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ABSTRACT

Multiscale modeling of complex physical phenomena in many areas, including hydro-
geology, material science, chemistry and biology, consists of solving problems in highly
heterogeneous porous media. In many of these applications, differential equations are for-
mulated in perforated domains which can be considered as the region outside of inclusions
or connected bodies of various sizes. Due to complicated geometries of these inclusions,
solutions to these problems have multiscale features. Taking into account the uncertainties,
one needs to solve these problems extensively many times. Model reduction techniques
are significant for problems in perforated domains in order to improve the computational
efficiency.

There are some existing approaches for model reduction in perforated domains in-
cluding homogenization, heterogeneous multiscale methods and multiscale finite element
methods. These techniques typically consider the case when there is a scale separation or
the perforation distribution is periodic, and assume that the solution space can be approx-
imated by the solutions of directional cell problems and the effective equations contain a
limited number of effective parameters.

For more complicated problems where the effective properties may be richer, we are
interested in developing systematic local multiscale model reduction techniques to obtain
accurate macroscale representations of the underlying fine-scale problem in highly hetero-
geneous perforated domains. In this dissertation, based on the framework of Generalized
Multiscale Finite Element Method, we develop novel methods and algorithms including
(1) development of systematic local model reduction techniques for computig multiscale
basis in perforated domains, (2) numerical analysis and exhaustive simulation utilizing the

proposed basis functions, (3) design of different applicable global coupling frameworks
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and (4) applications to various problems with challenging engineering backgrounds. Our
proposed methods can significantly advance the computational efficiency and accuracy for

multiscale problemss in perforated media.
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1. INTRODUCTION

1.1 Motivation

Scale disparity exists in many practical engineering problems. The microscale features
of the problem are believed to affect the large scale formation and continues to challenge
the charaterization of the system in many applications. Multiscale modeling of complex
physical phenomena has been a popular research topic in many areas, including climate
dynamics, material science, chemistry and biology, which consists of solving problems in
heterogeneous porous media.

In many of these applications, differential equations are formulated in perforated do-
mains (see Figure 1.1 for an illustration). Perforated domains can be considered as the
region outside of inclusions or connected bodies of various sizes. Because of the variable
sizes and geometries of these inclusions, solutions to such problems have multiscale prop-
erties. Solving these problems at all scales directly can be extremely expensive even with
today’s computing capacity. In combination with extremely sparse data sampling, miss-
ing information and the associated uncertainty requires thousands of simulations which
exerbates the computing difficulty. In order to reduce the computational cost, we are in-
terested in formulating methods that avoid global fine scale calculations. Model reduction
techniques have shown their great neccessity for problems in perforated domains.

One approach for model reduction is homogenization. For a given PDE, it can have
differernt natural scales, for instance, a macroscale of order 1 and microsale of order
0 < € < 1. Homogenization learns the limiting behavior of the solution u¢ as the mi-
croscopic length € goes to zero [1, 2]. There have been many homogenization results
in perforated domains where perforations can have distinctly different properties, e.g.

[3,4,5,6,7,8,9, 10, 11, 12]. Homogenization approaches average microscale proper-



Figure 1.1: Illustration of a perforated domain.

tites, resulting in macroscale equations in the domain without perforations using effective
properties, and the macroscale equations can differ from microscale equations. In [3], the
author studied the homogenization of Stokes or Navier-Stokes equations in domain con-
taining many periodically distributed tiny obstacles with the no-slip boundary condition.
In the paper, it is proved that for perforations with critical size, the limit problem follows
Brinkman type of law; for smaller obstacles, the limit problem converges to the solution
of Stokes equation; and for larger holes, the problem reduces to the Darcy’s law. How-
ever, typical assumptions on periodicity or scale separation are needed to formulate the
cell problems in the homogenization theory.

In the numerical homogenization procedure, the local cell problems which account for
the microscale interaction are solved on a fine grid. Using the solutions of the local prob-
lems, the effective properties can be computed. The resulting homogenized equations can
be solved on the coarse grid with the mesh size independent of the size of the perforations

for different boundary conditions and right hand sides.



One of the numerical homogenization method is the heterogeneous multiscale meth-
ods. The heterogeneous multiscale method was proposed in [13]. In this approach, one
first selects an incomplete macroscale model, and then estimates the needed data for the
macroscale scheme from the micorscale simulations. Due to the absence of the knowledge
of overall microscale properties, the local problem are only solved around some quadra-
ture points. The locally constructed basis are used in the numerical integration to form
the stiffness matrix of the coarse scale global problem. The work based on heterogeneous
multiscale finite element method was adapt to elliptic homogenization problem in perfo-
rated domain in [14] using local representative volume concepts. Under the assumption of
periodicity, the authors reformulate the HMM into a two-scale problem to get a posterior
estimates. The method proposed in this work does not depend on the fine sacle parameter
e and exhibits applicability for heterogeneous problems numerically. To apply this mehod,
one assumes that the information of the media can be described by the representative vol-
umes, and the effective equations contain a limited number of effective parameters.

There are some generalization to problems with random statistically homogeneous
pore-space geometries [15]. A multiscale finite element (MsFEM) approach for perfo-
rated domains was proposed in a recent work [16], which studied an MsFEM type method
in the manner of Crouzeix-Raviart finite element method on a perforated domain. MsFEM
methods were first introduced in [17] and further developed in [18, 19, 20, 21, 22, 23]
etc. The main ingredients of MSFEMs are the global formulation and the basis construc-
tion. Instead of using standard finite element basis such as piecewise polynomials, Ms-
FEM employs basis functions which are constructed by solving local problems with some
boundary conditions. The multiscale basis will then carry the local information of the
microscale heterogeneity and outperforms the standard finite element on a coarse grid. In
MSsFEM approaches, the boudary condition used in the local problem play a critical role

for the accuracy of the method. In [16], the authors employ Crouzeix-Raviart elements,



where only the weak continuity of the multiscale basis across the edges of the coarse mesh
is enforced, thus leading to some natural boundary conditions for the basis functions. The
authors also enrich the multiscale finite element space using some bubble functions. How-
ever, for general heterogeneities, the effective properties may be richer, we are interested
in a more systematic way to enrich the coarse space accurately and efficiently.

Generalized Multiscale Finite Element Method(GMsSFEM) [24, 25, 26] was proposed
to generalize the MSFEM by identifying enriched local multiscale space and obtains more
accurate numerical macroscopic systems. The main idea of the GMSsFEM is to use local
snapshot vectors to represent the solution space and then identify local multiscale spaces
by performing appropriate local spectral problem. The GMsFEM framework usually con-
tains two stages: the offline stage and the online stage. In the offline computation, snapshot
spaces are first constructed. Using snapshot spaces is essential in problems with perfora-
tions, because the snapshots contain necessary geometry information. Next, some local
spectral decomposition is performed to identify dominate modes in the snapshot space.
The local multiscale basis functions obtained as a result represent the necessary degrees
of freedom and will be used in the macroscale solver. This is in contrast to some other
approaches, where one apriori selects the number of cell problems. The online stage of
the GMsFEM is to solve a globbal problem for a given source term or boundary condi-
tion. One can accelerate the convergence by computing multiscale basis functions using a
residual at the online stage [27, 28, 29]. Online basis functions are computed adaptively
and only added in regions with largest residuals.

This thesis concentrates on developing systematic local multiscale model reduction
techniques under the framework of GMSFEM to obtain accurate macroscale representa-

tions of the underlying fine-scale problem in highly heterogeneous perforated domains.



1.2 Outline of the dissertation

In this section, we show a general picture of this dissertation.

In chapter 3, the adaptive online generalized finite element methods for problems
in perforated domain was studied. The physical problem we are interested include the
Laplace problem, the elasticity problem and the Stokes problem. We present the analysis
of the proposed method and focus on analyzing Stokes equations, since similar techniques
can be easily extended to the elliptic and the elasticity equations. We note that in previous
work [30], the offline simulations for heterogeneous problems in perforated domains was
studied. The main improvements in my work are (1) more accurate and efficient way of
constructing offline basis (2) the development of the online algorithm and their analysis
(3) the development of adaptive strategies.

In GMsFEM, the offline multiscale basis function construction is local and needs to
solve local snapshot problems and local spectral problems to get the multiscale basis func-
tions. A modified version of offline multiscale basis functions for Stokes equation are
introduced such that the velocity basis functions have constant divergence. This is be-
cause we want the range of the divergence to be a polynomial space of the same order
as the discrete pressure space, which consists of piecewise constant in our approximation
scheme. Another thing worth mentioning is that the offline computations might be heavy
if the contrast between the coarse grid size and fine grid size is too large. In this chap-
ter, we discuss the use of randomized snapshots[31] to reduce the offline cost associated
with the snapshot space computations. The randomized snapshot strategy is an efficient
calculation of the snapshot space based on the randomized SVD theory. The main idea is
that a smaller number of snapshots can be calculated instead of the whole snapshot space
for a given accuracy. One can also use local oversampling techniques [18, 32] to reduce

the boundary effect introduced by the randomized boundary condition to improve accu-



racy. However, the global effects are still not used. In order to accelerate the convergence,
one can compute multiscale basis functions at the online stage [27, 28, 29]. This is done
by designing new multiscale basis functions, which solve local problems using the global
residual information.

Online basis functions are computed adaptively and only added in regions with largest
residuals. In chapter 3, we design online basis functions according to an analysis of the
problem [33]. It is worth emphasizing that the adaptivity and online basis construction are
important for the success of multiscale methods. Actually, one may need only a few basis
functions in many regions, while more degrees of freedom may be required in some other
regions in order to approximate the solution space accurately. The online basis functions
allow a fast convergence and it is important that adding online basis function in one online
iteration can decrease the error substantially. We reveal the relationship between the num-
ber of offline multiscale basis functions chosen initially and the decreasing rate of online
solution error. This can help us to get an estimate of the error reduction apriori, which is
important in practical simulations. The analysis starts with the proof of the inf-sup condi-
tion, which shows the well-posedness of the proposed scheme. A posteriori error bound
for the algorithm is then discussed. Extensive numerical tests are performed to validate
the theoretical results.

We mention that in the previous approach, the global system is coupled using a con-
tinuous Galerkin (CG) method. The computational domain are partitioned into a union
of overlapping coarse neighborhoods, and local multiscale basis functions are constructed
in each coarse neighborhood for the CG coupling. Thus there is a need to multiply each
eigen basis by a partition of unity function, which may modify the local basis properties
and need some extra modification after the multiplication.

In chapter 4, a new GMsFEM for problems in perforated domains using a discontinu-

ous Galerkin (DG) approach is introduced [34]. The use of the DG approach in GMsFEM



has been successfully developed for many problems, such as the elliptic equations and
the wave equations with heterogeneous coefficients ([35, 36, 37, 38]). One of the main
features of the DG approach is that the basis functions are constructed locally for each
non-overlapping coarse region. This fact provides more flexibility in designing the coarse
mesh and in constructing the local multiscale space. In addtition, there is no need to con-
struct and use any partition of unity functions in the DG approach. Furthermore, it is
important to note that the mass conservation is a crucial property for the Stokes flow. Our
multiscale basis functions was obtained by solving the local Stokes problems with some
suitable boundary conditions. By the construction of the basis functions, the multiscale
solution satisfies some local mass conservation property within coarse regions. However,
mass conservation does not in general hold globally in the coarse grid level. To tackle
this issue, we construct a hybridized scheme and introduce additional pressure variables
on the coarse grid edges. This additional pressure variable serves as a Lagrange multi-
plier to enforce the mass conservation property in the coarse grid level. To investigate
the performance of the proposed method, we will numerically study the Stokes problem
in various perforated domains with various choices of boundary conditions and forcing
terms. We present the construction of the snapshot space using both the standard and the
oversampling approaches. Local spectral decompositions are also proposed for various
approaches of snapshots correspondingly. Moreover, when constructing multiscale basis,
we will test the use of different shapes of coarse blocks for different types of perforated
domains. Numerical results are presented and convergence of the method is analyzed. Fur-
thermore, we will numerically show that the local mass conservation property is satisfied
by the multiscale solution.

In chapter 5, we study the convection-dominated transport phenomena which is broadly
applicable in many research areas such as kinetic theory and fluid dynamics. In these phys-

ical processes, the transport velocity is often a solution of a heterogeneous flow problem.



We consider coupled flow (Stokes problem) and transport (unsteady convection-diffusion
problem) in perforated domains. We use a mixed formulation and appropriate multiscale
basis functions for both flow and transport to guarantee a mass conservation. Due to
the non-symmetric property of convection operator, Petrov-Galerkin mixed formulations
are used for the transport problem, which provide stability. We consider two different
approaches. As a first approach, the flow equation is solved on a coarse grid using the
GMSsFEM and, furthermore, the approximate velocity solution is used in constructing of-
fline spaces for the transport equations (both trial and test spaces). We call this approach,
de-coupled GMSFEM. In the second approach, the multiscale basis functions for flow and
transport are constructed jointly. i.e., we do not solve global flow equation in this case.
This is challenging because one does not know the global flow information and the basis
functions for the transport depend nonlinearly on the coarse-grid components of the flow
equations. The novelty of this approach is to construct coupled multiscale basis functions.
Moreover, with the aim of further improving accuracy, we also present multiscale inte-
rior basis construction for the concentration and online basis construction for the flux in
transport equation. Numerical results are presented to show the accuracy of our proposed

method[39].



2. PRELIMINARIES

In this chapter, we present an overview of the problems in heterogeneous perforated
domains, as well as some common definitions for discretization. In the section 2.1, we
present a general form of the physical problems we are interested in. We consider com-
monly used model problems including the Laplace equation, the elasticity equation, the
Stokes equation, and the coupled transport and flow system in perforated regions. Some
definitions of the coarse and fine grid discretization are given in section 2.2. A general

idea of the GMSFEM is discussed in section 2.3.
2.1 Problem setting

In this section, we present the underlying problem. Let Q C R? (d = 2,3) be a
bounded domain covered by perforations 5°. In this dissertation, we will consider the case
when d = 2. Define Q¢ := Q\B¢, assume it is polygonally bounded. See Figure 1.1 in
chapter 1 for an illustration of the perforated domain. We consider the following problem

defined in a perforated domain {2°

Lo(w)=f, in 2.1)

w=0or 8_w =0, on 9Q° N oB°, (2.2)
on

w = g, on 2 N ON°, (2.3)

where £° denotes a linear differential operator, n is the unit outward normal to the bound-
ary, f and g denote given functions with sufficient regularity.

Denote by V/(€)) the appropriate solution space, and

Vo(Q°) = {v € V(QF),v = 0 on 9Q°}.



The variational formulation of Problem (2.1)-(2.3) is to find w € V(£2°) such that
(L5(w),v)qe = (f,0)as for all v € V5 (2°),

where (-, -)(,. denotes a specific inner product over €° for either scalar functions or vector
functions, and and (f, v)q- is the L? inner product. Some specific examples for the above
abstract notations are given below.

Laplace: For the Laplace operator with homogeneous Dirichlet boundary conditions

on 0€)¢, we have
L (u) = —Au, (2.4)
and V(QF) = H} (), and

(L5(u), V) e = (Vu, Vo)g:

Elasticity: For the elasticity operator with a homogeneous Dirichlet boundary condi-
tion on 9°, we assume the medium is isotropic. Let u € (H'(92°))? be the displacement

field. The strain tensor (u) € (L?(2°))?*? is defined by
1 T
e(u) = i(Vu + Vu').
Thus, the stress tensor o (u) € (L?(2°))?*?2 relates to the strain tensor £(u) such that

o(u) =2ue +&V - ul,
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where £ > 0 and p > 0 are the Lamé coefficients. We have

Li(u) = -V -0, (2.5)

where V(Q°) = (H}(9Q°))? and

(L5(u), v) g = 2pu(e(u), €(v))os +&(V - u, V- v)o:

Stokes: For the Stokes equation, we have

Vp — pAu
L5 (u,p) = , (2.6)
V- u

where o is the viscosity, p is the fluid pressure, u represents the velocity, V(Q°) =

(H3(©))? x L3(Q), and

Vu,Vu)ge —(V -v,p)a-
(L5(u,p), (v,q))g = ( ) ( P) . (2.7)
(V - Uu, q)QE O

We note that L2(€2°) contains functions in L?(2°) with zero average in )°.
Besides the above models, we are also interested in the coupled flow and transport

equation. Transport: For the unsteady state transport equation, we have

%—DAC+U‘VC:f; in QE, (28)

where c is the concentration, D is the diffusion conefficient, and wu is the velocity that

driving the flow. We are interested in the mixed formulation of the transport equation. The

11



details of the different mixed formulations are presented in chapter 5.
2.2 Coarse and fine grid notations

For the numerical approximation of the above problems, we first introduce the nota-
tions of fine and coarse grids. Let 7 be a coarse-grid partition of the domain Q° with
mesh size H. Here, we assume that the perforations will not split the coarse triangular
element, as in this case, the coarse block will have two disconnected regions. In general,
the proposed concept can be applied to this disconnected case; however, for simplicity, we
avoid it and assume that every coarse-grid block is path-connected (i.e., any two points
can be connected within the coarse block). Notice that, the edges of the coarse elements
do not necessarily have straight edges because of the perforations (see Figure 2.1). By
conducting a conforming refinement of the coarse mesh 7%, we can obtain a fine mesh
T" of ¢ with mesh size h. Typically, we assume that 0 < h < H < 1, and that the
fine-scale mesh 7" is sufficiently fine to fully resolve the small-scale information of the
domain, and 7 is a coarse mesh containing many fine-scale features. The j-th coarse
element is denoted by K’5. See an illustration of the coarse element in Figure 2.1.

Let N, and N, be the number of nodes and edges in coarse grid respectively. We
denote by {z;|1 < i < N,} the set of coarse nodes, and {E;|1 < j < N,.} the set of
coarse edges.

We define two kinds of coarse neighborhood, i.e, the nodal-based and the edge-based
coarse neighborhood. The nodal-based coarse neighborhood w; is defined for each coarse
node x; by

wi =U{KS e T, a; € K5}, (2.9)

which is the union of all coarse elements having the node z;. The edge-based coarse

12



Figure 2.1: Illustration of coarse elements and coarse neighborhoods.

neighborhood w;, for each coarse edge E,, by
wy, = U{K; eT"; E,ecKs}, (2.10)

which is the union of all coarse elements having the edge £,. See Figure 2.1 for an
illustration of the coarse neighborhoods.

We remark that we use the subscript + to denote the oversampling region of a coarse
region. For example, K¢ is an oversampled coarse block obtaining by adding a few fine
grid layers to the coarse block K¢. Similarly, w™* is an oversampled coarse neighborhood
of we.

On the triangulation 77, we introduce the finite element spaces V},, we will then obtain

the fine-scale solution u € V}, by solving some variational problems. For example, we can

solve
(L5 (u),v) g = (f,v)qr, forallv € V, (2.11)

for Laplace and elasticity, and obtain the fine-scale solution (u,p) € V}, x @), by solving

13



the following variational problem

(L, p), (v,9)qe = ((f,0), (v,9))0=,  forall (v,q) € Vi X Qn (2.12)

for the Stokes system. These solutions are used as reference solutions to test the perfor-
mance of our schemes.
As for the discretization scheme on 7", we will first give an introduction of GMsFEM

and show details in the chapters later on.
2.3 General idea of GMSFEM

In this section, we will briefly discuss the idea of GMSFEM [24, 17, 27]. In GMsFEM,
one can divide the computations into offline and online stages.

Offline stage. The construction of offline space usually contains two steps:
e Construction of a snapshot space that will be used to compute an offline space.

e Construction of a small dimensional offline space by performing a dimension reduc-

tion in the snapshot space.

From the above process, we will get a set of basis functions {9} such that each Wt
is supported in some coarse neighborhood wy or some coarse element K7, depending on
the global coupling method. If the resulting basis are supported in an overlapping region,
we will ensure that the basis functions satisfy a partition of unity property.

Once the bases are constructed, we define the coarse function space as

Voge := span{ W},

where M is the number of coarse basis functions.
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In the offline stage of GMsSFEM, we seek an approximation s = Zf\il c,-\IJ;?ff in Vg,
which satisfies the coarse-scale offline formulation,

Online stage. At the enrichment level m, denote by V! and v, the corresponding
GMSFEM space and solution, respectively. The online basis functions are constructed
based on the residuals of the current multiscale solution u;.. To be specific, one can
compute the local residual R; = (f,v)we — (L (upy), ”>w§ in each coarse neighborhood
wg. For the coarse neighborhoods where the residuals are large, we can add one or more
basis functions by solving

L(¢7") = R

(L (ums), V) g = (f,v)qr, for all v € V. (2.13)

Adding the online basis in the solution space, we will get a new coarse function space
Vm+l  The new solution vt will be found in this new approximation space. This
iterative process is terminated when some error tolerance is achieved. The accuracy of
the GMSFEM relies on the coarse basis functions. We shall present the construction of
suitable basis functions in both offline and online stages for the differential operators in

the following chapters.
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3. ADAPTIVE ONLINE LOCAL MULTISCALE MODEL REDUCTION*

In this chapter , we develop and analyze an adaptive multiscale approach for prob-
lems in heterogeneous perforated domains. We consider commonly used model problems
including the Laplace equation, the elasticity equation, and the Stokes system in perfo-
rated regions. We note that the continuous Galerkin coupling method is considered in this
chapter, and the multiscale basis are constructed in some overlapping coarse regions. We
discuss the construction of offline and online basis functions in Section 3.1. Section 3.2
is devoted to numerical examples. In Section 3.3, the convergence analysis for proposed
methods is shown. In this chapter, we will show the results for elasticity and Stokes equa-
tions. The results for Laplace have similar convergence analysis and computational results

as those for elasticity equations, so we will omit them here.
3.1 The construction of offline and online basis functions

We first introduce the following finite element spaces

Vi ={veV(Q): u|gxe (PYK)) forall K e T"},

where P* denotes the polynomial of degree k( k = 0, 1, 2), and I( [ = 1, 2) indicates
either a scalar or a vector. Note that for the Laplace and elasticity operators, we choose
k = 1, i.e., piecewise linear function space as our fine-scale approximation space; for
Stokes problem, we use (P?(K))? for fine-scale velocity approximation and P°(K) for
fine-scale pressure approximation. We use (), to denote the space for pressure. Now we
illustrate the construction of multiscale basis for the above problems.

We remark that, we only describe the construction of offline and online basis for elas-

*This is an Accepted Manuscript of an article published by Taylor & Francis in Applicable Analysis on
07/06/2016, available online https://www.tandfonline.com/doi/full/10.1080/00036811.2016.1199799.
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ticity problem and Stokes problem.

In the offline computation, we first construct a snapshot space V;flap for each coarse
neighborhood w;. Construction of the snapshot space involves solving the local problems
with a set of boundary conditions. The offline space Vg is then constructed via a di-
mension reduction in the snapshot space using an auxiliary spectral decomposition. The
main objective is to seek a subspace of the snapshot space such that it can approximate
any functions of the snapshot space in an appropriate sense defined via auxiliary bilinear
forms. Based on the residual of the current solution, we enrich the solution space by adding

some online functions to enhance the accuracy of the solution. The precise construction

of offline and online basis will be presented for different applications.
3.1.1 Elasticity problem

In this section, we will consider the elasticity problem (2.5) with a homogeneous

Dirichlet boundary condition.
3.1.1.1 Snapshot space

The snapshot space for elasticity problem consists of extensions of the fine-grid func-
tions 0 in wg. Here §7 = 1 at the fine node z), € dw\OB%, 6! = 0 at other fine nodes
z; € Ow;\OB°, and 0} = 01in OB°. Let V! be the restriction of the fine grid space V}, in
w$ and V}/, C V}! be the set of functions that vanish on dw;. We will find uj, € V; with

supp(ul) C ws by solving the following problems on a fine grid

/ <2,ue(u§€) ce(v) +EV ULV - v) de =0, YveVy, (3.1)
with boundary conditions

up =0 on Owi NOB®, wul = (6;,0) or (0, 5;) on Ow;.
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We will collect the solutions of the above local problems to generate the snapshot space.

Let 1™ := v, and define the snapshot space by
Vinap = span{ey™ : 1<k < J;, 1 <i <N},

where J; is the number of snapshot basis in w;, and /V, is the number of nodes. To simplify

notations, let M., = Zf\il J; and write
Vinap = span{y);"* : 1 <4 < M}

3.1.1.2  Offline space

This section is devoted to the construction of the offline space via a spectral decompo-

sition. We will consider the following eigenvalue problems in the space of snapshots:
Ai70ff\11i’0ff _ )\i,OffSi,Off\Iji70ff (3 2)
kT %k koo .

where

Ai,off — ai(w:';fnap’ 77ZJ;’{snap) — /
14

w;

<2,us(¢1i77lsnap) L g (PETWR) 4 £V - iRy w;‘l,snap> 7

Si,off — Si(wz'hsnap7 w:fnap) — / (5 T QM)sznap . w:'isnap'

1>
wj

(3.3)

We assume that the eigenvalues are arranged in the increasing order. To simplify notations,
we write \i = A\i°T,

To generate the offline space, we choose the smallest M; eigenvalues from Equa-
tion (3.2) and form the corresponding eigenfunctions in the respective snapshot spaces

by setting ®.°" = 3° y \I/Z’;f%;’snap ,fork =1,..., M;, where \IIZ’;.’ff are the coordinates of
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the vector \I/Z’Off. The offline space is defined as the span of XiCIDZOff, namely,
‘/;)ff = span{xiCI);’Off 1 S l S li; 1 S 7 S Nv},

where [; is the number of snapshot basis in w;, and {y;} is a set of partition of unity
functions for the coarse grid. One can take {;} as the standard hat functions or standard

multiscale basis functions. To simplify notations further, let M = Zf\i . l; and write
Vorr = span{x;®§" : 1 <i < M},

3.1.1.3  Online adaptive method

By the offline computation, we construct multiscale basis functions that can be used
for any input parameters to solve the problem on the coarse grid. In the earlier works [27],
the online method for the diffusion equation with heterogeneous coefficients has been
proposed. In this section, we consider the construction of the online basis functions for
elasticity problem in perforated domains and present an adaptive enrichment algorithm.
We use the index m > 1 to represent the enrichment level. The online basis functions
are computed based on some local residuals for the current multiscale solution u € V¢,
where we use V' to denote the corresponding space that can contain both offline and
online basis functions.

Let V™t = V™ 4 span{¢°"} be the new approximate space that constructed by adding

online basis ¢*" € Vhﬂ0 on the i-th coarse neighborhood w;. For each coarse grid neigh-

borhood w5, we define the residual R; as a linear functional on V}/ ; such that

Ri(v) = /s fodx — /E <2u€(u$8) ce(v) +EV -y V- v)dm, Yo € Vi

19



The norm of R; is defined as

|Rz v
IRl = sup 12
veVi, @;i(v, )2

)

where a;(v,v) = [ . (2@5(1}) ce(v) +EV -0V - v) dx.
For the computation of this norm, according to the Riesz representation theorem, we

can first compute ¢°" as the solution of following problem

- / fude= / (2ne(u) : e(v) + €V - upV - v) da, (3.4)

Vv € V,f,o

and take [[R;|[(yi)» = a;(¢™, Ok

For the construction of the adaptive online basis functions, we use the following error
indicators to access the quality of the solution. In those non-overlapping coarse grid neigh-
borhoods w; with large residuals, we enrich the space by finding online basis ¢°" € fo,o

using equation (3.4).

e [ndicator 1. The error indicator based on local residual
m = || Rallivg)- (3.5)
e [ndicator 2. The error indicator based on local residual and eigenvalue
m= () IRl (3.6)

Now we present the adaptive online algorithm. We start with enrichment iteration
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number m = 0 and choose 6 € (0, 1). Suppose the initial number of offline basis functions
is ["(m = 1) for each coarse grid neighborhood w;, and the multiscale space is V! (m =

1. Form=1,2,...

e Step I. Find uj; in V! such that
/ (2u€(u$s) ce(v) +EV -yl V- v)dm = / fv, Yve V.

e Step 2. Compute error indicators (7;) for every coarse grid neighborhoods w; and

sort them in decreasing order n; > 1y > ... > ny.

e Step 3. Select coarse grid neighborhoods w;, where enrichment is needed. We take

smallest k£ such that
Ny k
0 Z i < Z ;-
i=1 i=1

e Step 4. Enrich the space by adding online basis functions. For each w;, where
1 =1,2,...,k, we find ¢*" € fo,o by solving (3.4). The resulting space is denoted
by VL,

We repeat the above procedure until the global error indicator is small or we have

certain number of basis functions.
3.1.2 Stokes problem

In the above section, we presented the online procedure for the elasticity equations. In
this section, we present the constructions of snapshot, offline and online basis functions

for the Stokes problem.
3.1.2.1 Snapshot space

Snapshot space is a space which contains an extensive set of basis functions that are so-

lutions of local problems with all possible boundary conditions up to fine-grid resolution.
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To get snapshot functions, we solve the following problem on the coarse neighborhood wy :

find (uf, p!) (on a fine grid) such that

/ Vu, : Vudr — / pidiv(v)dr =0, Vv e Vi,
/ qdiv(u})dz = / cqdz, Vg € Qj,

7 7

with boundary conditions

uj = (0,0), on 9B°, uj = (6/,0) or (0,0;), on dw:\OB",

where function ¢/ is a piecewise constant function such that it has value 1 on ¢; and value
0 on other fine-grid edges. Notice that w;\0B° = Uf;lel, where ¢; are the fine-grid edges
and S; is the number of these fine grid edges on wi\dB°. In (3.7), we define V}' and Q,
as the restrictions of the fine grid space in wf and V}/, C V}! be functions that vanish on
Ows. Notice that u} and p} are supported in w$. We remark that the constant c in (3.7) is
chosen by compatibility condition, ¢ = |w—15‘ f D\ OBe uy - n; ds. We emphasize that, for the
Stokes problem, we will solve (3.7) in both node-based coarse neighborhoods (2.9) and
edge-based coarse neighborhoods (2.10).

The collection of the solutions of above local problems generates the snapshot space,

Z7snap J— i 1 E.
o = uy in Wi

Vingp = {07 01 <1 <285, 1 <i < (N, + N,)},

where we recall that /V, is the number of coarse-grid edges and N, is the number of coarse-

grid nodes.
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3.1.2.2  Offline space

We perform a space reduction in the snapshot space through the use of a local spectral
problem in w;. The purpose of this is to determine the dominant modes in the snapshot
space and to obtain a small dimension space for the approximation the solution.

We consider the following local eigenvalue problem in the snapshot space

Ai,Off\Ilk — AzOffSi’OffW%Oﬁ, (38)
where

Ai,off _ ai<w;fnap> w;,snap)

Si,off = (¢i5nap7 wizsnap)
and

ai(u,v):/ Vu: Vudz, and si(u,v):/ IVxil*u - vdr

and y; will be specified later. Note that the above spectral problem is solved in the
local snapshot space corresponding to the neighborhood domain w;. We arrange the
eigenvalues in the increasing order, and choose the first )/; eigenvalues and take the
corresponding eigenvectors \IIZ’Off, for k = 1,2, ..., M;, to form the basis functions, i.e.,

5 ivoff joff, i,  off : | off
O =0, W, where Wy are the coordinates of the vector W™, We define

Vi = span{®:°T k=1,2, .25}, (3.9)

For construction of conforming offline space, we need to multiply the functions @ZOH =
(EI;;?f,fg, cifvgf};) by a partition of unity function x;. We remark that the partition of unity

functions {x;} are defined with respect to the coarse nodes and the mid-points of coarse

edges. One can choose {y;} as the standard multiscale finite element basis. However,
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upon multiplying by partition of unity functions, the resulting basis functions do not have
constant divergence any more, which affects the stability of the scheme. To resolve this

problem, we solve two local optimization problems in every coarse element K} C wi:

A , 1 . .
. ,0ff . %,0ff ,0ff . 7
min |[VOL} (LQ(K;) such that dv(@7%) = 7o | (6B 0 mids, in
’ (3.10)
with @;i’f,i = (Xl&xff,fc, 0), on 9K}, and
, . 1 ~. .
. i,0ff . i,0ff \ i,0ff . 7
mmHVCIDm;k ’L2(K) such that div(®"°T) = I5 [ 0B mds K,
’ G.11)

with @2%% = (0,x,®2%), on 0K} We write that @2} = H(x;®."}) and @2 =

zo,k r1,k 2,k

H(X@;gfz), where H(v) is the Stokes extension of the function v.

Combining them, we obtain the global offline space:
Vgt = span{@i’f}; and @;;fz : 1<i<(N.+N,)and1 <k < M,;}.
Using a single index notation, we can write
Vorr = Span{q)?ff}f\glv

where N, = vazfr Ne ;. This space will be used as the approximation space for the ve-

locity. For coarse approximation of pressure, we will take () to be the space of piecewise

constant functions on the coarse mesh.
3.1.2.3  Online adaptive method

Similar to Section 3.1.1.3, we will define the online velocity basis for Stokes problem.

For each coarse grid neighborhood w;, we define the residual R; as a linear functional on
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V% such that

R;(v) = / frvdr — / Vupr. : Vodx —l—/ prdiv(v)dr, Yve V! (3.12)

where (u™, p™ ) is the multiscale solution at the enrichment level m, and V' = (H} (w?))?.

The norm of R; is defined as

| Ri(v)]

Ul sy

|| Ri||(viy = sup (3.13)

veV?

We will then use indicators (3.5) and (3.6) for our adaptive enrichment method. For the

computation of online basis ¢" € V}/;, we solve the following problem

/ V¢ : Vodr — / p°'div(v)dx = R;(v), Yv € Vfio,
v o (3.14)
/ div(¢") gdz =0, Vq € Qo

The adaptivity procedure follows the one presented in Section 3.1.1.3.
3.1.3 Randomized snapshots

In the above construction, the local problems are solved for every bounday node. This
procedure is expensive and may not be practical. However, one can use the idea of ran-
domized snapshots (as in [31]) and reduce the cost substantially. In randomized snapshots,
one computes a few more snapshots compared to the required number of multiscale ba-
sis functions. e.g., we compute n + 4 snapshots for n multiscale basis functions. To be
more specific, we first generate inexpensive snapshots using random boundary conditions.

Instead of solving the local problem (3.1) and (3.7) for each fine boundary degree of free-
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dom, we solve a small number of local problems with boundary conditions:

uz’i:(rf,O) or (0,7]) on &u;“a\aBa,

u" =(0,0) on OB

Here r} are independent identically distributed (i.i.d.) standard Gaussian random vec-
tors defined on the fine degree freedom of the boundary. Notice that we will solve for u, .
in a larger domain, the oversampling domian w;*°. The oversampling technique is used
avoid the effects of randomized boundaries. After removing dependence, we finally get

our snapshot basis by taking the restriction of u, * in w5, i.e, u}, = u; "

€.
w;

In Section 3.2, we will take the Stokes problem as an example and show the numerical

results for randomized sanpshots.
3.2 Numerical results

In this section, we show simulation results using the framework of online adaptive
GMSsFEM presented in Section 2.3 for elasticity equations and Stokes equations. We note
that the code is based on the FEniCS project [40] and DOLFIN libary [41].

We set 2 = [0,1] x [0, 1] and use two types of perforated domains as illustrated in
Figure 3.1, where the perforated regions 3° are circular. We have also used perforated
regions of other shapes instead and obtained similar results. The computational domain is
discretized coarsely using uniform triangulation, where the coarse mesh size H = % for
elasticity problem and H = % for Stokes problem. Furthermore, nonuniform triangulation
is used inside each coarse triangular element to obtain a finer discretization. Examples of
this triangulation are displayed also in Figure 3.1.

First we will choose a fixed number of offline basis (initial basis) for every coarse

neighborhood, and obtain corresponding offline space Vg, which is also denoted by V1.
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Then, we perform the online iterations on non-overlapping coarse neighborhoods to obtain
enriched space Vi, m > 1. We will add online basis both with adaptivity and without
adaptivity and compare the results. All the errors are in percentage. We note that our
approaches are designed to explore the sparsity and the adaptivity in the solution space
and our main emphasis is on the construction of coarse spaces. Our numerical results will

show the approximation of the fine-scale solution for different dimensional coarse spaces.

(b)

Figure 3.1: Two heterogeneous perforated media used in the simulations.

3.2.1 Elasticity equations in perforated domain

We consider the elasticity operator (2.5). We use zero displacements v = 0 on the
inclusions, u; = 0, 02 = 0 on the left boundary, o; = 0, uy = 0 on the bottom boundary
and 01 = 0, 09 = 0 on the right and top boundaries. Here, u = (uy,us) and 0 = (04, 09).
The source term is defined by f = (107, 107), the elastic modulus is given by F = 10°,

Poisson’s ratio is ¥ = 0.22, where

E B Ev
2(1+v)’ &= (1+v)(1—2v)"

M:
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We use the following error quantities to measure the performance of the online adaptive
GMsFEM
1(€ + 2p) (u — umS)HL?(QE)

1€+ 2p)ull 12 ey

Lz U — Uns), U — Ums) e
lellan = lleull(ae) = \/< ( (EE(ui uq .

llellzz = lleull 20y =

where u and up are the fine and coarse solutions, respectively, and

(L5(u), v) g = 2p(e(u), €(v))ge +E(V - u, V - v)q

. Note that the reference solution v needs a full fine scale computation. The fine grid DOF
is 13262 for the domain with small perforations(Figure 3.1 (a)) and 21986 for the domain
with big perforations (Figure 3.1 (b)).

The fine-scale solution and coarse-scale solution corresponding to the two different
perforated domains in Figure 3.1 are presented in Figures 3.2 and 3.3. Fine solutions
are shown on the left of the figure, coarse offline solutions are in the middle and online
solutions are on the right. In Tables 3.1 and 3.2, we present the convergence history
when the problem is solved in two different perforated domain with one, two and four
initial bases in the left, middle and right column, respectively. Each column shows the
error behavior when the online method is applied without adaptivity, with adaptivity using
Indicator 1 (see (3.5)) and with adaptivity using Indicator 2 (see (3.6)).

Numerical results for the first perforated domain are displayed in Figure 3.2. We ob-
serve that the offline solution is close to the fine-scale solution; however, there are some
missing features in the offline solution. For example, the low values of the solution for a
connected regions around circular inclusions, while this is not the case for the fine-scale
solution. Also, we observe that the offline solution does not capture the low values of the

solution near the inclusions. On the other hand, the solution using the online procedure
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with approximately the same number of degrees of freedom as the offline solution has very
good accuracy. From Table 3.1, we observe that when using one initial basis, the L? and
energy error reduce to 1.3% and 5.82% respectively after one online iteration in the case
without adaptivity. However, if we select two initial bases, the the L? and energy error can
be reduced to 0.567% and 2.92% respectively after one online iteration, which is almost
half of the errors for one initial basis situation. When the number of basis is fixed, it shows
that adding online basis can reduce the error more effectively than adding offline basis. For
example, when we use two offline basis and two online basis, the energy error is 0.369%;
while when we select four offline basis, the energy error is 26.703%. Comparison of the
error behavior between solving with and without adaptivity in this table shows that, error
is smaller under the similar DOF when adaptive online method is applied. For example,
if we start with one initial basis, the energy error is 5.482% with DOF 500 when online
method is applied without adaptivity, but the energy error becomes 2.589% with DOF 536
when online adaptive method is applied. When we solve with the adaptivity, we observe
that the first indicator (see (3.5)) is more effective when one initial basis is selected. How-
ever, if we start with two or four initial bases, the second indicator (see (3.6)) gives us
slightly better results. The smallest eigenvalues are A,,,;, = 31.4,79.9,204.8 when one,
two and four initial basis are used.

In Figure 3.3, we test with a different perforated domain where the circular inclu-
sions are larger compared to the domain in Figure 3.2 and extremely small inclusions are
set around some big ones. Comparing the offline and fine solution, we notice that some
features of solution in the interior of the domain are missing, and the errors around the
boundary are large. However, the online solution fix these problems well and show much
better accuracy. Looking at Table 3.2, we observe that as we select more initial basis, the
error decreases faster after one online iteration. For example, when one online iteration

is applied without adaptivity, the H' error reduces 8.5 times if we use one initial basis,
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yet it reduces around 12 times if we use two initial basis. Considering the convergence
behavior of online method with adaptivity against the online method without adaptivity,
we see that the adaptivity is important. For instance, in a similar DOF of 1300 in the case

of four initial basis used, the H' error 10~ without adaptivity, while it is only 1075 with

adaptivity.
DOF DOF DOF
(# iter) llellzz | [lef|m (# iter) lellzz |llellm (# iter) llellzz  |llell s
without adaptivity without adaptivity without adaptivity
338 29.3 53.7 412 10.7 32.9 648 7.4 26.7
500 (1) 1.3 5.5 574 (1) 0.57 2.92 810 (1) 0.48 2.5
662 (2) | 0.08 0.45 736 (2) 0.05 0.37 972 (2) 0.046 0.37
824 (3) | 0.01 0.07 898 (3) 0.005 0.05 1134 (3) 0.004 0.04
986 (4) | 0.001 0.007 1060 (4) | 0.0005 | 0.004 1296 (4) | 0.0005 | 0.004
with adaptivity, n? = 72 with adaptivity, n? = r? with adaptivity, n? = r7
338 29.3 53.7 412 10.7 329 648 7.4 26.7
510(3) | 0.57 3.12 584 (3) 0.4 2.3 808 (3) 0.3 2.0
654 (6) | 0.04 0.31 740 (6) 0.029 0.24 980 (6) 0.02 0.2
852 (10) | 0.001 0.01 932 (10) | 0.001 0.009 1144 (9) | 0.001 0.016
1014 (13)|0.0001| 0.0008 1190 (15)]1.685e-05]0.0001| {1302 (12)| 0.0001 | 0.001
with adaptivity, n? = r?A]| | | with adaptivity, n? = r2A;; | [with adaptivity, n? = r?A_]|
338 29.3 53.7 412 10.7 32.9 648 7.4 26.7
536 (4) | 0.47 2.6 570 (3) 0.43 2.5 808 (3) 0.3 1.8
684 (7) | 0.04 0.3 730 (6) 0.03 0.25 976 (6) 0.02 0.17
846 (10) | 0.003 0.02 924 (10) | 0.001 0.009 | | 1174 (10)| 0.0006 | 0.005
1002 (13)|0.0002| 0.001 1072 (13)|8.772e-05|0.0006| | 1338 (13)|3.492e-05|0.0002

Table 3.1: Elasticity problem in the perforated domain with small inclusions (Figure 3.1
(a)). One (Left), Two (Middle) and Four (Right) offline basis functions (6 = 0.7).

30



Fine Offline Online

Figure 3.2: Elasticity problem in the perforated domain with small inclusions (Figure 3.1
(a)). Comparison of solutions in: fine scale (left) DOF = 13262, coarse-scale offline,
DOF = 412 (middle), coarse-scale online without adaptivity, DOF = 574 (right). Top:
u1. Bottom: us.

3.2.2 Stokes equations in perforated domain

In our final example, we consider the Stokes equation with zero velocity u = (0, 0)
on 0 N OB° and 2 = (0,0) on 052, and source term f = (1,1) € Q. For the fine-
scale approximation of the Stokes problem, we use P, elements for velocity and piecewise
constants for pressure. To improve the accuracy of multiscale solutions, we have enriched
velocity spaces by adding online velocity basis.

The errors will be measured in relative L? and H'norms for velocity and L? norm for
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DOF DOF DOF

ooy | Nellze {lellr | | oo | Hellze lellir | | iy | Nellzz [Tl
without adaptivity without adaptivity without adaptivity

278 38.1 61.2 382 15.6 384 648 8.9 27.3

440 (1) 2.1 7.2 544 (1) 0.8 32 810 (1) 0.6 24

602(2) | 0.17 | 0.67 706(2) | 007 | 04 972(2) | 006 | 04
764 (3) | 002 | 0.11 868 (3) | 0.008 | 0.05 | | 1134(3)| 0.006 | 0.04
926 (4) | 0.001 | 0.010 | | 1030 (4) | 0.0006 | 0.003 | | 1296 (4) | 0.0005 | 0.003

with adaptivity, n? = 72 with adaptivity, n? = r2 with adaptivity, n? = 72
278 38.1 61.2 382 15.6 38.4 648 8.9 27.3
436 (3) 1.1 4.5 556 (3) 0.5 2.1 820 (3) 0.3 1.4

628 (7) 0.03 0.18 704 (6) 0.03 0.2 972 (6) 0.02 0.14
760 (10)| 0.002 0.01 892 (10) | 0.001 | 0.007 | |1154 (10)| 0.0006 | 0.004
950 (14)|5.339¢e-05| 0.0003 | | 1038 (13)|8.760e-05]0.0005| 1300 (13)|3.784e-05|0.0002
with adaptivity, n? = r2 >‘i_+11 with adaptivity, n? = 2L | [ with adaptivity, n? = 2t

T V41 2 7M1
278 38.1 61.2 382 15.6 38.4 648 8.9 27.3
436 (3) 1.7 7.1 548 (3) 0.5 2.5 810 (3) 0.4 1.5

614(7) | 0.07 0.4 740 (7) | 0.02 0.1 996 (7) | 0.008 | 0.07
748 (10)| 0.005 | 0.04 | | 878 (10)| 0.001 | 0.01 | |1138(10)| 0.0006 | 0.005
940 (14)| 0.0002 | 0.001 | |1064 (14)|4.710e-05]0.0003| |1314 (14)|1.659-05|0.0001

Table 3.2: Elasticity problem in the perforated domain with various sizes of inclusions
(Figure 3.1 (b)). one (Left), two (Middle) and four (Right) offline basis functions (6 =
0.7).

pressure

||U_Um8||L2(QE) Hu_umsHHl(Qe)

leullzz = lleull 2o =

o el = llewll o = ,

Hu”mme) HuHHl(QE)

1P = Ponsl £2(0e)

llepl 2y =

)

171l 2 0

where (u, p) and (uys, Pms) are fine-scale and coarse-scale solutions, respectively for veloc-
ity and pressure, and p is the cell average of the fine scale pressure, that is, p = ﬁ / ke P
for all Kf € TH. Notice that we solve the reference solution (u, p) on a full fine grid. The
fine grid DOF is 77524 for the domain with small perforations(Figure 3.1 (a)) and 101386

for the domain with big perforations (Figure 3.1 (b)).
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Figure 3.3: Elasticity problem in the perforated domain with various sizes of inclusions
(Figure 3.1 (b)). Comparison of solutions in: fine scale (left) DOF = 21986, coarse scale
offline, DOF = 382 (middle), coarse scale online without adaptivity, DO F' = 544 (right).
Top: u;. Bottom: wus.

3.2.2.1 Randomized snapshots

As mentioned in Section 3.1.3, we will show the numerical results of Stokes prob-
lem for the offline GMSFEM using randomized snapshots. The convergence behaviors
are shown in Tables 3.3 and 3.4 for perforated domain with small inclusions (Figure
3.1 (a)) and various sizes of inclusions (Figure 3.1 (b)), respectively, where the notation
wt® = w° 4 4 means that the oversampled region w™ is obtained by enlarging the region
w® by 4 fine grid cells. From these tables, we observe that the approach using random-
ized snapshots is more efficient since much fewer snapshot functions are used to achieve
comparable accuracy. In particular, we get similar errors when the number of random-

ized snapshots is only around 20% of the number of standard snapshots. Notice that in
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the randomized snapshot construction, we need to add the constant basis, i.e, the constant
function in each w'¢. Note that, we do not have the constant basis in domain with inclu-
sions when calculating snapshot basis in the standard way. This additional constant basis
function makes the errors smaller for low degrees of freedom. For example, in the domain
with small inclusions, when DOF = 534, the velocity L? error is 12.49% when we use
standard snapshots, while the error is only 4.54% when the dimension of the randomized
snapshots is 24.1% of the dimension of the whole snapshot space (see Table 3.3). However,
when the DOF becomes larger, the errors for randomized snapshots are similar to that for
standard snapshots. For instance, the velocity L? error is 0.07% when DOF = 1986 in
domain with various sized of inclusions for both standard snapshots and randomized snap-
shots (see Table 3.4), where the dimension of the randomized snapshot is 13.8% of the
dimension of the whole snapshots. We remark that, by balancing the computational cost
and accuracy, we find the results are satisfactory when 24.1% randomized snapshots for
domain with small inclusions(Figure 3.1 (a)) and 20.7% randomized snapshots for domain

with various sized of inclusions(Figure 3.1 (b)) are used.
3.2.2.2 Adaptive online results

In this section, we present adaptive online results for Stokes problem for two perfo-
rated domains depicted in Figure 3.1. The solutions are shown in Figure 3.4 and Figure
3.5. In these figures, the z1-component and zo-component of the velocity solution are
shown in the first and second rows, and the pressure solution is presented in the third row.
The three columns contain the fine-scale, coarse-scale offline and coarse-scale online so-
lutions. In both cases, we observe that the offline velocity solution is not able to capture
the low values at the corners of the domain. Some features between inclusions also do not
appear correctly in the offline solution. For example, in Figure 3.4, the low values in the

upper left and lower right corner of the domain are missing in the offline velocity solu-
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DOF | [leu]lr2)(%) | lleullr@)(%) | llepl]r20)(%)

Standard snapshot (100%)

534 12.49 36.91 21.46
1018 0.28 4.67 0.86
1986 0.031 1.64 0.0029
Randomized snapshot: w™¢ = w® + 4, 18.1%
534 4.99 23.95 13.4
1018 0.54 7.05 0.53
1986 0.04 1.77 0.02
Randomized snapshot: w™* = w® + 4, 24.1%
534 4.54 22.69 8.28
1018 0.47 6.6 0.52
1986 0.036 1.72 0.009

Table 3.3: Stokes problem in perforated domain with small inclusions (Figure 3.1 (a))
using standard snapshots and randomized snapshots.

DOF | [leu]lr2)(%) | lleullmr@)(%) | llepl]r2)(%)

Whole snapshot (100%)

534 11.34 34.49 16.18
1018 0.17 3.62 1.09
1986 0.07 2.44 0.006

Randomized snapshot: w™¢ = w® + 4, 13.8%
534 6.04 24.84 9.37
1018 0.66 7.27 0.95
1986 0.07 2.53 0.02

Randomized snapshot: w™¢ = w® + 4, 20.7%
534 53 23.39 14.95
1018 0.56 6.87 0.73
1986 0.07 2.51 0.015

Table 3.4: Stokes pronlem in perforated domain with various sizes of inclusions (Figure
3.1 (b)) using standard snapshots and randomized snapshots.

tion. However, it was recovered very well in the online solution. Also, compared to the
fine-scale solution, the features between the first hole on the left and the other inclusions

are not captured in the offline solution. However, the online solutions get these features
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well and outputs almost same profiles as the fine solution. In Figure 3.5, for the domain
has various sized of inclusions with some extremely small inclusions around, we see even
worse behavior of the offline solution compared to that in Figure 3.4, where the domain
has several small inclusions. The low values of the velocity solution in the x3-component
along the right boundary are almost missing in the offline solution. The offline velocity
solutions in both components around inclusions are still very poor. These observations
highlights the advantage of the online method. We performed other tests for different
perforated domains, and the results also suggest that online method is quite necessary.
Now, we turn our attention to velocity L?(Q¢), H'(Q2) errors and pressure L*(°)
error presented in Table 3.5 and Table 3.6. We consider different numbers of initial basis
on each coarse neighborhood. For the perforated domain with small inclusions in Figure
3.4, we observe from Table 3.5 that both the velocity and pressure error decrease faster
as we choose more initial bases. For example, the velocity has large H' error 66.28%
using one initial basis. After adding one online basis, it reduces to 22.3%. When two
initial bases are selected, the velocity H' error reduces from 23.4% to 3.2% after one step
enrichment. Fixing the number of initial basis, we can compare the error behavior for the
online method with or without adaptivity. It appears that online adaptive method reduces
the errors more effectively. For instance, when one initial basis is selected, the velocity
H? error is 22.302% for DOF 488 using non-adaptive online algorithm, while it is only
3.067% for a similar DOF 499 using adaptive online method with indicator 1 (see (3.5)).
Comparing two error indicators for adaptive online method, we see that the indicator 1 is
preferred when choosing one initial basis. Since the velocity error is 8.758% for DOF 504
using indicator 2 (see (3.6)), which is much larger than 3.067%. Also, the pressure error
is 16.559% in this case when using indicator 2, which is almost 5 times larger compared
with 3.575% when using indicator 1. However, both indicator works well when selecting

more initial bases. We see very similar errors for both velocity and pressure fields using

36



different indicators when the number of initial basis is two or three.

For the second example in Figure 3.5, results are shown in Table 3.6. In this case,
we observe that the online approach works better if we start with more initial basis. For
example, the velocity H' error is 71.823% with one initial velocity basis, and reduces
to 24.460% after adding one online basis. However it’s only 20.430% with two initial
basis without online enrichment. This implies that it is better to start with two or more
initial basis in order to see that the more the online basis are used, the smaller the errors
become. Similarly as before, the online approach with the adaptivity reduces the errors
faster. Compared the two indicators, we see that the first error indicator (see (3.5)) for the
adaptive online method gives slightly better results for any number of initial basis. One
can also find that the pressure error also reduces significantly when we only enrich the

velocity space.
3.2.2.3 Application

Digital rock physics has emerged as a powerful technology that images the rock mi-
crostructure and simulates fluids flow directly on the digital representation of the rock im-
ages. One of its major challenges lies in the significant computational demands of direct
pore scale modeling of fluids flow through the real pore system. We apply our proposed
online algorithm on this aspplication, and the data comes from [42] posted on the digital
rock portal [43].

The numerical results show that multiscale reduced order model can significantly speed
up the computation process. Solving the flow velocity and pressure in the multiscale space
helps to improve the computational efficiency while obtaining good accuracy compared

with the solution using standard finite element method, see Figure 3.7 for illustration.
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Figure 3.4: Stokes problem in perforated domain with small inclusions(Figure 3.1 (a)).
Fine-scale and multiscale solutions for velocity and pressure (u; (Top), us (Middle) and p
(Bottom)). Left: fine-scale solution, DOF' = 77524. Middle: multiscale solutions using 1
multiscale basis function for velocity, DOF = 452, velocity L? error is 42.439 %. Right:
multiscale solutions after 2 online iteration without adaptivity, DOF = 524, velocity L?

error is 1.688 %.

3.3 Convergence analysis

The result in [27] has shown the convergence for online adaptive method applied to el-
liptic problems, and the same results can be applied for elasticity problem. In this section,
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o e | leallza (%) eallzrs () leallz2(%%) | | oy | leallzo (%) lleallzr (%) lepllz2(%)
452 42.4 66.3 81.9 694 5.5 23.3 13.8
without adaptivity without adaptivity
488 (1) 6.3 22.3 41.8 730 (1) 0.4 3.2 1.2
524 (2) 1.7 7.2 104 766 (2) 0.07 1.1 0.1
596 (4) 0.1 0.7 0.8 838 (4) 0.03 0.6 0.05
740 (8) 0.04 0.5 0.04 982 (8) 0.01 0.2 0.02
with adaptivity, n? = 2 with adaptivity, n? = r?
499 (4) 0.6 3.1 3.6 732 (3) 0.09 1.3 0.2
532 (6) 0.07 0.8 0.3 781 (6) 0.04 0.7 0.08
596 (10) 0.04 0.5 0.1 844 (10) 0.02 04 0.02
723 (20) 0.03 04 0.04 992 (20) 0.004 0.1 0.003
with adaptivity, n? = r? A +11 with adaptivity, 77 = r? A, _:1

504 (3) 1.4 8.8 16.6 745 (2) 0.09 1.4 0.3
546 (5) 0.4 2.6 3.6 769 (3) 0.06 1.0 0.1
611 (8) 0.09 0.7 0.5 841 (6) 0.03 0.6 0.03
750 (15) 0.04 0.5 0.04 988 (12) 0.01 0.2 0.02

ity [leullza ()| lewllan 56)llepll (%)

936 0.9 8.8 8.5
without adaptivity

972 (1) 0.03 0.8 0.1

1008 (2) 0.01 0.4 0.02

1080 (4) 0.007 0.3 0.005

1224 (8) 0.003 0.1 0.001

with adaptivity, n? = r7

975(3) | 0.02 05 0.03

1011 (6) 0.009 0.3 0.007

1082 (10) 0.005 0.2 0.003

1227 (20) 0.002 0.08 0.001

with adaptivity, n? = r? A}

1003 (2) 0.013 0.4 0.02

1037 (3) 0.010 0.3 0.007

1105 (5) 0.006 0.2 0.004

1241 (9) 0.002 0.09 0.001

Table 3.5: Stokes problem for perforated domain with small inclusions(Figure 3.1 (a)).
One (Upper left), two (Upper right) and three e(Bottom) offline basis functions (¢ = 0.7).

we will prove the convergence of adaptive online GMsSFEM for Stokes problem.
First, we will prove the following inf-sup condition for the approximation of Stokes
problem using offline GMsFEM. This ensures that the method, with both offline and online

basis functions, is well-posed. We will assume the continuous inf-sup condition holds. In
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Figure 3.5: Stokes problem in perforated domain with various sizes of inclusions(Figure
3.1 (b)). Fine-scale and multiscale solutions for velocity and pressure (u; (Top), us (Mid-
dle) and p (Bottom)). Left: fine-scale solution, DOF = 101386. Middle: multiscale
solutions using 1 multiscale basis function for velocity, DOF = 452, velocity L?* er-
ror is 47.943 %. Right: multiscale solutions after 2 online iteration without adaptivity,
DOF = 524, velocity L? error is 2.266 %.

particular, there is a constant Co, > 0 such that for any p € Lz(QE) with zero mean, we

40



Table 3.6: Stokes problem for perforated domain with various sizes of inclusions(Figure
3.1 (b)). One (Upper left), two (Upper right) and three (Bottom) offline basis functions

@ =0.7).

have

Equivalently, there exists v € (Hg (Q°))? such thatdivo = pand ||v]| g1 (as) < Coon |l £2(00)-

sup
ve(HE(99))2

er div(v)p
[Vl 1 (@)

41

2 C’COIIt

HPHLQ(QE) .

o e | leallza (%) eallzrs () leallz2(%%) | | oy | leallzo (%) lleallzr (%) lepllz2(%)
452 47.9 71.8 88.4 694 4.1 20.4 13.6
without adaptivity without adaptivity
488 (1) 8.0 24.5 21.2 730 (1) 0.3 2.3 1.4
5240 23 12.3 11.1 766 (2) | 0.08 1.0 0.06
596 (4) 0.4 2.5 1.4 838 (4) 0.03 0.5 0.03
740 (8) 0.05 0.7 0.04 982 (8) 0.008 0.2 0.005
with adaptivity, n? = 2 with adaptivity, n? = r?
492 (3) 2.4 13.5 11.4 735 (3) 0.08 1.1 0.07
534 (6) 0.5 4.3 3.2 766 (5) 0.05 0.7 0.03
593 (10) 0.09 0.9 0.3 842 (10) 0.02 0.3 0.02
718 20)|  0.04 0.5 0.03 981 (20)|  0.006 0.1 0.002
with adaptivity, n? = r? A +11 with adaptivity, 77 = r? A, _:1

511 (2) 2.3 12.4 10.9 762 (2) 0.08 1.0 0.057
543 (3) 1.3 7.9 3.8 796 (3) 0.06 0.8 0.056
605 (5) 0.2 1.2 0.4 864 (5) 0.02 0.4 0.01
768 (11) 0.04 0.5 0.07 1000 (9) 0.007 0.1 0.004

ity [leullza ()| lewllan 56)llepll (%)

936 0.4 5.6 2.1
without adaptivity

972 (1) 0.03 0.7 0.06

1008 (2) 0.02 0.5 0.01

1080 (4) 0.007 0.2 0.004

1224 (8) 0.004 0.1 0.002

with adaptivity, n? = r7

977(3) | 0.02 0.6 0.03

1023 (6) 0.01 0.3 0.01

1085 (10) 0.006 0.2 0.003

1226 (19) 0.003 0.09 0.001

with adaptivity, n? = r? A}

972 (1) 0.03 0.7 0.06

1040 (3) 0.01 0.3 0.009

1108 (5) 0.006 0.2 0.003

1244 (9) 0.003 0.09 0.002

(3.15)




Figure 3.6: Application of the adaptive online method. Left: rock image, adapted from
[42]. Right: fine and coarse grid on the image.

Let N g be the number of interior coarse edges. We remark that, for each interior coarse

edge E;, there exists a basis function @ such that [, P - n; # 0.

Lemma 3.3.1. For all p € Qo there is a constant Ciygep > 0 such that

cdiv(u)p
up S I o ol (3.16
ueVer |lli (o)

Proof. Let p € Qo With zero mean. Using the continuous inf-sup condition (3.15), there
exists v € H}(Q) such that divo = p and |[v]|g1(0s) < Cioonllpllr2(0s). Since, for each
interior coarse edge F;, there exists a basis function @9 such that [, ®¢ - n,; # 0. We

can then define u € V¢ by the following

N
U= E cifb‘;ff, C = / vV,
i=1 E;

where we assume that the basis function are normalized so that f 5 <I>§’ff -n; = 1. So, by
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Figure 3.7: Application of the adaptive online method. First row: velocity magnitude.
Second row: pressure. Left column: fine scale solution, DOF' = 127208. Right column:
coarse scale solution using the proposed multiscale method, DOF = 1662, velocity L?
error is 4.8 %, average of the pressure error is 0.58 %.

the Green’s identity, we have

| = [ vt NZ [ mnl = NZ [ et ngtn = | aivtup

where [p] is the jump of p. We will next show that there is a constant Cjpg, > 0 such that

||u||H1(Q£) S Ci;flsupHp”Lz(Qs)'
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Since ¢; < H [, (v-n;)?, we have

Ng
IVl 200y < Z/ AV Vool < O H
i=1 YW

> [ wwy

KeTH

where Ciax = max;<j<yo C; and C; = min fw; Vool . Vooi with the minimum taken
over all basis functions ®¢" such that [, ®" - n,; # 0. Notice that the constant C; are
independent of the mesh size. Using the trace theorem on the coarse element K, we have

H [y (v-1)? 2 ||vll3 - So, by the continuous inf-sup condition, we obtain

Z H | (v-n)* X ollaes) 2 Ipll7e0e):
KeTH oK

This completes the proof.

]

Now, we will show the convergence of our online adaptive enrichment scheme for the
Stokes problem. First, we define a reference solution by (u,p) € (H}(QF))? X Qo Which

solves

(L5 (u,p), (v,9))qe = ((f,0), (v,9))as, forall (v,q) € Hy(Q2°)® x Qoir-  (3.17)

Notice that the solution of (3.17) and the solution of (2.12) have a difference proportional
to the coarse mesh size . We also define a snapshot solution by (@, p) € Viap X Qofr

which solves

(L5(0,p), (v,9))q: = ((f,0), (v,9))ae, for all (v, q) € Vinap X Qofr- (3.18)

We notice that the difference ||u — @ 41 (<) represents an irreducible error. Furthermore,
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standard finite element analysis shows that

||u—ums||H1(Qe) S ||u—ﬂms||H1(Qe) (319)

for any ums € Vo Next, we prove the following a-posteriori error bound for the offline
GMSsFEM (2.13). The notation ¢ < b means that there is a generic constant C' > 0 such

that a < Cb.

Theorem 3.3.2. Let u be the reference solution defined in (3.17), U be the snapshot so-
lution defined in (3.18) and uns be the multiscale solution satisfying (2.13). Then, we

have

T (3.20)

1
It = sl e <OZ + Joor ) IR

li+1

where [; is the number of offline basis functions used for the coarse neighborhood s,
and )\;’Off is the j-th eigenvalue for the coarse neighborhood w;. The constant Cy is the
maximum number of coarse neighborhoods corresponding to coarse blocks. Moreover, we

have

N
- 1
2 2
lu — “mSHHl(Qe) < 20 E : (1 A\ off) | R; ’ e T2 ]lu— UHHl(Qe) : (32D

i=1 l;+1

Proof. For any ¢ € Vi, such that [ e divg = 0 and ¢ = H(¢), we have

V(U —tps): Vo= [ V(i—tups):Vo— [ (p— pms)dive (3.22)
QE Qe QE

where we use the fact that | e (D — Pms)dive = 0 since p — pp, is constant in K. We can
write (3.22) as

V(i = tms) : Vo = R() (3.23)

Qe

45



where R(¢) is the global residual defined by R(¢) = [ V(u — tms) : Vo — [ (P
Pms )dive for all ¢. Let ¢° be an arbitrary function in the space V. We can write ¢°f =
S Me 9 where @9 is the component of ¢° in the local offline space corresponding to
the coarse neighborhood w;. Using the facts that Vi C Vinap and R(gbOff) = 0, we can
write R(¢) as

Ny

R(6) = R(H(6) - ") = R(D_(H(xe) — 61" = ZR( (xi0) = ") (3.24)

i=1

where R; is the local residual defined in (3.12). We will define ¢°T as follows. Notice that
H(x:¢) belongs to the local snapshot space K;ap We can take ¢° as the component of

H(x:¢) in the offline space V%.. We write ¢0 = H (x;d;).
Then from (3.24), we have

<X:IIRH Vi)

HXi®) = HXidi) |1 o

Using the minimum energy property, we have

Ny
9) < Z HRiH(vi)* Ixi(¢ — @)HHl(wf) .
i=1

By the spectral problem (3.8), we obtain

R(¢) <

1 .1
(1 + \Goff )2 HRZ’H(W)*
l;+1

||H1(wf)

(3.25)

Mz 1Mz

<

1 .2
(1+ NG o) I Rill oy

1 l;+1

(wf)

1

where we used the orthogonality of eigenfunctions from the spectral problem (3.8). Fi-
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nally, we take ¢ = U — uy,s. Notice that, by (3.18) and (2.13), we have

/ div (@ — Ums) = 0.
K;

In addition, for this choice of ¢, we have ¢ = H(¢) since U, ums € Vinap. Hence (3.23) and

(3.25) imply that

N,
X - 11 X
i — Ums”fql(ns) < Z (1 + )\’T) ’ ||Rz‘||(vz')* U= umSHHl(wf) ;
i=1 li+1

which shows (3.20). The proof for (3.21) follows from ||t — tms || g1 (o) < || — || g1 (o) +

||’lAL — umsHHl(QE)'

]

We recall that the norm of the local residual R; is defined in (3.13). We define a
modified norm as

R;
Rl = sup 2L
vevg [[Vl[mws)

(3.26)
where Vi C V" and the vectors v € V{ satisfies [,,. div(v) ¢ = 0 for all ¢ € Qqf. It is easy
to show that || R;[|(ys)+ < [[R;]|(v+)-. In the next theorem, we will show the convergence of
the online adaptive GMSFEM for the Stokes problem. The theorem states that our method

is convergent up to an irreducible error ||u — 1| 1 (<) With enough number of offline basis

functions.

Theorem 3.3.3. Let u be the reference solution defined in (3.17), u be the snapshot solu-
tion defined in (3.18) and ), be the multiscale solution of (2.13) in the enrichment level
m. Assume that l; offline basis functions for the coarse neighborhood w; are used as initial

basis in the online procedure. Suppose that one online basis is added to a single coarse
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neighborhood w;. Then, there is a constant D such that

Ju— Uﬁf”%ﬂ(gs)

,0ff
S (1 + 53)(1 + 62)(1 + (51 - 0051#> H?l — UIT;LSH?:II(QE) + DHU — 'LAL”%{l(Qe)
li+1 +
(3.27)
where 01, 04,03 > 0 are arbitrary and D depends only on 6;,1 = 1,2, 3. In addition, 0 is
the relative residual defined by
N1L

2
0 =11 / DR
=1

Proof. We will first consider the addition of only one online basis function ¢;" to the space

m

"™ For any function Uy, € Vi, by (3.19), we have

lu — oy < M= Tms|l g (@ey < 10— sl o) + lu = @llmr@y. (3.28)

We will derive an estimate for (|4 — TUps|| g1(qs). We take tn, = uf, + a@" where o is a

scalar to be determined. Then we have

1 — T 2100y = 18 — w2 ey — 200 / V(i — ) : V" + (|68 17 e

Using the definition of the residual R; and the fact that foﬁ div(¢") g = 0 for all ¢ € Qof,

we have

&
Wi

Hﬂ_amSH%{l(QE) = ||@—U$SH?{1(Q€)—QaRi(¢?n>+042H¢?HH§{1(QE)+204/ V(u—a): Vi
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Taking o = Ri(¢?n>/|l¢?n|’12t]1(wf), we have

Ri(¢9")?

||a—ams||§,1ms):||a—ums||§,1mg)——WnHQl( )+2a/ V(u— ) : Voo
i I HY(WwE ws

i

Using (3.14), we have

R;(v) = / Vo : Vo, Yvel.

(3.29)

(3.30)

By (3.26) and (3.30), we have |[R;[(yi)- < [|¢7"[| g1 (ws). Taking v = ¢" in (3.30), we

have R;(¢") = ||gz5§’“||§{1(wi€). Thus, (3.29) becomes

1% — Tims | 20y = 1% = umsll 7 ey — [1RallGyg)e + 204/ V(u—a): V.

£
k3

Using the definition of § and (3.20), we have

i,0ff

_ Y . .
[ = Tims || 71 20y < (1 —0C; 1)\1#:11) 4 — I3 ey + 204/ V(u—a)
li+1 wy

The last term in (3.32) can be estimated as

. . Ri(o5"
200 /E V(u—a): Ve < 2llu — | g o0 W

Using the definition of R;, we have R;(¢") = [ . V(u —uf) : V@ So,

204/ V(u—a): Vo < 2flu—illmae) [lu — ugsllm @e)-

(3.31)

s Vot
(3.32)

Notice that 2||U — le‘Hl(Qe) H’& — ugs||H1(Qs) S 5{1]\u — 7:6”1%{1(95) + (51”’& — ugs”?—ﬂ(gs) for
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any 0; > 0. Therefore, (3.32) becomes

. NS Ve N
1@ = Ums | 711 0 < (1 +0, =00 IMTJ;%) 12— w31 0y + (2407 ) [ — @ F1 -
i+l
(3.33)
Finally, combining (3.28) and (3.33), we have
Ju— Uﬁ““%ﬂ(ﬂe)
)\i,Off
< (1+69) (1 + 6, — 90;1ﬁ) 16 — w71 ey + (B4 07" 4 05 ) lu — @l F e
l;i+1 +
(3.34)
We obtain the desired result by noting that
i — w0y < (14 0)llu — umllFp o) + (1405 )llu — @7 o
for any 03 > 0.
]

We remark that, in order to obtain rapid convergence, one needs to choose [; large
enough so that )‘;(ﬁ is large. In this case, the quantity A;‘fl/ ()\E(fl + 1) is close to one.
Then, (3.27) shows that the resulting online adaptive enrichment procedure has a rapid
convergence.

Theorem 3.3.3 gives the convergence of our online adaptive enrichment procedure
when one online basis is added at a time. One can also add online basis in non-overlapping
coarse neighborhoods. Using the same proof as Theorem 3.3.3, we obtain the following

result.

Theorem 3.3.4. Let u be the reference solution defined in (3.17), u be the snapshot solu-

tion defined in (3.18) and ;) be the multiscale solution of (2.13) in the enrichment level
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m. Assume that l; offline basis functions for the coarse neighborhood w; are used as ini-
tial basis in the online procedure. Let S be the index set for the non-overlapping coarse
neighborhoods where online basis functions are added. Then, there is a constant D such

that

Ju— Uﬁ“”?{l(ﬂe)

i,0ff
1. Li+1 . m N
< (14 8)(1+ 62) (14 01 — 06 min — ) & — wis ey + Dll = @l
1S AT 1

(3.35)

where 01, 09,03 > 0 are arbitrary and D depends only on 6;,1 = 1,2,3. In addition, 0 is

the relative residual defined by

Ny

0= IRl /D IRl

€S i=1

The above result suggests that adding more online basis functions at each iteration will
speed up the convergence. Lastly, we remark that the convergence for the pressure can be

obtained using the inf-sup condition (3.16).
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4. A CONSERVATIVE LOCAL MULTISCALE MODEL REDUCTION METHOD
FOR STOKES FLOWS *

In this chapter, we discuss a new multiscale model reduction technique for the Stokes
flows in heterogeneous perforated domains. To obtain a reduced model, we apply the gen-
eralized multiscale finite element approach. Different from the approach in the previous
chapter, here our basis functions are constructed locally with non-overlapping supports,
which enhances the sparsity of the resulting linear system. The detailed constructions of
the snapshot space and the offline space are presented in Section 4.2. In order to enforce
the mass conservation, we propose a hybridized technique, and uses a Lagrange multiplier
to achieve mass conservation. A mathematical analysis for the stability and the conver-
gence of the proposed method is presented in Section 4.4. In addition, we show some

numerical examples in Section 4.3 to illustrate the performance of the scheme.
4.1 Introduction to discontinuous Galerkin method

In this section, we consider the Stokes flow in perforated domain €2 and introduce
some notations in the discontinuous Galerkin framework. Given the source function f
and two boundary functions gp, gy, we consider the same equation (2.6) as in chapter 2
subject to boundary condition v = ¢gp on I'p, and (Vu — pI)n = gy on I'y, where
I'p UT'y = 99, n is the unit outward normal vector on 9€)° and [ is the n x n identity
matrix. The unknown variable u denotes the fluid velocity and p denotes the fluid pressure.
Since p is uniquely defined up to a constant, we assume that fQ p = 0, so that the problem

(2.6) has a unique solution.

*Reprinted with permission from "A conservative local multiscale model reduction technique for Stokes
flows in heterogeneous perforated domains" by Eric T Chung, Maria Vasilyeva and Yating Wang, 2017.
Journal of Computational and Applied Mathematics, Volume 321, Pages 389-405, Copyright [2017] by
Elsevier.
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The weak formulation of the Stokes equation is (2.7) in chapter 2. It is well known
that there is a unique weak solution to (2.7) (see for example [44]).

For the numerical approximation of the above problem, recall that we use the notations
K and E to denote a coarse element and a coarse edge in the coarse grid 7. Moreover,

we let £ be the set of edges in 7. We write £ = €1, U X

wnt out?

where £IL is the set of
interior edges and £, is the set of boundary edges.

For each interior edge F € &1, we define the jump [u] and the average {u} of a

int?

function u by
U|K+ + U|K7
[ulp = ulk+ —ulx-, {ulp= 9
where K and K~ are the two coarse elements sharing the edge F, and the unit normal

vector n on E is defined so that n points from K+ to K~. For £ € £, we define

out?
lulg = ulp, {u}e=ulg.

Next we introduce our DG scheme. Similar to the standard derivation of DG formula-
tions [45, 46, 47, 48], the main idea is to consider the problem in each element K in the
coarse mesh, and impose boundary conditions weakly on 0K using the value of the veloc-
ity function in the neighboring elements. In addition, a penalizing term which penalize the
jump of velocity will be introduced. After obtaining the local problems in each element,
one can sum over all elements to get the global DG scheme. Remark that, in our approach,
we will only assume discontinuity across the coarse edges, but use the standard continuous
element inside coarse blocks. In this work, we also add an additional Lagrange multiplier
in order to impose local mass conservation on the coarse elements. The details are given
as follows.

We start with the definitions of the approximation spaces. We let () ; be the piecewise
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constant function space for the approximation of the pressure p. That is, the restriction
of the functions of () in each coarse element is a constant. In addition, we will define
a piecewise constant space @ g for the approximation of the pressure p, which is defined
on the set of coarse edges £7. That is, the functions in Q\ g are defined only in £¥ and
the restriction of the functions of @ g in each coarse edge is a constant. We remark that
this additional pressure space is used to enforce local mass conservation in the coarse grid
level. Moreover, we define Vy as the multiscale velocity space, which contains a set of
basis functions supported in each coarse block K. To obtain these basis functions, we will
solve some local problems in each coarse block with various Dirichlet boundary conditions
to form a snapshot space and use a spectral problem to perform a dimension reduction. The
details for the construction of this space will be presented in the next section.

For our GMsFEM using a DG approach, we define the bilinear forms

ang (u,v) = vu Vo- Y /{Vu n}-[v]+{(Vo)n}-[u Z/

EceH EeSH

4.1)

bpc(v, 4, Q) Z /qdlvv—l— Z / 4.2)

KeTH EegH
Then, we will find the multiscale solution (uy, py, pr) € Vg X Qg X @ o such that

apG (U, v) + bo (v, pr, Pu) = (f,v) +/F (%QD v = ((Vo)n) '9D> +/F gn - v,

N

b (st 4, ) — / (90 7).
v (4.3)

forallv € Vy, g € Qu, q € @ u. The derivation of the above scheme follows the standard
DG derivation procedures [45, 46, 47, 48]. We notice that the role of the variable py is

to enforce mass conservation on coarse elements. In particular, taking ¢ = 0 in (4.3), we
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have

/a[uH].n:o, vEe &l vie Q.
E

This relation implies that
/ gdivuy =0, VK € T2, VqeQp.
K

The above is the key to the mass conservation, and we will discuss more in the numerical
results section.

We will show the accuracy of our method by comparing the multiscale solution to a
reference solution, which is computed on the fine mesh. To find the reference solution
(un, Pr, Prn), we will solve the following system

evalun, ) + b0, ) = (£ [ (Fap o= (Voym)-gn) + [ o,

NN

o (1, 4, ) — / (90 1),

I'p
“4.4)

forallv € VPS¢ € Qu,q € @ n. We note that the reference velocity wu; belongs
to the fine scale velocity space V;°¢ = {v € L*(Q°)] v|x € C°K)? forevery K €
TH v|g € (P(T))? forevery K € T"}. The space V,°¢ contains functions which are
piecewise linear in each fine-grid element K and are continuous along the fine-grid edges,
but are discontinuous across coarse grid edges. Moreover, the reference pressure p;, and
pr belongs to the coarse scale pressure space (Qy and @ u respectively. Notice that the
pressure py, is determined up to a constant, we will achieve the uniqueness by requiring
the averaging value of pressure over whole domain is zero. We remark that this reference
solution (uy, pp, pr) is obtained using the coarse scale pressure spaces ()i and @ u since

we only consider multiscale solutions and reduced spaces for the velocity. The true fine
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scale solution (Ugne, Pfine, Phine) an be defined by

aDG(uﬁnea U) + bDG(U7pﬁneaﬁﬁne) = (fa U) + / (%QD U — ((VU) n) : gD) + / gn - v,
I'p T

N

bo (tne, 4, 3) — / (90 )G

I'p

forallv € VPS g € Qn,q € @h, where (), and @h are suitable fine scale spaces. One can
see that (Ugne, Prine) Will converge to the exact solution (u, p) in the energy norm as the fine
mesh size h — 0.

Now we define the energy norm as
2 2, 1 2
lullh = [ IVulP++ > [ ([l (4.5)
Q h E
EecgH
Moreover, we also define the following L? norm

1 DG = llall7z@e) + Z Rl 2(s)- (4.6)

EecgH

The notation o < 3 means that « < C3 for a constant C' independent of the mesh size.

One can show that

Huﬁne - uhH,Qq S C Hlf . H(pﬁne - qvﬁfme - ZDHZ)
q€EQH,qeQH

Thus, the reference solution defined in (4.4) can be considered as the exact solution up to
a coarse scale approximation error.
4.2 Construction of multiscale velocity space

In this section, we will present the construction of the multiscale space Vj for the

coarse scale approximation of velocity. To construct the coarse scale velocity space, we
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will follow the general idea of GMsSFEM [49, 50], which contains two stages: (1) the con-
struction of snapshot space, and (2) the construction of offline space. In the first stage, we
will obtain the snapshot space, which contains a rich set of functions containing possible
features in the solution. These snapshot functions are solutions of some local problems
subject to all possible boundary conditions up to the fine grid resolution. Notice that for
the generalized multiscale DG scheme proposed in [35, 51], one solves the local problems
in each coarse block. Thus the resulting system is much smaller compared with that of the
CG approach [30, 36, 25], where the local problems are solved in each overlapping coarse
neighborhood. Next, in order to reduce the dimension of the solution space, we will use
a space reduction technique to choose the dominated modes in the snapshot space. This
procedure is achieved by defining proper local spectral problems. The resulting reduced
order space is called the offline space and will be used for coarse scale velocity approx-
imation. Note that for approximating pressure on the coarse grid, we will use piecewise
constant functions as defined before. In Section 4.2.1, we will present the construction of
the snapshot space, and in Section 4.2.2, we will present the construction of the offline

space.
4.2.1 Snapshot space

We will construct local snapshot basis in each coarse block K, (i = 1,--- , N), where
N is the number of coarse blocks in 2°. The local snapshot space consists of functions

which are solutions u € V},(K;) of

—Au+ Vp =0, in K;
4.7)

divu = c, in K;

with v = 6 on OK;, (k = 1,---, M;), where M; is the number of fine grid nodes on

the boundary of K;, and (5f is the discrete delta function defined on OK;. The above

57



problem (4.7) is solved on the fine mesh using some appropriate approximation spaces.
For instances, we take the space V},(K;) to be the standard conforming piecewise linear
finite element space with respect to the fine grid on ;. Note that the constant c in (4.7) is
chosen by the compatibility condition, that is, ¢ = ﬁ /. oK, o - nds.

Take these M; velocity solutions of (4.7) and denote them by v (k = 1,--- , M;),

we get the local snapshot space

Vinap = span{y™® - ¢y,

Combining all the local snapshots, we can form the global snapshot space, that is

‘/snap = Span{@b;’snapa >1 S k S Mia 1 S l S N}

In the above construction, the local problems are solved for every fine grid node on
OK;. One can also apply the oversampling strategy [52, 50] in order to reduce the boundary
effects. Applying this strategy, one can solve the local problem for each fine node on the
boundary of the oversampled domain. An illustration of the original local domain K and
the oversampled local domain K are shown in Figure 4.1. Notice that in Figure 4.1,
we present the triangular coarse grid in perforated domain with small inclusions on the
left, and rectangular coarse grid perforated domain with multiple sizes of inclusions on the

right. We will solve the local problem in an enlarged domain K" of K,

—Au+Vp=0, inK;}

divu =¢, inK;

with u = 6% on OK", where k = 1,--- | M;", where M;' is the number of fine nodes on

the boundary of K. After removing linear dependence among these basis by POD, we
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denote the linearly independent functions by 10,;”, (i=1,---, Mz) Note that the velocity
solutions of these local problems are supported in the larger domain K;". There are usually
several following choices for identification of basis. One of the straight forward way is

that, we can restrict the basis w;’i on K to form the snapshot basis, i.e. 1/J,i’snap = ,;H

K;-

%,snap

Then the span of these basis function ), will form our new snapshot space. In this
case, the local reduction will be performed in K;. Another choice is that, one can keep
the snapshot basis ¢,j’i without restricting on ;. But in this case, one needs to solve the
offline basis also in the oversampled domain K" and finally restrict the offline basis on
the original local domain K. It is known that these oversampling methods can improve
the accuracy of our multiscale methods ([50]).

We remark that one can also use the idea of randomized snapshots (as in [31]) and
reduce the computational cost substantially. In randomized snapshots approach, instead of
solving the local problem for each fine node on the boundary of oversampled local domain,
one only computes a few snapshots in each oversampled domain K" with several random
boundary conditions. These random boundary functions are constructed by independent
identically distributed (i.i.d.) standard Gaussian random vectors defined on the fine degrees

of freedoms on the boundary. The randomized snapshot requires much fewer calculations

to achieve a good accuracy compared with the standard snapshot space.
4.2.2 Offline space

In this section, we will perform local model reduction on the snapshot space by solving
some local spectral problems. The reduced space consists of the important modes in the
snapshot space, and is called the offline space. The coarse scale approximation of velocity
solution will be obtained in this space. We have multiple choices of local spectral problems
given the various constructions of snapshot space presented in the previous section.

First of all, if the snapshot basis obtained in the previous section is supported in each
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Figure 4.1: Illustration of oversampling domains. Left: Oversampling of a triangular
coarse block for perforated domain with small inclusions. Right: Oversampling of a rect-
angular coarse block for perforated domain with multiple sizes of inclusions.

coarse element K;, we will solve for (A, ®) from the generalized eigenvalue problem in

the snapshot space

AD = \SP (4.8)

where A is the matrix representation of the bilinear form a;(u,v) and S is the matrix
representation of the bilinear form s;(u,v). The choices for a; and s; are based on the

analysis. In particular, we take

a;(u,v) = | Vu: Vo,
K;
A
si(u,v) = — u- v,
H Jk,

where we remark that the integral in s;(u, v) is defined on the boundary of the coarse block.
In this case, the number of the spectral problem equals the number of coarse blocks.
We arrange the eigenvalues of (4.8) in increasing order. We will choose the first few

eigenvectors corresponding to the first few small eigenvalues. Using these eigenvectors
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as the coefficients, we can form our offline basis. More precisely, assume we arrange the

eigenvalues in increasing order

The corresponding eigenvectors are denoted by q),(gi) = (@,&?);‘i’l, where <I>,(j} is the j-th
component of the eigenvector. We will take the first L; < M, eigenvectors to form the

offline space, that is, the offline basis functions can be constructed as
M
ZOﬁ _ Z (I)](clj),(ﬁ’?snap7 k=1,---.L,.
j=1

On the other hand, one can use the snapshot basis z/z,j’i (using oversampling strategy)
without restricting on K; in the space reduction process. To be more specific, since the
snapshot basis are supported in the oversampled domain K", we will need another set of
spectral problems, namely

ATOT = \SToT 4.9)

where AT and ST are the matrix representations of the bilinear forms a, ;(u,v) and

s+ .i(u, v) respectively. Similar as before, we can choose a4 ;, s ; as follows

ayi(u,v) = Vu: Vo,
K
A
Sti(u,v) = Tl o uv
oOK;

We then arrange the eigenvalues in increasing order

)\gi) < )\S) << )\g\%.

7
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The corresponding eigenvectors are denoted by @Z’(i). We will take the first L; < M,"

eigenvectors to form a basis supported in ;"
i
+i +,(3), )+
kl:zq)kj(l) p k=1L
j=1
Then we will obtain our offline basis by restricting ¢z’i on [;, namely

i,off 44
k. — Yk

R

Now we can finally form the local offline space, which is the span of these basis func-
tions

i i,off i,off
osz - Span{d)zlo T ZL(: }

The global offline space V,y is the combination of the local ones, i.e.
Vorr = span{¢y™", 1<k <L;,1 <i< N}

This space will be used as the coarse scale approximation space for velocity Vi := V.
4.3 Numerical results

In this section we will present numerical results of our method for various types of
perforations, boundary conditions and sources. We will illustrate the performance of our
method using two kinds of perforated domains: (1) perforated domain with small inclu-
sions and (2) perforated domain with big inclusions as well as some extremely small inclu-
sions, see Figure 4.2. We will also illustrate the performance of the oversampling strategy.

We set 2 = [0, 1] x [0,1]. The computational domain is discretized coarsely using

uniform triangulation for domain with small inclusions (Figure 4.2 (a)), and uniform rect-
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angle coarse partition for domain with big inclusions (Figure 4.2 (b)). The coarse mesh

size¢ H = . For the fine scale discretization, the size of the system is 69146 for do-

main with small inclusions (Figure 4.2 (a)) and 91588 for domain with multiple size of

inclusions (Figure 4.2 (b)).
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Figure 4.2: llustration of the perforated domain with fine and coarse mesh. (a) perforated
domain with small inclusions. (b) perforated domain with multiple sizes of inclusions.

We will consider two different boundary conditions and force terms:

e Example I: Source term f = (0,0), boundary condition v = (1,0) on 02 and

u = (0,0) on 0B°.

e Example 2: Source term f = (1, 1), boundary condition % —pn = (0,0) on 02

and u = (0,0) on OB°.

The errors will be measured in relative L?, H! and DG norms for velocity, and L?
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norm for pressure

[Jun — UHHLZ(Qe)

lleullr2 =
‘ ||Uh||L2(Qe) ’
lun = wir |l g ey v apg (up — ug, u, — up)
llew| | = i » leullpe = :
Uh”Hl(Qe) apG (Un; Un)
||6 || Hﬁﬁne - pH”LZ(QE)
plIL? =

|| Ptine | 2 ()

where pgye 1S the cell average of the fine scale pressure, that is, Pge = |71\ f 5. Diine for all
K, eTH,
4.3.1 Perforated domain with small inclusions

In this section, we show the numerical results for the Stokes problem in perforated
domain with small inclusions (Figure 4.2 (a)), see Table 4.1 for Example 1 and Table
4.2 for Example 2. Remark that the fine scale system has size 69146, while our coarse
scale systems only have size 1280 — 6880 when we take 4 to 32 basis, which are much
smaller. We will first take a look at the numerical behavior for the first example, where
we take Dirichlet boundary conditions u = (1,0) on the global boundary, and u = (0, 0)
on the boundary of inclusions. The force term f = (0,0). In Table 4.1, we observe that
the errors reduce substantially when we add more than 4 basis in each coarse block. For
example, when we construct basis without oversampling, the L? velocity error reduce from
33.2% to 6.5% when the number of basis increase from 4 to 8. Moreover, the energy error
for velocity is 28% and the L? error for pressure is 12% as we take 32 offline basis for
non-oversampling case. To get a faster convergence, we employ oversampling strategy
when calculating the basis, that is, we solve the local problems in an oversampled coarse
domain and then restrict the local velocity solution to the original coarse block to form

our snapshot basis. In our numerical example, the oversampled domain is the original
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coarse block plus four fine cells layers neighboring the original domain. We can see that,
the oversampling case gives us better accuracy with respect to velocity energy error and
pressure error. For instance, the velocity energy error reduces from 25% to 18% and the
pressure error decreased from 12% to 2% when the number of offline basis is 32 comparing
the non-oversampling with oversampling case.

For the second example in perforated domain with small inclusions, we take Neumann
boundary condition % — pn = (0,0) on the global boundary and Dirichlet condition
u = (0,0) on the boundary of inclusions. The convergence history is shown in Table 4.2.
From this table, we find that the velocity L? error reduce from 39.9% to 7.6%, and the
pressure error reduce from 69.8% to 5.0% when the basis number increase from 4 to 8 for
the non-oversampling case. Moreover, the velocity L? error reduces to 4.9% when we take
32 basis. We also observe that the oversampling strategy works efficiently to speed up the
convergence rate for both the L? error and the energy error for velocity. For example, the
velocity L? error is 7.6% when we take 8 basis in non-oversampling case, however, it is
only 2.6% when we take the same number of basis in oversampling case. The velocity
H* error reduce from 30.5%(for non-oversampling case) to 17.4%(for oversampling case)
when we take 32 basis. In addition, we check the local mass conservation and present the
numerically computed constants |, ok, W nds in Table 4.3. From the table, we see that the
maximum of the values | oK, UM ds is almost zero for all cases. This shows that we have
exact mass conservation in the coarse grid level. We remark that we also have fine grid
mass conservation by the construction of the basis functions.

Figure 4.3 and Figure 4.4 shows the corresponding solution plots for Example 1 and
Example 2 in perforated domain with small inclusions, where we compare the fine scale
velocity solution with different coarse scale velocity solution. In Figure 4.3, we take 8

and 16 basis functions per coarse element for coarse scale computations. We observe that

some fine scale features are lost in the solution when we take 8 basis, and the frame of the
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coarse edges can be seen in the figure. However, when we take 16 basis, we can observe
a much smoother solution which capture the fine features well. Similar behavior can be
found in Figure 4.4, where we observe higher contrast between 4 basis per element and 16

basis per element coarse scale solutions.

Mo | DOF | Tleallzz | Tleallpe | Nleallar | epllze
Non-oversampling
4 1280 | 33.2 96.8 76.8 -
8 2080 6.5 48.8 43.7 38.1
16 | 3680 2.6 31.9 28.9 12
32 | 6880 1.9 28.3 25.3 12
Oversampling, K+ = K +4
4 1280 | 32.6 85.7 69.9 -
2080 6.6 39.6 36.7 234
16 | 3680 1.9 21.7 19.4 2.7
32 | 6880 1.8 20.3 18.5 2.7

Table 4.1: Stokes problem in perforated domain with small inclusions. Numerical results

for Example 1. Non-oversampling and oversampling with 4 fine layers.

Mo | DOF [ Tleallz | Tlealloa | Teallar | Tesllze
Non-oversampling
4 1280 39.9 87.6 71.2 69.8
8 2080 7.6 494 39.5 5.0
16 | 3680 6.7 36.7 31.8 2.6
32 | 6880 4.9 359 30.5 2.9
Oversampling, K™ = K +4
4 1280 31.7 69.6 52.6 -
8 2080 2.6 36.7 27.8 16.8
16 | 3680 1.8 25.5 20.7 3.6
32 | 6880 1.5 20.3 17.4 3.5

Table 4.2: Stokes problem in perforated domain with small inclusions. Numerical results

for Example 2. Non-oversampling and oversampling with 4 fine layers.

66




Example 1
Mg | DOF | Non-oversampling | Oversampling
4 | 1280 2.9e-20 -4.4e-22
8 | 2080 6.6e-18 -4.2e-18
16 | 3680 5.7e-19 -9.5e-18
32 | 6880 -4.0e-18 1.2e-15
32 | 6880 -4.0e-18 1.2e-15
Example 2
Mg | DOF | Non-oversampling | Oversampling
4 | 1280 -8.4e-22 4.1e-22
8 | 2080 -1.3e-19 -1.9e-20
16 | 3680 1.9e-19 -5.8e-22
32 | 6880 9.7e-20 -5.1e-18

Table 4.3: Stokes problem in perforated domain with small inclusions. Verification of local
mass conservation by computing the maximum of |, ok, W n ds over all coarse blocks. Top:
Example 1. Bottom: Example 2.

4.3.2 Perforated domain with some extremely small inclusions

In this section, we show the numerical results for the Stokes problem in perforated
domain with various size of inclusions (Figure 4.2 (b)), see Table 4.4 for Example 1 and
Table 4.5 for Example 2. The fine degrees of freedoms for this domain is 91588, and the
coarse degrees of freedoms range only from 680 for 4 basis per element to 3480 for 32
basis per coarse element. Note that, in this domain we use the coarse mesh where each
block is a rectangle, thus the coarse degrees of freedom is less than that in the previous
section where we used triangular blocks for coarse mesh. From the tables, we can see
that for Example 1, the velocity L? errors can be less than 10% when we take more than
8 basis. Moreover, for Example 2, the velocity L? errors are already 6.1% (or 3.5%)
for non-oversampling case (or oversampling case) when we take exactly 8 basis. The
convergence results in Table 4.4 indicate that oversampling helps to reduce the energy

errors for velocity. For example, we take 32 basis, the velocity H* error become 12.9% in
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the oversampling case, which is much smaller than 20.1% in the non-oversampling case.
The oversampling strategy works even better to improve the velocity results for Example
2. Table 4.5 shows that the velocity L?, H! and DG errors are almost reduced by half when
we take 8, 16 or 32 basis applying the oversampling strategy. The local mass conservation
is also verified by the data presented in Table 4.6. Figure 4.5 and Figure 4.6 demonstrate
the velocity solution plots for Example 1 and Example 2 respectively. In Figure 4.5, we
compare the fine scale velocity solution with 8 basis coarse scale solution and 16 basis
coarse scale solution. It is clear to see that when we take 8 basis, the higher value regions
in the solution shrinks, and some properties of the solution between two inclusions are
not captured well. These drawbacks are recovered better when we take 16 basis, and the
solution is more comparable with fine scale solution. The solution is reported in Figure
4.6 for Example 2, where we compare 4 basis and 16 basis coarse scale solution with fine
scale solution. The behavior is similar as before.

In addition, in Figure 4.7, we present the comparison the solutions for Example 2
in perforated domain with small inclusions (Figure 4.2 (a)) in oversampling and non-
oversampling case respectively. The x-component of velocity is shown on the top, and
the y-component is on the bottom, the results for non-oversampling are on the left (L? er-
ror 6.7%, H' error 31.8%), and results using oversampling is on the right (L? error 1.8%,
H?' error 20.7%). Here, we take 16 basis as an example. It can be observed that when
we use the oversampling strategy, the transitions from lower values to the higher values in
the solution are smoother compared with the one without oversampling. This helps us to

understand the advantage of oversampling visually.

68



Mot | DOF | [leu]l2 | lleullne | [leulla | llepllz2
Non-oversampling
4 680 46.6 934 79.7 -
8 1080 11.5 55.0 52.1 39.6
16 | 1880 2.9 279 259 9.1
32 | 3480 1.9 223 20.1 5.6
Oversampling, Kt = K +4
4 680 50.8 83.3 76.3 -
8 | 1080 | 10.8 48.1 45.3 31.6
16 | 1880 4.5 234 21.6 2.5
32 | 3480 1.6 14.5 12.9 2.1

Table 4.4: Stokes problem in perforated domain with additional small inclusions. Numer-
ical results for Example 1. Non-oversampling and oversampling with 4 fine layers.

Mot | DOF | [leu]lz2 | lleullne | [leulla | llepllz2
Non-oversampling
4 680 63.1 96.6 82.1 33.6
8 1080 6.1 47.7 36.5 3.7
16 | 1880 3.8 28.4 24.2 1.5
32 | 3480 2.9 26.6 223 1.4
Oversampling, Kt = K +4
4 680 41.6 65.6 54.3 -
8 1080 3.5 29.3 23.1 11.8
16 | 1880 1.7 15.5 13.0 43
32 | 3480 1.3 12.9 11.0 2.8

Table 4.5: Stokes problem in perforated domain with additional small inclusions. Numer-
ical results for Example 2. Non-oversampling and oversampling with 4 fine layers.

4.4 Convergence results

In this section, we will present the analysis of our multiscale method (4.3). First, we
will prove the existence and uniqueness of the problem (4.3) by showing the coercivity and
continuity of apg, the continuity of bpg and the discrete inf-sup condition for bpg. Next,

we will derive a convergence result for our method. For our analysis, we use the definition
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Example 1
Mg | DOF | Non-oversampling | Oversampling
4 680 2.3e-20 2.6e-20
8 | 1080 1.8e-20 -5.5e-20
16 | 1880 -8.2e-18 5.5e-18
32 | 2480 3.9e-20 3.5e-17
Example 2
Mg | DOF | Non-oversampling | Oversampling
4 680 1.8e-23 1.0e-22
8 | 1080 -5.1e-22 -1.8e-22
16 | 1880 4.7e-19 1.2e-19
32 | 2480 1.4e-20 -5.2e-21

Table 4.6: Stokes problem in perforated domain with small inclusions. Verification of
local mass conservation on coarse edges by computing the maximum value of |, o, Urnds
over all coarse blocks. Top: Example 1. Bottom: Example 2.

for the energy norm as in (4.5) and Q-norm in (4.6). We notice that the ()-norm in (4.6) is

a weaker norm compared with the more usual choice HqH%z(Qe) + > peer H|T32 (B)-

First, we consider the continuity and coercivity of the bilinear form apg, as well as

the continuity of the bilinear form bpg. These properties are summarized in the following

lemma.

Lemma 4.4.1. Assume thaty = O(1) is large enough. The bilinear form apg is continuous

and coercive, that is

lapg(u, v)| < arfull allv]la

apg(u,u) > aOH“”?A&

and the bilinear form bpg is also continuous:

|bo6 (v, ¢, Q)| < bal[v]lall(g, Dl
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Fine-scale Coarse 8 basis Coarse 16 basis

Te+n
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Evson
= 10007

ux
!

Figure 4.3: Stokes problem for perforated domain with small inclusions. Numerical so-
lution for Example 1. Top: x-component of velocity. Bottom: y-component of velocity.
Left: Fine-scale solution. Middle: Coarse-scale solution with 8 basis, non-oversampling.
Right: Coarse-scale solution with 16 basis, non-oversampling.

Proof. The proof for continuity and coercivity of apg is classical [47, 35], and will be

omitted here. For the continuity of bpg, it follows from the Cauchy-Schwarz inequality.

]

4.4.1 Inf-sup condition

In this section, we will prove an inf-sup condition for the bilinear form bpg(v, ¢, g). We
will assume the continuous inf-sup condition holds for b(v, q). That is, for any ¢ € L3(2°),

we have
b
S (ua Q)

> Blall 2 (4.13)
wentie) lullm oo
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Fine-scale Coarse 4 basis Coarse 16 basis
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Figure 4.4: Stokes problem for perforated domain with small inclusions. Numerical so-
lution for Example 2. Top: x-component of velocity. Bottom: y-component of velocity.
Left: Fine-scale solution. Middle: Coarse-scale solution with 4 basis, non-oversampling.
Right: Coarse-scale solution with 16 basis, non-oversampling.

This can be shown by a simple calculation. For any ¢ € L3(€2¢), one can choose u such

that (u, p) € (H'(29))? x L3(£2°) is the solution of
—Au+Vp=0, divu=gq, in)°

with u = 0 on 0€)°.
We will also assume the following independence condition for the multiscale basis.

For every coarse block K; € TH, there are at least 4 basis functions, denoted by gb;’(’ff,
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Figure 4.5: Stokes problem for perforated domain with multiple sizes of inclusions. Nu-
merical solution for Example 1. Top: x-component of velocity. Bottom: y-component
of velocity. Left: Fine-scale solution. Middle: Coarse-scale solution with 8 basis, non-
oversampling. Right: Coarse-scale solution with 16 basis, non-oversampling.

J = 1,2, 3,4, in the local offline space V; such that there are coefficients d;;, such that

4
/E (D dindi™) n=bu, kil =1,2,3,4, (4.14)

Jj=1

for all coarse edges E; on the boundary of K;. We remark that the above independence
condition says that we can construct a function in V% with normal component having mean
value one on one coarse edge and mean value zero on the other coarse edges. In particular,
for each coarse element K, and for every edge F; € OK;, there is a basis function ¥
such that [, W;-n =1and [, W;-n =0 for other coarse edges Ej, € ;.

The next lemma is the main result of this section.
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Fine-scale Coarse 4 basis Coarse 16 basis
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Figure 4.6: Stokes problem for perforated domain with multiple sizes of inclusions. Nu-
merical solution for Example 2. Top: x-component of velocity. Bottom: y-component
of velocity. Left: Fine-scale solution. Middle: Coarse-scale solution with 4 basis, non-
oversampling. Right: Coarse-scale solution with 16 basis, non-oversampling.

Lemma 4.4.2. Forall ¢ € Qg and ¢ € @ u, we have

~ bog(v, ¢, q
||(Q7 Q)”Q < C’infsup sup M (415)
veve [l

where Ciyrop > 0 is a constant independent of the mesh size, provided the fine mesh size h

is small enough.

Proof. Letq € Qu and q € @ g be arbitrary. By the continuous inf-sup condition (4.13),
there is u € H{(Q2)? such that divu = ¢ and ||u| 1) < B7|¢||12(0¢). By the assump-
tion (4.14), for each coarse element K, and for every edge E; € 0K, there is a basis

function W; such that [, ¥;-n =1, and fEk U, - n = 0 for other coarse edges Ej, € 0K.
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Figure 4.7: Stokes problem for perforated domain with small inclusions, comparison be-
tween oversampling and non-oversampling. Numerical solution for Example 2. Top: x-
component of velocity. Bottom: y-component of velocity. Left: Coarse-scale solution
with 16 basis, non-oversampling. Right: Coarse-scale solution with 16 basis, oversam-
pling with 4 fine layers.

Note that we suppress the dependence of W; on : to simplify the notations. Then we define

v € Vo by

V1 = Z Z iji\I/j, with Cj7i:/ u-n. (416)

K;eTH E;€0K; Ej

/vl-n:/u-n, and /vl-n:O.
E; E; Ey,

J J

It is clear that

In addition, we define v; so that f 5 V1 - n = 0 for all boundary edges F € 0. We also
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choose the normal vectors in (4.16) so that the average jumps of v; - n across all interior
coarse edges are zero. This condition can be achieved by choosing a fixed normal direction
for each coarse edge in the definition (4.16). By the definition of bpg, integration by parts

and using the definition of v, we have

boG(v1,¢,q) = b(u,q) = HQH%?(QG)'

Next, we will show that ||v1 (|4 < «|¢||£2(q) for some positive constant o. We define the

energy D; of the basis function ¥; by

1
D;j 32/ ’V‘I’j\%rﬁ/ 7.
K; 0K;

So, by the definition of || - || 4, the trace inequality and the continuous inf-sup condition,

lodd < Y. Y &iDi S allalia,

K;eTH E;€0K;

where we define
o= max max D;.
K;cTH E;€0E;
On the other hand, we can choose v, € V° such that
1 N
ve-n=—(hH)q, and Vg m =
Ej 2 Ek
if E; is an interior edge, or
/ ve-n = (hH)q, and / vg-m =0
E; o

J

if IJ; is a boundary edge, where n is the outward normal vector on the boundary of K.
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This can be achieved by defining
> > dy, with dj; = o(hH)G 4.17)
KZ'GTH EjGaKi

where 0 = 1 or o = 1/2 depending on the location of the coarse edge E;. Thus, we have

[ el on =g
E;
on all interior coarse edges. By the definition of bpg,

bog(v2, ¢, Q) Z / qdivoy + h Z ||a|L2

KeTH EceH

2 2 . . .
We can show that [|vs || < Cra(hH)h Y- peen [[4]|72 (5 using arguments similar as above,
where the constant (' is independent of the mesh size.

Finally, we let v = a1 + vy € VO, Then

bncv,.0) = calalfzor — > [ adivee +h 3 [llcey

KeTH EceH

Using the Young’s inequality, we have

bog (v, q,q) >

Croaf hH
onllalie = s P> [z = SRS [ Y Gl

KeTH EecgH

which implies

- CialhH
boc (0, 4,) > (a1 — 1“( )

— allie@y + 5 “h > iz

EcgH
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Taking «; = Cia(hH) and assuming that the fine mesh size h is small enough so that

Cia(hH) = O(1), we obtain

boa(v,¢,9) = Cli(0, D)

where C' is a constant independent of the mesh size. Moreover,

vllh S ofllvilli + llvalld S afallglliae + enh Y 1dll7e ).
EcEH

Thus, choosing h small enough, we have [[v]|% < [|(¢, 9)[[3- O

4.4.2 Convergence results

In this section, we will derive an error estimate between the fine scale solution u;, and
coarse scale solution uy. First, we construct a projection of the fine grid velocity in the
snapshot space, and estimate the error for this projection. Second, we will estimate the
difference between this projection and coarse scale velocity. Combine these two errors,

we obtain the results as desired.

Theorem 4.4.3. Let uy, be the fine scale velocity solution in (4.4), and uy be the coarse

scale velocity solution of (4.3). The following estimate holds

H
e

H
s — w3 S (1 +
=1 /\L-

{/|Nwwm%¢mm@@y
i+l OK;

where gy, IS the snapshot solution defined in (4.18).

Proof. Let (up,pn) € VP9 X Qp be the fine scale solution satisfying (4.4). We will

next define a projection, denoted Ugn,p, Of uy, in the snapshot space Vi,,p. For each coarse
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element K, the restriction of uy,, on K is defined by solving

_Ausnap + Vpsnap =0, in K
divitg,, = c, in K (4.13)
Usnap = Uh, on 0K

where pg,p 1s @ constant, and c is chosen by the compatibility condition, ¢ = \qu f o Uh *
n ds. We remark that g, is obtained on the fine grid, and we therefore have g, € Vinap-

We define u,f as the projection of g,y in the offline space V. Using [35], we obtain

N

||usnap - Uoff||2,4 S Z

(%)
im1 ALt

H H
1+ —— / Vg ) 1|2 (4.19)
(Ut i) ()7

it+1

Next, by comparing (4.3) and (4.4), we have

apg(un — g, v) + bpg (v, ph — P, Dh — PE) = 0,
(4.20)

bDG(uh — UmH,q, Z]\) = 07

forallv € Vi, g € Qu, q € @ p. Then, using the inf-sup condition (4.15) and standard
arguments, we have

lup —umlla S llun — o] a- (4.21)

Finally, we define uj, = tUgap + o, Where ug = uj — Ugnap. Then (4.20) and (4.19)
imply that
N

H H
o = w3 54 —) [ (V) + Juolfs @22)
it ALi+1 hAp 1 JoK
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By (4.4), we have

GDG(UO,U) = _aDG<usnap7U) + (fﬂ)) + / <%9D *U— ((VU) n) '9D> - bDG(Uaph;ﬁh)
I'p

4.23)

for all v € V,PS. By the definition of ug, we see that ug = 0 on 9K for all coarse element

K € TH. Thus, using (4.11) and taking v = v, in (4.23), we have
||VU0||?4 S _aDG(usnapv ug) + (f, uo). (4.24)

Notice that

(fiuo) = > /Kfuo < e uollzzg S H DY Il Vuoll 2

KeTH KeTH KeTH
(4.25)
where the last inequality follows from the Poincare inequality. So, we obtain
(f;u0) S HI| fll2 () [[uolla- (4.26)

By the definition of apg and u(, we have

aDG(“snapauo) - vusnap : Vu[) - Z /{(VUO)TL} . [usnap]-
Qe E

Ec&H

Notice that [usn,p| = [u] for all E. Thus, by the results in [35], we obtain

> [ 1) v S ol (3 5 [wif)' @2

EeceH EceH

80



By the variational form of (4.18), we have, for all coarse elements K

/ Vgnap 1 Vg = / Dsnap divig = 0
K K

SINCE Pynap 18 @ constant and vy = 0 on K. Combining the above results, we have

H H
ol €37 50+ ) [ (Tl + By @29
im1 ALt hALia ok
This completes the proof.
[l
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5. MULTISCALE MODEL REDUCTION FOR TRANSPORT AND FLOW
PROBLEMS *

Convection-dominated transport phenomena have wide applications. In these physical
processes, the transport velocity is often a solution of a heterogeneous flow problem. In
this work, we consider coupled flow (Stokes problem) and transport (unsteady convection-
diffusion problem) in perforated domains. We propose a coarse-scale solver based on
Generalized Multiscale Finite Element Method (GMsFEM). Multisclae spaces for the ve-
locity in the mixed Stokes equations and the flux in the mixed transport equation are con-
structed. As for the pressure in the flow equation, we use piecewise constant functions.
For the concentration in the transport equation, we first use piecewise constant functions
for approximation and later enrich the space by adding interior basis functions. Due to the
asymmetric of the transport equation, two different Petrov-Galerkin mixed formulations
(see (5.2) for Formulation 1 and (5.3) for Formulation 2) are proposed to guarantee the
stability of the global system. In order to employ the Petrov-Galerkin formulations, we
also design the test functions for the mixed formulation of transport equation by taking the
solutions of local adjoint problem.

Two different approaches for the coupling of flow and transport equation are discussed.
In the first approach, called de-coupled GMsSFEM, the flow equation is solved on a coarse
grid using the GMsSFEM and, furthermore, the approximate velocity solution is used in
constructing offline spaces for the transport equations (both trial and test spaces). In the
second approach, named coupled GMsFEM, the multiscale basis functions for flow and

transport are constructed jointly. i.e., we do not solve global flow equation in this case.

*Reprinted with permission from "Multiscale model reduction for transport and flow problems in per-
forated domains" by Eric T Chung, Maria Vasilyeva and Yating Wang, 2018. Journal of Computational and
Applied Mathematics, Volume 330, Pages 519-535, Copyright [2018] by Elsevier.
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This is challenging because one does not know the global flow information and the basis
functions for the transport nonlinearly depends on the coarse-grid components of the flow

equations. Details of basis construction and numerical experiments are shown below.
5.1 Overview of the transport equation

The flow equation for the velocity field is described by a steady state Stokes problem
(2.6). For the approximation on the fine grid, we use the standard Crouzeix-Raviart ele-
ment for velocity and the piecewise constant element for pressure in this chapter. We can
write approximation of the Stokes problem in the following matrix form

Ah B} T Up F h
(By) _ | 5.0)
By 0 Dh 0
where

UgAhuh = a(up, Uh) and qu}f“h = b(uhu Qh)-

The transport equation is described by a unsteady convection-diffusion equation for the
concentration (2.8), and the velocity in the equaiton u can be calculated using the Stokes
equation. We note that the velocity field describes an incompressible flow which implies
that it is a divergence free field. We consider transport equation (2.8) with the homoge-
neous Neumann boundary conditions and the initial condition ¢(x,0) = 0 in Q°. The
convection-diffusion equation describes how the rate of a scalar quantity in a differential
control volume changes. It is actually calcluated by the diffusion and flow into and out of
part of the system, taking into account the generation or consumption inside the control
volume. It is common to write the transport equation in a mixed formulation. In this work,

we write two different formulations associated to two different flux choices.
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e Formulation 1. Let ¢ = —DVc be the flux, namely diffusive flux which arises due

to diffusion, then we have the following mixed formulation for flux and concentra-

tion (g, ¢)
D'q+Ve=0, inQF
(5.2)
0
% divg— D 'u-q=f, inQ".
ot
e Formulation 2. Let ¢ = —DVc + uc be the flux, namely the toal flux, then we
have the following mixed formulation for flux and concentration (g, c)
D 'q+Ve—Due=0, inQ°
(5.3)

% +divg = f, inQ°.

To define the weak formulation for transport equation, we introduce the spaces
V= {ve LX) divv € L*(Q°)},

and Q¢ = L?(QF). In addition, we define V! as the subspace of V¢ containing vector fields
with zero normal component on 9€2° N 05°.
The weak formulation of the transport equation in the mixed formulation (5.2) (Formulation

1) reads: find ¢ € V! and ¢ € Q° such that

m?(q,v) + b(v,c) =0 Yv eV
(5.4)

m(c,r) —b(q,r) + s(q,r) =1l(r) Vre Q"

where

mq(%v):/ D™'q-v b(v,c):—/ divo ¢ mC(C,T)Z/ T ler
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s(v,c) = — D'u-ve l(T):/E(f+T—1é)T

Qe
and ¢ is the concentration in the previous time step and 7 is the time step. Remark that for
the time discretization we used an implicit scheme.

We can write (5.4) as the following matrix form

MY BT\ [q 0
" "1 = , (5.5)
—Bh + Sh Mﬁ Cp, Fh

where g, € V! C Vi, o5, € Qf C Q° and
T r4 o4 T _ T _ Tafe. _ ¢
v Mgy = m¥(qn,vn), ¢, Bran = b(qn, cn), ¢ Sphn = s(vn, c), 1, Mycr, = mS(ch, ).

For the formulation (5.3) (Formulation 2), we have following weak forms

m?(q,v) + b(v,c) + s(v,c) =0 Yov € Vj

(5.6)
m(c,r) —b(q,r) =1(r) Vre Q"
or in matrix form
M? BI4 ST 0
e Th T e . (5.7)
—Bh Mﬁ Ch, Fh

As for the fine scale discretization of the transport problem, we use the standard lowest-
order Raviart-Thomas space (RT) for flux and the piecewise constant space for concen-

tration.
5.2 Coarse-scale offline approximation using GMsFEM

Let 7H, T" and £ be the mesh ingredients as discussed in chapter 2. We emphasize

that we use w; to denote a coarse neighborhood, and use K to denote a coarse grid block.
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For the Stokes problem, we define the neighborhood w; for every coarse node and mid-
point of coarse edge, i.e, both coarse nodal-based and edge-based neighborhood.

For the transport problem, we use the neighborhood of the facet £; € £ by

CL)ZZU{KJETH|EZ€6KJ}

J

Notice that w; is a union of two coarse grid blocks when F; lies in the interior of the
domain 2, i.e., only the edge-based coarse neighborhood.

We will construct an offline solution space for the flux and concentration:
N, N,
Vip = span{y;{ },), Qnu := span{y;};%.

where 1) are the multiscale basis functions and NN, is the number of basis functions for
flux, and ¢ are the multiscale basis functions and /N, is the number of basis functions for

concentration. For the test spaces, we denote
q . a1 Vg 3 P
Vir ==span{¢j}, %,  Qu = Qu.

For global coupling in Formulation 1, we define the mixed GMsFEM as follows: find

Gms € Vi and ¢,,s € Qg such that

M (G, V) + (v, Cns) = 0, Yo € Vi
(5.8)

M (Cmss ) = WG, ) + 5(Gms, ) = 1(1), V7 € Qp.
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We can write system (5.8) in matrix form

R, MIRT R,BTRT - 0
g p Yy qLPh 1 q _ ’ (5.9)
R.(=By, + Sp)RY R.MRT | \ cons R.F,

where R, . and RqT are defined as:

e O o I L S S P S (e

For the Formulation 2, we define the mixed GMsFEM as follows: find ¢,,s € Vy and

Cms € Qg such that

M (Gms, V) + b(v, cms) + $(v,cms) =0, Vo € IA/;’I

(5.10)
m(Cms, T) — b(Gms, ) = U(r), Vr € Qg.
and for matrix form we have
R,MRY Ry(BE + STRT [ s 0 S
—RCBhRqT R.M, ﬁRCT Crms R.F},

Next, we will present details of constructing multiscale trial basis and test basis. For
the multiscale basis functions in trial space, we first use the primal problem to construct
snapshot space that contains an extensive set of basis functions formed by the solution of
local problems with all possible boundary conditions up to the fine grid resolution. Then
we will apply a spectral decomposition to select dominant modes in the snapshot space.
Then for the construction of test multiscale basis, we will use the adjoint problem and find

corresponding multiscale test basis for every constructed multiscale trial basis.
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5.2.1 Offline trial space for the transport equation

Let w! be the union of all coarse blocks sharing the coarse-grid edge E; € £, we aim
to find ¢ and ¢; on the coarse neighborhoodw! such that:

m(qj,v) +b(v,¢}) =0, VveV)
(5.12)

—b(gj,r) + s(gj,r) = (g,7), VreQ.

with boundary condition qli -n; = 0 on dw!, where n; is the outward unit normal vector on
Ow?. The above local problem is solved numerically on the fine-grid defined in w; using
the lowest-order Raviart-Thomas element. To be more specific, for an interior coarse
edge E;, we have F; = Ui]; L€, where ¢; are the fine-grid facets on E,;/0B°, and J; is
the number of these fine grid facets on E;/0B°. For each [, the local problem (5.12) is
solved separately on each coarse-grid element Kj C w! which shares the edge E;, with
boundary condition ¢; - n; = 6, on E;. The function ¢; is a piecewise constant function
defined on E;/0B¢ such that it has value 1 on ¢; and value 0 on the other fine-grid edges.
We remark that the function §; is always zero on the boundary of perforations intersecting
with the edge F;. The consnant g in (5.12) is chosen by compatibility condition, that is,
g = ‘TlﬂfEiqﬁnids,j =1,2.
Let U)*" = ¢/, we can obtain the the local snapshot space on F; defined by

Vi =span{¥*"™ 0 <1 < J;}.

snap

Next, we perform a dimension reduction on the snapshot space via a local spectral

problem in w{. The following local eigenvalue problem is considered

Ai70ff\]:1k — )\%OffS@Off\I/k , (5 A 3)
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where

Ai,off —_ [aoff] —_ ai<\yi;§nap7 \I/izsnap) — Ri,snapA;R'T

mn ,snap?

i,0ff __ off 1 __ i,sna i,snapy __ T
SN = [my, | = s (WP W) = Ry o MR,

mn 4,snap’
- 2,snap 2,snap
Ri7snap - \111 PRI \I]Ji ] )

and

aila,v) = / D g n)(v-mg), and  sigv) = / D .
Ei wg

We arrange the eigenvalues in an increasing order and choose the first M; eigenvalues, the
corresponding eigen-functions @/}Z B = R snap Vi, for k = 1,2, ..., M;, are then selected to
be the trial basis for the flux.

We can obtain the offline space using these eigenfunctions:
Vi =span{j p : 1<i<Neand1 <k <M}, Riog= [Vlp,. .08 5]

Using a single index notation, we can write Vi = span{t//}\%, where N, = 3N M.
5.2.2 Offline test space for the transport equation

After construction of the multiscale trial basis functions, we solve the adjoint problem

in order to find corresponding multiscale test basis functions

mi(¢’,v) — b(v,c) +s(v,c) =0, YoV

b(quvr) = (g,r), Vr € Q;l

(5.14)

with boundary condition ¢’ - n. = ¥97 - n.
Then

Vit = span{oy}
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Ne
where N, = > % M, of.
We note that, the above multiscale trial and test basis are constructed for Formulation

1 of transport equation.

Remark 5.2.1. For construction of a offline basis functions of trial space for Formulation

2, we should use the following equations to construct snapshot space

mi(q},v) +b(v,¢) + s(v,¢}) =0, YveV
(5.15)

_b<QI27T> = (gvr)a Vr e Q’;L

In an analogous manner, we solve an eigenvalue problem (5.13) to select dominant modes
in the snapshot space. As for construction of test space for Formulation 2, we will solve

the following adjoint problem

mi(¢’,v) —blv,e) =0, YveV)

b(¢ 1) +s(¢) 1) = (g.7), Vr €@,

(5.16)

Similarly as before, the multiscale test basis for every constructed multiscale trial basis.

It is worth to mention that, in this set of multiscale basis of the transport problem, we

use piecewise constant basis for concentration in both trial and test space:

Qu ={q€ L*(Q) : q|x € P'(K), VK € Tu}.

We will provide a method to enrich the multiscale space of concentration in later sections.
5.2.3 Multiscale space for velocity in the Stokes flow

In this section, we form the coarse-scale system for the flow problem. Recall that, we

define the neighborhood w; for every coarse vertices and mid-points of coarse edges.We
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construct an offline space for the velocity

Vi = span{y¥,, ¥ YV

2 TViyti=1

where ;' , ', are the multiscale basis functions for velocity, and N* is the number of
basis functions. Each v} is supported in a coarse neighborhood w;. Basically, for the
construction of the multiscale velocity space, we follow our previous work [33], and the

details can be found in Chapter 3.

As for the pressure basis, we will use the space of piecewise constant functions, that is

i ={a€ L*(Q): alx € P'(K), VK € T},

where the number of basis [V, is equal to the number of coarse blocks.
At this point of development, we define the global system of mixed GMsSFEM as fol-

lows: find u,,s € V}} and p,,s € Qofr such that

a(Ums, V) + b(v, pms) =0, Yo € Vg

(5.17)
b(umsu Q> = O) Vq € Q?’{
We can further denote the above system in matrix form
R,AWRY  R,(BMTRY Unns R, F
" S _ "1, (5.18)
R,BI'RY 0 DPms 0

where 7, and R, are

R, = Wﬁx» ¢ﬁy7 s 7w11<]u,x7 wN“,:E] ) Rp = [q17 s 7QNP] :
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Here {¢},, ¢}, }| are the multiscale basis functions for velocity and {¢;};", are the

piesewise constant basis functions for pressure.
5.2.4 Numerical results

In this section, we present numerical results for coupled transport and flow problems.
We present examples corresponding to two different approaches.The first example is using
the de-coupled GMSFEM, where we assume the velocity field are known and can be solved
from the global Stokes system. In the second one, we do not solve a global flow equation.
Instead, the coupled multiscale basis for flow and transport are constructed using several
potential velocity fields.

Here are some basic information regarding the numerical tests. We set 2 = [0, 1] x
[0,1]. The computational domain is discretized coarsely using uniform triangulation as
shown in the Figure 5.1, where the coarse mesh size H = 1/10. Nonuniform triangulation
is used inside each coarse triangle element to obtain a finer discretization. The coarse grid
consists of 200 cells, 320 edges and 121 vertices and the fine grid contains 44816 cells,

67616 edges and 22789 vertices.

Figure 5.1: Coarse and fine grids for perforated domain.
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The errors will be measured in the following

el = doeltr =l o = el 4 (@0 — )
L2(Q€) — ¢ , ) o= : ’
ql1L2(Qe) fQ |qf|2 qll H(div)(Q2e) fQ |qf|2 (dlv(qf))g

er(Cf - Cm8)2
Joct

where (g, cf) and (gs, cms) are fine-scale and coarse-scale solution, respectively for flux

leell T2 =

and concentration. In addition, for the relative L* norm for concentration, ||¢; — Cms||r2(0)
we also compare the numerical concentration with the cell average of the fine scale con-
centration, that is, ¢; = |—11ﬂ Sy ¢y forall K € Ty (||ec||r2(e))- Similar norms will be used

for velocity and pressure of the flow equation as in Chapter 3.

5.24.1 Example 1: De-coupled approach

Fine-scale Coarse-scale (1) Coarse-scale (2) Coarse-scale (4)

Figure 5.2: Stokes flow. Fine-scale and coarse-scale solutions for velocity wu.(top),
uy(bottom) in perforated domain with different number of basis functions (1, 2 and 4
mutiscale basis functions for velocity).
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Mgy | DOFY | ||eul|z2(%) | el (%) | [lep|lL2(%) | |lepl|z2(%)
1 | 1082 13.9 57.671 | 40.435 37912
2 | 1964 | 2.766 23.645 | 16373 6.174
3| 2846 | 0732 8.016 15.218 0.872
4 | 3728 | 0.158 3.018 15.194 0.120

Table 5.1: Decoupled approach. Stokes flow. Error history for velocity and pressure of
Stokes flow in perforated domain.

In our first example, we consider the Stokes problem with zero velocity on the inclu-
sions 9Q° N 9B, and u = (1,0) on the global outer boundary 0f2. In Figure 5.2, we
show fine-scale and coarse-scale solutions for velocity (u,, u,) in perforated domain with
different number of velocity basis functions, M3 = 1,2 and 4. The relative errors for ve-
locity and pressure when taking different number of velocity basis are presented in Table
5.1. We observe that the velocity error decrease fast when the number of basis increase.
For example, the velocity L? error is 13.9% when DOF" = 1082 (MY = 1), 2.7% when
DOF} = 1964 for MY = 2 and 0.1% when DOF! = 3728 (M}; = 4).

Next, we compare the results of transport equation when we take different resolutions
of flow velocity solution. For instance, we will take the fine scale stokes velocity(DOF} =
180048), coarse scale stokes velocity with 1 basis(DOFY = 1082), 2 basis(DOFY =
1964) and 3 basis(DOFY = 2846). In this example, we take diffusion coefficient D =
0.03, time 7},,, = 0.5 with 15 time steps and use nonzero source terms (see left picture
in Figure 5.1, where blue block corresponds to f = —1 and orange block corresponds to
f =1,and f = 0 elsewhere in the domain).

The convergence results for transport equation for two different formulations will both
be investigated. In Tables 5.2 - 5.3, we present relative errors for flux and concentration
using Formulation 1 and Formulation 2, respectively. It can be seen that, in general, For-

mulation 2 gives smaller ||ey|| s (qiv) errors compared with that of Formulation 1 for the
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Mgy | DOF [ Tleqll2(%) | Neallmin(%) | [lecllz2(%) | Tlecllz=(%)
With fine scale velocity, DO F ¢ = 180048

2 840 33.9 39.2 27.6 12.9

4 1480 7.0 8.7 24.7 1.5

6 2120 2.7 3.1 24.7 1.5

8 2760 2.3 2.7 24.7 1.5
With coarse scale velocity, 1 basis, DOF" = 1082

2 840 41.2 45.2 35.6 26.5

4 1480 16.6 21.0 24.8 3.7

6 2120 4.2 6.6 24.7 1.8

8 2760 3.9 6.4 24.7 1.8
With coarse scale velocity, 2 basis, DOF = 1964

2 840 344 40.2 28.0 13.7

4 1480 7.5 9.3 24.7 1.9

6 2120 3.5 3.5 24.77 1.9

8 2760 3.1 3.1 24.7 1.9
With coarse scale velocity, 3 basis, DOF* = 2846

2 840 33.9 39.4 27.7 13.0

4 1480 7.1 8.8 24.7 1.5

6 2120 2.8 3.2 24.7 1.5

8 2760 2.3 2.8 24.7 1.5

Table 5.2: Decoupled approach. Relative errors for flux and concentration for transport
problem in perforated domain with ) = 0.03 using formulation 1, for different resolutions
of the flow solution.

same degrees of freedom. As the number of flux basis increases, two formulations has
similar convergence behavior for both concentration and flox. We also observe that with
better resolution of multiscale flow velocity, especially when we take 3 velocity basis, the
solutions of the transport equation are almost the same as the solutions using fine-scale
velocity, especially for Formulation 2. This is acceptable, since we define the flux to be
diffusive flux in Formulation 1 and total flux in Formulation 2.

In Figure 5.3, we show the fine-scale and coarse-scale solutions for concentration,
where coarse-scale solution was computed using 4 multiscale flux basis functions. Note

that we present the cell averaging fine-scale solution since piecewise constant basis func-
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Mgy | DOF [ Tleqll2(%) | Neallmin(%) | [lecllz2(%) | Tlecllz=(%)
With fine scale velocity, DO F ¢ = 180048

1 520 38.8 54 32.4 21.7

2 840 10.2 2.3 24.7 2.5

4 1480 6.0 2.0 24.7 1.6

6 2120 59 2.0 24.7 1.6
With coarse scale velocity, 1 basis, DOF" = 1082

1 520 39.0 54 324 21.7

2 840 10.7 2.3 24.8 2.6

4 1480 6.8 2.1 24.7 1.8

6 2120 6.7 2.1 24.7 1.8
With coarse scale velocity, 2 basis, DOF = 1964

1 520 38.8 54 32.4 21.7

2 840 10.2 2.3 24.7 2.5

4 1480 6.2 2.0 24.7 1.6

6 2120 6.2 2.0 24.7 1.6
With coarse scale velocity, 3 basis, DOF* = 2846

1 520 38.8 54 32.4 21.7

2 840 10.2 2.3 24.7 2.5

4 1480 6.0 2.0 24.7 1.6

6 2120 59 2.0 24.7 1.6

Table 5.3: Decoupled approach. Relative errors for flux and concentration for transport
problem in perforated domain with ) = 0.03 using formulation 2, for different resolutions
of the flow solution.

tions are used in the approximation of the concentration in coarse-scale system. The av-
eraged fine-scale solution is depicted on the top of Figure 5.3 and coarse-scale solution
using GMsFEM is shown on the bottom of Figure 5.3. From left to right in Figure 5.3, we
present concentration solution when 7" = 0.03, 0.17 and 0.5 correspondingly. The concen-
tration error at the last time step (right of Figure 5.3) is ||e¢||2 = 1.6%. The figures show

that we obtain a good approximation of concentration in terms of cell averaging solutions.
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Figure 5.3: Fine-scale and coarse-scale solution for concentration (c; and c,,,) in perfo-
rated domain with D = 0.03 using formulation 2 for 7" = 0.03(1), 0.17(5) and 0.5(15)

(from left

to right). Top: averaged fine-scale solution. Bottom: multiscale solutions using

4 multiscale basis functions for flux.

My | DOF | [qll52(%) | Teallum (%) | ecllz2(%) | Tleel (%)
With four possible velocities w;
2 840 81.0 17.5 85.4 84.5
4 1480 13.2 1.9 214 1.8
6 | 2120 11.8 1.7 214 1.5
8 | 2760 11.7 1.7 214 1.5
Without velocity, only diffusion D
2 840 81.1 17.5 85.4 84.5
4 1480 13.6 1.9 214 1.5
6 | 2120 12.3 1.7 214 1.5
8 | 2760 12.2 1.7 214 1.5

Table 5.4:

Coupled approach. Relative errors for flux and concentration for perforated

domain with D = 0.03 using Formulation 2. easis are construced using 4 possible velocity
fields shown in Figure 5.4.
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5.2.4.2 Example 2: Coupled approach

In our second example, we present numerical experiments assuming we do not know
exact velocity field or the velocity of the flow is time dependent when constructing flux
multiscale basis. Basically, we want to provide a GMsFEM algorithm where we construct
a universal precomputed flux trial space based on several potential velocity fields at first,
and then use the constructed flux basis to solve the transport prolem for any given velocity
field. It’s worth to mention that, this basis construction process is performed in the offline

stage. The algorithm is as follows:

e Stage 1. Local offline space generation for transport flux in every w with several

possible velocities u;.

— For each w;, construct snapshot space by solving local problem defined in

(5.12), denote by V.  the snapshot space and R!

snap

(¢ = 1,2,...)the ma-

snap

trix containing all snapshot basis.The subscript ¢ represents different potential
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velocity fields.

— For each u;, construct offline flux space ijf from corresponding snapshot

space using following eigenvalue problem
where

Aiff:Ri A;(Ri )" fo:Ri M}(Rz )"

snap snap snap snap

and
ailq,v) = / D q-n)(v-m), and  si(qv) = / D,
FE w

We then collect the offline basis in the matrix R, for future use.
e Stage 2. Offline multiscale space for flux for every w. In this step, we reduce the
size of local offline spaces Vs using POD:

RospRL U = ATW.

Keep eigenvectors related to the first largest eigenvelues as basis functons. This step
guarentees the linear independence among the local offline spaces for different ve-
locity fields w;. The resulting offline space will be used for solving global problems

for any given velocity.

Remark 5.2.2. The above two stages are conducted offline and the resulting offline space

can be used later for different velocity inputs.
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As for multiscale test basis functions for the flux, they are constructed using exact
velocity and calculated for each trial multiscale basis function, following the same idea as
shown in 5.2.2.

Possible velocitity fields w;, Vi = 1,2,3,4 is presented in Figure 5.4. In Table 5.4,
we present relative errors for flux and concentration when we use precomputed multiscale
basis functions for flux without information about the real velocty field. We observe that, in
the coupled approach, if we take enough basis, say more than 2 basis, we can obtain similar
error behavior when we use or don’t use exact velocity for basis calculation, comparing
the data in Table 5.4 and Table 5.3. For example, taking 4 multiscale basis functions for
flux, when we use some possible velocities, H4" error for flux is 1.9%; when we use exact
velocity, we obtain 2.0% error. We can see that, this approach can be used when solving
coupled transport and flow problems where velocity field may varies significantly by time.
For comparison, in this table we also show the errors for another way of calculating the
multiscale basis functions for flux, where we didn’t use information about velocity but only
use mixed elliptic problem for trial basis calculation. We note that for our test examples,

we can also use this set of basis for a rough approximation.
5.3 Multicale interior basis functions for concentration of the transport equation

In this section, we present another type of basis functions that can help to improve
coarse-scale solution for concentration. Let the multiscale basis functions presented above
be the first set of offline basis functions (V} and @Q%,), which gives the enrichment of the
normal component of velocity across coarse grid edges. The second set of basis functions
can be considered as interior bases (V}; and ()%;), which can capture the standing modes
within coarse elements with zero boundary conditions. We will construct interior basis
functions for Formulation 1.

First we present construction of the trial space for interior basis functions. We solve
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following spectral problem on the coarse element K : Find ¢, € V,,(K}), ¥, € Qun(K})

such that

m (g, v) + b(v, o) =0, Vo € Vi(KY)

—b(tg, 1) + (g, 7) = NWe, 1),  Vr € Qu(KY).

(5.19)

subject to [ K 1. = 0. Then we arrange the eigenvalues in an ascending order, and take
the first L; eigenfunctions (15", ¢)¥*¢) as basis functions.

Let N, be the number of coarse cells. We define V; = span{y* : 1 < i <
N.and 1 < k < L;}, Q% = span{y*%i . 1 <4 < N.and 1 < k < L;} Using a single

index notation, we can write

MC MC
Vg = span{y{ 1= Q% = span{¢)] x },'

where M = S0 L.
Next, we consider construction of the test space. After construction of the multiscale
trial basis functions, we solve adjoint problem for construction of the interior test basis

functions

m?(¢h",v) + b(v, o5%) + s(v, ¢2%) =0, Vv eV}

b(¢g™ 1) = Wik, r), Vr€ Q)

(5.20)

where 15 is the concentration trial basis constructed using problem (5.19).

Then the test space Vfl and Qfg can be denoted as:

c
M off

Vip = span{g; " 1.2, Q= Qi

Finally, for offline trial space we take Viy = Vi + V5, Qu = Q% + Q5;; for test space
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we take Vi = Vi + V.

Mgy + Mgy ‘ DOF ‘ |leqllz2(%) ‘ |leql|aiv) (%) ‘ |lec|[z2(%)

My = 2

2+0 840 33.8 39.2 27.6

2+1 1240 33.0 38.8 18.3

2+2 1640 33.0 38.8 16.0

2+4 2440 33.0 38.8 14.3
Mgy = 4

4+0 1480 7.0 10.1 24.7

4+1 1880 6.9 9.8 13.2

4+2 2280 6.9 9.8 9.3

4+4 3080 6.9 9.7 52
Mgy =8

8+0 2760 2.3 2.7 24.7

8+1 3160 1.6 1.7 13.2

8+2 3560 1.5 1.4 9.2

8+4 4360 1.5 1.3 5.1

Table 5.5: Multiscale interior basis. Relative errors for flux and concentration for perfo-
rated domain with D = 0.03 using formulation 1 for different number of interior basis
functions M.

In Figure 5.5, we present the fine scale and coarse-scale solutions for concentration.
For coarse-scale solution we used M = MS = 4 and observe a smooth solution for
concentration with an error of 5.2%. In Tables 5.5 and 5.6, we present errors for differ-
ent number of interior basis functions. We observe that the interior basis functions can
only reduce concentration error and hardly impact the flux errors. For a larger diffusion

coefficient D = (.3, we obtain smaller errors in general (see Table 5.6).
5.4 Residual-based online basis functions for the coupled approach

In Section 5.2.4, we present the coupled approach to solve the transport equation with-

out using the true velocity information. In this section, we consider the construction of the
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Figure 5.5: Using multiscale interior basis, formulation 1. Fine-scale and multiscale so-
lutions for concentration (c) for 7' = 0.03(1), 0.16(5) and 0.5(15) in perforated domain.
Top: fine-scale solution, DOF = 112432. Middle: multiscale solutions using 4 multiscale
boundary basis functions for flux, DOF = 1480, concentration L? error is 23.2 % and
1.26 % for average value. Bottom: multiscale solutions using 4 multiscale boundary basis
functions for flux, 3 multiscale interior basis for flux and concentration, DOF = 2680,
concentration L? error is 5.8 %.
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Mg + Mgy ‘ DOF ‘ |leq||£2(%) ‘ |leq| 1 ain) (%) ‘ |lec|l22(%)
Mgy =1
2+0 840 14.5 2.2 22.2
242 1640 14.5 2.2 8.3
2+4 2440 14.5 22 52
2+8 4040 14.5 22 3.9
2+16 7240 14.5 2.2 3.2
Mgy =4
4+0 1480 1.7 0.2 222
442 2280 1.7 0.2 7.9
4+4 3080 1.7 0.2 4.4
4+8 4680 1.7 0.2 2.6
4+16 7880 1.7 0.2 1.3
Mgy =8
8+0 2760 0.5 0.06 22.2
8+2 3560 0.5 0.06 7.9
8+4 4360 0.5 0.06 4.4
8+8 5960 0.5 0.06 2.6
8+16 9160 0.5 0.06 1.3

Table 5.6: Multiscale interior basis. Relative errors for flux and concentration for per-
forated domain with D = 0.3 using formulation 1 for different number of interior basis
functions M .

online basis functions ([28, 33, 27]) for transport equation which will take into the true
velocity information at online stage. We use the index m > 1 to represent the enrichment
level. The online basis functions are computed based on local residuals from the current
multiscale solution u, € V.=, where we use V! to denote the corresponding solution
space that can contain both offline and online basis functions.

The online basis function can be constructed using information based current residual

in non-overlapping local regions w:
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Figure 5.6: Fine-scale and coarse-scale solution for flux (¢ and g,,,) in perforated domain
with D = 0.03 using formulation 2 (component ¢, on the top of figure and ¢, on the
bottom). For offline basis calculations we used possible velocities uy + us + us + uy. Left:
fine-scale solution, DOF' = 112432. Middle: multiscale solutions using 4 offline bases
for flux, DOF = 1480. Right: multiscale solutions using 4 offline and one online basis
functions for flux, DOF = 1800.

e Online trial basis functions ¢ for flux (Formulation 2):

D" + Ve — D 'uce =R, inw
(5.21)

. om o
divy)®™ = 0, in w,

where R, = —D7'¢™ — V™ + D7 'u ¢™ and we solve in fine-grid, V.
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Mg | DOF | llegll2(%) | lleqllmiain)(%) | lleclr2(%)
With exact velocity, u
4 1480 9.0 1.3 214
6 2120 7.6 1.1 21.4
8 2760 7.4 1.0 21.4
With exact velocity, v + one online bases
4 1800 1.4 0.2 214
6 2440 0.6 0.09 21.4
8 3080 0.2 0.03 214
With four possible velocities u;
4 1480 13.2 1.9 21.4
6 2120 11.8 1.7 21.4
8 2760 11.7 1.7 214
With possoble velocities u; + one online bases
B! 1800 1.4 0.2 21.4
6 2440 0.7 0.1 21.4
8 3080 0.5 0.07 214

Table 5.7: Multiscale online basis. Relative errors for flux and concentration for trans-
port problem in perforated domain (Figure 5.1) with D = 0.03 using Formulation 1 with
residual based online basis functions.

e Online test basis functions 1) for flux (Formulation 2):

D™ 4+ Ve=D"" inw
(5.22)

divi) — D™ uyp = 0, in w,

where 1" is the residual based online trial basis function and we solve in fine-grid,

Vi

We can apply the same algorithm to construct the online residual-based basis functions for
Formulation 1.

In Figure 5.6 we present the fine scale and coarse-scale solutions for flux. We observe
that the offline solution is close to the fine-scale solution; however, there are some missing

features in the offline solution. On the other hand, the solution using the online procedure
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with similar number of degrees of freedom compared with the offline solution has very
good accuracy.

Next, we present results for the transport and flow problems in two complex geometries
as shown in Figure 5.7 applying the online algorighm. We set 2 = [0,1.2] x [0, 1]. The
computational domain is discretized coarsely using uniform triangulation with the coarse
mesh size H = 1/10 and consists of 240 cells and 382 edges. The fine grids for two
geometries are presented in Figure 5.7. The mesh in the left of Figure 5.7 contains 31974
cells, 48453 edges and the mesh in the right of Figure 5.7 contains 33636 cells, 51378

edges.

(a) (b)

Figure 5.7: Coarse and fine grids for two complex perforated domains. (a) geometry with
big perforations. (b) extreme case with additional small inclusions.

We present results of the transport problem when we take different number of offline
flux basis functions and add one residual based online basis function. In this example, we
aim to discover the effect of online basis, so that the offline basis for flux are constructed
in a standard way using exact velocity field. The fine-scale solution and coarse-scale
solution corresponding to the two different perforated domains in Figure 5.7 are presented

in Figures 5.8 and 5.9, respectively. Fine solutions for concentration and flux are shown
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Figure 5.8: Fine-scale (top) and coarse-scale (bottom) solution for flux and concentration
(¢, ¢z, qy from left to right) for 7" = 0.5 in perforated domain with big inclusions (Figure

5.7) (a) with D = 0.005 using Formulation 2. Coarse-scale solution was computed using
4 multiscale boundary basis functions and one online basis.

Ax
- H

Mg | DOF [ leqll12(%) | Neallmain(%) | [eclz2(%) | Tlecllz=(%)
Offline
2 1004 21.9 6.9 22.5 9.5
4 1768 11.8 4.5 20.6 1.6
6 2532 11.3 4.4 20.6 1.5
8 3296 11.3 4.4 20.6 1.5
Offline + one online basis
2 1386 18.1 5.1 22.5 9.5
4 2159 5.54 3.7 20.6 1.6
6 2914 2.8 3.1 20.6 1.5
8 3678 1.9 3.1 20.6 1.5

Table 5.8: Complicated geometry 1. Relative errors for flux and concentration in perfo-
rated domain with big inclutions (Figure 5.7 (a)) with D = 0.005 using Formulation 2
with online residual based basis functions.
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Figure 5.9: Fine-scale (top) and coarse-scale (bottom) solution for flux and concentration
(¢, qz, qy from left to right) for 7" = 0.5 in perforated domain for extreme case (Figure 5.7)
(b) with D = 0.005 using Formulation 2. Coarse-scale solution was computed using 4
multiscale boundary basis functions and one online basis.

My [ DOF [ Tlegllz=(%) | Neallmain(%) | Tlecllz2(%) | Tlecllz=(%)
Offline
2 1004 28.7 8.9 23.7 12.4
4 1768 134 5.0 20.5 2.2
6 2532 10.8 4.4 20.5 1.7
8 3296 10.8 4.4 20.5 1.7
Offline + one online basis
2 1386 26.6 7.8 23.7 12.4
4 2159 5.3 4.3 20.5 2.0
6 2914 2.0 3.3 20.5 1.7
8 3678 2.0 3.3 20.5 1.7

Table 5.9: Complicated geometry 2. Relative errors for flux and concentration in perfo-
rated domain for extreme case (Figure 5.7 (b)) with D = 0.005 using Formulation 2 with
online residual based basis functions.
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on the top of the figure, coarse online solutions are on the bottom. We observe that after
adding one online basis, the multiscale solution shows quite good accuracy.

In Tables 5.8 and 5.9, we first present the convergence history when the problem is
solved in two different perforated domain with 2, 4, 6 and 8 initial offline bases. Then,
on the bottom of table we present errors after adding one online residual-based basis func-
tions. We observe that the coarse-scale calculations for two geometries give similar results.
By enriching the solution space with online basis, we can speed up the convergence signif-
icantly. For example, when we use 4 initial offline basis, the L? and energy error reduce to
11.8% and 4.5% and after one online iteration we obtain 5.5% and 3.7% errors in domain
with big inclusions. If we select 8 initial bases, the the L? and energy error can be reduced

to 1.9% and 3.1% respectively after one online iteration.
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6. SUMMARY AND CONCLUSIONS

In this section, we will give a summary of this dissertation. In Chapter 3, we present an
efficient multiscale procedure for solving PDEs in perforated domains. We consider ellip-
tic, elastic, and Stokes systems. We investigate that the convergence of multiscale methods
can be significantly accelerated if appropriate online basis functions are constructed and
appropriate number of offline basis functions are used. The construction of online basis
functions relies on analysis and the choice of the offline basis functions. In this chapter, we
develop analysis for GMSFEM in perforated domains, design procedures for constructing
online multiscale basis functions, present analysis of online algorithm, develop adaptive
procedures and show numerical results. By using a computable error indicator, we locate
regions, where enrichment is necessary, and construct new online basis functions in order
to improve the accuracy. Our numerical results for the elasticity equation and the Stokes
system show that the method has an excellent performance and rapid convergence. In par-
ticular, only a few online basis functions in some selected regions improve the accuracy
of the solution. Our analysis shows that the convergence rate depends on the number of
offline basis functions, and one can obtain a fast convergence by including enough offline
basis functions. This convergence theory can also be applied to the Laplace equation and
the elasticity equation. One possible future direction is the goal-oriented adaptivity [53],
in which basis functions are added in order to reduce the goal error.

In Chapter 4, we develop a new GMSFEM considering the discontinuous Galerkin
method for global coupling for Stokes problems in perforated domains. The method con-
structs local basis functions for each non-overlapping coarse region. The construction
of basis follows the general framework of GMsSFEM by using local snapshots and local

spectral problems. In addition, we use a hybridized technique in order to achieve mass
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conservation. Our numerical results show that only a few basis functions per coarse region
are needed in order to obtain a good accuracy. We also show numerically that the multi-
scale solution satisfies the mass conservation property. Furthermore, we prove the stability
and the convergence of the scheme. In the future, we plan to develop adaptivity ideas for
this method.

In Chapter 5, we develop a multiscale model reduction approach based on GMsFEM
for the coupled flow and transport problem in perforated domains. The coarse scale dis-
cretization is based on a mixed formulation, which gives the crucial mass conservation
property. For the construction of multiscale basis functions, we follow the general ideas
of GMsSFEM and define suitable snapshot spaces and spectral problems. Two types of ba-
sis are considered. The first type is decoupled basis, which are obtained from some local
solutions of the flow problem. The second type is coupled basis, which are obtained from
local solutions of the coupled flow and transport problem. We present and compare the
performance of the two types of basis functions. Moreover, with the aim of further im-
proving accuracy, we present the construction of interior basis as well as the online basis
functions and show their performance. In summary, our results show that only a few of the

proposed basis functions are able to give accurate solutions.
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