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Abstract: This paper presents a model of filtration process in
a fractured porous medium. The filtration velocity in a porous
medium is described by Darcy law, and in fractures is described by
Forchheimer law. To describe filtration through fractures on a fine
grid, Discrete Fracture Model (DFM) is used. To reduce the size
of the discrete problem, Online Meshfree Generalized Multiscale
Finite Element Method (Online MFGMsFEM) is developed. The
results of numerical calculations showed higher accuracy relative
to the offline multiscale method.

Keywords: filtration process, fractured porous media, Forchhei-
mer law, multiscale method.

1 Introduction

Traditional approaches to modeling fluid flow through porous media are
based on Darcy’s law, which describes laminar flow conditions. However,
in geological formations, the presence of fractures can significantly alter
flow dynamics, often resulting in high-velocity fluid movement that exceeds
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the assumptions of Darcy’s law. In such cases, Forchheimer’s law becomes
relevant, accounting for the inertial effects that arise in non-laminar flow
conditions [1].

In this study, we present an approach that integrates Darcy’s law for flow
through porous media with Forchheimer’s law for flow through fractures. By
addressing the distinct flow laws in these two domains, we aim to enhance the
understanding of filtration processes in heterogeneous media. Our approach
involves the development of a mathematical model that combines Darcy and
Forchheimer flow regimes, allowing for a more correct prediction of fluid
behavior in complex fractured porous structures.

The Forchheimer model is a complex and nonlinear, which makes direct
simulation computationally demanding, particularly for large-scale applica-
tions. Efficient solvers are therefore essential for accelerating forward simula-
tions of these nonlinear systems. This study aims to address this need by
developing solvers to enhance computational feasibility for applications.

In fractured media, high-resolution grids are critical for capturing multi-
scale variations, leading to increased computational costs due to the high
number of degrees of freedom. Model reduction techniques are essential for
managing these demands. Various local multiscale model reduction methods
have been proposed, including upscaling techniques [2, 3] and multiscale
approaches [4, 5], which have shown promise in reducing computational cost.

To address nonlinear problems, the GMsFEM incorporates an efficient
online basis strategy, as exemplified by the online GMsFEM [6]. Instead of
frequently updating computationally expensive offline basis functions, this
approach adaptively introduces basis functions that minimize the residual
in each local domain. By generating local online multiscale basis functions
based on residual data, this method reduces dependence on an extensive
offline basis while achieving faster error reduction. This approach improves
accuracy with fewer basis functions and effectively accommodates temporal
variations in coefficients, enhancing computational efficiency.

Based on GMsFEM [7, 8, 9, 10], this study applies the meshfree approach
MFGMsFEM [11, 12, 13, 14, 15], facilitating efficient handling of complex
geometries and heterogeneous domains to enhance simulation performance
and computational efficiency. Using a finite element method approximation,
we present numerical results for a two-dimensional fractured domain, specifi-
cally examining the impact of nonlinearity on Online MFGMsFEM accuracy.
While multiple online strategies can address nonlinear problems, our focus
here is on a simple, efficient approach.

The paper is organized as follows: Section 2 presents the problem formula-
tion, while Sections 3 and 4 outline the proposed methodology. Section 5
discusses the numerical results, and Section 6 concludes with a summary.
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2 Problem formulation

In this paper we consider the problem of modeling the flow of a single-
phase fluid in fractured porous media. The mathematical model is described
by a coupled system of parabolic differential equations for the pressure pm
in the porous matrix Ω and the pressure pf in the fractures γ (Fig. 1)

cm
∂pm
∂t

+∇ · (vm) + Tmf (pm − pf ) = gm, x ∈ Ω,

cf
∂pf
∂t

+∇ · (vf ) + Tmf (pf − pm) = gf , x ∈ γ,

(1)

where ci is the media compressibility coefficient, vi is the velocity (i = m, f),
gi is the source term and Tmf is a mass transfer coefficient.

Fig. 1. Computational domain Ω with fractures γ.

In the system (1), the fluid velocity vm in porous medium Ω is described
by Darcy’s law

vm = −km
µ

∇pm, (2)

where km is a porous medium permeability and µ is a viscosity.
We assume that the fluid is filtrating at high velocity through the fractures,

so we will use Forchheimer’s law (for more details, see [16])

vf = −
KF (pf )

µ
∇pf , (3)
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where KF (pf ) is a Forchheimer permeability, which is described by the
following formula

KF (pf ) =
2kf

1 +

√
1 +

4βρk2f
µ2 |∇pf |

, |∇pf | =
√

∇pf · ∇pf . (4)

Here kf is the fracture permeability, ρ is the fluid density and β ⩾ 0 an
inertial coefficient.

By putting (2) and (3) into the system (1) taking into account (4) we
obtain the following system

cm
∂pm
∂t

−∇ ·
(
km
µ

∇pm
)
+ Tmf (pm − pf ) = gm, x ∈ Ω,

cf
∂pf
∂t

−∇ ·
(
KF (pf )

µ
∇pf

)
+ Tmf (pf − pm) = gf , x ∈ γ.

(5)

The system of equations (5) is supplemented by initial and boundary
conditions

pi = p0, t = 0,

pi = pD, x ∈ ξ.
(6)

Note that the coefficient β is an indicator of the nonlinearity of the
filtration rate vf . When β = 0 we obtain Darcy’s law with KF = kf .

3 Fine-grid discretization

For spatial approximation on a fine grid, we use the continuous finite
element method with the usual linear basis functions (FEM). For the fractures
accounting we use the discrete fracture model (DFM) [17, 18]. Thus the first
equation in the system (5) will be discretized in two-dimensional space for
the porous matrix and the second equation in one-dimensional space for the
fractures. Next, we will make the transition to a model with one pressure. Let
the characteristic time of mass exchange between the pressures in the pores
and fractures significantly exceed the characteristic times of the filtration
processes. This means that Tmf → ∞, pm → p, pf → p, where p is the
total pressure of the system. Adding up the equations of the system (5) and
setting pm = pf = p (see [19]), we obtain the following variational problem:
find p ∈ H1(Ω) such that

m(
∂p

∂t
, v) + a(p, v) = f(v), ∀v ∈ H1(Ω), (7)
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where

m = m1 +m2, a = a1 + a2, f = f1 + f2,

m1(
∂p

∂t
, v) =

∫
Ω

cm
∂p

∂t
vdx, m2(

∂p

∂t
, v) = α

∫
γ

cf
∂p

∂t
vds,

a1(p, v) =

∫
Ω

(
km
µ

∇p,∇v
)
dx, a2(p, v) = α

∫
γ

(
KF (p)

µ
∇p,∇v

)
ds,

f1(v) =

∫
Ω

gmvdx, f2(v) = α

∫
γ

gfvds.

(8)

Here, when integrating over fractures γ, we take into account their aperture
α.

Let us define an uniform, for simplicity, time grid ωt = {tn = nτ, n =
0, 1, . . . , Nt − 1, τNt = tmax}, where τ - time step, Nt - number of time
steps and tmax - solution time. Here we use implicit time discretization for
the problem (7). Then we obtain the following variational problem: find
pn+1 ∈ H1(Ω) such that

m(
pn+1 − pn

τ
, v) + a(pn+1, v) = f(v), ∀v ∈ H1(Ω), n = 0, 1, . . . , Nt − 1,

(9)
where pn ≈ p(tn). Here in a2(p, v) for nonlinear coefficient KF (p) we use
Picard iterations method

a2(p
n+1, v) = α

∫
γ

(
KF (pj)

µ
∇pn+1,∇v

)
ds,

where j is the index of iterations. Thus, at each time point n + 1 we also
solve the problem (9) until the completion of the iterations according to the
following criterion

||pj+1 − pj ||H1

||pj+1||H1

· 100 ≤ ϵ,

where ||u||H1 =
√∫

Ω(∇u,∇u)dx. In our implementation, we took ϵ = 1%.
At the beginning of iterations j = 0, we took pj = pn, and at the end of the
iterations we set pn+1 = pj+1.

We build an unstructured mesh Th and construct discrete function space
Vh ⊂ V . Then we use ph = (ph,1, ph,2, . . . , ph,Nf )

T to denote the vector of
the required unknowns, where Nf – the number of fine mesh vertices. Next
we write the following matrix form for the fully discrete system

M
pn+1
h − pnh

τ
+Apn+1

h = F, (10)
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where

M = {mij}, mij = m1(ϕj , ϕi) +m2(ϕ̂j , ϕ̂i),

A = {aij}, aij = a1(ϕj , ϕi) + a2(ϕ̂j , ϕ̂i),

F = {fi}, fi = f1(ϕi) + f2(ϕ̂i),

(11)

where ϕi – two-dimensional and ϕ̂i – one-dimensional fine-scale piecewise
linear basis functions for the porous medium and fractures.

4 Meshfree GMsFEM

The algorithm of MFGMsFEM can be divided into two stages: offline and
online. In the offline stage, we construct multiscale basis functions that take
into account fractures. The basis functions are computed in local domains
Si. In offline stage we have the following steps

(1) Generation of meshfree coarse-scale partitioning (point cloud).
(2) Computation multiscale basis functions and construction a multiscale

offline space.
(3) Building a projection matrix into the multiscale offline space.

In the online stage, the fine-grid system is converted to a coarse grid
system using the resulting projection matrix. As a result, the problem (8) is
solved as a coarse-scale problem. In online stage we have the following steps

(1) For the current time step, project the fine-scale system to the coarse-
scale using the multiscale projection matrix.

(2) Solving the coarse-scale problem.
(3) Reconstruction the solution on the fine grid also using the multiscale

projection matrix.
(4) Moving to the next time step.

4.1. Multiscale basis functions. In MFGMsFEM we use a point cloud
instead of a structured coarse grid. The point cloud is built on top of a
fine mesh, so it is convenient to construct it relative to the most meshfree
methods.

Let SH be a partition of the computational domain Ω to the point cloud
so that Ω ⊂

⋃N
i=1 Si and suppose that each coarse element Si is partitioned

into a connected union of elements of a fine grid (see Fig. 4). Let {xi}Ni=1 is
the coarse-scale nodes, where N denotes the number of coarse nodes. Here,
the coarse elements Si are the supports of basis functions

Si = {y ∈ RN : ∥ y − xi ∥≤ ri},

where ri is radius of coarse element Si.
To calculate the location of nodes xi, we use the version of CVT (centroidal

Voronoi tessellations) proposed in [20]. An important point here is the choice
of the distribution density function. Here we calculate the distribution density
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Fig. 2. Point cloud illustration obtained with the centroidal
Voronoi tessellations method.

function ρ(x) of a random variable taking into account the fractures. Next,
we use the algorithm proposed in [21] for finding the radii ri for Si.

We denote the basis functions by ψi,k, which is supported in Si, and
the index k represents the numbering of these basis functions. In turn, the
solution will be sought as

pc(x) =
∑
i,k

ci,kψi,k(x). (12)

Once the basis functions have been identified (see the next section), the
global coupling of the CG is given through the variational form

m(
pn+1
c − pnc

τ
, v) + a(pn+1

c , v) = f(v), ∀v ∈ Voff, n = 0, 1, . . . , Nt − 1,

(13)
where Voff is multiscale function space.

Local basis functions. To construct the offline space V Si
off , we solve the

following local eigenvalue problem in each Si

AΨoff = λoffBΨoff,

where A and B denote similar fine-scale matrices as

A = {aij}, aij =

∫
S

(
km
µ

∇ϕj ,∇ϕi
)
dx+ α

∫
γS

(
kf
µ
∇ϕ̂j ,∇ϕ̂i

)
ds,

B = {bij}, bij =

∫
S

(
km
µ
ϕj , ϕi

)
dx+ α

∫
γS

(
kf
µ
ϕ̂j , ϕ̂i

)
ds,
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where ϕi and ϕ̂i are fine-scale basis functions for the matrix Si and fractures
γSi subdomains. Note that we use kf here instead of KF , since offline basis
functions only take into account spatial heterogeneity without the nonlinear
part.

For definition of the multiscale basis functions, we select the first M
eigenvectors ψSi

k , k = 0, ...M corresponding to the firstM smallest eigenvalues.
Global formulation. In the meshfree multiscale method the shape func-

tions Wi(x) defined in Si form the initial coarse space

V init
0 = span{Wi(x)}Ni=1.

Here the shape functions Wi(x) are defined as

Wi(x) =
ϕi(x)∑N
j=1 ϕj(x)

,

where ϕi(x) are kernel functions, which here are cubic splines

ϕ(r) = 2

 2/3 + 4 (r − 1) r2, r ≤ 0.5,
4/3 (1− r)3, 0.5 ≤ r ≤ 1,
0, 1 ≤ r,

where r is the normalized distance.
Accordingly, by multiplying the form function Wi(x) by the eigenvectors

ψSi
k , we obtain the basis functions in the offline space Voff

ψi,k =Wiψ
Si
k , 1 ≤ i ≤ N, 1 ≤ k ≤M,

where k is an index of the eigenvector. Next, we construct the spectral
multiscale space

Voff = span{ψi,k : 1 ≤ i ≤ N, 1 ≤ k ≤M}.

Also, for further use, an operator matrix is constructed

RT = [ψ1, . . . , ψNc ],

where Nc = N ·M and ψi are used to denote the nodal values of each basis
function defined on the fine grid.

The transition matrix R is then used to solve the following system on the
coarse scale

Mc
pn+1
c − pnc

τ
+Acp

n+1
c = Fc, (14)

where
Mc = RMRT , Ac = RART , Fc = RF.

After solving the system (14), we can go from a coarse-scale solution to a
fine-scale solution using also the transition operator R and the solution pc

pn+1
ms = RT pn+1

c , (15)

where pn+1
ms is a fine-grid projection of the coarse-grid solution.
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Fig. 3. Illustration of offline basis function. Left: shape
function Wi(x). Center: eigen vector ψSi

k . Right: offline
multiscale basis function ψi,k.

4.2. Online enrichment of multiscale space. In the online stage of
GMsFEM, the projection matrix Rn is updated at the n-th time step by
incorporating online residual-based multiscale basis functions.

For predefined heterogeneities and fracture distributions, a fixed projection
matrix R is used initially (n = 0), and the system is solved without updating
Rl at every time step. However, from the first time step (n = 1, 2, . . .), the
multiscale space is enriched by adding online residual-based multiscale basis
functions ϑi1 calculated locally in Si using current residuals. This enrichment
updates the projection matrix to:

(Rl)
T = [ψ1, . . . , ψNc , ϑ

l
1, . . . , ϑ

l
N ].

where Nc = N ·M , N denotes the number of coarse nodes, M the number of
offline basis functions on each Si and l denotes the index of online iterations.
The process can be repeated by changing the online basis functions at every
n-th time step for l = n or at selected intervals (e.g., every 5th time step) to
control the computational load. This enrichment of the multiscale space with
online basis functions allows achieving adaptive accuracy and computational
efficiency, especially for nonlinear problems with time variability.

Construction of the local residual based online multiscale basis functions
is based on the solution of the following local problem in Si:

m(
Φl
i

τ
, v) + a(Φl

i, v) = r(v),

r(v) = f(v) +m(
pn − pl

τ
, v)− a(pl, v),

(16)

where r(v) is the residual, pl is the solution obtained by solving the system
(14)–(15) with R.

The problem (16) is supplemented by zero Dirichlet boundary condition
Φl
i = 0 on the ∂Si. Finally, we obtain an online multiscale basis functions by

multiplication on the partition of unity function (shape function) ϑli = χiΦ
l
i

(Fig. 4).
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Thus, the general algorithm of the online stage at each time step is as
follows (we will update Rl at every 5th time layer)

• If n%5 = 0:
– Сalculation pl by solving (14)–(15) with R.
– Contruction Rl by solving problem (16) using pl.
– Using Rl solve (14)–(15).

• Else: Using Rl solve (14)–(15).
• Transition to the next time step.

Note that we use Picard iterations only when solving problem (14)–(15) using
Rl.

Fig. 4. Illustration of online basis function. Left: fine grid of
local Si with fractures (red). Center: local function Φl

i. Right:
local online multiscale basis function ϑli.

5 Numerical results

In this section, numerical results are presented to test the proposed mesh-
free multiscale approach to solve a nonlinear 2D problem of single-phase
filtration problem with discrete fractures. For Forchheimer law, we test an
inertial coefficient with different values β = 0, 1 and 1000. Note that, for
β = 0 we obtain Darcy’s law with linear permeability KF = kf .

For numerical experiments of the model problem, we use the following
parameters cm = 1.0e − 8, cf = 1.0e − 8, km = 1.0e − 12, kf = 1.0e − 5,
α = 0.01, ρ = 850, gm = 0, gf = 0, p0 = 40.0e6, pD = 30.0e6, τ = 1 day,
T = 360 days. The fine grid has 53875 vertices and 106947 elements. For
multiscale method we use N = 256 coarse-scale vertices.

In the numerical results, we call the solutions obtained by the meshfree
multiscale method using only offline basis functions the offline solutions,
and the solutions obtained by the meshfree multiscale method with offline
and online basis functions the online solutions. Also, we call the solutions
obtained by the finite element method on a fine grid the reference solutions.

Figures 5, 6, and 7 show the solutions at the final time for β = 0,
β = 1, and β = 1000, respectively. Note that for a large value of β =
1000, Forchheimer’s law applies and the flow velocity in fractures decreases
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significantly. Here, for the meshfree mutiscale method, we use 2 offline basis
functions M = 2 on each local Si. In the offline multiscale method, the
degrees of freedom are 512 (DOFc = 512). In the online multiscale method,
we use DOFc = 768, since we use 2 offline and 1 online basis fucntions
on each Si. As we can see, the online solutions are similar to the reference
solutions.

Fig. 5. Pressure at the final time for β = 0. Left: reference
solution. Center: offline solution with M = 2. Right: online
solution with M = 2 and 1 online basis functions.

Fig. 6. Pressure at the final time for β = 1. Left: reference
solution. Center: offline solution with M = 2. Right: online
solution with M = 2 and 1 online basis functions.

To numerically evaluate the accuracy of the meshfree multiscale method
with and without online basis functions, we compare solutions by multiscale
methods with reference solutions using the following norms

||e||L2 =
||u1 − u2||L2

||u1||L2

· 100, ||e||H1 =
||u1 − u2||H1

||u1||H1

· 100,

where ||u||L2 =
√∫

Ω u
2dx, ||u||H1 =

√∫
Ω(∇u,∇u)dx, u1 – reference solution

and u2 – multiscale solution. In Table 1, we present the L2 and H1 errors
between the reference solution and the multiscale solutions at the final time
T . Here, we see a good agreement between the multiscale solutions and the
reference solutions. We also observe that the errors decay as basis functions
are added to each local Si.
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Fig. 7. Pressure at the final time for β = 1000. Left:
reference solution. Center: offline solution with M = 2. Right:
online solution with M = 2 and 1 online basis functions.

For the online method, we update of the online basis functions every five
time steps. Adding online basis functions can significantly improve accuracy.
For example, for β = 1 if one adds online basis functions to four offline basis
functions, one obtains the following result the relative H1 error decreases
from about 7.24% to 1.32%. Thus, one obtains better accuracy with fewer
degrees of freedom DOFc.

M
Offline Online

DOFc ||e||L2 ||e||H1 DOFc ||e||L2 ||e||H1

β = 0

1 256 7.17 96.53 512 2.27 47.64
2 512 0.98 31.83 768 1.4e-02 3.06
4 1024 5.6e-02 7.25 1280 4.4e-04 0.25
8 2048 1.6e-03 1.03 2304 3.9e-05 4.6e-02
16 4096 1.8e-04 0.23 4352 7.02e-06 1.4e-02

β = 1

1 256 2.26 60.34 512 0.49 32.48
2 512 0.43 28.83 768 1.75e-02 4.45
4 1024 4.6e-02 7.24 1280 3.13e-03 1.32
8 2048 4.1e-03 1.67 2304 3.02e-04 0.39
16 4096 1.3e-03 0.83 4352 1.2e-04 0.22

β = 103

1 256 0.93 54.1 512 0.63 47.45
2 512 0.53 41.08 768 0.16 30.62
4 1024 0.36 32.63 1280 3.24e-02 17.92
8 2048 9.4e-02 24.32 2304 1.26e-02 10.3
16 4096 1.8e-02 16.01 4352 2.5e-03 6.66

Table 1. Error at the final time.
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6 Conclusion

This paper introduces an effective model for simulating the filtration
process in fractured porous media by integrating Darcy’s law with Forchhei-
mer’s law. We developed an online multiscale approach based on the Genera-
lized Multiscale Finite Element Method (GMsFEM) to enhance solution
accuracy. In this approach, online multiscale basis functions are computed by
solving local problems derived from the residual, allowing adaptive refinement.
The use of the Online Meshfree GMsFEM significantly improves calculation
accuracy, as demonstrated by numerical experiments showcasing the efficiency
of our algorithm, particularly in the online enrichment of the multiscale
space. This method has proven effective for solving flow problems in complex,
fractured, and heterogeneous media, offering valuable insights for analyzing
filtration processes in intricate geological settings with discrete fractures.

References

[1] P.Z. Forchheimer, Wasserbewegung durch Boden, Z. Acker-Pflanzenb., 45 (1901),
1781–1788.

[2] X.H. Wu, Y. Efendiev, T.Y. Hou, Analysis of upscaling absolute permeability, Discrete
Contin. Dyn. Syst. Ser. B, 2:2 (2002), 185–204. Zbl 1162.65327

[3] Y. Efendiev, V. Ginting, T.Y. Hou, Multiscale finite element methods for nonlinear
problems and their applications, Commun. Math. Sci., 2:4 (2004), 553–589.
Zbl 1083.65105

[4] E.T. Chung, Y. Efendiev, Reduced-contrast approximations for high-contrast
multiscale flow problems, Multiscale Model. Simul., 8:4 (2010), 1128–1153.
Zbl 1211.35073 MR2661669

[5] E.T. Chung, W. Leung, M. Vasilyeva, Y. Wang, Multiscale model reduction for
transport and flow problems in perforated domains, J. Comput. Appl. Math., 330
(2018), 519–535. Zbl 1432.76086

[6] E.T. Chung, Y. Efendiev, W.T. Leung, Residual-driven online generalized multiscale
finite element methods, J. Comput. Phys., 302 (2015), 176–190. Zbl 1349.65615

[7] Y. Efendiev, T.Y. Hou, Multiscale finite element methods: theory and applications,
Surv. Tutor. Appl. Math. Sci., 4, Springer, New York, 2009. Zbl 1163.65080

[8] Y. Efendiev, J. Galvis, T.Y. Hou, Generalized multiscale finite element methods
(GMsFEM), J. Comput. Phys., 251 (2013), 116–135. Zbl 1349.65617

[9] E.T. Chung, Y. Efendiev, T.Y.Hou, Multiscale model reduction. Multiscale finite
element methods and their generalizations, Applied Mathematical Sciences, 212,
Springer, Cham, 2023. Zbl 1543.65001

[10] S. Stepanov, D. Nikiforov, A. Grigorev, Multiscale multiphysics modeling of the
infiltration process in the permafrost, Mathematic, 9:20 (2021), Article ID 2545.

[11] D. Nikiforov, Meshfree generalized multiscale finite element method, J. Comput. Phys.,
474 (2023), Article ID 111798. Zbl 7640555

[12] D.Y. Nikiforov, S.P. Stepanov, Modeling of artificial ground freezing using a meshfree
multiscale method, Lobachevskii J. Math., 44:3 (2023), 1206–1214. Zbl 1527.76081

[13] D. Nikiforov, S. Stepanov, N. Lazarev, Meshfree multiscale method for the infiltration
problem in permafrost, J. Comput. Appl. Math., 449 (2024), Article ID 115988.
Zbl 7881073

https://doi.org/10.3934/dcdsb.2002.2.185
https://doi.org/10.1137/09075620X
https://doi.org/10.1137/09075620X
https://doi.org/10.1016/j.cam.2017.08.017
https://doi.org/10.1016/j.cam.2017.08.017
https://doi.org/10.1016/j.jcp.2015.07.068
https://doi.org/10.1016/j.jcp.2015.07.068
https://doi.org/10.1007/978-0-387-09496-0
https://doi.org/10.1016/j.jcp.2013.04.045
https://doi.org/10.1016/j.jcp.2013.04.045
https://doi.org/10.1007/978-3-031-20409-8
https://doi.org/10.1007/978-3-031-20409-8
https://doi.org/10.3390/math9202545
https://doi.org/10.3390/math9202545
https://doi.org/10.1016/j.jcp.2022.111798
https://doi.org/10.1134/S1995080223030241
https://doi.org/10.1134/S1995080223030241
https://doi.org/10.1016/j.cam.2024.115988
https://doi.org/10.1016/j.cam.2024.115988


ONLINE MESHFREE MULTISCALE METHOD A211

[14] D. Nikiforov, S. Stepanov, Meshfree multiscale method with partially explicit time
discretization for nonlinear Stefan problem, J. Comput. Appl. Math., 451 (2024),
Article ID 116020. Zbl 7890869

[15] D. Nikiforov, L.A. Poveda, D. Ammosov, Y. Sarmiento, J. Galvis, Meshfree
generalized multiscale exponential integration method for parabolic problems, J.
Comput. Appl. Math., 459 (2025), Article ID 116367. Zbl 1556.65085
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