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Abstract. In this paper, we combine the generalized multiscale finite element method
(GMSFEM) with the balanced truncation (BT) method to address a parameter-
dependent elliptic problem. Basically, in progress of a model reduction we try to ob-
tain accurate solutions with less computational resources. It is realized via a spectral
decomposition from the dominant eigenvalues, that is used for an enrichment of mul-
tiscale basis functions in the GMsFEM. The multiscale bases computations are local-
ized to specified coarse neighborhoods, and follow an offline-online process in which
eigenvalue problems are used to capture the underlying system behaviors. In the BT
on reduced scales, we present a local-global strategy where it requires the observabil-
ity and controllability of solutions to a set of Lyapunov equations. As the Lyapunov
equations need expensive computations, the efficiency of our combined approach is
shown to be readily flexible with respect to the online space and an reduced dimen-
sion. Numerical experiments are provided to validate the robustness of our approach
for the parameter-dependent elliptic model.
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1 Introduction

A variety of research has been devoted to the developments of model reduction for high
simulation, optimal control, and engineering design. Many scientific applications in-
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clude the flow models in porous media and conduction models in composite materials.
These problems are inherently referred to as multiscale in nature, and they exhibit het-
erogeneous and high contrast behaviors. Traditional methods such as finite difference
method, finite element method, or discontinuous Galerkin method, would require the
use of very fine meshes to fully resolve the multiscale nature of media. To an end, the
practical applications are limited by the computational power. Therefore the interest in
developing efficient multiscale and model reduction methods for more computational
efficiency and accuracy are of particular interest.

There are many literatures on model reductions, see e.g. [1-3]. Model reduction per-
forms the discretization on a coarse grid, and it may be capable of incorporating fine-
scale features into coarse-scale schemes. Multiscale methods are used to solve a variety
of computational models. The construction of coarse space is involved in which solu-
tions are sought with the span of multiscale basis functions. Multiscale Finite Element
Method (MsFEM, [4]), Heterogeneous Multiscale Method (HMM, [5]) and related ap-
proaches [6-10] work for a variety of applications and offer an advantage in parallel
computings.

Progress has been made in recent years in developing the multiscale computations.
The Generalized Multiscale Finite Element Method (GMSsFEM, see [11]) is a generaliza-
tion of the standard MsFEM, which uses appropriate snapshots and spectral decompo-
sitions for the additional enrichment of multiscale basis functions. Its main idea is to
systematically enrich the initial coarse space with the eigenvectors of local spectral prob-
lems, and gradually accounts for more fine scale details. The enrichment is performed on
a spectral decomposition by the fact that its computational efficiency has been validated
the online space construction for any input parameter is fast and it can be reused for any
force and boundary. Proper Orthogonal Decomposition (POD, see [2,12-14]), is effective
to be used to find a low rank approximation to a Hilbert space, which is spanned by the
snapshots. In the case of matrix approximation, POD is basically Singular Value Decom-
position (SVD). And POD has been applied widely for a number of linear and nonlinear
problems.

The methodology of GMSFEM has been used in many recent studies [15-25]. Chung,
Efendiev and Li [15] derived an a-posteriori error indicator to develop an adaptive en-
richment for high-contrast flow models. A parameter-dependent, single-phase flow is
studied in [16], in which GMSsFEM is used as a local model reduction, and BT is used
as a global model reduction. Hou and Liu [20] provided the harmonic multiscale basis
functions with an optimal approximation, and through singular value decompositions
of some oversampling operators a good efficiency is achieved. In [22] the GMsFEM is
combined with variable-separation techniques, and it presents an iterative algorithm for
solving the parameter independent PDEs repeatedly. Jiang and Li [24] proposed a model
sparse representation based on the mixed GMsFEM with elliptic random inputs, which
improves the online computation and the problem output. Transport flow problem in
perforated domains are considered in [25], a mixed Petrov-Galerkin GMsFEM formula-
tion is used to guarantee mass conservation and stability in model reductions.
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Balanced Truncation (BT, see [1,2,12,14]) is a global model reduction technique that
one can make use of an a-priori error bound and solution stability, from a full system to a
reduced system. This skill involves retaining both the most controllable and observable
states of the system, then the weak states would be truncated off and the reduced model
is solved economically. It recasts the partial differential equations into the system frame-
works, in which an input-output mapping is built. To determine the most dominant state
variables, a coupled set of Lyapunov equations is to be solved for the observability and
controllability Gramians, whose combination is used for constructing a reduced system
via the truncated eigenvectors of specified matrices. Since the associated eigenvalues
decay rapidly, the measurable outputs can be well approximated by solving a reduced
model. However, a disadvantage of BT is that it could be too expensive to compute from
a fully-large system directly. As such, an approach that is based on the GMsFEM with
coarse-scale and applying the BT with reduced-scale is to be presented for the problem.

In this paper when considering a parameter-dependent model that may require un-
certainty quantifications, in order to avoid direct eigenvalue computations the coarse
space enrichment is divided into offline-online stages. The main goal is to allow for an
efficient online space construction for each fixed parameter. In return, it is not necessary
to recompute all the eigenvectors for separate realizations. The offline space is created
by initially producing a set of snapshot functions in which local problems are solved on
each coarse neighborhood for specified parameters. Then the first offline stage involves
forming a larger-dimensional (as compared to the online space) parameter-independent
offline space. This offline space accounts for a range of parameters that may be used in
the second online stage, and its construction constitutes a one-time preprocessing step.
After that at the online stage, we solve the balanced truncation eigenvalue problems for
given parameters in order to achieve the desired strength finally.

An outline of our proposed method is presented for the procedure.

1. GMsFEM computations:

1.1. Offline process.

1.1.0. Coarse grid generation.

1.1.1. Construction of snapshot space that will be used to compute an offline
space.

1.1.2. Construction of a small dimensional offline space by performing dimen-
sion reduction in the global snapshot space.
1.2. Online process.

1.2.1. For each input parameter, compute multiscale basis functions.

1.2.2. Solution of coarse sub-problems for any force term and boundary condi-
tion.

1.2.3. Offline-online POD coupling completes a coarse model reduction in the
GMsFEM.
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2. BT computations:

2.1. Global model reduction further on the basis of available coarse scale, it pro-
vides the most important state variables for Lyapunov equations in a input-
output mapping.

2.2. Construction of a reduced system via the truncated eigenvectors for specified
and reduced block matrices, and the associated eigenvalues decay rapidly. A
local-global model reduction method is well proposed for the measurable out-
puts in our parameter-dependent PDEs.

The paper is organized as follows. In Section 2 the model is introduced and a prelim-
inary description is given. In Section 3 detailed descriptions in the GMsFEM along with
the BT are provided for local-global reductions. Numerical experiments are presented in
Section 4 to validate the performance. And conclusions are given in Section 5.

2 A preliminary description of the model

2.1 Parameter-dependent elliptic problem

A two dimensional parameter-dependent elliptic equation with high contrast coefficients
is considered. Finding a solution u to

—div(k(x;p)Vu)=f in Q, (2.1)

where x(x;) is contrast coefficients in 2D space x, u is used to represent the parameter
dependence and may be random uncertainty. The right side is f, and the problem may
be subject to different boundary conditions. Q) is a domain in IR? and its boundary is Q).

We divide the domain () into a set of quadrilateral finite elements on a coarse grid,
which is denoted by TH. {y;}1°, denotes the coarse grid vertices (N is the coarse vertices
number), and define the neighborhood of a node y; by

wi=J{KeT"; yieK), 22)

see Fig. 1. Then we refine every coarse element K on the coarse grid 7! into more fine
quadrilateral elements k, and denote a fine grid by 7". From on, N, M denotes the coarse
and fine (of every coarse element) partition number in each direction, and H(= %), h(=
%) denotes the coarse and fine mesh size, respectively.

The standard finite element space is built through using piecewise bilinear polynomi-
als Q' (k) for 2D, and is subordinated to 7" as

Vi={veH'(Q): v, €Q!(k), VkeT"}. (2.3)
In Galerkin weak formulation, we find u € V" such that

a(u,0)=(f,v), VoeVh, (2.4)
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Figure 1: lllustration of coarse grid, element and neighborhood.

where
a(u,v):/QK(x;y)Vu-Vv, (f,v):/ofv.

With a very fine partition number in the standard finite element method, it results in a
huge discrete system for solving expensively as

Af(,‘l/l)uf:Ff, (25)

where

Ap() = [0(0)n] = [ €C61) Vi Vo, Fy=fo] =E [ b,

and 1, is the standard bilinear basis function defined on each element k. Here the sub-
script f means that matrices are on a very fine grid, which is different from the sub-
script ¢/r for the coarse/reduced case later. Now in this way, the stiffness matrix A
is assembled from all fine elements, whose size is Ny x Ny, here Ny = (NM+1)? for the
two-dimensional model. We build B, C as the nodal matrices (they are transposed to
each other B=CT, the size of Bis N <N 2), which are allocated to the domain boundary
vertices.

A main goal of the paper is to fulfill a suitable model reduction of size N, such that
N; < Ny for computational efficiency, and to preserve a good performance for the model
(2.1).

2.2 Local-global reduction approach

First, we recall the standard multiscale finite element method. A homogeneous sub-
problem is solved for the multiscale basis functions ¢ in coarse neighborhoods from

{ —div(x(xu;) Vo) =0 in w;, (2.6)

w
4)1,].’ =01 on Jdw;,
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where y; (j=1,---,]) is a set of specified parameters, and the boundary condition ¢ ;(y;) =
1 when (i=j), 0,;(y;)=0 when (i#}). In this way, some useful local information are tracked
through the I-th basis function ¢; in the form of coarse matrices. Although this standard
multicale method works in a range of situations (see [4, 5,7, 8]), while for parameter-
dependent problems with high contrast it would show infertilities. This encourages us
to pursue a powerful strategy for the complicated multiscale reduction.

To be more specific, we would build a so-called mapping matrix which is carrying
on the necessary microscopic information. Details are to be provided later in (3.12) of
Section 3, the mapping matrix is R € RNe*Nf (whose row size N, < N r) satistying

Ac(,u)uc:Fc/ (2.7)

where Ac () =RAf(u)R", F.=RFy, and the size of A, is N; x N.. Here subscript ¢ means
on the coarse grid we apply the standard multiscale/generalized multiscale method to
get a numerical solution. It should be noted that in the latter generalized multiscale
scheme we should carry out a necessary eigenvalue computation, which makes the ma-
trix R have a bit larger size. Through enriching the dominant eigenfunctions it guaran-
tees a higher resolution. To this point, on the basis of original fine matrices B,C whose
corresponding coarse ones are formed as B.=RB, C. = CRT.
Next is to carry out the matrices reduction further as

Ar(p)ur=F, (2.8)

where A,(u) =UA.()V, F, = UF,, whose size of A, is N, x N;, and N, (< N. < Nf) can
be chosen in Section 4. Here U, V are from a singular value decomposition to be defined
in (3.28), with UV = Iy,. Set B, =UB,, C, =C.V, these matrices and vectors are reduced
again to save computational costs (especially in Lyapunov equations for observability
and controllability). While at the same time, the simulation accuracy is shown from our
novel method.

3 GMSFEM and balanced truncation

The GMsFEM [11] is a general framework that generalizes the MSFEM [4] in the sense
that multiple basis functions can be systematically added to each coarse region, by flexi-
bly enriching the coarse spaces via necessary eigenvalue computations.

In this generalized method, we first use a coarse partition and calculate a snapshot
space in each coarse neighborhood. We should perform an appropriate spectral decom-
position and select multiscale basis functions which are corresponding to the dominant
eigenvalues. In this way the snapshot space is built to represent the solution space, and
they may include all possible local fine-grid functions or harmonic functions. In the fol-
lowing, we just make options for an optimal subspace with respect to the acceptable
tolerances.
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The generalized multiscale method can be divided into two stages: offline and on-
line. At the offline stage, a small dimensional construction uses the snapshot space and
requires solving local spectral decompositions. The space can be re-used to capture the
essential fine-scale features. Then a space reduction is performed and the dominant
modes are acted as the multiscale basis functions, for any input parameter which is fit-
ting our parameter-dependent problem perfectly. At the online stage, when a force term
and boundary condition are given, the above offline basis functions are used to obtain
an approximate solution. One can also adaptively select the basis functions in various
coarse regions, in order to seek a better efficiency and accuracy.

The theory behind the offline and online spaces is the selection of spectral sub-
problems and the snapshot space construction. Many multiscale problems with high
contrast may have very small eigenvalues and thus, we would like to include the eigen-
vectors associated with small eigenvalues to be surely enriched in the coarse space. Con-
sequencely, the multiscale basis functions are constructed via multiplying the dominant
eigenmodes by the partition of unity functions.

On the other hand, a direct approach of balanced truncation [2,13] to a parameter-
dependent problem would be prohibitively expensive or even not feasible since Lya-
punov equations are to be solved. In particular, solving these equations on the fine scale
from varying permeability, boundary condition, and forcing term will quickly become
prohibitive. In turn, in this paper we propose the uses of a generalized multiscale and
offline-online balanced truncation in order to obtain the inexpensive and accurate results.

Our balanced reduction is based on the GMsFEM. It allows to construct an indepen-
dent set of online basis functions in which a coarse solution may be sought. As a result,
the global system would be posed on a coarse scale to avoid to implement the balanced
truncation on a fine scale directly. After two stages of the GMsFEM, the process yields
a small dimension subspace for each fixed parameter y in essence. As such, multiscale
coarse solutions may be efficiently computed for specified inputs. We note that this con-
tribution is served to further decrease the computational cost, which is associated with
the balanced truncation of model reductions.

3.1 Generalized multiscale finite element method

3.1.1 Offline process

At this stage, we first construct a snapshot space subordinated to each coarse neighbor-
hood w; in the domain. The snapshot space construction involves solving the local prob-
lems from a set of input parameters. Being different from the standard multiscale method
for solving the homogeneous local problem (2.6), now an eigenvalue decomposition is in-
troduced in this generalized multiscale method. First, we solve snapshot functions from

a spectral problem: to find (/\;‘;f’snap,q);‘;?’snap) €R x V@it gych that

—diV(K(x;y]')chZ}]f’snap) = A;f]f'snap4>;f]?'5“ap in w, (3.1)
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note that zero Neumann boundary condition is applied to solve eigenvalue problems,
except in the discontinuous case when Dirichlet condition is used on the global domain
boundaries. It is well known that solving all the eigenfunctions of a large matrix are ex-
hausting for (3.1), so we keep the first L; eigenfunctions that correspond to the dominant
eigenvalues A;; (I=1,---,L;) in order to construct a snapshot space. The snapshot space
V«wishap related to the neighborhood wj, is generated from the multiscale eigenfunctions
as

V“J"S“ap—span{% AP =1, L, j=1,1, ]} (3.2)

Next we reorder the snapshot functions, through using a single index as the matrix
columns to create an updated

RSP = [P, gronor] 3.3
where Lsnap denotes the functions number that are kept in the snapshot matrix construc-
tion. For brevity, we omit the superscript w; from V", RSP But it is assumed through-
out the paper, the offline and online computations are localized to the respective coarse
neighborhoods.

The discretized form of local problem (3.1) is

A(u)gp " =AM (g7 in w, (3.4)

where

A(ﬂj)sz_K(x;ﬂj)Vt/Jm-Wm M(ﬂj)ZL_%(x;uj)¢m¢n,

and ¢, denotes the standard bilinear, fine-scale basis functions, ¥ will be defined in the
next Subsection (3.9).

Next, we perform a dimension reduction of the snapshot space in using an auxiliary
spectral decomposition in order to construct an offline space. To be specific, we seek a
subspace of the snapshot space such that it can approximate any element in an appropri-
ate sense. The main objective is to efficiently construct a set of multiscale basis functions
for each parameter y. We reiterate the offline bilinear forms to be parameter-independent,
such that there is no need to reconstruct the offline space for each value . It follows that
the eigenvalue problem can be described as

Aoffcboff Aoff Moffq)off (3 5)
where
Aoff — / (X y) V(Psnap (Psnap RsnapZ(‘u) (Rsnap ) T’
Wi

Moff — /w (X ]/l)(j)snap(f)snap RsnapM(y) (Rsnap)T,
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here x(x;u) and x(x;u) are domain-based averaged coefficients. A and M denote similar
fine scale matrices as defined in (3.4), except that averaged coefficients are used. The
smallest L eigenvalues are picked up in (3.5) and form the corresponding eigenvectors

by setting (ploff = Z]- @?fgb?nap (I=1,--,Logg, j=1,--- ,Lsnap), where CI>§’§f are the coordinates

of the vector ®9f. In this way we create the offline matrix

R = g5, g5 | (3.6)
3.1.2 Online process

With the available offline space, next we construct the associated online space on each
coarse neighborhood for a specified parameter y. In principle, we assume the online
space is a small dimensional subspace for computational efficiency. We reiterate at the
online stage, the reduced-order bilinear forms are chosen to be parameter-dependent.
The following eigenvalue problem is obtained

A ()P = APTM" () @7, (37)

where

Aon(y):/ K (x; 1) Vpoff . 7 poff = RO A (31) (RO T,

Wi
M ()= [ Rox)giitest = R M(n) (R,

here x(x; ) and (x; 1) now depend on the specified y value, A(i) and M () are specified
fine scale matrices in (3.4).

Finally, to generate the online space we choose the smallest L., eigenvalues from
(3.7) and finalize the corresponding eigenvectors by setting ¢ =} ; q)?/?(p]‘-’ff (I=1,-+,Lon,
j=1,---,Log), where QD?? are the coordinates of the vector @ It should be noted that
the matrices size in (3.7) solely depends on the dimension of the offline subspace. This
results in the declining cost of the online space in contrast to the more expensive original,

one is using the localized fine computations directly.

3.1.3 Offline-online POD coupling
In order to enrich the online basis functions into a reduced-order global formulation of
(2.1), we denote y; as the standard multiscale partition of unity functions which are from

{ —div(k(x;#)Vxi) =0 in Kewj,

Xi=&i on 9dK, (3.8)

where g; is a continuous boundary condition and is bilinear on each edge of dK. Using
the initial partition of unity we define the summed pointwise energy x as

Ny
K=x)_ H*|Vyxi|*. (3.9)
i=1
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Again, H is the coarse mesh size and Nj is the coarse vertices number. In order to con-
struct the global coarse-grid solution space, we multiply the partition of unity functions
by the online eigenfunctions to form the final multiscale basis functions

¢i,l:Xi(P?nl i:]'l.../NUI lzl/"'1L0n~ (310)
Then the online space follows
VO =span{¢;;: i=1,---,Ny, I=1,---,Lon}. (3.11)

Using a single index notation we denote V" = span{qbk}i\];l, where N, denotes the total
number of multiscale basis functions in the coarse scale formulation. Recalling in (2.7)
we now finalize the mapping matrix R to be used in the global reduction

R=[¢1, -, ¢n], (3.12)

where ¢, represents the nodal vector of each generalized multiscale basis function. This
matrix R (whose size is N. X Ny) is now plugged in (2.7), which can be enriched with the
most dominant eigenfunctions and meaningful microscopic behaviors. This would lead
to simulation advantages later on.

This completes the coarse model reduction in the GMsFEM. In the next subsection,
we would like to carry on a further model reduction in a BT.

3.2 Balanced truncation for further reduction

3.2.1 Lyapunov equation and its property

Lyapunov equation is of scientific importance in model reduction, control theory, stochas-
tic analysis, and so on. Large matrices would arise from a large system directly. For
example, the discretization by the standard finite element method on very fine grid re-
sults in a Lyapunov equation with the stiffness matrix A, whose size Ny x Ny would be
very large. A major challenge for solving the problem is that the unknown dense matrix
W has N2 entries. The huge storage and solution cost for Lyapnov equations would be
problematic, see [26-28].

In this paper, we are focused on a new local-global model reduction method for the
combination of GMsFEM and balanced truncation method. Since we start to solve the
Lyapunov equation on the basis of GMsFE coarse neighborhoods for A, instead of on
the very fine elements for Ay, in this way a great deal of storage costs have been saved.
Then the balanced truncation is used to solve a unknown matrix W. For simplicity we
omit subscripts of above matrices Ar or A, in the following.

For the standard Lyapunov equation

AW+WAT =27, (3.13)

typically the eigenvalues of W decay very rapidly when the right side Z has a low rank.
This decay is strongly related to the approximation error from the balanced truncation.
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In general, the matrix W is dense even if the system is sparse. However in the following
propositions, we could obtain some useful block sparse matrices.
From the matrix approximation, we set

W=Uuwu’, A=UAUT, (3.14)

and
W=Uu'wu, A=UTAU, (3.15)

where UTU =1, then
utzu=u"(AW+wAhHu=urAwu+u"waTu
=uTAuwuru+utuwu’ ATu
=UTAUW+WUTATU
—AW4+WAT=7, (3.16)

which means Z is an approximation to Z.

To this point, we provide a joint measure of controllability and observability for solv-
ing Lyapunov equations. We point out that these equations are not based on the fine
matrices, but are based on the coarse matrices A.(u), B., C. defined in (2.7). For equa-
tions

AC(V>Wcon+Wcon(Ac(ll))T‘f’Bc(Bc)T:O, (3.17a)
(AC(V))TWObS_'_WObsAC(V)+(CC)TCC:0/ (317b)

where Weon is a controllability Gramian, Wy is an observability Gramian [2, 13], and
in (3.13) Z is dependent on the forms of B, C.. The solutions of these two Lyapunov
equations play an important role in the model reduction and in our balanced truncation
particularly.

In general the computations of dense matrices are of order O(n?), some works are
developed to efficiently compute the solutions by reducing its computational complex-
ity [27,29]. But these are iterative methods and often low rank approximations, while
in our high contrast case it is hard to provide highly satisfactory approximations. In
Matlab code lyap, it transforms the matrices to complex Schur forms, computes the solu-
tions of resulting triangular systems, and may transform the solutions back if necessary.
It has high rank approximations, and the solutions of Lyapunov equation have numer-
ical connections to the dominant eigenvalues. We apply Weon = lyap(A.,B:(B.)T) and
Webs = lyap((Ac)T,(C.)TC.) to fulfill these advantages in the experiments. Since these
matrices A, B., C. are on coarse scale, the sizes of Weon, Wops are just N x N.

Once the two Gramians Weon, Wops are available, they may be expressed in the form
of Cholesky singular value decompositions to get Leon, Lobs as

Wcon = Lcon Lg;on/ (318&1)
Wobs = Lobs L(];bs/ (318b)
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and

¥, O] [v!
Ll Leon=UXVT =[] uz]{ ! H 1

o O] |V)
where U, V are to be specified soon. We set Scon=Lcon V12, 1/ 2, Sobs =21 1/ 2ll1T Lgbs, where
UfU; =VI'Vy =1y, and the subscript r means the reduced case. Here some properties
and proofs are provided.

] =5,V (3.19)

Proposition 3.1. Suppose matrices are of full rank #, then both Scon, Sobs are revertible,

Scon = Sobs’ (3.20)
and
SobsWeonSips = SkonWobsScon = 21, (3.21)
furthermore
S s Sobs Weon S s Sobs = SapsScon Wobs Seon Sobs = M1, (3.22a)
SconSobsWeonS gsSeon = Scon Ston Wobs Scon Seon = M. (3.22b)

Proof. Since
Sobsscon :Zfl/zulTLz;bs : LCOf\VlZ‘l_l/2
=z Ul vivis 2 =1,
they are both revertible. For (3.21) the second term
Sgonwobsscon 22;1/2VlTLZonLObSLgbchonvlzfl/2
== vivinufu s vivis 2=y,

and Sobswconszbs is similar. For (3.22a) the second term

Sgbssgonwobssconsobs = Sgbszl Sobs = Lobs ulzl_l/zzlzl_l/zu{Lgbs = Mll
and others can be obtained similarly. O
T

Proposition 3.2. Suppose L Lcon whose rank 7 < n, then there exists matrices Scon €
R (1=1) G » € R(T)X1 guch that for

S
X= [Scon SconZ]/ Y:|: ObS:|I

Sosz
it has
X l=vy, (3.23)
and
T 1z 0 T_|Z1 O
X' Weps X = {O Ms|” YWeonY" = O M|’ (3.24)
furthermore
T T 2 0
X' WepsWeon Y™ =Y WeonWops X = o ol (3.25)
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Proof. Choose Scon2 Wwhose columns form a basis for the nullspace of Sy,s, such that
SobsScon2 =O. Set Sopen as the last n—r rows of X1, follows that SgpepScon =O. Then

S
XY= [Scon SconZ] |:S 0552:| = [Sconsobs—i_sconZSobsz} =1,,
obs

S b S b: Scon S b: SconZ] |:Ir O :|
YX = obs S S o] = obs obs — =1,
[Sob52:| [ con Teo 2] [SobSZScon SoszSconZ @) Infr "

from Proposition 3.1 and above that they are revertible.

For (3.24) the first term
T S&
X" Wops X = |:S]gor12:| Wobs [Scon Sconz]
con.

|: S Zon Wobs S con S Zon Wobs S con2

T T 7
S con2 Wobs S con S con?2 Wobs S con2

where the first entry

Sgonwobsscon :Zfl/2V1TLZonLObSLz;bsLC0nV1Zfl/z
= V2vlvisulu s vivis 2 =5,

the second entry

T -1/2y;T71 T T
SconvvobssconZ :Zl / Vl LconLobsLobsSconZ

:Z‘l_l/ZVlTvlz‘l U{LgbsSCODZ = Z‘1Sobsscor12 =0,

the fourth entry
ScTonz WobsScon2 = SgonZ Lobs Lz;bs Scon2 1= M3,

and YWeon YT is similar. For (3.25) the first term

T
T T _ | Scon T T [cT T
X" WopsWeon Y™ = [ST ] LobSLobs ’ LconLcon [Sobs Sobsz]

con2
T T T T T T T T

o [ S]QOHLObSLOTbSLconLCIQnSOTbS STQOHLObSLojbchonLCIQnsoqb52

pr— 7

Scon2 Lobs Lobs LeonLeonS obs Scon2 Lobs Lobs LCOHLCODSobSZ

where the first entry

T T T T
SconLObs Lobs LCOHLconSObS

=2 V2V LE  Lops LY LeonLEn Lobs Ur 27 /2
= V2vlvizulu s viivis ufuy e V2 =53,
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the second entry

T T T T
S conLObS Lobs LCODLconS obs2

~1/2y,; Ty T T T gT
:Z‘l / Vl LconLobsLobsLCOT\LconSobSZ
:z;l/zval& Uf Uy %y VY Lo S s
_§3/21T7T T
—21 Vl Lconsobsz

2T T
:le SoszZO'

con

and the fourth entry

T T T T
SconZ Lobs Lobs LCOnLcon Sosz

=SdmoLopsthZ1 VY LL ST

con

=S20n2SepsZ1SeonSeps2 = O,

con2%obs con

and the other YW o, Wyps X is similar. O

Remark 3.1. From the above propositions, these block sparse matrices are helpful in the
construction of the reduced matrices. Once the approximations are obtained, we can
apply for the singular value decomposition and eigenvalue computation further. The
reduced model from the coarse version would be shown effective for our parameter-
dependent model in the experiments later on.

3.2.2 Balanced reduction

On the basis of coarse matrices (compared with the fine ones), we have a platform to
carry on the matrices reduction. In our case, we find the first N, ordered eigenvalues and
normalized eigenvectors of the matrix LI WpsLeon, by solving

LcTonWobchonéz':/\igiz i=1,--,N;. (3.26)
The eigenvalues and eigenvectors are given by
{A} and {8} ={e; "¢/ LeonLaps (3.27)

where 0; = /\}/ 2. With the eigenvalues and eigenvectors in place, we construct the above-
mentioned matrices U and V in (2.8) as

o %0
U= Lops,  V =Lcon [510;1/2 e (?N,(Tirl/z] ’ (3.28)

~1/2
o, “CN,

whose size is N; x N; and N, x N, respectively.



S. Jiang, A. Protasov and M. L. Sun / Adv. Appl. Math. Mech., 10 (2018), pp. 1527-1548 1541

As a result, the reduced model is formed in the matrices A, () =UA.(¢)V, and B, =
UB,., C,=C.V, where r depends on the decay of eigenvalues and is specifically selected
in the numerical experiment. In particular, we reach the reduced scale since A,(y) has a
size of N, x N,, compared with the coarse scale A.(y) with a size of N. x N, and the fine
scale A () with a size of N¢ x Ny.

The balanced truncation has better efficiency in numerical simulations. Their a-priori
error estimates simply depend on the decay of eigenvalues in (3.26). And particularly,
the error estimates rely on the magnitude of all truncated eigenvalues summation. On
the other hand, the BT has its own limitations. Since the Lyapunov equations in (3.17)
require costly computations for unknown Weon and Wops, and followed by the singular
value decompositions, especially for the fine case. In particular, applying BT directly to a
huge input-output system may not be feasible in real applications.

Therefore in this paper, a proposed combination of GMsFEM-BT method for the
parameter-dependent problem is developed to avoid a huge system computation, while
it maintaining a proper accuracy at the same time. Since the approach is applied to an
online coarse scale system, which has already been reduced via using the GMsFEM, its
computational cost would be significantly reduced.

4 Numerical experiments

In this section numerical results are presented to show the performance of our method.
We use Matlab 2014 to address all codes. Computations are performed on a desktop
workstation, with Intel Core i5 3.20GHz processor and 8GB RAM. A permeability coeffi-
cient is assumed as

K(x;p) = p1x1(x) + paxa(x), (4.1)
where
2+1.8sin(2§) 2+1.8cos(2§)
x1(x)=10 7 + sk (4.2a)
2+1.8cos & 2+1.8sin -
2+1.8sin(zg) 2—|—1.8cos<28—3)
k2 (x) =10 + (4.2b)

and the pair (y1,42) may be randomly picked from [0,1]?, and let &1 =0.2, e, =0.08, e5 =
0.125, ¢4 =0.0078125.

A resulting permeability field exhibits a periodic contrast structure (and may be ex-
tended to randomized structure too), see Fig. 2. And a non-homogeneous boundary
condition g is defined, g=10x on lower x=[0,1] and y=0; g=10(1+4y) on right x=1 and
y=10,1]; g=10(1+x) on upper x=[0,1] and y=1; g=10y on left x =0 and y=[0,1].
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Coefficient 1 Coefficient 2

X X

X

Figure 2: Coefficients x1(x), x2(x) and x(x;p).

To solve the model (2.1), first we divide the domain )=10,1]x[0,1] into NMx NM =
160 x 160 fine elements and use the FEM to solve a fully-resolved system (2.5). This com-
putation is typically the most expensive, and is used as a reference for testing the per-
formance of the proposed method. Next in a coarse scale scheme, the MsFEM and GMs-
FEM are applied respectively to obtain the corresponding outputs from (2.7). In both
approaches we bisect the coarse partition N=4,8,16 and keep the fine partition M=10 in
each coarse element K. In contrast, with the helps of spectral computation and multiscale
basis functions enrichment, the latter generalized approach would show its advantages.
Finally, we solve Lyapunov equations on the basis of coarse matrices, and carry on the
BT from (2.8) in a further reduced scale to test the abilities of our GMsFEM-BT.

In implementation of the GMsFEM, in order to generate the necessary snapshot space
for the offline-online stages we use three equally spaced points in each dimension and
keep the eigenfunctions number L; =10 in (3.2), then for two dimensional case it has
Lsnap:32*1O:9O in (3.3). According to different error tolerances of the experiment setting
we may flexibly decide the desired outputs, through selecting the dominant eigenfunc-
tions from the snapshot space V" to build the mapping matrices. In each coarse neigh-
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Reference MsFEM solution

GMSFEM solution

Figure 3: Solutions of reference, MsFEM, GMsFEM on coarse partition N =8, respectively.

borhood, the optimal number of eigenfunctions Loy, is less than the maximum Lgpap. In
the BT with a further reduction, after solving the Lyapunov equations for a controllability
Weon and a observability W,s on coarse scales, we use the singular value decompositions
to build U, V in (3.28), whose size is smaller N,.

We are interested in comparing the outputs from the fully resolved fine system, the
coarse system and the reduced system. Since the coarse partition refinement is N=4,8,16
and the same fine partition is M =10 in each coarse element, in this way in both direc-
tions the coarse vertices number is N, = (N —1—1)2 =25,81,289. The size of fine system
is Nf= (NM +1)2 =1681,6561,25921, while the corresponding size of coarse system is
N, =118,598,2679(< N f). We should point out that N in the GMsFEM are determined
from setting the tolerances of offline and online both at 1073. In contrast, the size of
reduced system is N,, which is just the specified smaller integers later.

Figs. 3 and 4 show the reference, MsFEM, GMsFEM solutions and errors. The refer-
ence is from fully solved fine system, while the standard/generalized MsFEM solutions
are from much more coarse system and they are well approximate to the reference. It is
verified with the beneficial spectral computation for dominant eigenfunctions and mul-
tiscale enrichments, the GMsFEM performs much better. We list the norm errors from
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Error of MSFEM Error of GMSFEM

0 1000 2000 3000 4000 5000 6000 7000
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Figure 4: Errors of MsFEM and GMsFEM on coarse partition N=8, and error distribution of the latter method.

MsFEM and GMsFEM with the grid refinement in Table 1. These error percentage to
the reference show the convergence and stability of GMsFEM, which is superior to the
divergence of MsFEM, see Fig. 5.

In Fig. 6 results are presented for the reference on the fine partition NM =160, GMs-
FEM on the coarse partition N =8 and BT on the different reductions N,. We observe
that in Table 2 on small N, such as 20 and 60, the BT does not behave very well. With
the increase of N, it demonstrates the capability to capture more necessary details of the

Table 1: Percentages of norm error from MsFEM and GMsFEM (number of local basis functions per coarse
neighborhood is 10), on different partition number N.

coarse partition N | norm | MsFEM error (%) | GMsFEM error (%)
1 L? 0.29 0.25
HT 11.12 9.49
3 L? 0.38 0.16
HT 16.55 9.04
16 L? 0.54 0.11
HT 26.63 8.77
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Figure 5: Convergence history of norms from MsFEM and GMsFEM.
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Figure 6: Outputs of reference, GMsFEM coarse and BT reduction with different N,.

reference, and its error percentage is less than 0.02%.

It should be noted that the size of BT is of the maximum N, =220, compared to the
size of GMSFEM with N.=2679 or the size of FEM with N fi =25921. At the meantime, we
note the fact that the BT works on the basis of the GMsFEM'’s coarse scale, and it would
cost some time for solving Lyapunov equations and singular value decompositions. And
if the BT works on the basis of the FEM’s very fine scale, the computational cost would
be much higher.

Finally in this section, we provide the CPU time for the partition of N=8 and M =
10. From Table 3 it is obvious that the FEM spends the most time on a fully fine grid
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Table 2: Error percentages from GMsFEM and BT.

GMsFEM GMSFEM-BT error on different N, (%)
error (%) | N,=20 | N,=60 | N,=100 | N,=140 | N,=180 | N,=220
0.13 0.97 0.33 0.15 0.056 0.025 0.014

Table 3: Comparisons of CPU time.

FEM | MsFEM | GMsFEM (online) BT
size 6561 81 598 20 60 140 220
time (s) | 8.60 0.12 0.92 0.00048 | 0.0020 | 0.0060 | 0.0088
Lyapunov solve GMSsFEM-BT
time (s) 417 0.9205 | 0.9220 | 0.9260 | 0.9288

size of 6561 to obtain a reference. The MsFEM and GMSsFEM spend less time to obtain
their numerical results. However, the GMsFEM has to construct the snapshot space and
couple the offline-online stages with eigenvalue computations. This process definitely
consumes resources to bring a good accuracy. In the end, a Lyapunov solver on the basis
of GMsFEM size 598 (neither on the FEM, nor on the MsFEM) shows its promise. After
that, the reduced size of BT system is available, and the desired balance for both accuracy
and efficiency of our proposed GMsFEM-BT is demonstrated with the numerical results.

5 Conclusions

In this paper, a combined approach of generalized MsFEM and balanced truncation is
proposed to solve the parameter-dependent elliptic problem. With the benefits of spec-
tral computation from dominant eigenfunctions, the GMsFEM provides a good platform
and serves as a local model reduction tool. Then the BT is served as a further global model
reduction in which the input-output mapping is used for incorporating the underlying
system information, and it requires the singular value decomposition of Lyapunov equa-
tions solution. From the theory and experiment, our GMsFEM-BT is shown to be quite
flexible with respect to the online space tolerance and reduced matrix size, and it may
reach a suitable balance between the accuracy and efficiency for complicated multiscale
problems.
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