GE2+ Des?, +a(— 120,87+ €y + H00E” +00)iun +3EE )by + 2640, — 0,)(GE + Denly +
Cu(8e,” + ey — 2desnt” + e))li + C1E (e — der))),

my; = m[bye*(E*(E*_E**)e**(e*'f‘e**)bi'i_s((ei_36**3*_262*)E£+E**(_56z_Se**e*"f‘zei*)g*_4Ez*ei)bz+
(_((3ez T CxxCx +8ez*)'§2 +e(es +e**))52 —‘1-5**(2(862 +Teey +e£*)§2 + ey + e4s))Cx +3Ei*§ze*(7e* _e**))bg +
g(((:},%& - l)ei + (53**52 + e ey + 165262*)52 + (5 — 26%‘2)€i + 3(66**%_2 + ey )ey — 16%_26;%*)5* + Ez*gze*(9e** -
He )b + E(E + (2 — 1987)ue, + (1387 + 02 )@ + Eus(—69¢,e,,8> + 21687 — 5)e2 + (2382 — 6)e2)C, +
2822 £262)b* + E3((— 562 + 31 epnen — 3862 )62 + 26 rn(Can — )G + Eun((10— 1362)e2 + (2362 — 14)e, 00 +2(TE2 +
206206, +622,E%¢,(3es — Ses )b+ EN(BE — 1)e? + (13 — 96 )esme, + 256> — 9)el, )22 + Fyn(—8(4e2 — lewse, +
867,067 = 3(€x — 3€4s)€s)Cx + o 20450, — 432,))DT 4 €7 (04 — 1) (87 +3)es — 1662 €,0)C2 4 o (4457 — 15)e, +
4(3_1452)9**)5*+27E£*52€*)by_256(6*_6**)((52_1)(6*_46**)5£+E**(86*$2_86**52_59*+26**)E*+3Ei*$23*))]7

ms3 = m[by(by - 5)23*(_5*(5* — Cax)ess(es + e**)bg +&e((ess — e*)zi + Can(Ses + Tey)Cy + 45—3*6*)17?, +
(e*(_ISe*EZ + 36**52 +ex+ e**)Ei* + Cu(ess(es +e4s) — §2(6€z + exsex + 3e£*))5** + Eigz(ei + 2485 + 931*))17; +
§(ex((1 152 —3)e,— (352 + l)e**)éi* +E*((9§2 + l)ez + (€xx _27523**)6* +2(5§2 + l)ei*)E** +25£%‘26**(€** _e*))b3 +
52(6*((752 +5)e, — 3(36**%-2 + e**))Ei* +Ci((e — 3ess)ess — 8";:23*(9* —2€44))Cax — 5252(63 —13e, e, + 1893*))17% +
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53(6* - 9**)(—5(352 + 1)6*52* + E*(_ 128*52 + [ + 4(68**€2 + 6’**))5** + 355529*)b) + 254(6* - e**)((3§2 + I)E*C_i* +
Cu(8e,E” + €x = 2(4e.ub” + €))Cun + CrE (ex — den))],
my = m [4(Cx — Cix)Cinsss(Es + e**)b? - 4“36*(28*6**63 + Cox(es + e**)zé* + 5@(561 +2e,ey — 65*))175 +
(2(62*(6* +e) — Sze*(‘lei —Teyves +€£*))Ei + Crres(ex +ew)((3le, — 439**)";’_2 +2e4)Cx + 53*526*(5563 +10e,.e, +
27e;))b] +2& (e, (7€ + 14e,nes — 32,067 4 26,.(€2 + 2€4ues +2€2,))C; + Coni (120,040 E7 + (1 — 3262l + (14E% +
1)e2,)c, — 2022, E2%e,(es — €. )2 )0 + E2(((136% 4 2)e2 +(9 — 84&%)e,e2 + (1962 +10)e2 e, — €2,)c2 + Crner (3062 —
3)e? — 2(136% + 2)e,es + (1365% —13)e2,)¢y — C2,E%e.(55€2 + 58e,uex + 4762*))173 +E3(((3 — 34&2)e2 + (2882 +
S)enne? + (1482 + 5)e2 e, — 293 )& + 28ne, (2267 + 1)e? +4(1 — 3E2)e e, — (4652 + 1)e2, )i + 282, E2,(85¢2 —
08,0, +5Te2 b* — EH(((2£2 — 3)ed — (8262 + 15)eme? + T(8E2 +3)e2 e, + 5¢3,)82 + Euven (7362 — 2)e2 +2(11 —
82&2)e, e, +(1598% — 28)82*)5* +E£*$2€*(135€£ —198e,.e.+ 1962*))173] +E3(((26£2 +7)ez +3— 64%‘2)8**&% +(2682—
43)62*8* +37ei*)53 +2C,.e,((20E% — 3)6‘3 +(8—58&%)e,e,+ (6082 —7)63*)5* —453*526*(1561 —30e,.e, +23ef*))b§ —
566*(3* - e**)((Be*fz + 159**52 —Tes + 173**)Ez - E**(12€*$2 - 549**52 + e+ 9.0 + 1553(*%'2(56** - 96*))by -
2§7(6* - e**)(((3$2 - 1)63 - 5(%—2 — Desses — 66;{)55 + E**e*((ggz —De+(G— 2252)6**)5* +E>12<*%_2€*(25€* —9¢))],
ms = m[_él'(é* - E**)é**e*e**(e* + e**)b? —|—4§e*(2e*e**52 —|—5**(€* +e**)26* + Ei*(sei + 26**6* - ei*))bf +
((Ze*(4eﬁ —Te e+ ez*)é2 + e**(3ei +16e,.e,.+1 3eﬁ*))52 — s (E2(3le, —43e,s) —22e. ) (€5 + €1: )Cx +Ez*e*(( 15—
556%)e2 — 2(562 — Oewwes +3(1 —9ENe2 )] + E((3 — 14EH)ed + (23 — 285 %)e,nel + (657 4 37)el e, + 37e3, )2 +
20,04 ((32E2 —i—S)eﬁ —12(E2+ Deges+(5— 14&2)62*)5* —}—453*6*(5(252 — 3)ei — 45824 3)e e+ (1082 — 3)ei))b§ +
£2(((10— 1352)63 +6(14§2+5)e**e£+(20— 1952)65*6* —326;2*)53 —Crren (152824 1)e£+(8—26§2)e**e* + (13682 +
125)e7,)¢s + 7, e (S(11E% +21)e} +2(298% + 3)eswes + (4762 +9)e2, )by + 28 (1767 +6)e) — 14(57 — Deswel +(2—
752)ei*e* — 6231*)5,% + Cyxes (5 — 22&2)65 + 432 + 8)e,ex + (4652 + 7)65*)5* + Ei*e*(—5(17§2 + 9)63 +2(498% +
15)eswe+3(5— 195Z)ez*))b‘y‘+§4((2(§2+9)ei +(45 —82§Z)e**e£+2(28§2 -5 l)ei*e* +3Sei*)5£+5**e*((73$2+ 10)ei —
2(828% 4 85)e ey + (15962 +224)e2 )y + €2, e,(15(96% — 1)e2 — 6(3362 — 5)esmes + (1962 — 75)62*))b; +E35(((29 —
26E2)e2 + (64E% — 27)esme? — (2687 + 113)e2 e, + 131€2,)02 — 20, (S(AE% + 3)e2 — 2(29E2 + 26)e,me + (6082 +
5912, )2, +422, e, (15(62+2)e2 — 6(5E2+ T)ewes + (23624 18)e2, b2 +E%(e, — 0 ) (362420062 + (1567 — 58)e.ve, +
24€2,)C2 4 Crnes (5 — 1260)e, +27(25% +3)e,4s)Cx +3¢2,6.((256 + 1 1)ess — 5962 + T)e,)by + 287 (e, — €4 )(3E* +
20 — 5(82 + 2enes + 1862 )3 + Eunen(8E2 + S)e, — (2282 4+ 2T)en )i, + &2, (5(582 + 3)e, — 3(3ené? + )],
me = m [4(Cx — Con)Crnerbrs(es + e**)bz — 4£€,(2€,€,:C2 + Con(€s + €45)7Cs + T2, (562 + 2e 505 — ei*))bi +
(2(31*(9* +€4s) — gze*("’ei —Te.xex +e£*))53 + Cyxes(es + e )((3le, — 439**)52 +26,4)Cs + Ez*gze*(ssei +10e,.e, +
27e£*))b; +2E((ex(7€2 4 14e,e —3€2,)E? +2¢,s(€2 + 2esme5 +2€2,))C2 + Crne(12¢40,4,E% + (1 — 32E2)e2 + (14€% +
Def, )y —20¢3,8%e.(ex — €4)?)bS + EX((138% 4 2)e] + (9 — 84E7)e,ve; + (1967 +10)e] e, — €5, )C; + Cunes(30E% —
3)e2 — 2(136% + 2)ewes + (1365%/ — 13)e2,)C, — 2, E%e.(55€2 + 58eses + 476’:*))b§, +E3(((3 — 34&%)e3 + (2882 +
S)e**ei + (142 + S)ez*e* — 2962*)51 + 2C e, ((228% + l)ei +4(1 — 3E2)e 05 — (4652 + l)ei*)E* + 252*526*(8563 —
O8e.,e, + 572 )" — EH((262 — 3)e3 — (8267 + 15)erme? + T(8E2 +3)e2, e, + 5¢3,)32 + Eunen(T3E2 — 2)e2 +2(11 —
8262)e, e+ (1596%—28)e2, )G 42, 2, (13502 — 198e.e,+ 1962 )b +£5 (2657 +T)e3 +(3— 642 )e e +(265% —
43)65*8* —|—37ez*)5£ +2C,.e.((20E% — 3)65 +(8—58&%)e,.e,+(60E2 —7)63*)5* —453*526*(1563 —30e,4e, +23e£*))b§ —
£%, (e — € )((3e, 82+ 15¢,.E2 — Te, + 176**)53 — Cos(12€,E2 —54e,,E> + e, + e, )0, + ISEi*Sz(Se** —9%e,))by, —
287(ey — € )((3E% — et — 5(E% — Deswe, — 6€2,)C7 + Cons (867 — ey + (3 — 226 e, )0 + €1, E %€, (25, — 9e,))],
m7 = _m[(b) —&E)((Cx — Cys)Cyxlylys(s + e**)bg + %e*(4e*e**52 + E**(Sez +2e,e, + 362*)6* - Ei*(sei +
6e.e+ 3ei*))bz + ((Eze*(4ei —9e,.e +7e>,2<*) - ez*(e* + e**))éi - 5**e*(2(9e>{2< +2e.e4+ Sei*)éz + ey +€4s))Ci +
Ei*éze*(—loei — lleye, + 9ei*))b$ + E(_(e*(gei + 2eqey — ez*)éz + 23**(&% + exsex + ez*))fi + 5**6*((3252 -
1)e2 + (2 —22E2)e,wes + (1 —36£2)e2,)Cy + 2, E%e. (552 + 36e,.e, + 1761*))b§ —E2(((2E%+ el +(2— 46E2)e e +
(3452 + 1)ed e, — 66303 + (2262 — 202 + (2 — 9EVesse, — (6162 + 6)e2)E, + &2,E%¢,(9062 — S3espe, +
4562*))b;‘, + E3(((1882 — l)ez — 52526**ei + (1682 + l)ei*e* + 10€i*)5£ — Canes(18e,e,,.82 + (1782 + Z)ef + (8 —
8352)65*)5* + Eﬁ*éze*(65fzf —86¢,6, — 963*))b§, —EH((8E2+ l)ei +3(7% + 2)6**65 —(41E%2+ 16)62*6* + 1385*)52 +
Coni(Con(Tes— 11e,)—282(12¢419¢,re, —53€2,))C,+ L E %€ (—50e; + 101 e,e, —83e2, )b} — £ (e — e, (967 +
3)e2 — (4182 + B)eyuen — 1262)3 + Gruen (2062 — D)e, + (15 — 34ED)e, )i, + 238, E%¢,(Se, — 3en )by +2£%e, —
e**)(((3§2 - 1)82 - 5(52 — De,e,. — 663*)52 + E**e*((ggz — De, + 3 — 2252)8**)5* + Ei*éze*(ZSe* —9e..)))],
mg = m[(E* — Cis)CxCylys(y + e**)b§ + 56*(46*6**(2 + E**(Sei + eyl + 262*)5* - Ez*(Sei + Se,e. +
265*))b§ + ((e*(4ez —13e.e. + 762*)52 + 292*(6* + e**))Ei + Coxls(Sess(es + ) — ";:2(2365 + 6eey + 196i*))5* -
Ei*e*((sei + 56**6* - ]262*)52 + 36**(6* + e**)))b; + é((e*(_ ] 362 + 76**6* - 662*)52 + 46**(62 + 26**6* + Zeik))éﬁ +
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Cors((50624+5)e2 = 3(652 4 5)esses — 10252+ 1)62,)E, +2,0,(S(1362 = 3)e2 4+ (47524 3)ees + 4262 43)e2 b0 +
EX(((TE242)e2 +3(1682 + 3)ewe? — (3562 +2)e2 e, — 13€2 )2 + Cones(—3(188% + 5)e? + (31£2 + 8)e,ves + (9762 —
37)e2,), — E2,e,(5Q2952 — 15)¢2 + (6 — 1767)ewe, + (6267 + 92 )b) + & (2062 +3)ed — T(14ens& + en)e? +
5(1082 + 1)e2 e, — 412,02 + Crws (S(E* + d)e2 + (38 — 27 e e + 2(11E% +47)e2, )Cx + C2,e.(5(31E2 — 36)e? +
(90 — 139&%)e,e, + 6(6E2 — S)ei*))b;‘, + E4((ex(—26€2 + 3lesmes + 25¢2)E% + e,s(212 — 24e,,e, + 55¢2,))C2 +
Crns(41€2 —10)e2 + (5662 — 151 )esnes + (19 — 18952)e2 )iy + 02 e4(—15(E2 — 18)e2 — 15(£2 + 17)emes + (9262 +
75)e§*))b3 — E3(((E* — T)ed + (9 — T1E2)e,ne? + (8282 + 67)e2 e — 49¢3)C2 + Cunen((44E% + 15)e2 — (16E2 +
265)esses + 2(103 — 36£%)e2, )0, + 2,e, (15112 + 17)e2 — 3(956% + 101)e,e, + 8(1952 + 9)e2,)b? + £%(e, —
e ) (1582 4+ 4)e? — (51£2 4 38)esses + 96€2,)E2 + Cones((36E% + 25)e, — (262 + 63)e )i + 302,e,(5(11E2 +
9ew — (2987 + 11)es))by — 287 (e — e ) (32 + 2)ef — 5(57 + 2)enes + 18¢2,)C7 + Cunen((857 + S)e, — (2267 +
2)es)Cn + T1,ex(5(58% + 3ex — 33w + e,

mg = _m[(b) — E)((Cx — Cas)Conllu (s + e**)b§ + ée*(4e*e**E£ + E**(Sei +2e.es + 3ei*)6* - Ei*(sei +
6e.ex+ 362*))173 + ((.‘;—'26*(4ei —9e,.e, +7e>,2<*) - ez*(e* + e**))Ez - E**e*(2(9ei +2e,6,+ 86;)52 + €xr(€s+ €45))Cic +-
CrE%e (=106 — 1ewes + 9eZ )b + E(—(ex(9¢2 4 2e,ue, — €2 )E 4 26,.(€] + snes + €1,))Ch + Canen((3267 —
De? +(2—228%)e,mes + (1 —36E2)e2,)Cy +2,E%e.(55¢2 + 36e,.e, + 1761*))193 —E2(((2E%+ el + (2 —46E2)e e +
(34E2 + 1)e2 e, — 6€2,)C2 + Crnes((226% — 2)€2 + (2 — 9E2)enes — (6182 + 6)e2,)Cy + C2,E%€,(90e? — 53e..e, +
4562*))b;‘, + E3((188% — e — 528%¢,,e2 + (16E2 + 1)e2, e, + 10€3,)¢2 — Crnei(18ese4E2 + (1762 + 2)e2 + (8 —
83£2)e2,)Cy +C2,E%e,(65¢2 — 86e e, — 9e§*))b§, —EMN((BE2 + 1) +3(TE2 +2)eume? — (4162 +16)e2 e, + 132 )2 +
Coni(Can(Tes— 11e,)—282(12¢419¢,ne, —53€2,))C,+ 1 E %€ (—50e; + 101 e,ne, —83e2, )b} — £ (e — e, (967 +
3)e2 — (4152 + 3)esses — 1262,)0 + (2067 — e, + (15 — 3487)e,)E, + 2382, 8%¢.(5e, — 3en))by + 26%(e, —
e**)(((:;gz - 1)63 - 5(52 — Deswes — 663*)51 + 5**6*((8;;2 —De.s+ (GG — 2252)6**)5* + Ei*gze*(ZSe* = 9e,:)))],

These coefficients provide the fifth order of the local truncation error in Eq. (32):

€= W [by(by —&)(—8cye((es+ e**)bg +E&(ess — e*)by + 2&_2(8* - e**))((_sewéf< +TCoxsCo + 253*3*)17;‘ +
E(—=5(€x — €4)C2 + Can(2Ts — Te4s)Cie — SEf*e*)bi + 382(10€,4C2 — Cos (€4 + Tess )l + 452*6*)195 +---1+ O(h%

with

xx = (5(e, + e**)zbf, — 10$(e£ — ei*)b;‘, +((138% + S)ef —2(E% = 5)ese+(5—1 léz)ei*)bf, + 453(3e£ +2e4eq —
Sez*)bf - %-2(6* - 6**)((8‘52 - 5)6* + (852 - 15)6**)by + 253(4“;:2 + 5)(6* - e**)z)((é**e* + E*e**)b§ + %-(E*(e* + e**) -
25**6*)17)1 + 52(5**6* + E*(e* - 26**))),

Appendix D. The explicit expression for the term fs in Eq. (38) in the case of nonzero loading (source)
term f; # 0 in the wave (heat) equation

The expression for f5 up to the fourth order with respect to h (see the attached files "RHS.pdf’ and ’RHS.nb’ for
more terms): f5 = ((a1m + axmy +azmsz + agmg + asms + agme + azmy + agmg + aomo +q3 2 +q3.3 +q3 4)(f3) +
(—aimy +my — aymy + my — azmz + m3 — agmy + My — asms + ms — agMe + Mg — agmy + m7 — agimg + mg —
agmo + mo — g3 2 — q3,3 — q3.4)(f&*)h?

+ ((exny 3g4 — by(a1(di +dyc)mi + ax(dr + dyc)m, + azdsms — azd;my — agdsmg — agdomo + dyc(azms + asms +
asms + agme + azmy + agms + agmo) — dy 2q3 > — dy 4q3 ))(fE) OV + (by((@r — Ddimy + (a2 — Ddams + (a3 —
Ddsms — azdymy + dymq — agdgmg + dgmg — agdomo + domo +dyg((ay — D)my + (ay — D)my + (a3 — D)m3 + (as —
Dmy+(as — Dms + (a6 — Dme + (a7 — Dm7 + (as — Dmg + (ag — 1)mo) —dy 2q32 — dy 4q3.4) — €xty 3g0)(f5) OV +
(—ai(di +dxg)m +azdsmz — asdsmy + agdeme — azd;ms + agdomg — dxg(azma + azms + agmy + asms + agme +
army + agms + agmo) + dy 2q3 2 + dx 4q3 4 + €, 3g)(fE)1O + (@ — Ddimy — (a3 — Ddsms + (as — )damy —
(as — D)dsme + (a7 — D)dym7 — agdomo + domg + dxg((a; — )my + (a2 — D)ma + (a3 — Dm3z + (a4 — Dmy + (as —
Dms + (a6 — Dme + (a7 — Dm7 + (as — Dmg + (a9 — 1)mo) — dy 2g32 — dy.4q3,4 — sy 3q8)(fE)HO)h3

+ 1((ai(d + dYG)zmlbi + ax(dy + dy(;)zmzbf + (Q3.2dy2,2 + a3(ds + dyG)’ms + ardim; + asdims + aodgme +
dyc(dyc(asmy+asms—+asme—+a;ms+agmg+agmo) —2(azdms+agdgms +a9d9m9))+d)2,y4q3,4)b§+25*q5)(f(’§)(0~2)+
2(—%((01 —Dmd? +2(a) — Ddygmid +(ay — 1)d3ma + (a3 — Ddims+ (a7 — Dd3m7 +(ag — 1)dimg +(ag — 1)d3mg +
dyg(dyc((ai —Dmi~+(az — Dmy+ (a3 — Dms+(as — Dma+(as — Dms +(ag — Dme+ (a7 — D)m7+(ag — 1)msg +(as —
Dmo)+2((ay — 1)dama 4 (a3 — 1)dsms — azdymy +dymy — agdsmsg +dgms — agdomg +domo)) +d; ,q3 2 +d;, 4q3 4)b; —
Caxgs)(fE) 0D 4+ 2b (—azmsd; + asdxgmads — asdygmsds + ai(dy + dxg)(dy + dyg)mi + axdxg(dr + dyg)ma +
asdxgdycms + asdsdygmy + asdxcdycma + asdxgdygms — agdedycme + agdxgdygme — a7d72m7 —aqrdidxgmy +
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ardrdygmy+ardxgdycms —agdsdxgms+asdxgdygms +agdgme+ag(dxgdyc —do(dxg +dyc))me+dy pdy 2q3 2+
dy ady 4q3 2)(fE)1D —2by (a1 — Dmyd} + (a1 — D(dxg +dyg)midi +d3(m3 —azm3) — (a7 — 1)d2m7 +(ag — Ddgmo +
dyc(ds(m3 —azm3z)~+(as—1)damy—(ag — 1)dsme + (a7 — 1)d7m7 — (a9 — 1)domoy) +dxc((az — 1)damo +(a3 — 1)d3smz —
azdimy +dymy — agdsmg +dgmg — agdomo +domo +dyc((ay — )m + (a2 — Dma + (a3 — Dm3 + (a4 — D)my + (a5 —
Dyms +(as — Dme + (a7 — 1)m7 +(ag — D)mg+(ag — )mo)) +dx 2dy 232 +dx 4dy 4q3, ) (fE) D +(g3.2d3 , +ar(dr +
de)2m1 +a3d32m3 +a4dfm4 +a6d§m6 +a7d72m7 +a9d§m9 +dxg(dxg(aymy+azms +asmy +asms +agme +arms +
agmg + agmo) — 2(azdsms — agdyms + agdsme — ardyms + agdomo)) + dy 4434+ 28.qs5)(fG) >0 + ((my — aym))d} —
2(ay —dxgmd; —(az — 1)d32m3 —(as— 1)d§m4 —(ag— 1)d62m6 —(a7— 1)d72m7 —(ag— 1)d92m9 +dx(2;(—a1m1 +m;—
aymy ~+mo —azms +ms —agms +my — asms +ms — dghie +me — azmy +msg — agmg +mg — aonig +mo) +2dxg ((az —
Ddsms — (aq — Ddamy + (a6 — Ddeme — (a7 — 1)dzm7 + (ag — Vdomo) — d3 ,q32 — di 4434 — 2C1qs)(f5)>?)h*

X
. .. 9itJ * Yot . giti prx Yot
with (f3)@) = % and (f5)@) = faxf;‘fj Y6.1)

Appendix E. Supplementary data

Supplementary material related to this article can be found online at https://doi.org/10.1016/j.cma.2021.113998.
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