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ABSTRACT

In the Isogeometric Analysis (IGA) framework, the computational domain
has very often a multipatch representation. The multipatch domain can be
obtained by a volume segmentation of a boundary represented domain,
e.g. provided by a Computer Aided Design model. Typically, small gaps and
overlapping regions can appear at the patch interfaces of such multipatch
representations. In the current work, we consider multipatch represen-
tations having only small overlapping regions between the patches. We
develop a Discontinuous Galerkin (DG)-IGA method that can be immedi-
ately applied to these representations. Our method appropriately connects
the fluxes of the one face of the overlapping region with the flux of the
opposite face. We provide a theoretical justification of our approach by
splitting the whole error into two components: the first is related to the
incorrect representation of the patches (consistency error) and the second
to the approximation properties of the IGA space. We show bounds for both
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components of the error. We verify the theoretical error estimates in a series
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of numerical examples.
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1. Introduction

Isogeometric Analysis (IGA) has been introduced in [1] as a new methodology for solving numer-
ically Partial Differential Equations (PDE). The key idea of the IGA concept is to use the superior
finite dimensional spaces, which are used in Computer Aided Design (CAD), e.g. B-splines, NURBS,
for both the exact representation of the computational domain €2 and discretizing the PDE problem.
Since this work, many applications of the IGA methodology in several fields have been discussed in
several papers, see, e.g. the monograph [2] and the references therein, as well as the survey paper
[3]. From a computational point of view, we can say that the numerical algorithm for constructing
the B-spline (or NURBS) basis functions is quite simple. This helps to produce high-order approx-
imate solutions. From the theoretical point of view, the fundamental approximation properties of
the B-spline spaces on a reference domain are discussed in [4]. The approximation properties of the
mapped B-spline (or NURBS) spaces are discussed in several papers, see e.g. [3,5-7].

Let us consider a complex domain €2 where its boundary is prescribed by CAD models. The CAD
models can not be directly used in IGA in order to discretize the PDE problems. We need to cre-
ate volumetric patch parametrizations from the CAD models. The boundary represented domain is
first segmented into a collection of suitable blocks and consequently, a parametrization procedure is
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Figure 1. (a) A conforming multipatch representation of €2, (b) the inaccurate control points and the non-conforming multipatch
representation of €.

applied to each block. This produces the volumetric multipatch representation Uf\il Q; of Q suitable
for IGA. Several segmentation algorithms and associated parametrization procedures have been dis-
cussed in the literature, see, e.g. [8-12]. Furthermore, we refer to [13-16] for different approaches for
constructing IGA planar parametrizations without utilizing segmentation algorithms, and to [17, 18]
for constructing parametrizations using Bézier triangular meshes. We mention the segmentation
approach presented in [19,20], from which, we have been motivated to present the current work.
The main idea is to split the given boundary represented domain, using a spline curve (or face in 3d
case) with the following properties: (i) must have the end points on the boundary and the tangents to
be specified, (ii) the curve is reasonably regular and does not intersect the boundary of the domain,
(iii) the curve cuts the domain into new subdomains with good shapes. Consequently, tensor product
B-spline spaces are fitted in the collection of the subdomains for defining the tensor product B-spline
surfaces or volumes [14]. Note that the previous consideration also concerns CAD models that are
connected along a non-matching interface. It is important to obtain a curve that splits 2 into new
simple domains with good shapes being suitable for IGA. During the computation of the multipatch
representation, errors can occur when defining the corresponding control points, see [10,14,19]. A
consequence of this is non-conforming parametrizations of the patches in the sense that the images
of the patch interfaces under the parametrizations are not identical. This, in turn, leads to the exis-
tence of gap and/or overlapping regions between the adjoining patches, see a schematic illustration
in Figure 1(b).

This paper considers the case where there are only overlapping regions between the patches. If we
apply an IGA methodology to this multipatch representation, a direct consequence is that the whole
discretization error will include two (main) parts: the first naturally comes from the approximation
properties of the B-spline spaces (for the purposes of this work we use B-spline spaces) and, the sec-
ond comes from the geometric error. The later is due to the incorrect parametrization of the patch
interfaces. Furthermore, the geometric error can be characterized as a consistency error, which con-
sists of two error components. The first error component is related to the approximation of the jumps
of the flux of the solution on the non-matching interfaces. The second component is related to the
existence of more than one numerical solution in the overlapping regions.

The contribution of this paper is to develop a DG-IGA method which can be applied on volumetric
patch representations with non-matching interface parametrizations. We present our methodology
for discretizing the following elliptic Dirichlet boundary value problem

—div(pVu) =finQ and wu:=up=00n0d<, (1)

where the diffusion coeflicient p(x) can be discontinuous across a smooth internal interface. We
derive bounds for the two main parts of the whole error. In our analysis, we derive separate bounds
for the two components of the geometric error. To the best of our knowledge, we believe that this is
a new area of analysis to be investigated. Our current work is the first step in the analysis, where we
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are developing our methodology for the numerical solution of the simple stationary diffusion prob-
lem (1). Our intention for future works is to extend the current methodology to more complicated
time dependent problems, where the interface can move with time, cf. [21].

Due to the non-matching interior patch interfaces, a direct application of the classical DG numeri-
cal fluxes proposed in the literature, see e.g. [6,22], is not possible, as these fluxes are only applicable for
matching interface parametrizations. In our recent papers, [23,24], we developed DG-IGA schemes
for multipatch unions that include only gap regions. In particular, we considered the PDE model
given in (1) and we denoted by d, the maximum distance between the diametrically opposite points
located on the gap boundary. We applied Taylor expansions using the diametrically opposite points of
the gap, in order to give estimates for the jumps of the solution with respect to d,. Finally, we used the
same Taylor expansions in the DG-IGA scheme for constructing suitable DG numerical fluxes across
the gap boundary that help on the weakly coupling of the local patch-wise discrete problems. We
developed a discretization error analysis and showed a priori estimates in the DG-norm, expressed in
terms of the mesh size and the gap width, i.e. O(h") 4+ O(dg), where r depends on the B-spline degree
p and the regularity of the solution. In [23,24], we have shown that, if d; = OWP+T1/2), the proposed
DG-IGA scheme has optimal approximation properties.

In this paper, we extend the previous work to multipatch unions with overlapping regions. In the
analysis presented in [23,24], the whole geometric error does not include the component coming
from the coexistence of different IGA solutions in the overlapping regions. Here, the new approach
is to introduce local (patch-wise) auxiliary variational problems, which are compatible with the over-
lapping nature of the multipatch representation of €2. We denote the solutions of the new variational
problems by u*. These problems are not consistent, in the sense that the original solution u of (1)
does not satisfy them. Following the IGA concept, the B-spline spaces used for the parametrization
of the patches are also used for discretizing the local auxiliary problems. We denote by u; the pro-
duced IGA solutions. Under some regularity assumptions on u*, we can expect (see Section 3) that
the IGA solution u; has optimal approximation properties associated with u*. However, we can not
directly infer that u} can approximate in an optimal way the solution u of the original problem. In
our analysis, we provide an estimate for the consistency error u — u* and consequently using the tri-
angle inequality ||u — u} |Ipc < [[u* — u;llpG + llu — u*|| pG, we can derive an estimate for the error
between the exact solution u and the IGA solution u}. The mesh-dependent norm || - ||pg is defined
in Section 2. We give error estimates for both terms ||u* — u} |pg and ||u — u*||pG expressed in terms
of the mesh size h and the quantity d,, which is introduced in our analysis in order to quantify the
width of the overlapping regions. In particular, we show that under appropriate assumptions on the
data and for the case where d, is of order h*, 1 > p + %, the proposed DG-IGA scheme has optimal
convergence properties. This convergence result is similar to the result in [23,24].

In another work, which is under preparation, we apply the same approach to solve problems on
multipatch partitions, which can include gap and overlapping regions. We present numerical solu-
tions in multipatch unions with more complicated gaps and overlapping regions. We also provide
details related to the implementation of the proposed DG-IGA scheme. In the same work, we also
discuss issues related to the construction of domain-decomposition methods on these multipatch
representations and provide several numerical tests for evaluating their performance. The first results
in this direction can be found in [25].

We note that IGA multipatch representations with non-matching interfaces meshes, overlapping
regions and trimmed patches have been considered in many publications. For the communication
of the discrete patch-wise problems, several Nitsche’s type coupling methods involving normal flux
terms have been applied across the interfaces, see e.g. [22,26-28] and references therein. We mention
also that in [29], DG-IGA methods have been presented to discretize Laplace problems on multipatch
unions with large overlapping regions. The proposed strategy follows the additive Schwartz method-
ology. To the knowledge of the authors, there are no works that analytically discuss estimates for the
error, which is caused by the incorrect representation of the shape of the patches. The purpose of this
work is to present such an error analysis.
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The structure of the paper is as follows: Section 2 presents the PDE model, briefly reviews the B-
spline spaces and describes the case of having non-matching parametrized interfaces with overlapping
regions. Section 3, presents in detail the perturbation problems, the bounds for the consistency error,
the proposed DG-IGA scheme and the error analysis. Section 4, includes several numerical examples
that confirm the theoretical estimates. The paper closes with the Conclusions.

2. The model problem
2.1. Preliminaries

Let © be a bounded Lipschitz domain in R, d = 2,3, and let & = (a1, ...,aq) be a multi-index
of non-negative integers oy, . . ., oy with degree || = Zd

1 @;. For any o, we define the differential

integer m, let C"(£2) denote the space of all functions ¢ : 2 — R, whose partial derivatives D%¢ of
all orders || < m are continuous in Q. Let £ be a non-negative integer. As usual, L?(2) denotes the
Sobolev space for which fQ |¢ (x)]? dx < 0o, endowed with the norm P2 = (fQ | (x)|% dx)1/2,
and L*°(2) denotes the functions that are essentially bounded. Also

HY Q) = {¢ € L*(Q) : D% € L*(), forall |a| < £},

denote the standard Sobolev spaces endowed with the following norms

1/2

Il = | D 1%l

0<|x|<t
We identify L and H® and also define the subspace H} () and H}.(€2) of H ()
Hy(Q) ={pcH(Q) :¢=00n3Q)}, HHQ) ={pcH (Q):¢=00nT C 9L, T|> 0.}

We recall Holder’s and Young’s inequalities

‘/ 16 dx
Q

that hold for all ¢; € L2(R2) and ¢, € L*(€2) and for any fixed € € (0, 00). In addition, we recall trace
and Poincare’s inequalities, [30],

€ 2 1 2
=< E”¢1”L2(Q) + Z”¢2”L2(Q)’ (2)

< g1l 2012y and ‘/Q¢1¢2dx

I917200) < Crrlldlliz@) 9l @)
Ill12(q) < measga(R) IVl 2y for ¢ € HL(S). (3)

2.2. The elliptic diffusion problem

The weak formulation of the boundary value problem (1) reads as follows: for given source function
f € L*(Q) find a function u € Hé (€2) such that the variational identity

a(u, ¢) = Il(¢), V¢ € Hy(Q), (4)
is satisfied, where the bilinear form a(-, -) and the linear form I¢(-) are defined by

awd) = [ pVu-Vodr and 49)= [ foax )
Q Q

respectively. The given diffusion coefficient p € L°°(2) is assumed to be uniformly positive and
piece-wise (patch-wise, see below) constant. These assumptions ensure the existence and uniqueness
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of the solution due to Lax-Milgram’s lemma. For simplicity, we only consider pure Dirichlet bound-
ary conditions on 02. However, the analysis presented in our paper can easily be generalized to other
constellations of boundary conditions that ensure existence and uniqueness such as Robin or mixed
boundary conditions.

In what follows, positive constants ¢ and C appearing in inequalities are generic constants that
do not depend on the mesh-size h. In many cases, we will indicate on what may the constants
depend on.

2.3. B-spline spaces

In this section, we briefly present the B-spline spaces and the form of the B-spline parametrizations
for the physical subdomains. For a better presentation of the B-spline spaces, we start our discussion
for the one-dimensional case. Then we proceed to higher dimensions. We refer to [2,4,31] for a more
detailed presentation.

Consider, Z = {0 =z; <z, < --- < zy = 1} to be a partition of I = [0, 1] with T] = [z, zj+1],
j=1,...,M —1 to be the intervals of the partition. Let the integers p and n; denote the p spline
degree and the number of the B-spline basis functions.

Based on Z, we introduce the open knot vector E = {0 = £1,62, ..., €nj4pr1 = 1}, and the
associated vector M = {my, ..., mp} of knot multiplicities with m; = mpr = p + 1, i.e.
E= {0 = §1> s ’Smpéml-i—l = ... = Em1+m2> s >§n1+p+l—mMa o )En1+p+1 = 1} (6)
=z1 =22 =zM

The B-spline basis functions are defined by the Cox-de Boor formula, see, e.g. [2,31],

x— & Sitpr1 — X
B-’ = —B') _1(x) =+ —B'—H, —l(x)>
P g, T Eivpr1 —Eip1 d
1, if& <x<é&q,
with Bjo(x) = Si <X <& (7)

0, otherwise

We assume that mj < p for all internal knots, which in turn gives that, at zj the B-spline basis functions
have kj = p — m; continuous derivatives.

Let us now consider the unit cube Q = (0,1)? c R4, which we will refer to as the parametric
domain. Let the integers p and #j denote the given B-spline degree and the number of basis functions

of the B-spline space that will be constructed in xj-direction with k =1,...,d. We introduce the
d-dimensional vector of knots & = (EL,..., EK, ..., 89), with the particular components given by
=k _ _ sk £k k — —
B ={0=4§8,.. .6, =1hLk=1....d.

Given the knot vector EF in every direction k = 1,.. ., d and using (7), we construct the associated
univariate B-spline basis functions, {Bl,k ), . .. ,Enk,k (Xk)} of the space Bz

see, e.g. [31] for more details. Accordingly, the tensor product B-spline space is defined

Bz, = ®z:1185k)p = span{Bj(fc)}}:lnl'""nk.'"ind, (8)

where each I§j (x) has the form
Bi%) =By, &) ... BjGw) ...~ ByGa), with By (&) € B, 9)

In the IGA framework, the computational domain €2 is described as the image of Q under a B-spline
parametrization mapping of the form

n
2:0->Q x=0® =) CB® e (10)
j=1
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where Cj, j = 1,...,n are the control points and X = ®~!(x), see Figure 1(a). Following the IGA
methodology, [1,2], the B-spline spaces for discretizing the PDE problem are defined by using the
mapping given in (10), i. e. we define the B-spline space in 2 by

Bz, := span{Bj|q : Bj(x) = IASj o ® (), for Ej € ]ﬁ%g,p}. (11)

2.3.1. B-spline spaces on multipatch representations
Let us suppose that the domain €2 can be described as a union of N-subdomains

N
Q=JQ, with QnNQ=0 fori#j (12)
i=1

with interior interfaces Fjj = 02; N 0, for 1 < i j < N. We further suppose that every subdo-
main €2; has its own parametrization ®;, which is defined by the corresponding B-spline space Bz P

and the corresponding control points C;i), see (10). Here E; denotes the knot vector related to ;.
An illustration for N = 2 is given in Figure 1(a). The subdomains ; are referred to as patches. In

an analogous way as in (11), we define the physical patch-wise B-spline spaces Bz, , fori = 1,...,N.
We define the global discontinuous B-spline space Vg with components on every Bz, ,

Ve = (¢ € L*(Q) : dule; € Bz,p). (13)
Assumption 2.1: Assume thatevery ®;, i = 1,..., N is sufficiently smooth and there exist constants

0 < c < Csuch that ¢ < |det]g,| < C, where Jg, is the Jacobian matrix of ®;.

The components of E; form a mesh T;(li_)ﬁ = {Em}%izl in , where E,, are the micro-elements
and h; is the mesh size, which is defined as follows. Given an element E,, € T}(lli)ﬁ, we set hEm =

diameter(E,,) and the mesh size h; is defined to be h; = max{hgm}. We set h = max;—, n{hi}. For
M;

every €2;, we construct a mesh T}(ll,)Q, = {Em},,_,» whose vertices are the images of the vertices of the

corresponding parametric mesh T;llt)ﬁ under ®;.

Assumption 2.2: The meshes T:)ﬁ are quasi-uniform, i.e. there exist a constant 6 > 1 such that

-1 < hEm/hEmJrl < 6. Also, we assume that h; ~ hj for1 <iz#j<N.

2.4. Multipatch representation of the computational domain

In many practical applications, the parametrization of a boundary represented domain 2 by a sin-
gle B-spline patch may not be possible. In order to discretize a PDE problem following the IGA
framework in this situation, we represent the domain €2 as a multipatch. Following the methodology
presented in [9,19], the initial domain €2 is firstly segmented into a collection of simple subdomains,
e.g. topological hexahedra. Consequently, a suitable parametrization mapping is constructed for each
subdomain for obtaining the multipatch representation of €2. The final parametrization mappings of
the adjoining patches must provide identical images for the common interfaces. In particular, for a
DG-IGA discretization of the model (1), it would be preferable to produce a multipatch partition of
Q2 compatible with the variations of the coefficient p, i.e. the patches to be coincided with the parts
of @ where the coefficient p is constant. For example, let us consider Figure 1(a). In this case, the
domain € is described as a union of two non overlapping patches, see (12), i.e.

Q= U, QN%L=¢ with Fp=0Q N0y, (14)

where the interface F}; coincides with the physical interface. We use the notation 75 () := {21, 22}
for the union (14). For each ©;, i = 1, 2, there exists a matching parametrization mapping such that
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P;: Q- Q; with Q; = <I>i(§). The control points, which are related to the patch interface Fi,, are
appropriately matched in order for the parametrizations ®; and @, of the neighboring patches to
give the same image for the parametrized interface Fi,. Based on 7g(£2), we can independently
discretize the problem on the different patches €;, i = 1,2, using interface conditions across Fj,
for coupling the local problems. Typically, the interface conditions across Fj; concern continuity
requirements of the solution u of (1), i.e.

[ull :==u1 —up =0o0nFi3, and [pVu]l - np, := (01Vur — p2Vuy) - np, = 0on Fypp, (15)

where np,, is the unit normal vector on F;; with direction towards €25, and p;, u;, i = 1,2 denote
the restrictions of p and u to €2; correspondingly. The conditions (15) can be ensured by considering
appropriate regularity assumptions on the solution u. We note that these types of multipatch repre-
sentations have been considered in [6] and DG-IGA methods have been proposed for discretizing
the problem (1).

Anyway, for simplicity, we develop our analysis based on Figure 1. We introduce the appropriate
spaces. Let £ > 2 be an integer, we define the broken Sobolev space

HY (Ty(Q) = {u € LX(Q) : u; = ulg, € H (), fori=1,2}. (16)

Assumption 2.3: We assume that the solution u of (4) belongs to V:Hé(Q)ﬂHz(Q)ﬂ
HY(T(Q)) with £ > 2.

2.5. Problem statement

2.5.1. Non-matching parametrized interfaces

Typically, the segmentation procedure will generate multipatch representations that have possibly
non-matching interface parametrizations, [10]. The result is the existence of gap and overlapping
regions in the multipatch representation of the domain 2. In [23,24], we developed DG-IGA schemes
for multipatch unions that only include gap regions. In this work, we focus on multipatch repre-
sentations with small overlapping regions, see Figures 1(b) and 2(a,b). Due to the non-matching
parametrization of the interior patch interfaces, a direct application of the interface conditions (15)
for deriving DG-IGA methods, is not possible. The purpose of this paper is to investigate the con-
struction of auxiliary interface conditions on the boundary of the overlapping regions; which can
be used for constructing DG-IGA schemes. We present a discretization error analysis separating the
whole discretization error into two parts: the first naturally comes from the approximation properties
of the B-spline spaces and the second, is the geometric error coming from the incorrect parametriza-
tion of the patches. The geometric error is considered as a consistency error and it is further separated
into two components. The first error component is related to the approximation of the auxiliary flux
terms across the non-matching interfaces and the second component is related to the existence of
more than one numerical solution in the overlapping regions.

Remark 2.1: Alternatively, one can perform additional post-processing steps after the segmentation
procedure to obtain matching interfaces. However, this procedure may increase the number of patches
and the number of control points. Moreover, the newly obtained patch interfaces may not coincide
with the original interface of the PDE problem, and thus the geometrical consistency error will still
exist.

2.5.2. The overlapping regions
As we mentioned above, for the sake of simplicity, we restrict our investigation to the case where the
multipatch representation of €2 has two overlapping patches, see Figure 2. Let us suppose that

Q=QTuQqs, (17)
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Figure 2. (a) lllustration of a patch representation with the overlapping region 2021 in 2d and the diametrically opposite points on
02021, (b) overlapping patches in 3d, (c) the images of the faces of 9€2 under the mappings <I>;‘, i =1,2in2d, (d) theimages of the
faces of 3 in 3d.

where each patch has its own parametrization ®7 : Q- QF and @3 : Q- Q%, as it is shown in
Figure 2(c,d).

We denote the overlapping region by Qq1, i.e. Q21 = ] N Q) C Q. We denote the interior
boundary faces of the overlapping region by Fp12 = 02} N Q3 and Fpp1 = 925 N QF, which implies
that 0€2p21 = Fo12 U Fyy;1. Finally, let NE,; denote the unit exterior normal vector to Fj, for 1 < i #
j < 2. For functions u} defined in QF, i = 1,2 we identify their pair (4], u3) by u*, which is equal
to u} on QF. We develop our analysis for the case where the overlapping region is, at least locally,
a convex region. We introduce an assumption related to the form of the faces Fyy; and F,13. This
assumption will help us to simplify the analysis, to explain our ideas in a better way, and to keep the
notation to a minimum, e.g. the form of Jacobians, the form of face integrals, etc.

Assumption 2.4: (a) Qi := Q_’f The face F,1; is an elementary face in the plane, i.e. is described
by the points {(x,y,2) : 0 < x < xp,, 0 <y < ym,, 2= 0}, and it coincides with the physical
interface, i.e. Fy1, = Fip, see (14).

(b) The face F,; can be described as the set of points (x, y, z) satisfying

0<x<xpM» O0=<y<ym, z=2~0(xy), (18)
where xp1, and yyy, are real numbers, and £o(x, p) is a given smooth function, see Figure 2.

We note that we will discretize the PDE problem using the B-spline spaces defined in 7 and 3,
see (11). We will couple the resulting discrete problems in Q7 and in Q} following discontinuous
Galerkin techniques, this means by introducing appropriate numerical fluxes on F12 and on Fpy;.
In order to construct these fluxes, we assign the points located on F,1; to the diametrically opposite
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points located on Fy;;. Based on Assumption 2.4, we can construct a parametrization for the face
F21,1.e. a mapping @15 : Fo12 — Fo21, of the form

Xo1 € Fo12 = ®p12(X01) := X2 € Fo21, with  ®@412(x01) = Xo1 — {o(xol)”Folz) (19)

where np,;, is the unit normal vector on F,j; and ¢, has the same form as in (18), and it is a
B-spline function with the same degree as the mapping @3, since the face Fy; is the image of a face
of 3 under the mapping ®3. For the schematic illustration in Figure 2(c,d), we have Fpy; = ®} (F5).
Utilizing the mapping ®,1» given in (19), we consider each point x,, € F,y; as an image of a point
Xo1 € Fo12 under the ®,,, see Figure 2(a,c). Finally, we introduce a parameter d,, which quantifies
the width of the overlapping region Q,,;, i.e.

do = max [xo — Po12(x01)|- (20)

Xo1€Fo12

In the present work, we are interested in overlapping regions with small size, and in particular for
regions where their width d, decreases polynomially in &, i.e.

d, < W, withsome A > 1. (21)
Based on this, we assume that ng,, &~ —nf,,,, and define the mapping ®y,1 : Fp21 — Fo12 as
D21 (X02) = %01,  With  ®,12(X01) = X2, (22)

where ®,; is the inverse of ®,,.

Remark 2.2: By introducing Assumption 2.4, the face F,y; can be considered to be the graph of &.
This helps us to determine a parametrization for F,; using the function &y, and through this, we
can relate to every point x,» € Fo1 a point xo1 € Fo12. This has been achieved by the mapping ®,12
in (19). The mapping ®,12 here has a simple form and simplifies the analysis. Other mappings (even
for more complex overlapping regions), for relating the points x,, € F,; to the points x,; € Fo12 can
be constructed. For example, one can follow the ideas of minimum distance problem presented in
[32] and can relate the points x5 € Fop; to the points x,; € Fp13 by introducing the condition (x,; —
X02)//1mF,;,. In any case, the parametrization mappings must satisfy the maximum width condition
given in (21).

Remark 2.3: As we previously said, the face F,y, is the image of a face of 82 under the mapping
@7, for example in Figure 2(c) we have F,15 = <I>’1‘(1A31). On the other hand, the face F,; is an inte-
rior curve for 7, see Figure 2(a,c). Thus, one could try to see Foy1 as an image of a curve Fo C Q
under the mapping ®7, i.e. Fo21 = q’T(ﬁ‘oZl)- In that way, it would be advantageous to have a para-
metric description of 8221 using the mapping ®7, which in turn would help to link the diametrically
opposite points x,1 and x,2, see (19). This approach requires the computation of the inverse (®3)~1,
which in general is very costly and demands the use of a Newton approach for solving many nonlinear
systems. We are thus led to see the faces of 32021 as images of both mappings ®§ and ®3. We note
also that the mappings ®,12 and ®,,; are introduced and used only for deriving the discretization
error analysis. They are not used in the computation of the entries of the system matrix of the discrete
DG-IGA scheme, see also discussion in Subsection 4.1.

Remark 2.4: In Section 4, we give details of implementing the proposed method to more complicated
overlapping regions. We present examples where F,;, is not an elementary face in the plane and does
not coincide with the physical phase Fy,. Also, we note that for multipatch representations with large
overlapping regions, one needs to work in a different direction and to use ideas coming from Schwarz
domain-decomposition methods, see [33].

Remark 2.5: The methodology can also be applied to the case where the interior faces of 324, do
not touch the boundary 9€2.
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3. The patch-wise problems and the fluxes

We compute a numerical solution in each Q7, i = 1,2 using the corresponding diffusion coefficient
pi and the corresponding B-spline spaces deﬁned in QF, lets us say IB%* . Therefore on 2,1 we
will have the coexistence of two different numerical solutions and this makes the computation of the
bounds for the error ||u — u} || pc more complicated. The norm | - ||pg is defined in (24). The idea
in our approach is to introduce local (patch-wise) problems a; (uf, ¢;') = lif(¢}) in every Q7, with
appropriate bilinear forms aj (-, -). Using the triangle inequality, we split the error as [|u — uj; || DG <
lu — u*|Ipc + lu* — u} || pG- Then we estimate every term separately.

3.1. The patch-wise variational problems

Denote 7,5 (2) := {2}, 23}, let £ > 1 be an integer and let the B-spline spaces IB%EI_’F defined in
QF, i = 1,2. Accordingly to the spaces (16) and (13), we introduce the spaces

HY(TH(Q) = {u* = (1) - uf € HY(Q), uflsarnae = 0, fori = 1,2},
HY(TF(Q)) = (u* = (ul,u3) : uf € HY(QD), fori=1,2},
= {9 = @11 P20 : Pin € BE ,, fori=1,2}. (23)

In order to proceed, we first define the DG-norm | - ||pg associated with 7;7(2). For all v € V}© :=
H (T () + Vi,

2

||V||12)G = Z IOIHVVIHLZ(Q*) + ”V’”LZ(BQ*OBQ) + Z ]’l ”VIHLZ(F ) > fOI' 1 S 175] S 2’
i=1 FoiCOQf
(24)
where F,;; are the interior faces related to overlapping regions, see Figure 2(a), and {p} = %(pi + 0))-
We recall Assumption 2.4 and the Dirichlet boundary conditions given in (1). On each QF, i =
1,2, we consider the auxiliary problems:

—div(p1 Vi) =f, inQJ,

ui = up on 907 NI, (25a)
ul =u on Fy13,

—div(pVu3) =f, in 3,

uy =up on 925 N9, (25b)

ui =u on Fp1,

and furthermore, we consider the corresponding variational problems,
findu} € Hémmm(ﬁf) such that
uj =uonF,y, and aj@ui,¢1) =10 f(¢1) for ¢y € HO(Q*) (26a)

where
siion = [ Vi Vordn and oo = [ foids (26b)
1 1

find u3 € Hyge0(S23) such that

uy =uonFy;, and a5, ¢) =1 f(¢2) for ¢, € HO(Q*) (26¢)
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where

a3 (5, o) = / PpVits - Vydx, and () = / 2 dx, (26)
2 2

Remark 3.1: By Assumption 2.4 and the definition of problem (25a), we can imply that the solution
u of (4) satisfies the problem (26a). The definition of (25b) and the fact that py # p1 on Q2421 imply
that u of (4) does not satisty the problem (26¢).

According to Assumption 2.3, we make the following assumption.
Assumption 3.1: The solutions u, i = 1,2 in (26) belong to Ht (755 (2)) with £ > 2.
In Appendix, see Subsection A.1, we give an estimate for the distance of the solutions  and u*.

3.2. The non-consistent terms

We multiply (25b) by ¢, € Bzz’p, integrate over Q5 and apply integration by parts, then after a few
calculations we find that

/ pZV@ -V dx — / ,02Vu§ . ”asz§¢2,h do
Qs %

= / p1Viu; - Vo dx +/ p2Vi; - Vo dx — / P2V - nyo,¢ap do
Q21 Q0 0Q3N0Q2

- f plvu; : nF021¢2,h do — / plvu; : nF012¢2,h do — / szug : (_nF012)¢2,h do
Fpo1 Forz

Fo12
+ / (p2 — pV)Vu3 - Ve dx — (p2 — pV)VU; - ng, ¢ do
Q21 Fo12
- (p2 — p1)VU5 - 1, ¢ do
F021
= Zf(¢2,h)~ (27)

Working in a similar way, we multiply (25a) by ¢1,, € BL | » and we have

/ p1Vul - Ve dx — / p1Vuy - np,,¢pdo — / p1Vul - ngg ¢1pdo = I ((d1p).
QF Fo12 QNI

(28)
We define the forms

a3, (5, o) = / 2V - Ve dx — f P2V - N, G dU—/ P2V - nyq,¢r do,
Q3 Font 9Q5N0Q

(29a)

al (Ui, 1) = /Q*;OlVfo -V dx — /1; p1Vul - ng,,¢1pdo — / p1Vui - nyg ¢ do
1 012

QNN
(29b)
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as well as

o2 (U3, o) = / o1V - Vo, dx—i—f P2V - Ve dx — / p2Vus - nyqs o do
Q21 122

Flesdatile)

- / plvuz N nF021¢2,h do — / plvuz ‘ nF012¢2,h do
Fp1 Fo12

- / IOZV”Z< . (_nF012)¢2,h do (303)
Fo12

Ares (U3, Boh) = / (02 — p1) Vi3 - Vi dx — (02 = p1)Vs5 - nE,y, $op do

021 Fo12

- (02 — p1)Vu; - ng, ¢opdo. (30b)
Fo21

By (27), (29) and (30), we get that
a;)h(l'g) ¢h) = aO,Z(uZ: ¢2,h) + ares(lfzk’ ¢2,h) == lif(‘ﬁZ,h)) (31)

Also for the solution u of (4) we have that

/ PlVM'V¢2,hdx+/ pzvu'vdh,hdx—/ p1Vu - ng,, ¢op do
Q021

Q) Fo21

—/ P2V - nygrprpdo =1L (don). (32)
9QENIQ

From the conditions (15), the forms defined in (29), (30) and the relations (31) and (32), we derive
that

02 (s, Do) + Ares(Us, Do) = Ao (U, Pop) = Zf(¢2,h) (33a)
and
a3, (t P2.n) — Gres(ts o) = I§J(¢2,h)- (33b)
By a simple application of divergence theorem, we get

Ares(Us ¢2,h) = /

Q021

—div((p2 — p1) V) gy dx = / pl)f¢ dx. (34)

L1

Finally, by (33b) and (34), we deduce that

(o1 — p2)

oyt g + f o = I (o). (35)

Q21 01

Proposition 3.1: Let ¢, € IBS* There is a ¢ > 0 dependent on p but independent of u and Q21
such that

{p}
||¢z,h||iz(gozl) <cdyh (/Q |Vonl? dx + T b3 do-) (36)
2 021
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Proof: Letv = (0, yqb%’h). The divergence theorem for v on 2, yields,

qbihdx—i-/

Qo21

2y Oyop dx = / yp3, do. (37)
Qo021 Foo1

Using that y < d,, and applying (2) in (37) we obtain

4 1
P2l 7200 < <e2 ¢3pdx+ / dg IVgopl” dx + doh- / 2, do) (38)
€ Q021 Fo21

Qo21

Gathering similar terms and choosing € such that 1 — €2 > 0, we get

{r}
cLelldanlltz g,y < c2ecp doh ( fQ P2Vt dr+ =2 ! $3pdo |, (39)
2 021

where ¢, := max{1/p2,1/{p}} and we used that d> < d,h, see (21). Rearranging appropriately the
constants in (39) yields (36). |

Corollary 3.1: Let f € L°(2), ¢y € B*Ez,p and let u} and u be the solutions of (26d) and (4)
respectively. There are constants c1, ¢, > 0 dependent on Foy1 but independent of h such that

foondx < c1do If I (Quan) 192,011 DG (40a)
Q21

|ares(us 2,0)| < €p do lIf 2% (2020) @211l DG- (40Db)

Proof: The Cauchy-Schwartz inequality implies that

1/2
/Q Ftandx < [flli2@u 102200 < cR21do’ I (@0 192 2202000 (41)
021

Using (36) in (41), the required assertion follows easily.
Inequality (40Db) follows immediately from (34) and (40a). |

3.3. Thediscrete problem

In this section, we use the bilinear forms given in (29) to define the patch-wise discrete problems.
Based on Remark 3.1, and using the interface conditions on F,; and F,13, which are introduced
in (25a) and (25b), we imply the following interface condition

uy —u; =0, onPFy. (42)

Next, we appropriately modify the flux terms [ ~02Vi3-np, ¢opdo and [p  p1Vuj-
nr,,,¢1,, do in (29) using Taylor expansions.
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3.3.1. Taylor expansions .
Letx,y € QZ andletf € C’”ZZ(Q; ). We recall Taylor’s formula with integral remainder

fO) =)+ V@) - (7 =0 + Rf (y + s(x = 7)), (432)
f@ =f0) = V) - ¢ =0 + Rf(x +s(y — %)), (43b)
where R*f(y + s(x — y)) and R?*f (x + s(y — x)) are the second order remainder terms defined by
2 1
Rf(y+sx—y)= Y (- x)"‘a /0 sDf(y + s(x — )) ds, (44a)
|a|=2 :
2 1
Rf(x+s(y —x) = Z (x— y)“a /(; sD*f(x + s(y — x)) ds. (44b)
Joe|=2 '

3.3.2. Modifications of the fluxes on 3421

To illustrate the use of (43) in our analysis, we consider the simple case of Figure 2(a). Let the points
Xo1 € Fy12 and x42 € Fo1 be such that xpp = ®,12(x01) as in Figure 2(a). We apply (43) using the
points x,; and x,; and we have

F(xo1) = f(x62) = VF(x02) - (Xo1 — X02) + REf(Xo1 + 5(X02 — Xo1)), (45a)
and setting x,2 = ®,12(x,1) we have
f(xol) _f(‘l)on(xol)) = Vf(xoz)) - (Xo1 — Xo02) + sz(xol + s(Xo2 — X01))- (45b)

In the same way we can get

Fxo2) — f(®021(x02)) = V(X01)) - (X2 — Xo1) + REf (o2 + $(Xo1 — Xo2))- (45¢)

Now denoting 1, = Xoi — xo] we have that ng,; = r4j/|7oij|. For keeping notation simple, we denote
the Taylor’s residuals as R*u} = R*u* (xo1 + s(xo2 — %o1)) and R*uff | := R*u* (Xo3 + $(Xo1 — Xo2)).
Note that by the interface conditions (42), we have that ({p}/h) f Font (15 (x02) — Ui (X02)) P2 do = 0,
and using also (45) we modify the fluxes in (29) as follows

{0} « ¥
/ P2V U5 (x02) - NE,, P2 do — — (5 (x02) — U] (X02)) 2, do

Fp21 h Fo21

{p}

= / P2V 5 (X02) * NE, P2 p do — % (5 (x02) — U (@21 (x02)) P2 do
Fo21 Fo21
{0}
+ o “—(Iroa1 |V (x%o1) - 1E,y, + R2uf )by do, (46a)
Fo1

where {p} = %(,01 + p2). Similarly, we have

/ Plvuf(xol) “Np,,¢1pdo = f pIV”T(xol) “NF,,¢1p do
Fo12

Fo12

_ 1A / (U (xo1) — 16} (Xo1)) 1. dov

== / plvuik(xol) ‘ nF012¢1,h dG
Fo12

_

p (U (x01) — Uy (Ro12(x01))))p1,n do
Fo12
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+ {L;z} Vuy(x2) - (X1 — X02)
FDIZ
+ RPuy(xo1 + s(xo2 — X%o1)),  (by (452), (45b))
= / p1Vuy (Xo1) - NFo, @10 do
Fo12

)

2 / (U} (o1) — 15 (®o12(x01)) 11 do,
Fo12

{r}
+/ (1012l VU} (%02) - 15, + R2u )1 do,
Fo12

(15 (@o12(x01)) = uj (Po12(x01)), see (42)). (46b)

3.3.3. The global modified form
We consider the global bilinear form a*(-,-) : Vi x Vg — R, which is formed by the contributions
of a;’jh(-, -), i = 1,2 given in (29) and the flux forms given in (46), that is

0 ) = @1 o) + @ (1 br) = / Vsl - Vb dx + / P2Vt - Yy dx
QF Q3

- / p1Vui - nygrdrpdo — / P2V - nyqs o do
0QINIR Cle51atIo)

+2 (W} — up)pyy do + 22 (4 — up)gado
Rlostable! IQNIQ
— p1Vuj (Xe1) - ng,y, + T(ul (x01) — 13 (Po12(%01)) | 1,0 do
Forz
— 02Vt (X02) - NE,; + T(uz (x02) — U7 (Po21(x02)) | 2,0 do
Foo1

{n}
+/ “—(Iro21| Vi3 (xXo1) - 1F + R*u ) p do
Fo21

a f {II:;}(VOU'V”T (X02) - NFy, + Rzuj;ol)d)l’h do. (47)
Fo12

Remark 3.2: Note that the exact solution u has similar regularity properties to the solution u*, see
Assumption 2.3, and thus we can derive for u an analogous formulation as this in (47).

3.3.4. The DG-IGA scheme
In view of (47), we define the forms Agr() Vi x Vg — R, Rg,, (++) : Vj x Vg — R, and the
linear functional Is,x : Vi — Rby

2

Ag;f(u*,¢h) — Z (f* inu;.k - Voip, dx — /;Q* . inu;k . nang(]ﬁi,h do
i=1 i in
nip} .
— Z /F PiVU - nEbin — ’ (uf — u?) i do), forl <i#j<2,
FoijCoSy * 70U

(48a)
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. {p} .
RQOH (u )¢h) = / %(|r021|vu§(x01) N nFDZl + Rzux02)¢2,h dO'

Fo21

{p}
" /F = Uronal Vui (xo2) - ey, + R )1 do,
012

2
lrqr (Pn) = Z /Q . Sfoindx, (48b)
im1

where n > 0 is a parameter that is going to be determined later. Based on the forms defined in (48),
we introduce the discrete bilinear form Ay, (-, ) : Vg x Vi — R and the linear form Fj, : Vi — Ras
follows

2
At ) = Agy () + = / uipPin do, (49)
P 492NI
2 NPi
Fp(pn) = lp.or (én) + —1/ upgip do. (50)
7% ; h Jagzcoa

Finally, the DG-IGA scheme reads as follows: find u}; € Vg such that
Ap(uy, ¢p) = Fr(¢p), forall ¢y, € V. (51)

Remark 3.3: From the relations (31), (33), the Remark 3.2 and the forms given in (49) and in (50),
we can derive that

@5 Bop) + @ (1 1) = o2 (16, o) + res Ul o) + T (165, 1)
= Ap(u*, ¢n) + Ry, (47, é1)
= ot o) + @ (1 1)
= app(u, p2n) — Ares(u, 2p) + ay j, (s b1 1)
= Ap(u, @) + Ry, (U on) — ares(u, P2,)
= Fy(¢n), for ¢y, == (dp14,d20) € V. (52)

Below, we quote few results that are useful for our error analysis. For the proofs we refer to [23-25].

Lemma 3.1: Under the assumption (21), there exist positive constants Cy and C, independent of h such
that the estimates

IRa,,, (ts )| < CLiCo() |l dnlipe K%, |Ray, (4%, n)| < C2lo(®)llgnllpg B 702, (53)

hold for the solutions w* and u, and ¢y, € Vi, where ICo(v) = IV 12(9050) + | 2 jaj=2 IP* V1112 (2000)-

Lemma 3.2: The bilinear form Ay(-,-) in (49) is bounded and elliptic on VIE, i.e. there are positive
constants Cyr and C,, such that the estimates

Ap(vn, dn) < Culvilipglldnlipe  and  Ap(vivi) > Callvillbe (54)

hold for all vy, ¢y, € Vi provided that n is sufficiently large, see [25].
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Lemma 3.3: Let the assumption (21) and let B = A — % Then there is a constant C,. > 0 depending
on the parametrization mappings but independent of h such that the inequality

1/2
Ah(V, ¢h) =< C* (”VHDG + Z h ||p1/2VV||iZ(aQ:f)> ||¢h||DG> (55)

i=1

holds for all (v, ¢y) € V; x Vi and (v, ¢y) € (V + V) x Vg.

Proof: Recall the definition of the pair function spaces in (23). In view of the form of Aj(-,-) and
applying (2), we have

1/2

172
1/2 2
(Z 1o vV,an(m) (Z oy v¢i,h||izm;f)> . (56)

2
> ( /Q Vv Veidx) | <

i=1 i

Now, let us first show an estimate for the normal fluxes on Fy;. Since v € V' the normal traces on the
interfaces are well defined. Using again (2), we obtain

1/2v

1/2
Foj h

172
1/2 n{p}
< C; (h1/2||pi/ VVi||L2(FO,-j)) ( Hd)lh”Lz(Fg,]))

¢in|do

/ piVvi - ng,;¢ip do
Foij

= G (W10 *Vvillze,) ) Idnloe (57)
for 1 <i#j < 2. Also, we have
o, 12
’M/ (vi = v2(®o12))r1pdo| <2 (7){,0} Vit 2(¢012)| L dG)
h Fo12 h Fo1z e 012|

nip) v
X ( ”¢1h”LZ<F 12))

n{p}
= C]q>012 ( ”VIHLZ(F 12) + —

1/2
x( LG, n))

< Gy, VG | #4lDG:

nip} v
”VZ”LZ(F 21))

where |Jg,,,| is the measure of the Jacobian of ®,;,. In the same way, we show

(v2 = v1(®o21))2,n do

n{p}
‘ = Ca,y, IVllnG l¢nllin.

Fo21

Gathering together the above bounds, we show (55). For the case where (v, ¢p,) € (V + Vi) x Vg we
work similarly. |
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3.4. Discretization error analysis

Next, we discuss interpolation estimates that we will use to bound the discretization error. We
recall the definition of the pair function spaces in (23). Let v € H* (755(€2)) with £ > 2. Under
Assumptions 2.1, and using the results of [3,5], we can construct a quasi-interpolant IT}v :=
(le’hvl, (I"I;,hvz) € Vp such that the estimates

D =Tl < b Y Cullvlegy),
=1, =12

Do v Mvipeey <k V2 ) Coillvll e ) (58)

=12 i=12

hold, where s = min(¢ — 1, p) and the C;;, C;; depend on p, ®7,6 but not on h.

Lemma 3.4: Let v € HY (777 (2)) with £ > 2 and let T1;v be as in (58). Then there exist constants
Ci > 0,i = 1,2, depending on p, ®7, i = 1,2 and the quasi-uniformity of the meshes but not on h such
that

2 12
1/2
(nv — Wvlide+ Y hllp V(v - H;:v)niz(m?)) <> Gl Vil (59)
i=1

i=1

where s = min(¢ — 1, p).

Proof: The estimate (59) can be shown using trace inequality and the estimates (58), see details in
Lemma 10 in [6]. See also [23,24]. |

Theorem 3.1: Let 8 = A — % and d, = h* with A > 1. Let u* € HE(TH*(Q)) with £ > 2 be the solu-
tion of the problems in (26), and let uj, € Vi be the corresponding DG-IGA solution of (51). Then the
error estimate

2
lu* — ufllpg < h" <Z ||u*||HZ<QT)) , (60)
i=1

holds, where r = min(s, ) with s = min(¢ — 1, p).
Proof: Letz, € V. We set uj — zj, = ¢y,. The properties (54), (55) of Ap(-, -) and (52) imply

emlluf — zullhg < AUl — zn dn) = Ap(u*, ép) + Rayy, (u*, 1) — An(zn, dn)
= Ap(u* — zp, dn) + Ra,y, (U™, ¢p)

N 1/2
1/2
<c, (nu* — b + D hlo v (ut - zh)niz(m;)) A

i=1
+ C Ko ()l pg B+, (61)
where the bound (53) has been used previously. Setting in (61) z;, = ITju*, and then using the triangle

inequality ¢y uj; — u*lIpG < cmlluj, — Ty u*|pG + cmllu* — Tju*|pc together with the estimate
in (59), we derive (60). [ |
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3.4.1. Main error estimate
The estimate given in (60) concerns the distance between the DG-IGA solution u}; € Vg and the

solution u* € H* (757 (2)) of the problems in (26). Below we give an estimate between the solution
u of (4) and the DG-IGA solution u;. In the proof of this result we need the following interpolation
estimate forv € V

2 1/2 2
1/2
(nv — Wvlde + > hllp > Vv — n:{hv)uiz(m) <D ClIVlgean,  (62)

i=1 i=1
where the quasi-interpolant [Ty v = (I1y v, [T ,v) is defined in (58) and s = min(¢ — 1, p).
The proof of (62) is provided in the Appendix.

Theorem 3.2 (main error estimate): Let u be the solution of (4) and let Assumption 2.3 with £ > 2.
We suppose further that d, = h*, A > 1 is the width of Q1. The following error estimate holds

2
llu — willpg < C (hs D Ul + 165 e or) + dollf 2@y + BP (Ko(w) + /c,,(u*))) , (63)
i=1

where B = X — %, s =min(¢ — 1,p), the constant C depends on the constants in (59), (55) and (54),
and IC, has the form given in Lemma 3.1.

Proof: Let z;, € Vg and let ¢, = uj — 2. By the definition of the discrete DG-IGA scheme in (51),
the properties of Ay (-, -) and the Remark 3.3 we have

cmlluy — znllpg < An(uy — 2z &) — An(u*, dp) — Rayy, (u*, én) + Fu(dn)
— Ap(TTu™, ¢n) + Ap (I u™, @)
= Ap(uy, — Tu*, ¢p) + Ap(u™ — Tu™, ¢n) + Ap(—2zp, dn) + An(u, dn)
— res(th, P21) + Ry (4 p1) — Ry, (U™, 1)
= Ap(uy, — Tu*, ¢p) + Ap(u™ — Tu™, ¢p) + Ap(u — 2z, dp)
— Gres(tt, P2.1) + Ry, (4, B1) — Ry, (47, 1)
< Cumlluj, — ;u*IpGliPnlipc by (53), (54), (55), (40)

N 1/2
1/2
+C (nu* — M e+ Y ko) ? v (u* - qu*)niz(mr)) lénlie

i=1

N 1/2
1/2
+C, <||u — zulbg + D hllo Y (u —Zh)niz(m) Ignllp

i=1
+ a2do [If 20 11 1IDG + C2(Ko(*) + Ko(w)) I dnllpG B (64)

Setting zj, = ITju into (64), using (61), (59), and (62) and gathering together the similar terms we
deduce that

2 2
cmlluy = Mhullng < Y Cik'lullgecary + D, Gl lluf e g
i=1 i=1

+ a2dolf 2 + C2(Ko(*) + Ko(w)) hP (65)
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Applying the triangle inequality
lu — upllpe < lu — Myulpc + IT,u — u},lpGs (66)
the desired estimate follows. [ |

Remark 3.4: In the description of the problem and in the derivation of the DG-IGA scheme, we
focused on using B-spline spaces. The same derivation can be applied for the case of NURBS spaces.

4. Implementation and numerical tests
4.1. Implementation remarks

In this paragraph we focus on the implementation of the proposed scheme for both two and three
dimensional problems. For simplicity of the presentation, we first discuss the case of having two
patches. Afterwards, we explain how the same ideas can be generalized to the multipatch case.

Initially, we consider interfaces with matching meshes, i.e. the number of edge elements on Fy;; is
the same as the number on F,1,, as shown in Figure 3.

For the computation of the numerical flux terms of the DG-IGA scheme given in (48a), a Gauss
quadrature rule is applied on every edge. The first term of the numerical flux can be directly computed
by using the Gauss rule and the related Jacobian term. For the computation of the jump terms, we
must know the diametrically opposite edge and the associated quadrature point that are located on
the other interface. We could proceed to this direction by constructing and using the mappings ®,,;
and @, given in (19) and (22) respectively. For the practical implementation, it would be preferable
to proceed without the construction of these mappings.

We first assign the edges belonging to F,y; to the edges belonging to F,12, for the example given
in Figure 3(a), the edge e} of F,y; is assigned to €3 of Fo1. In Figure 3(a) the Gauss point is denoted
by x4 and y, correspondingly. The edge e} is the image of the edge &) under the parametrization @3,
and also the edge €3 is the image of the edge &3 under the parametrization ®}. Hence, the Gauss
rule is transformed back to boundary edges of the parametric domain, and for every Gauss point y,
there is always a corresponding Gauss point on the other associated edge to perform the numerical
integration. For the configuration given in Figure 3(a), the other associated edge is located on face F;
and the corresponding Gauss point is denoted by x,. Thus, having defined the quadrature points on
the boundary edges of Q, we can compute the interface terms of the numerical flux of the DG-IGA
scheme.

Note that the above approach is quite simple and it follows the same ideas that we use for computing
the numerical fluxes in the case of matching parametrized interfaces. It can be also applied for the case
of having gap regions between the patches. The advantage of implementing this approach is that we

Q
s CDJ‘ o2 .
N ® ®4‘ ot E;s
—— 2 Q
Q
1 >

(a) (b)

Figure 3. (a) Configuration of the faces and the edges on 92,7, and their corresponding edges on 32 which are used to compute
the interface integrals, (b) an example of an overlapping region with more than two faces. The relative edges on the opposite faces
must again match.
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can develop a flexible DG-IGA code which can treat patch unions with matching and non-matching
interfaces in a similar way. Note also that the previous approach can be easily combined with the
adaptive numerical quadrature methods presented in [34], in order to discretize the problem using
non-matching structured meshes on the overlapping faces.

Overlapping regions with boundary consisting of more than two faces are shown in Figure 3(b). We
consider again the case where the maximum number of the overlapping patches is two. For the exam-
ple shown in Figure 3(b) the domain has four patches and the boundary of the overlapping region
is compromised of the four faces F,;, i = 1,. .., 4. Anyway, the evaluation of the interface numerical
fluxes, in this case, needs more work. We first find the faces that form the boundary of the overlapping
regions. Then between these faces, we determine those that are diametrically opposite, and we con-
tinue following the procedure described in the previous paragraph. This type of overlapping regions
are discussed in the numerical Example 4.3.

It is clear that through a segmentation and parametrization procedure, overlapping regions with
more complicated shapes than the shapes in the examples shown here can exist, e.g. more than two
overlapping patches, T-joint faces on the boundary, see, e.g. [10]. In an ongoing work, we are extend-
ing the present methodology to treat these cases. We also are constructing domain-decomposition
methods, [35], on these type of multipatch representations and we are discussing the influence of the
size of the overlapping region on the performance of the proposed methods. We treat these cases by
extending the ideas presented here. Again, we first find the interior faces that form the boundary of
the overlapping regions and then we construct the numerical fluxes between the opposite faces in the
same way as we presented in the previous sections. The first results of this work are included in [25].
We point out that when there are more than two overlapping patches, it is possible to have more than
two (overlapped) numerical solutions on the overlapping regions. Consequently, in the error analy-
sis, we will have more than one non-consistency terms to estimate, see Subsection 3.2. Also, we add
that for multipatch unions with large overlapping regions, we can apply ideas coming from Schwarz
domain-decomposition methods in order to treat the whole problem, see [29,33].

Finally, we mention that during the investigation of the proposed methodology in Section 3, we
considered simple interior penalty fluxes on d€2,;. For the performance of the numerical examples
below, we have implemented the corresponding symmetric numerical fluxes, i.e.

MO =t (Bor2))bu ds.

1
—/ ~(p1Vury + 02V p(®o12)) - 1R, G10 + 0
Forz

See [6,23]. During the derivation of the discretization error analysis in [25], estimates and bounds
for the values of the parameter 1 are introduced. Anyway for the numerical examples here we set
n=2((p+ D(p + d)/d)'/? where d is the dimension of .

4.2. Numerical examples

In this section, we perform several numerical tests with different shapes of overlapping regions as well
as combinations with non-homogeneous diffusion coefficients for two- and three-dimensional prob-
lems. We investigate the order of accuracy of the DG-IGA scheme proposed in (49). All examples have
been performed using a second degree (p = 2) B-spline spaces. We present the asymptotic behavior of
the error convergence rates for widths d, = W with A € {1,2,2.5,3}. Every example has been solved
applying several mesh refinement steps with . . ., hj, hi11, . . ., satisfying Assumption 2.2. The numer-
ical convergence rates r have been computed by the ratio r = In(e;/eiy1) /In(hi/hiy1), i=1,2,...,
where the error ¢; := ||[u — u} || pc is always computed on the meshes U,'Zzl TZ)Q;‘ We mention that,

in the test cases, we use highly smooth solutions in each patch, i.e. p + 1 < ¢, and therefore the order
sin (60) and (63) becomes s = p. The predicted values of power S, the order s and the expected con-
vergence rate r, for several values of A, are displayed in Table 1. In any test case, the overlap regions are
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Table 1. The values of the expected rates r as they result from estimate (63).

B-spline degree p

Smooth solutions, u € H¢zPH!

d, = r=1 r=2 r=25 r=3
B = 0.5 1.5 2 2.5
si= p p p p
ri= 0.5 15 min(p, B) min(p, B)

artificially created by moving the control points, which are related to the interfaces Fj;, in the direction
ofnplj or of—npij.

All tests have been performed in G+SMO [36], which is a generic object-oriented C++- library
for IGA computations, [37,38]. In Section 3, we developed and provided a rigorous analysis for
the DG-IGA method (51) which includes a non-symmetric numerical flux. In the materialization
of the method, we utilized the associated symmetrized version of the numerical flux, [39]. For solv-
ing the resulting linear system, we use the DG-IETI-DP method presented in [35], see also [40] for
an analysis of the method and [41] for results on parallel scalability.

Although in the analysis, we consider meshes with similar quasi-uniform patch-wise properties, it
is known that the introduction of DG techniques on the subdomain interfaces makes the use of non-
matching and non-uniform meshes easier, see [6]. Keeping a constant linear relation between the
sizes of the different patch meshes, the approximation properties of the method are not affected, [6].
In the examples below, we exploit this advantage of the DG methods and first solve two-dimensional
problems considering non-matching meshes. The convergence rates are expected to be the same as
those displayed in Table 1.

4.3. Two-dimensional numerical examples

The control points with the corresponding knot vectors of the domains given in Example 4.1-4.3 are
available under the names yeti_mp2, 12pSquare and bumper as . xml files in G+SMO.!

Example 4.1 (Uniform diffusion coefficient p; = 1, i = 1,...,N): The first numerical exampleisa
simple test case demonstrating the applicability of the proposed technique for constructing the DG-
IGA scheme on segmentations including overlaps with the general shape. The domain 2 with the
N = 21 subdomains QF and the initial mesh are shown in Figure 4(a). We note that we consider non-
matching meshes across the interior interfaces. The Dirichlet boundary condition and the right-hand
side f are determined by the exact solution u(x, y) = sin(w (x + 0.4)/6) sin(w (y + 0.3)/3) + x + y.In
this example, we consider the homogeneous diffusion case, i.e. p; = 1forall Qf, i=1,...,N.

We performed four groups of computations, where for every group the maximum size of d, was
defined to be O(h*), with A € {1,2,2.5,3}. In Figure 4(b) we present the discrete solution for dy = h.
Since we are using second-order (p = 2) B-spline space, based on Table 1, we expect optimal con-
vergence rates for A = 2.5 and A = 3. The numerical convergence rates for several levels of mesh
refinement are plotted in Figure 4(c). They are in very good agreement with the theoretically pre-
dicted estimates given in Theorem 3.2, see also Table 1. We observe that we have optimal rates r for
the cases where A > 2.5 and suboptimal for the rest values of A.

Example 4.2 (Different diffusion coefficients p; # p»): In the second example, we consider a rect-
angular domain €2, that is described as a union of N = 12 patches, see Figure 5(a). Here, we study
the case of having smooth solutions in each Q] but discontinuous coeflicient, i.e. we set p; = 37/2
for the patches belonging to half plane x < 0 and we set p; = 2 for the rest patches according to the
pattern in Figure 5(a). By this example, we numerically validate the predicted convergence rates on
T, with overlaps, for the case of having smooth solutions and discontinuous coeflicient p. The exact
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Figure 4. Example 4.1: (a) The patches Q;* with the initial non-matching meshes and the contours of the exact solution. (b) The
contours of the u; solution for d, = h. (c) The convergence rates for the different values of A.
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Figure 5. Example 4.2: (a) The overlapping patches Q2 and the pattern of diffusion coefficients p;, (b) The contours of u} on every
Q; computed with dy = 0.06, (c) The convergence rates for the four choices of A.

solution is given by the formula

sin(w (2x + y)) ifx <0
Y) = 3 67
uy) sin (n (Tnx + y)) otherwise. (67)

The boundary conditions and the source function f are determined by (67). Note that, we have
[z F; =0as well as [pVull| By~ nE; =0 for all the interior physical interfaces Fj;.

The problem has been solved on a sequence of meshes with h, ..., i, hit1,. .., following a
sequential refinement process, i.e. hj11 = h;/2, where we set d, = hl)-‘, with A € {1, 2, 2.5, 3}. For the
numerical tests, we use B-splines of the degree p = 2. Hence, we expect optimal rates for A > 2.5.In
Figure 5(b) the approximate solution u}, is presented on a relative coarse mesh with d, = 0.06. The
results of the computed rates are presented in Figure 5(c). For all test cases, we can observe that our
theoretical results presented in Table 1 are confirmed.

Example 4.3 (Overlapping regions with more than two faces): The proposed method is now
applied to a more complicated overlapping boundary with multiple faces. The geometric descrip-
tion of the problem in shown in Figure 6(a), the domain is decomposed into four patches and the
overlapping region is defined by four interfaces. The exact solution is given by

u(x, y) = sin(w (x + 0.4)) sinQm (y + 0.3)) +x + y. (68)

The diffusion coefficient is globally constant, i.e. p = 1, the right-hand side f and the Dirichlet bound-
ary conditions are manufactured by the solution (68). We solved the problem using B-splines of degree
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Y-Axis

Figure 6. Example 4.3:(a) The overlapping patches 2 and the multiple curve boundary of the overlapping region, (b) The contours
of u; on every Q; computed on the second mesh level, (c) The convergence rates for the four choices of A.

p = 2. In Figure 6(b), we present the contours of the DG-IGA solution u; computed on the sec-
ond mesh in a sequence. The corresponding error convergence results for the four values of A, i.e.
A €{1,2,2.5,3}, are given in Figure 6(c). We can observe the suboptimal behavior of the rate for
A = land A = 2 as we move to the last mesh levels. On the other hand, we have optimal rates for the
rest values of A. The numerical rates for all A cases are in agreement with the theoretical results.

4.4. Three-dimensional numerical examples

As a final example, we consider a three-dimensional test. The domain 2 has been constructed by
a straight prolongation to the z-direction of a two-dimensional (curved) domain, see Figure 7(a).
The two physical domains 2, and €2, have the physical interface F;, consisting of all points (x, y, z)
such that -1 <x <0, x+y =0and 0 < z < 1, see Figure 7(a). The knot vector in the z-direction
is simply E; = {0,0,0,0.5,1,1,1} with i = 1, 2. We solve the problem using matching meshes, as
depicted in Figure 7(a). The B-spline parametrizations of these domains are constructed by adding
a third component to the control points with the following values {0, 0.5, 1}. The completed knot
vectors Ef:ll”zm together with the associated control nets can be found in G4-SMO library in the
file bumper . xml. The overlap region is artificially constructed by moving only the interior control
points located at the interface into the normal direction np,, of the related interface F;,. Due to the
fact that the overlap has to be inside the domain, we have to provide cuts through the domain in order
to visualize them, cf. Figure 7(b). The Dirichlet boundary conditions up and the right-hand side f,
see (1), are chosen such that the exact solution is

sin (%(x +y)) if (x,y) € Q1,

esin(x+) if (x,y) € Q.

u(x, y,z) = (69)

with diffusion coefficient p = {1, w/2}. Note that the interface conditions (15) are satisfied. The two
physical subdomains, the initial matching meshes and the exact solution are illustrated in Figure 7(a).
We construct an overlap region with d, = 0.5 and solve the problem using p = 2 B-spline functions.
In Figure 7(b), we show the domain meshes T}(rt)ﬂj‘ ,i = 1,2, the overlapped meshes in 2,1, and we

plot the contours of the produced solution u} for the interior plane z = 0.5. We can see that, both
faces of 3€2,1, are not parallel to the Cartesian axes. Moreover, we point out that the problem has been
solved using non-matching meshes on the overlapping interfaces. We have computed the convergence
rates for four different values A € {1,2,2.5, 3} related to the overlapping region width d, = h*. The
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Figure 7. Example 4, 2 C R3: (a) The physical patches with an initial coarse mesh and the contours of the exact solution, (b) The
contours of uZ computed on Q7 U Q3 with d, = 1.5, (c) Convergence rates r for the four values of 1.

results of the computed rates are plotted in Figure 7(c). We observe from the plots that the rates r are
in agreement with the rates predicted by the theory, see estimate (63) and Table 1.

5. Conclusions

In this article, we have proposed and analyzed a DG-IGA scheme for discretizing linear, second-
order, diffusion problems on IGA multipatch representations with small overlapping regions. This
type of multipatch representation leads to the use of different diffusion coefficients on the overlapping
patches. Auxiliary problems were introduced in every patch and DG-IGA methodology applied for
discretizing these problems. The normal fluxes on the overlapped interior faces were appropriately
modified using Taylor expansions, and these fluxes were further used to construct numerical fluxes
in order to couple the associated discrete DG-IGA problems. The method was successfully applied to
the discretization of the diffusion problem in cases with complex overlaps. A priori error estimates in
the DG-norm were shown in terms of the mesh-size & and the maximum width d,, of the overlapping
regions. The estimates were confirmed by solving several two- and three- dimensional test problems
with known exact solutions. The theoretical estimates were also confirmed by performing numerical
tests using non-matching grids on the overlapping faces.

Note
1. G4SMO: https://www.gs.jku.at/trac/gismo
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Appendix

A.1

A bound for the extra non-consistent term

Comparing the relations given in (27) and (33) we can see that there is an extra term — (o, — p1) Vs in Q31, which
is a non consistent term. We derive below a bound for this term.
Letg € H& (£23). By a simple computations on the forms in (26), we have that

ay (U5, o) = / Vi - Vo dx —|—/ p2Vus - Ve dx — Vi - nyq,¢ do
Q021 Q) 922N
[ Vs nsdo = [ 1= o9 Vot L) (A1)
Fop1 Q21

On the other hand, under the Assumption 2.3, we immediately have that

aop(u, ) = / o1Vu-Vedx + / o Vu- Ve dx
Q21 Q

- [ Vit g dor — / PV iy b do = 1), (A2)
Foa1 0Q3N0Q
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Subtracting (A2) from (A1) and using ¢| s = 0we obtain

/Q mV(uz—u>-V¢dx+/Qpzwu;—u)-vwx:/g (o1 — p2)Vii} - V¢ dx. (A3)

Applying integration by parts on the right-hand side in (A3) and then setting ¢ = u} — u, we derive that

[ oIV —wrdx = ¢, (—/ p2 A5 (U5 — u)dx—l—f p2Vus - np,, (U — u) do)
934 Qo21 Forz
<¢ < [ —wdx+ / 02Vl - np,, Uy — u) da)
Qo21 Fo12

)
< ¢ollf 2@ 145 — ulli2(ey) + 102V U5 128,00 145 — 12,y

3) 1/2 1/2
< ollf 2@ 145 — w2y + 102V 1250 145 — ulle(Qm)llu’{ = Ul gt o)

S 1/2 1/2 1/2
= LU (@) Dol V (15 = )12 + 102 V853 2y oIV 5 = )50 (Ao + DIVQE — w45,

12
< Cz(l[fllLZ(Qm) + ||p2VM§\|L2(F012)) a1V (s — W 2@y (A4)

where we have used that 0 < d, < 1. By (A4), we can easily obtain that

1/2
19V 5 = W)lr205) =< 2y (I Nz + 192V D2 ) (45)

and this gives an estimate of the difference between the physical solution u and the perturbed solution u*.

A.2 Proof of the interpolation estimate (62)

Note that by Assumption 2.4 and the definition of (25a) we can conclude that Q; = Q] and u|QT = ug* . Hence we can
1
construct an interpolant IT} , u such that

1 1/2 o
(V(m = I o gy + IV (1 = T 0 2 g, ) + 110 = H;‘,huoniz(FM)) < LRy e .
(A6)

Next we show an interpolation estimate for u on Q3. Let us denote D; = Q21 and D, = . Let the extension oper-
ator E; : HY(D;) — H[(Qf), i = 1,2, such that for each v € H(D;) it holds (i) (Ev)|p; = v and (ii) ||Eiv||Hz(QT) <
CE; vl e (p,)> where the constant Cg; depending only on D; and , see [30]. We recall the B-spline interpolation
operatorIlj given in (58) and define

;v = (17,91, 13, 72),  where  IT};,9; := I1}, Ev. (A7)
Recalling u; = u|g; and using the properties of the extension operator and (58) we have
IV (@ — nT,hal)llL2(9021) < |IV(Eu— HT)hal)HLZ(QT < CintpCp, hs””lHH’i(QT), (A8a)
and
IV (uz — T3 i) 1120,y < IV (Bou — 113, 62) | 12(@3) < CintpCr, Blluzll,» (A8b)
where s = min(p, £ — 1).
Using the trace inequality, [6], ”VHiZ(le) < C(h™! ”V”%Z(ann + h|Vv||%2(Qm)) and proceeding as in (A8) we can
show
- 1/2
(hIV (u1 — Hf,hul)lliz@z])) 2 < CintpCe, I lur | e ) (A9a)
1 1/2
(ZH(M - nihal)lli2(1:'ﬂl)) = CinpC, Pllur | gey)- (A9Db)

Gathering the inequalities (A6), (A8) and (A9b) we can derive (62).
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