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Abstract

In this paper, we present convergence rates for solving elliptic boundary value prob-
lems with singular parameterizations in isogeometric analysis. First, the approximation
errors with the L?(2)-norm and the H'(§2)-seminorm are estimated locally. The im-
pact of singularities is considered in this framework. Second, the convergence rates for
solving PDEs with singular parameterizations are discussed. These results are based
on a weak solution space that contains all of the weak solutions of elliptic boundary
value problems with smooth coefficients. For the smooth weak solutions obtained by
isogeometric analysis with singular parameterizations and the finite element method,
both are shown to have the optimal convergence rates. For non-smooth weak solu-
tions, the optimal convergence rates are reached by setting proper singularities of a
controllable parameterization, even though convergence rates are not optimal by fi-
nite element method, and the convergence rates by isogeometric analysis with singular
parameterizations are better than the ones by the finite element method.

Keywords: singular parameterizations, convergence rates, elliptic boundary value
problems, isogeometric analysis

1. Introduction

Isogeometric analysis (IGA) [1] is a numerical method to solve geometric partial
differential equations. The theory of approximation and error estimates has been de-
veloped in [2, 3], where the theory relies on the regularity of parameterizations, i.e.,
there are no singularities of the underlaying parameterizations.

*Corresponding author at: Hefei University of Technology, No. 193, Tunxi Road, Hefei, Anhui
Prov., 230009, P. R. China.

Email addresses: meng.wu@hfut.edu.cn, wumeng@mail.ustc.edu.cn (Meng Wu),
yicwang@hhu.edu.cn (Yicao Wang), Bernard.Mourrain@inria.fr (Bernard Mourrain),
boniface.nkonga®unice.fr (Boniface Nkonga), changzheng.cheng@hfut.edu.cn (Changzheng
Cheng)

Preprint submitted to Elsevier November 14, 2016



Although singularities can be avoided by using some constraints [4, 5, 6] in some
cases, some singularities may stem essentially from the geometry or topology of the
physical domain and cannot be avoided. For instance, in [7], for a topologically circular
domain, the parameterization is singular at ‘a converging point’. In [8], singularities
appear at extraordinary vertices if the parameterization is asked to have C! continuity.
In this paper, we present the convergence rates for solving elliptic boundary value
problems with singular parameterizations.

Recently, there are works focused on singular parameterizations in the IGA. In
[9, 10], the regularity of test functions on physical domains is discussed. Afterwards,
the authors continue to work on this topic. One of the authors presents results on
the approximation properties of isogeometric analysis function spaces in [11] and con-
struct smooth isogeometric function spaces [12] on a singularly parameterized domain.
In addition, in enriched isogeometric analysis (EIGA) [13, 14], the authors introduce
a mapping technique which is an additional singular mapping patch used to gener-
ate singular functions in physical domains with cracks and/or corners. In [14], the
error estimates of this mapping technique on an elliptic boundary value problem are
presented. So far, singular parameterizations are discussed independently for solv-
ing elliptic boundary value problems with smooth weak solutions or non-smooth weak
solutions. In the present work, the results are based on a weak solution space F(€)
which contains all possible weak solutions of an elliptic boundary problem with smooth
coefficients. The main contributions are listed in the following.

1. For functions in F(f), we present the approximation estimates with the L*(()-
norm and the H'()-seminorm. Different from previous work, approximation errors
are estimated locally, i.e., the impact of the singularities of the parameterization is
considered.

2. Based on the approximation error estimates, we discuss the convergence rates of
solving elliptic boundary problems with singular parameterizations. By introducing
a controllable singular parameterization, optimal convergence rates are reached by
setting singularities even if the optimal convergence rates cannot be reached by the
finite element method (FEM). Moreover, convergence rates are discussed in the IGA
with singular parameterizations.

The paper is structured as follows. Approximation error estimates are presented
in Section 2. After that, in Section 3, we discuss convergence rates for solving elliptic
boundary problems based on the error estimates of Section 2. Finally, in Section 4, we
conclude this paper with a discussion of possibilities for future works.

2. Approximation Error Estimates of Singular parameterizations

In this section, as background, parameterizations and singularities of parameteri-
zations are introduced in Section 2.1. Then, in Section 2.2, by Weyl’s lemma, a set of
functions F(2) called a weak solution space is introduced, where F(2) contains all the
weak solutions of elliptic boundary value problems with smooth coefficients on a phys-
ical domain ). In addition, a Hermite projection H;‘fhp is introduced as a preparation



for presenting the L?(Q2)-norm and H'()-seminorm approximation error estimates of
singular parameterizations in Theorems 2.3 and 2.4 of Section 2.3.

2.1. Parameterizations and their singularities

Definition 2.1. A parameterization P (s,t) is a map from a parametric domain to
a physical domain, i.e.

PN — Q)
(s,t) — (x(s,t),y(s,t)).

For discussing the convergence rate for solving elliptic boundary value problems, the
parameterization (s, t) satisfies the following properties:

(1). #(s,t) is a one-to-one map.

(2). To solve the elliptic boundary problem, (s, t) satisfies the H' integrability as-
sumption [9], i.e., for any f(s,t) in a given isogeometric function space, fo P 1(x,y) €
HY(Q). If P(s,t) satisfies the H! integrability assumption, we call it an H'-parameterization.
(3). P(s,t) preserves the geometry of Q, i.e., P|gy = 0 and L (3°) = Q°, where

32, Q° are the interior domain of ¥ and €2 respectively.

Definition 2.2. The Jacobian of & (s,t) is defined by

Oz dy 0Ox0y
T =559 ~ bt os

If J(so,t0) = 0, then (so,to) is called a singularity of P (s,t).

In the following, we suppose that J(s,t) > 0 and the singularities are isolated. Fur-
thermore, at a singularity (so, %), (s, t) satisfies

ox 0 ox 0
%(So,to) =0, a—g(so,to) =0, a(so,to) =0, 8—3;(80,750) =0.

In Example 2.1, there is an H'-parameterization of a geometry with a smooth boundary.

Example 2.1 (A geometry with a smooth boundary). In this example, param-
eterizations of a geometry with a smooth boundary are presented. The parametric do-
main % is [0,1] x [0,1]. To fit the smooth boundary in Figure 1(b), P (s,t) is singular
at the corner points Py(0,0), Py(1,0), P3(0,1), Py(1,1). Although the tangents of the
s-curve and the t-curve are degenerate, the limits of the unit tangents of the s-curve
and the t-curve at these points are collinear.



Py Py

(a) = (b) P(s,1)

Figure 1: A parameterization of a geometry with a smooth boundary

2.2. Weak solution spaces and Hermite Interpolation

Consider the regularity of weak solutions of an elliptic boundary value problem:

— V- (pla,y) V) + qla, y)u = f(ay) in Q, (1)
u =0 on 0f).

Based on Weyl’s lemma [15], if p(x,y), ¢(x,y), f(x,y) are analytic at the interior points
of Q, (i.e., on a neighborhood of an interior point P, their Taylor expansions converge
to themselves), the weak solution w is analytic at these points. If 9 is analytic, u
is analytic on 2. For €2 with non-smooth boundaries, non-analytic points are among
these non-smooth boundary points.

In the following, there is an example of a weak solution of (1).

Example 2.2. Let Q2 be the physical domain shown in Figure 2. There is a corner
P. The weak solution u of the elliptic boundary value problem (1) with p(x,y) =1 and
q(z,y) = 0 is non-analytic at P.

If 0 = am, in [15], then the weak solution u around the corner P is

u(r,0) = Z a;re;(0) + Z Z fiel(€+2)* — 1132-]71%(9)7““2, (2)
j=1 j=1 ¢=0
where
= a27r sinv;0, v; =j/o; fi(r / fo;(0)do,  f;(r ngﬂ”

{(r,)]|0 <r<719,0<0<an}CQ,

e., it has a singularity of type O(r'/®). Except for at the point P, the solution u is
analytic. In this case, if 1/a ¢ N, thenw € H?(Q2) where 1 < o < 2 andr = \/x% + y>.
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Figure 2: A physical domain €2 with a corner

To describe all the weak solutions on (2, we define a function space called a weak
solution space,

F(Q)={f:Q—R: f(z,y) is analytic on Q°} C C*(Q?).
The weak solutions on € of the elliptic boundary value problem are in F(£2). Let
P E— 0
be a parameterization of Q, where (s, t) € C*(X). Thus,
FoP CCHZ).

Let Qj be a regular mesh, i.e., it is a rectangular mesh and the valences of its
interior vertices are 4, defined on a parametric domain ¥, where h is the maximum of
the diameters of its cells. In Figure 3, there are three regular meshes.

Figure 3: Regular Meshes Q},, where the bold edges are boundaries.

P (Qy) is the spline space with bidegree (p,p) defined on Qy, and J7(Q;) C
C*(¥), where p = 2¢ + 1. In the following, we define an interpolation projection from
F(Q) to A7 (Qn).



Associated to each vertex vy, € V(Q},), we can construct (¢ + 1)? Hermite functions
{H%(s,t) 14,5 =0,1,--- £}, where H;%(s,t) satisfies

O H% (vy)
Js™ 0t
where r1,79 = 0,1,2,--- £, vg,v; € V(Qp), 6;; = 01if ¢ # j, otherwise 9,; = 1.

Following [16], it is easy to prove that U, ev(o){H;5(s,t) 14,5 = 0,1,--- £} is a set
of basis functions of 7£"(Q),). Define a V(Qp,)-based Hermite projection

= 0410711013 5, (3)

nj%,?“ CUD) — HP(Q)) (4)

such that it
HV(Qh)(f(S,t)) _ Z f(w) ng(s,t).

’UGV(Q}—L)
However, for the weak solution space F(Q), F o & C C*(X°), in other words, the
Hermite projection (4) is not well defined on the boundary vertices of Q. To solve

this problem, for each boundary vertex v® of Q, there is a point ¢ € £° such that

we can construct a set of linear independent splines {H};(s,t) : i,j = 0,1,--- ,(}
associated with ¢. In addition, {H;(s,t) : i,j = 0,1,--- £} is linearly equivalent
to {H;’;(s,t) 1i,j = 0,1,--- £}, ie., for each H{;(s,1), it is a linear combination of
{HZ;(S, t):i,7=0,1,---  £}; the reverse is also true. Here we present this theorem.

Theorem 2.1. Let ¥ be a parametric domain. Qp is a reqular mesh on X. For
each boundary vertex vy € V(Qp), there is a point q, € X° such that {H(s,t) :
i,7=0,1,--- £} are linearly equivalent to {Hﬁ%(s,t} vi,5 =0,1,--- £}, and H}%(s,1)
satisfies Vg € V(Qp) U {qr} — {v}}

on +7r2 HZI; ((]l)

Gsriopre - OO O

Proof. The proof is divided into two parts. In the first part, we prove the existence

of g and construct H%(s,t). In the second part, prove the linear relationship between
b

{H"(s,t):i,j=0,1,--- £} and {H;5(s,t) :d,j =0,1,--- , {}.

1. The existence of q;: Consider the matrix

b

ortrH "

Ub 2y
HH s = | Gages &1

(+1)2 % (04+1)2

Its rows and columns are arranged by the (i, j)-order and (ry,ry)-order, respectively,
where the (4, j)-order and the (ry,rq)-order are (0,0) < (1,0) < --- < (£,0) < (0,1) <



(1,1) < < (4,1),< < (0,0) < (1 l) < -+ < (£,£). Then, on a cell C of Qp
with v as one of its corner pomt det H ”k(s,t \c is a polynomial and

detH”Z(vZ) =1#0

because H (v?) is an identity matrix. Thus, there is a neighborhood of v?, U (v?), such

that for any ¢ € U(v?) N C,
det H" (v?) # 0.

Take g € U(v) N C and construct the following functions in £ (Qy)

qu S t Z Clekl S, t (5)
k=0

and C = (00,07 01,07 o 705,07 U 700,57 T C£,€>T SatiSfy
C = (H"(q)) e, (6)

where (H"% (g;,)) " exists because det H (¢;,) # 0; Additional, ei;=(0,---,0,1,0,---,0)T
is a column vector, i.e., the (7, j)-element is 1 associated with the (7, j)-order. Other
elements are zeros. Computing directly, we obtain

oI H " (qr)

0s™0tr2 = 5k716i,7"15j77”27 VQI € V(Qh) U {Qk} — {UZ}

2. The linear relationship: Denote

qu(S,t) = (Hg,ko(sat)a' o 7Hzg,l;(37t>7' o 7H32(87t>>
b

HY% (s, 8) = (Hoh(s,8), -+ H 5 (5,8), -+ Hi5(s,8))

,L’]

H (s, £) = H"% (s, £) (H" (1)),

ie.,

H (s, £) H" (q1,) = H% (s, 1).

'Ub . . .
Thus {H%(s,t) : 4,5 = 0,1,--- £} and {H;%(s,t) : i,j = 0,1,--- £} are linearly
equivalent. O
Based on this theorem, by replacing each boundary vertex v € V(Qh) by ¢, € X°,
another set of interpolation points A of P(Qp) is introduced and A C ¥°. Thus, an

A-based Hermite projection H v can be defined such that

H fogz—>7'[p(Qh)



where o
o f(qr)

HA P - - -
o (£) 0stot

ar€A

H%(s,1).

By the B-net method [16], the Bezier coordinates around ¢, are equivalent to the
ones around v? and they are independent of the Bezier coordinates around the other
vertices of A. Moreover, for each polynomial p(s,t) with bidegree (k, k)

V(Q
I (p(s, 1)) = pls. 1),
where k£ < p. Thus, we have

Lemma 2.2.
H?fp< (87t>> = p(S,t), p<87t) € P[k,k]-
where k < p, Py s a polynomial space with bidegree (k, k).

Induced by J7(Qy) and P (s,t), one can define a projection

I, :F —
u(@,y) = Wy(uo P(s,1) 0 27,
where
Vi = jfhp(gh) o P = span{sz(S,t) 1q € A,L]’ =0,1,---,0}

and {H{;(s,t) 1 q € Ai,j=0,1,--- ¢} are the basis functions of 67 (Qp). In the next
section, we begin to measure the L?(Q)-norm and the H'(Q)-seminorm approximation
error estimates of singular parameterizations.

2.8. L*(Q)-norm and H'(Q)-seminorm approzimation error estimates of singular pa-
rameterizations

To measure approximation error estimates of singular parameterizations, we intro-
duce some symbols.
Classifying cells of O:

C, is a cell of @ on X, where there is a singularity of &2 on it. Cells not of this
type are called regular cells of > and are denoted by Ci.

¥ = UG, and X, = UC,.
The definition of norms:

Vu € F(Q2) N W™P(Q), the norms and seminorms follow the classical definitions in
WmP(Q), where W™P(Q) is the Sobolev space, i.e., for 1 < p < oo,

el lmp2 = (D /]8“u|pd§2p [ty = (> /|8°‘u|dep

laj<m laf=m



and for p = oo,

[[ul[m.o0.0 = mazjaicm{ess. supld®u(z,y)| : (z,y) € Q};
[U|m 00,0 = MaT|q|=m{ess. sup|0®u(z,y)| : (z,y) € Q},

where a = (g, ), 0% = 077052, |a| = ay + an. Especially, when p = 2,
||U||L2(Q) = HU||0,27Q; HUHHk(Q) = ||U||k,2,ﬂ (k> 1); |U’k,2,9 = |U|Hk(sz)-

In the following, the approximation error estimates with the L*(2)-norm and the
H'(2)-seminorm are presented.

Theorem 2.3. Let X and € be a parametric domain and a physical domain.
LY — 0

is a parameterization of Q. u(x,y) € F(Q) N L*(Q) is a bounded function on Q and
uo Py, € H*(X,), uo Pls, € H¥*Y(S,). Then,

||’LL — H{}hUHL%Q) S thk+1|u o} @|H’€+1(Z7.) + K2h0/2+k/+1|u e} ‘@|Hk'+1(23)’ (7)

where h 1s the mazimum diameter of the cells of the parametric mesh Qp on X, V), =

HP o 271 (p > min{k,k'}). J|c, ~ h?6s, 0 = min{o¢,}, K; = Kl(@,k,ﬂ%p) and
Ky = Ky( 2, K, H;‘fhp), i.e., Ky and Ky are independent of the mesh size h and u(z,y),

but are dependent on the regularity of uo &2, H‘igp and its parameterization (s, t).
““h

Proof.

= T ul 2oy = > / (wo P —Wyr(uo 2))*|J|dsdt
C C
_ Z/C (wo P — (w0 2))*|J|dsdt + Z/C (uo P —Wyr(uo 2))*|J|dsdt
Cr T Cs s

< K Z/C (uo P — H%p(u o P))dsdt + K3h° Z/C (wo P — H;jfhp(u o P))*dsdt,
Cr r Cs s

=K{ Y |fuo P —Iym(uo P)l[iac, + EK3h? Y [l(wo P —yw(uo P))|lizc,),
Cr Cs

where K| and K are only dependent on Z2.
Based on Lemma 2.2,

H%”p(sa t) = p(S,t), Vp S ]P[k,k] and H%p[)(S,f) = p(87t)7 \le € ]P)[k’,k’]
because k, k' < p. Thus,based on Theorem 5 in [19] on each cell,
||luo P — HéﬁipHL?(C) < KZuo 9|Hk+1(c)hk+1, if C' is a regular cell;

lluo P — Hi;lpHL?(C) < Kiluo @|Hk/+1(c)hk/+1, if C'is a irregular cell,



where uo 2|, € H*(C,) and uo 2|, € H*(C,), K}, K3 are only dependent on
k, K, H;‘g;p. Thus, we obtain the error bound (7), where K7, K5 are only dependent on
““h

Pk, H‘j,fp and L.k, Héfp, respectively. O
““h ““h

Theorem 2.4. Let u € F(Q)NHY(Q) and Fo P2 C WETL(X) (forp >k >0). Then
[u — T} ul i) < ChF|uo Py, Yu e Fo 2,
where C = C (2, k:,Héh) and Vy, = AP o P71 (p>1).

Proof.

il = [ (B ey

ox dy
OE(s,t) 0y  OE(s,t) 0y O0x 0E(s,t) 0z OE(s,t),,

2
:/( 0s ot o 0s) G5 o ot 0s g
J
%

E(s,t) =uo & —H%p(uo )

] e e e L
b J

dsdt

or., Oy ox @ 5

55 TG T (5
< B ) [ OO0

= |E(s, 1)} (I © 27 i (o) + [t o P i (o))
S Cllu o X — H%p(u o} 9)’%70072,

where C; = C1(2) because |s o i) < oo and |t o P~ i) < oo by the
H!-parameterization Z(s,t). Moreover, by k < p and Lemma 2.2,
H%pP(S,If) - p(S,t)7 vp € ]P)[k,k]

Thus, by Theorem 5 in [19],
luo P — H%p(u 0 P)|1sos < |luo P — H%p(u 0 P)|10s < Calti o P|ii1005h",

where Cg = CQ(]{?, H%p)
Thus, we obtain the result. U
From the results in Theorems 2.3 and 2.4, the regularity of u o & on a parametric
domain determines the approximation order. By the multivariate Faa di bruno formula

[17], which is a formula for derivatives of a composite function, we obtain the following
theorem.

10



Theorem 2.5. Ifu € F(Q)NH*(Q) and on each cell of Qy, P(s,t) € O x C™, then
wo P c H¥(X). Ifue F(Q)NWE(Q), then uo 2 € WE(X), where k' > k.

For instance, in Section 3.2, uo (s, t) becomes smooth even if u € H?(2) by control-
ling the singularities of &(s,t), where 1 < o < 2.

3. Convergence Rates of Solving Elliptic Boundary Problems with Singular
Parameterizations

In this section, we discuss convergence rates of solving elliptic boundary problems
with singular parameterizations. An elliptic boundary problem is a model problem,
and we introduce it as a background in Section 3.1. To discuss the impact of singular-
ities, the convergence rates are presented by a controllable singular parameterization
in Section 3.2. Then, in Section 3.3, we discuss the convergence rate with a singular
parameterization within the IGA framework.

3.1. Model problem: an elliptic boundary problem

For elliptic boundary value problems,

~Au=f inQ,

u=0 on 01, (®)

where €2 is a physical domain and f is assumed to be analytic on Q. Its weak form
reads:

findueV: alu,v)=Iw), YveV, (9)

where V = {w € H'(Q) : w|pn = 0} is a Hilbert space endowed with the norm of V.
Moreover,

a(u,v):/QVUTVudQ, l(v) :/vadQ

where a : VxV — R is a continuous, (strongly) coercive bilinear form and [ : V — R
is a continuous linear functional. In the framework of the FEM, the approximate
solution wuy, is obtained by solving the following problem:

find up, € V"0 aup,vp) = l(vy), Yo, € V", (10)

where V* C V is a nontrivial and finite dimensional subspace.

Here, we collect the results of the a priori estimate from the FEM from [15]. Let
be a polygonal domain, f € L*(f), and u;, be the FEM solution.
1. If the exact weak solution v € H?(Q2) (¢ > 2), then

[l = unll2(@) < O ullgivsey, [lu = unllm@) < CW|lulluri), (1)

11



where [ = min(p,o — 1).
2. Ifue H°(Q) (1 < o < 2), then the error bound is

lu = up|r2) < C(RT771 + W) |ul| gis1 (o), | = min(p, o — 1), (12)

where p is the degree of the piecewise polynomial basis functions.
In the IGA, Equation (10) is computed on the parametric domain ¥, i.e.,

_ [ (Oun,y) Oon,y) | O, un) O, vn) | 4
a(uh’vh)_/z<8(s,t) (5.1) + 9s.1) B(s.0) )J dsdt, (13)

l(vp,) = /z(f o D) (v, 0 P)Jdsdt,

where

0(}.9) _ 0fdg 0] 0g

d(s,t)  0s Ot Ot 0Os
The integral in (13) is a defective, if &(s,t) has singularities. However, it converges
when Z(s,t) is an H'-parameterization. Here, this integral is evaluated using the
Gp x Gp points tensor-product Gaussian quadrature on each cell of Qj. To guarantee
the accuracy of the numerical integral, we take as many Gaussian points as possible in

the following experiments. Moreover, in these experiments, we take
Vi={Ho2 ' H(s,t) € >Qy),H|ss =0}

By these a priori estimates (11) and (12), in the FEM, there is positive correlation
between the convergence rate of numerical solutions and the regularity of the weak
solution. Especially, when the weak solution u € H*(Q), the optimal convergence rates
with the L?(2)-norm and the H'(2)-seminorm are reached in the case of p = 3. In the
following section, we find that the optimal convergence rates are also reached, even if
u€ H?(Q), 1 <o <2, by choosing a proper singular parameterization.

3.2. Experiments with controllable singular parameterizations

In this section, we discuss the convergence rates with the L?(Q)-norm and the
H'(Q2)-seminorm by introducing a controllable singular parameterization at the corner
points. The controllable singular parameterization &s(s,t) is defined as:

@5 22— Q (14)
(5,t) = (s°cost, s’ sint)

where the Jacobian
J = %71,

When § = 1, #(s,t) has been used to overcome the loss of accuracy encountered
when applying the standard schemes to two-dimensional elliptic problems in the crack
problems in [18]. For Zs(s,t), the singularity can be controlled by different values of
d. In addition, in Lemma 3.1, we prove that & is an H'-parameterization.

12



Lemma 3.1. If H(s,t) € 763(X) and H(s,t)|ss = 0, then

Ho2;'e H'(Q), Vi=1,2,--- ,n.

Proof. Denote Ps(s,t) = ( (3 t),y(s,t)) = (s°cost,t’sint), where (s,t) € [0,1] x
[0,1]. Its Jacobian is J = s?~1. In the following, we will check that, for each H (s, ),
the L?-norm and the H' semi-norm are bounded. On the one hand,
||H o @ngiz(m = /(H o P51 dady = /(H(s,t))Qs%_ldsdt.
Q >
Then, ||H o 25 "||12(q) is bounded. On the other hand,
OH o ;1 OH o ;1
—1)2 _ 5 )2 5 \2
1o 25 oy = [ (5 + (g 2 dady
H 0H, ... 0H 0H
G DG Sy
— / ds Ot ds Ot dsdt
[0,1]x[0,1] J
,OH
2080 | 500 OH
- / 0s Ol s,
[0,1]x[0,1] §
5 s% cost s°sint
where J = <—635_1 sint 0s°~!cos t)
H
Moreover, s|H(s,t) because H(s,t)|ss = 0. So, s|88—t Thus, |H o Z7 g is
bounded. In conclusion, H o 2" € H(Q). O

By this controllable singular H!-parameterization, we discuss the optimal conver-
gence rates with L?(Q)-norm and H'(2)-seminorm on a physical domain with corners
such as the one shown in Figure 2. To discuss the regularity of weak solution cases
differently, &5 is rewritten as

P50 :0,2] x [0,2] — Qg
am

(s.1) = ((5)° cos(55-0), (5)° sin(5-1),

(15)
where the included angle of €2, is am, 2 = P5(X). In Examples 3.1 and 3.2, we discuss
physical domains with a = 2 and « = 3/2, respectively.

Example 3.1. [a = 2] The elliptic boundary value problem:

3 5)
— Au = Z(a:2+y2)*%(1+§\/x2+y2)y in o,
u=0 on 08,

(16)
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(a) The parametric domain ¥ (b) The physical domain {2y

Figure 4: The parametric domain and physical domain of Example 3.1

where the physical domain is shown in Figure 4(b) is

Qy = {(z,y) e R* 1z =rcos(f),y =rsin(d),0 <r < 1,0 <0 < 2r}.

The exact weak solution of this elliptic boundary value problem is

u(z,y) = (2° +y°) (1= Va2 + 42y

and

wo Psa(s,t) = (%)6/2[1 - (2)5] sin( ).

Thus,

¢
wo Py € HE1(X,) (Ve > 0); uo Py € HA(E,): uo Pso € WL (S,).
By Theorems 2.3 and 2.4, we have
Corollary 3.2. The L*(Q)-norm approzimation order is not less than min{[%‘; + % —
e],4}; the H'(Q)-seminorm approxzimation order is not less than min{[$ — 1 — €], 3}.

7
Furthermore, when § > 3 the optimal L*(QY)-norm approzimation order is reached;

when 6 > 8, the optimal H'(Q)-seminorm approzimation order is reached.

In the following, the convergence rates between the numerical solution and the exact
solution of (16) are presented. In Figure 5(a), we present the numerical result with the
L2(Q)-norm by taking 6 = 2.4. The optimal L*(QY) approximation order is reached by
Corollary 3.2 because § > T7/3. From the numerical result in Figure 5(a), the optimal
convergence rate (i.e., 4) for solving the elliptic boundary value problem (16) is reached.
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Figure 5: Errors with the L?(Q2)-norm and the H*()-seminorm for solving the elliptic boundary value
problem (16)

Taking 6 = 8.1, the optimal H'(Q)-seminorm approzimation order (i.e., 3) is ob-
tained because 6 = 8.1 > 8. The numerical results are presented in Figure 5(b). In
Figure 5(b), the optimal convergence rate (i.e., 3) for solving the elliptic boundary value
problem (16) is reached.

Example 3.2. (o =3/2) The elliptic boundary value problem:

32 _ 11 _ :
— Au = Qxy(?(xQ + ) - (@2 + A7) in Q, an

9
u=0 on 0,

where the physical domain shown in Figure 6(b) is
3
Q={(z,y) €R?* :x=rcosf,y=rsinh,0<r<1,0<6< §7r}

The exact solution of this elliptic boundary value problem is

w(z,y) = 2zy(2® + ) "3 (1 — /22 +42).

wo Pso(s,t) = (g)%‘su - (g)é)] sin(art) € HO(Q) (1< o < 2)

Thus Ve > 0,
B
uo y&,a € H%é—i—l_e(zs); U o @5704 € H4(Zr>;uo yé,a € Wl (ES)

By Theorems 2.3 and 2.4, we obtain the following

Corollary 3.8. The L*(2)-norm approzimation order is not less than min{[%‘S +
11,4}, and the H'()-norm approzimation order is not less than min{[2 —1 — €], 3}.
When 6 > 2.1, the optimal L*(Q2)-norm approzimation order is reached. When § > 6,
the optimal H(Q)-seminorm approzimation order is reached.
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(a) The parametric domain ¥ (b) The physical domain €23

Figure 6: The parametric domain and physical domain of Example 3.2

From Corollary 8.3, when we take § = 2.2, the L*(Q2)-norm approzimation order is
optimal (i.e., 4) because 6 > 2.1. In Figure 7(a), we present the numerical results of
errors with the L*(Q2)-norm by 6 = 2.2. By this numerical result, the optimal L*(§2)-
norm convergence rate is reached.

Taking & = 6.1, the optimal H'(Q)-seminorm approzimation order (i.e. 3) is
reached because § > 6. In Figure 7(b), the numerical errors with the H'(Q)-seminorm
for solving the elliptic boundary value problem (17) are presented.

322, [l 2, 5=‘6'1’ |e|H‘$n) ‘ ‘
‘ ‘ , Gp=5
Tl gy Go5 Mo 1ol Gp—s
—llllzq GP=B 1 [N +‘e|H‘(s’l)’ p=8 ||
—o—lellz gy GP=15 +\e|me), Gp=15
- - -y=—4x-4 ] b == -y=-3x+1
= A@ _al
= B
5 o
H _§ -6
e
o
s g1 2 25 s a5 ) 05 1 ‘Slog(1/h)2 3 35
(a) § = 2.2, L?(2)-norm (b) 6 = 6.1, H*()-seminorm

Figure 7: Errors with the L?(2)-norm and H*({2)-seminorm in Example 3.2

3.3. Experiments with singular parameterizations in isogeometric analysis

In this section, after introducing parameterizations in the IGA as background, we
solve the elliptic boundary value problem (8) and compare the results by the IGA with
the ones by the FEM with J#3(Q;,) as test functions and trial functions. In addition,
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the FEM is a special case of the IGA method, where the parameterization is an identity
map, which is a non-singular parameterization.

In the IGA, the geometric description and numerical analysis share the same ba-
sis functions. Thus, in this section, parameterizations are represented by splines in

%;%Qh); i.e.,
y(sj) = (x(s,t),y(s,t))T = ZPiHi(S7t)7

where {H;(s,t), Hy(s,t), - -+, Hy(s,t)} is a set of basis functions of °(Q},) and P; €
R2.

Corollary 3.4. Ifuo P € HX(%,), uo P € H**(%,), and J ~ h® on singular cells,
then

lu = Wysullrz@) < Cibtluo P s, + Coh™ 2 uo Py );

In the FEM, if v € H*(Q) the optimal convergence rate is reached. However, if
u € H*7/2(Q,) and u € H*(1,), then the approximation error order is optimal by
using the singular parameterization #(s,t), where Q, = Z(%;) and Q; = 2 (%,).

3.3.1. Numerical results

In the following, we present the numerical results in Examples 3.3 and 3.4 and
analyze these results in Section 3.3.2. In these examples, the singular parameterization
P (s,t) satisfies the integrability assumption 5.1 in [9] and its construction method
follows [20]. By its construction, its Jacobian on a singular cell is J ~ h?, i.e. ¢ =2 in
Corollary 3.4.

Example 3.3 (a =2). The parametric mesh is shown in Figure 8(a). The param-
eterization is presented in Figure 8(b). In the following, we present the numerical
results.

(a). If the exact solution is

ua(2,y) = (4 —2%)(4 — y)siny,
then the numerical convergence rates within the IGA framework with the singular pa-
rameterization and FEM are shown in Figures 9(a) and 9(b).
(b). If the exact solution is

G [Ct )
ub(x7y> - ($2+y2)1/4 ’

then the numerical convergence rates within the IGA framework with the singular
parameterization and FEM are shown in Figures 10(a) and 10(b).
(c). If the exact solution is

ue(w,y) = y(a® +y*) (4 — 2”) (4 — ),

then the numerical convergence rates within the IGA framework with the singular pa-
rameterization and FEM are shown in Figures 11(a) and 11(b).
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(a) The parametric mesh

(b) The parameterization with a
singularity

Figure 8: The parametric domain and physical domain of Example 3.3
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Figure 9: The errors with the L?(Q)-norm and the H!({)-seminorm of Example 3.3 (a)
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Figure 11: The errors with the L?(2)-norm and the H!(£2)-seminorm of Example 3.3 (c)

Example 3.4 (a =3/2). The parametric mesh is shown in Figure 12(a). The pa-
rameterization is presented in Figure 12(b). In the following, we present the numerical

results.
(a). If the exact solution is

ua(x,y) = (1 —2?)(1 — y*)z’y?,

then the numerical convergence rates within the IGA framework with the singular pa-
rameterization and FEM are shown in Figures 13(a) and 13(b).

(a) The parametric mesh (b) The parameterization with a
singularity

Figure 12: The parametric domain and physical domain of Example 3.4
(b). If the exact solution is
up(z,y) = (1= 2®)(1 = y?)ay/ (2 + )7,

then the numerical convergence rates within IGA framework with the singular param-
eterization and FEM are shown in Figures 14(a) and 14(b).
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(c). If the exact solution is
ue(r,y) = (2 + %) ay(1 - )1 - o),

then the numerical convergence rates within the IGA framework with the singular pa-
rameterization and FEM are shown in Figures 15(a) and 15(b).

3.3.2. Discussion of the numerical results in Examples 3.3 and 3.4:

1. For smooth weak solutions, the FEM and the IGA with singular parameterizations
are reached optimal convergence rates. In Examples 3.3(a) and 3.4(a), u.(z,y) €
H*(), 4 for the L?(Q)-norm and 3 for the H'(Q2)-seminorm are reached in Figures
9(a),13(a) and 9(b), 13(b).

2. For non-smooth weak solutions, the convergence rates by IGA with singular pa-
rameterizations are better than the ones by the FEM. In Examples 3.3(b) and 3.3(c)
(or Examples 3.4(b) and 3.4(c)), up(x,y), uc(z,y) € F(2) but uy(z,y), u.(z,y) are not
in H*(Q). Although wuy(z,y) and u.(z,y) have different regularities, in Figures 10(a)
and 11(a) (or Figures 14(a) and 15(a)), the convergence rates with the L?(2)-norm by
IGA with singular parameterizations are better than the ones by the FEM. There is a
similar result with the H'()-seminorm in Figures 10(b) and 11(b) (or Figures 14(b)
and 15(b)).

4. Conclusions and the Future Work

In this paper, we discuss the convergence rates with singular parameterizations for
solving elliptic boundary value problems in the IGA. To discuss all possible weak solu-
tions of elliptic boundary value problems with smooth coefficients, this work is based on
a weak solution space F(f2). The approximation errors on F({2) with the L?(Q)-norm
and the H'(2)-seminorm are estimated locally, i.e., these errors reflect the impact of
singularities of parameterizations. Based on this approximation error estimates, in
Section 3, the convergence rates with the L?*(Q)-norm and the H'({2)-seminorm are
discussed with a controllable singular parameterization and singular parameterizations
in the IGA. By a controllable singular parameterization, although the optimal conver-
gence rates can not be reached by the FEM, the optimal ones are reached by choosing
proper singularities in the IGA framework. Later, we compare the convergence rates
by singular H'-parameterizations in the IGA and the ones by the FEM. For smooth
weak solutions by the FEM and the IGA with the singular parameterizations, both of
them obtain the optimal convergence rates; for non-smooth weak solutions by these
two methods, the results by the IGA with the singular parameterizations are better
than the ones by the FEM. In the future, we will consider the behaviour of singular
parameterizations for solving higher order partial differential equations.
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