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@ Multiscale computation is a comprehensive topic, which has plenty of
applications in scientific engineering. From either macroscopical or
microscopic point of view, both have real disadvantages. In this way,
multiscale computation may provide bridges among those complicated
simulations.

@ Let N be the number of elements in each spatial direction, and let M be
the number of subcell elements, then there are a total of O(M“N?)(d is
the dimension) elements at the fine grid level in the finite element
method, which leads to too extremely huge system to solve on fine grid
sizeh=1/(MN).

@ On the contrary, the multiscale finite element method only costs
O(M? + N%), and it solves on coarse grid size H = 1/N. As a
consequence, it has great advantages and could be utilized in parallel
computers.
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@ There are kinds of multiscale computations in recent research:
Multiscale Finite Element Method(MsFEM);
Generalized Multiscale Finite Element Method(GMsFEM);
Heterogeneous Multiscale Method;
Upscaling Method;
Homogenization Method;
Variational Multiscale Method;
Multiscale Finite Volume Method;

Multiscale Discontinuous Galerkin Method, etc..
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@ Consider the 1D convection-diffusion model

{ Lu = —eu"(z) + be (2)u' (z) + ce(z)u(z) = f(z), In zel=(0,1),
k1u(0) + kou'(0) = ur, ksu(l) + kav'(1) = ur,
(1)

where u(z) is solution, b.(z), c-(z) are rapidly oscillatory coefficients.
And k; are different constants to represent different kinds of boundary
conditions, such as Dirichlet, Neumann, or Robin types.

@ The weak form of (1) is to seek v € H' such that
a(u,v) = (f,0), YweH", (2)

where the bilinear form is

a(u,v) = /Ol(eu/v/ + be(2)u'v + ce(z)uv)de, (3)

(fr0) = /O fuda. (4)
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@ Besides from the uniform grid, we build several special grids to adapt the
boundary layer information, which is according to a prior estimate. In the
case of ¢ is small, we take the transition point 7 = min{3, %InN'}, and
define the adapted grids with respect to the location of = and integer A.
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@ In the boundary layers, we solve the local problem for the multiscale
basis functions ¢, on each coarse element K,

Lyi == —epi (x) + be (2) @i (x) + ce(x)pi(x) =0, in K, ®)
wi(xj) = dij, on OK.

@ Since the original problem (1) and local problem (8) have the same
differential operator, we solve it to obtain the boundary layer microscopic
information through the multiscale basis functions automatically.

@ As for the traditional finite element method, we take the linear basis
function ¢; =1 — &, 9¥;+1 = &, where £ = x%jcl and h; = 41 — .
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Up = Ui + Uip1Pit1
Ti4+1 — T T — Ty .
= U + Uit , xel; 1 =1,2,---,n.
Ti+1 — T4 Ti+1 — T4
! ’ !
up = witi + Uir1Pig
—1 .
= u; + wit1 , x€l;, 1=1,2--- ,n.
Ti+1 — T4 Ti4+1 — T4

@ If for the case of Robin boundary condition u(0) = ur, u(1) +u'(1) = ur,

Uy = urL,
=1 1+h __
Un 3~ + Unt+1 75— = UR.

To define the first and last rows, and we assemble the global linear

equations
1 0 o - 0 ur
u1
Uz
: Un
_ . Un+1
T un
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Example 1. Model (1) with the mixed Robin boundary, whose exact solution is

mix mox

(& — €

ulw) = (I1+ma)em — (1 +mo)em2’

Where my = 71+2\/€1+467m2 —_ 7172\/51+4s.

Exact sotion u

Fig. 1. Exact solution for cases of ¢ = 101, 107%, repectively.

Exact and FEM(U) Exact and MSFEM(S) Exact and MSFEM(B)

ing. 2. When ¢ = 10~ 4, exact sc;lution and numerical solution of
FEM(U) on NM = 2048 and MsFEM(S), MsFEM(B) on N = 512.
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NM FEM(S) _ FEM(B) N MsFEM(U) MSFEM(S)  MSFEM(B)
16 1.793e-1 498962 6.8046-3 7 7.8636-1 4287e-2  3.1936-2
32  2.394e-1 4.038e-2  3.348e-3 8 1.224e-1 1.919¢-2 1.568e-2
64  1.679e-1 2.736e-2 1.736e-3 || 16  4.634e2  8.465e-3  7.842¢-3
128 3.439%-2 7.935e-3 9.475e-4 || 32  1.792e-2  3.800e-3  3.978e-3

256  4.425e-3 5.554e-4 4.905e-4 || 64  5399e-3  2.041e3  2.059e-3
512  1.178¢-3 2.531e-4 2.451e-4 || 128  1.661e-3 1.064e-3 1.101e-3
1024 3.215e-4 1.268e-4 1.225e-4 || 256  5.623e-4  5746e-4  6.291e-4
2048 9.120e-5 6.350e-5 6.125e-5 || 512  2116e-4  3.332e-4  4.017e-4

Table 1. When e = 1074, of , FEM(S), FEM(B)
and MsFEM(U), MsFEM(S), MsFEM(B), respectively.

From the above figure and table, we can see when ¢ = 10~* is small to bring
the boundary layer phenomena. The accuracy of traditional FEM on uniform
grid level N M is bad, and it presents divergent on Graded grid. While the
MsFEM just spends less computational costs on the coarse grid level N to
acquire the accurate result, and with the mesh refinement its 7' norm gives
the first-order convergence.
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Example 2. Model (1) with Dirichlet boundary and oscillatory coefficients

bo(e) = (1.8+sin (257'—1”) . 1.8 + cos (257;)) sy = (1.2+cos (25"7‘) 1.2+sin<2}j§) .

1.8+cos(2”) 1.8 + sin (267'—:) 1.2 + sin (2;—3”) * 142+cos(

€2

o

N

€1

ol U LAY

Fig. 3. Coefficient b. (z)(blue), c. (z)(green).

Take e = 0.1,e1 =1/3,e2 =1/9,e3 =1/99,e4 = 1/200, and f(x) = 1. Since
there is no exact solution here, we use the FEM solution on very fine grid
NM = 8192 as ’exact solution’, and compare with the MsFEM solution on
coarse grid N.
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N M  L?norm  abs error
32 8 0.1165 2.470e-2
64 8 0.1290 1.219e-2
128 8 0.1284 1.278e-2
256 8 0.1348 6.410e-3
512 8 0.1353 5.881e-3
1024 8 0.1365 4.684e-3

Table 2. L? norm and absolute error of MsFEM.

Exact and MSFEM(U) Exact and MSFEM(U) Exact and MSFEM(U)

Fig. 4. Exact solution and MsFEM solution(on N = 32, 128, 1024 grids), repectively.

From the figure and table, MsFEM solution approximates the reference
solution accurately and efficiently with the mesh refinement.
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@ Consider the flow equation

a“ —div(k(x)Vu) = f in Q,
u =up on I'p, 9)
—k(x)Vu-n= fy on Ty,

where k(x) is rapidly oscillatory coefficient, up, fn is Dirichlet and
Neumann boundary, respectively.

@ The corresponding weak form is

a(u,v):(f,v)—(fN,v>rN, V’UQH%), (10)

where a(u, v) fﬂ x)Vu - Vudx, (f,v fﬂ Sfudx,
(fn,v)ry = Jry vadS
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@ To solve the local problem on coarse elements K to get the multiscale
basis x;,

—div(k(x)Vx:) =0 in K, (11)
Xi = ’l[}l on (9K

@ Then every four coarse elements K form one coarse patch w;, and take
k=H?*Y", k(x)V|x:|. Inthis way, we apply the MsFEM enriched with
the eigenvalue computation,

—dZU(k(X)V(m) = )\L/~€¢L in Wi, (12)
—Vo¢i-n=0 on Jws,

we obtain the multiscale basis ¢;, and the ordering eigenvalues
A1 <X <-.- < )Ap <---,where L is the chosen number of
eigenvalues.

@ Define ®,; = xi¢:,, where 1 <1 < L. We construct the multiscale
space which be enriched with the eigenvalue pairs, such that

U™ = span{®;;, ¢ Hp}. (13)
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@ For the multiscale basis functions to be enriched with eigenvalue
information, we assemble the global mapping matrix according to the
mesh nodes,

R:[¢15¢27"' 3¢L}' (14)

The size of R would increase with respect to the number of L. But it still
has great advantage than that of FEM on very fine grids.

@ On coarse patch scale to solve the eigenvalue problem
AD =AM, (15)

where A = (Apnn) = [, k(x)Vén - Vo = RTAR,

M = (Mun) = [, k(X)¢n - ¢m = R"MR.

For example, L = 1, size(A) = 121%; L = 2, size(A) = 2027;

L = 4, size(A) = 364%; L = 8, size(A) = 6882. All of these are much
smaller than that of FEM on very fine grids (NM)? = 100%, whose
size(A) = 102012, As a consequence, our enriched MsFEM can save
plenty of computational resources.
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Example 3. Model (9) with rapidly oscillatory coefficients k(x) and we set
right force f = 0. Define left boundary is 1 and right boundary is 0 of Dirichlet
type, and upper and lower boundary is 0 of Neumann type, which means the
gas or water flow from the left to the right, while there is no permeability up
and down. As for the time scale, we apply Euler backward difference or
Crank-Nicolson to accomplish the time-discretization.

‘‘‘‘‘‘‘‘

Fig. 5. Rapidly oscillatory coefficient k:(x).
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Reference solution

GMaFEM solution
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Fig. 6. At the same moment, reference solution, enriched multiscale solution
as for taking eigenvalue number of L = 2,4, 8.
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Reference solution GaFEM solution
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Fig. 7. At the same moment, reference solution, enriched multiscale solution
as for taking eigenvalue number of L = 2,4, 8.
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Reference solution
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Fig. 8. At the same moment, reference solution, enriched multiscale solution
as for taking eigenvalue number of L = 2,4, 8.
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Reference solution GsFEM solution
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Fig. 9. At the same moment, reference solution, enriched multiscale solution
as for taking eigenvalue number of L = 2,4, 8.
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