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Abstract

We develop new quadrature rules for Isogeometric Analysis based on the solution of a local nonlin-
ear problem. A simple and robust algorithm is developed to determine the rules which are exact
for important B-Spline spaces of uniform and geometrically stretched knot spacings. We consider
both periodic and open knot vector configurations and illustrate the efficiency of the rules on se-
lected boundary value problems. We find that the rules are almost optimally efficient, but much
easier to obtain than optimal rules, which require the solution of global nonlinear problems that
are often ill-posed.

Keywords: Numerical integration, Isogeometric analysis, NURBS, B-splines

1. Introduction

Isogeometric analysis (IGA) is a recently proposed computational technique [19] for the solution
of boundary value problems, based on the idea of using the same functions adopted in Computer
Aided Design (CAD) not only to describe the domain geometry, but also to build the numerical
approximation of the problem solution.

In CAD a common choice for the representation of complex geometries is Non-Uniform Rational
B-Splines (NURBS). Thus, a particular case of isogeometric methods is to represent the geometry,
project the data, and find the solution in the space of NURBS. For the interested reader, we recall
that IGA has been summarized in a recent book [13], studied in a number of contributions (e.g.,
2, 4, 7, 14, 16, 17, 20]), and that it is having a progressively growing impact on fields as diverse
as fluid dynamics [5, 6, 8, 18], structural mechanics [1, 3, 15, 22, 24], and electromagnetics [10, 9].

The reason for such extensive attention is mainly due to some important advantages of IGA

methodology over more classical Finite Element Analysis (FEA). An example is the fact that IGA
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numerical solutions can possess high regularity across mesh elements. This is an important feature,
leading to a higher accuracy per degree-of-freedom (see [7, 17]), to improved spectrum properties of
the discrete operators (see [20]), and the possibility of constructing discretizations able to preserve
fundamental structures of the continuum differential operators (such as De Rham diagrams, see
9)).

However, within IGA approaches a remaining issue is the design of efficient quadrature rules
taking advantage of high inter-element regularity. In fact, the technique adopted heretofore in the
literature is to use Gauss quadrature on each element, a choice far from being optimal.

The aim of the present paper is to design an efficient quadrature strategy, in the sense that
it should result in a considerable savings in terms of computational effort compared to classical
Gauss rules, while maintaining the classical element-by-element assembly procedure.

The construction of quadrature rules for IGA was initially considered in [21]. The rule proposed
therein is optimal because it exactly integrates B-spline basis functions with the minimum number
of function evaluations; however, such an optimal quadrature rule is obtained as a solution of a
global, non-linear and, in general, ill-conditioned system of equations, which is therefore difficult
to solve for high polynomial degrees and numbers of elements. Moreover, such a quadrature rule
has to be recomputed when the number of elements changes. As a consequence, in [21] the authors
suggest utilizing the rule in a non-optimal way, considering the function regularity only at the level
of small groups of elements (so-called macro-elements).

The present paper takes advantage of the translation-invariance of the basis functions defined
in the domain interior, leading to a quadrature rule obtained solving a local, non-linear system
of equations, which does not have to be recomputed when the number of elements varies. As
a consequence, the new rule competes well with the optimal one proposed in [21] in terms of
efficiency, but is much simpler to construct. However, special considerations needs to be given to
elements on the boundary.

The rule is initially designed for the case of a uniform discretization of elements in the para-
metric domain, but is then extended to the case of geometrically refined meshes.

The paper is organized as follows. Section 2 describes some preliminaries on IGA and quadra-
ture. Section 3 discusses one-dimensional B-splines, and presents the new quadrature rule, first
for a periodic uniform knot vector and then for an open uniform knot vector, detailing the algo-

rithm and discussing optimality. Section 4 exploits the new quadrature rule to numerically solve



boundary value problems, including one whose solution possesses sharp boundary layers. Section

5 gives some final comments.

2. Preliminaries on IGA and quadrature

For the sake of simplicity, the following presentation focuses on a two-dimensional setting, which
can be easily converted to situations with a different dimensionality. Accordingly, introducing a
parametric domain Q = [0, k] x [0, k], the solution of classical engineering problems requires the

calculation of integrals such as

| m©R@©aEe 21
/Q VRi(€)V Ry () B(€)de. (22)
| vR©R©eE, 2.3)

where: i and j are two-dimensional multi-indices; R; and R; are NURBS basis functions; & is
a factor taking into account the coefficients of the investigated partial differential equation and
the problem geometry, i.e., the Jacobian of the geometry map and, possibly, the derivatives of its
inverse [13]. Typically, (2.1) emanates from a mass term, (2.2) from a stiffness term, while (2.3)
corresponds to a linear advection term, classically encountered in fluid dynamics. Of course, one
can consider also other terms, which could be included in the forthcoming discussion without any
difficulty.

As commented in [21, Section 3.2], within isogeometric analysis it is a common practice to
compute terms like (2.1)—(2.3) adopting quadrature rules able to exactly integrate the spline basis
functions that generate the NURBS. Furthermore, in the case of tensor-product discretizations, the
multi-dimensional quadrature rule is obtained from the tensor-product of suitable one-dimensional
rules.

The one-dimensional integrals of interest are of the following kind
k
| 6@y da,
0
k
| @) da, 2:4)
0
k
| @) d,
0



where ¢; and ¢, belong to a proper space of univariate spline functions. Assuming the use of the
approximation space S?, i.e., the space of spline functions of degree p and regularity r, examining
Equation (2.4), we may conclude that for the design of an exact quadrature rule the space of
integrand functions to be considered is S* .

Considering as an example the interesting case of shape functions with maximum regularity,

: P .
ie., ¢; €S, 4, we have:

Gigj € 551_717
¢ie € SL7 (2.5)
dio; € 8,05,
and, therefore, Sff_’ , 1s the space that contains all the integrands.
To generalize the discussion, in the following we indicate the space of the functions to be
integrated as Sy, where m denotes the degree of the functions to be integrated and ¢ denotes the
corresponding regularity; clearly, the quantities m and g come from the original problem of interest

(i.e., from Equations (2.4) and (2.5)), hence they should satisfy relation
m=2p , ¢<p—1,

from which it can also be derived

a<|T] -1, (2:6)
where [s] is the smallest integer [ such that s <[. Even though in this context m = 2p, we allow
m € N for the sake of generality.

3. Quadrature of univariate splines

Consistent with the previous discussion, we now aim to construct a quadrature rule able to

/Ok Vi(x)dx

for the case of a spline function ; € S, where m and ¢ are related by (2.6).

exactly evaluate an integral in the form

To this end we recall that, given a generic function f, an n-point quadrature rule is a choice of

n ordered points and weights (z;,w;) such that

b n
[t =y wisw)
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A quadrature rule is said to be ezact on the family of functions {f;};=1, s if

b n
/ fj(x)dx:Zwifj(xi) Vi=1,...,M. (3.1)

Condition (3.1) represents M non-linear equations in the 2n unknowns (x;, w;). Classically, exact-
ness is required on polynomials up to a fixed degree; in particular, the n-point Gauss rule is the
(only) n-point rule that is exact for polynomials up to degree 2n — 1.

Recently, exactness on general families of functions has been also explored. For example, in
23, 12] a quadrature rule that integrates exactly A independent functions { f;} using [%—‘ points
is introduced and named Generalized Gaussian with respect to the functions { f;}.

With the previously addressed general consideration, to properly approach the problem of our
interest, in the following we provide some details on one-dimensional B-splines (Section 3.1). We
then approach the quadrature problem, for a periodic uniform knot vector (Section 3.2) and for
an open uniform knot vector (Section 3.3), presenting also an algorithmic description (Section 3.4)

and a discussion on the optimality (Section 3.5) for the newly proposed quadrature rule.

3.1. B-splines in one space dimension

As a one-dimensional parametric domain, referred to as a patch, we assume the interval [0, k]
with a uniform subdivision into unitary elements [j — 1, j|, where j = 1,... k.

A spline function f € S7" is a polynomial of degree m in each element [j — 1,j] with f €
C9([0,k]). Accordingly, to determine a function f € S7*, we need to assign m + 1 polynomial
coefficients on each of the k elements with ¢ + 1 continuity requirements on the £ — 1 internal

points; therefore, indicating by N the dimension of the space S, the following relation holds:
N=km+1)—(k-1)(¢+1)=k(m—q) +q+1

In general, ¢ < m — 1 is allowed, even though in this paper we further restrict to condition (2.6).
We also assume ¢ > —1, where ¢ = —1 refers to the discontinuous case, while ¢ = 0 refers to the
case of functions continuous on the whole domain [0, k| and piecewise polynomial on each single
element, i.e., the classical FEA approximation.

Following a standard procedure in the B-spline literature [25], to construct the basis functions

we define a knot vector in the form

{517527 cee 7£N+m+1}



In particular, as a first case we consider an open uniform knot vector =, defined as

=={0,...,0,1,...,1,... k—=1,... k—1k,... .k} (3.2)
S—— ~—— ~ ~ - N———
m-+1 times m—q times m—q times m~+1 times

where the first and last knots, i.e., 0 and k, have multiplicity (m + 1), and the other knots have
multiplicity (m — ¢). Starting from =, we can construct the basis functions {¢;},=1n for the
space Sy, using the following recursive formula
$jrer1 — T

@), f=1,...,m, (3.3)
Eirer1 — &
with the initial condition

0 otherwise

and setting

vi(x) = ¥ (@).
We recall the convention that, when a denominator is zero in (3.3), the corresponding quotient is
set to zero.

Similarly, we can introduce a periodic uniform knot vector =, defined as

==40,...,0,1,...,1,.. . k—=1,... k—1k ...k} (3.4)
—_— Y— ~ ~~ 7 N——
m—q times m—q times m—q times m—q times

and, adopting the recursive scheme indicated in (3.3), we can construct the basis functions asso-
ciated to = and spanning a space denoted as 55” We observe that §g“ C Sy and, in particular,
that S;* = span {wj}j:q—i-Z,...,N—q—l'

We recall that with this construction each basis function is non-negative and

supp ¥ = [§5, §jrmrl

therefore, since for the specific cases of interest we have an m — ¢ multiplicity of internal knots
(e.g., Equations (3.2) and (3.4)) as well as restriction (2.6) on m and g, each B-spline basis function
1; can have support in at most two elements.

Accordingly, we introduce a new notation, to distinguish between basis functions having support
only in one element and basis functions having support on two elements. In particular, we indicate
with the superscript (i) the basis functions that have support included in the element [i — 1, 4] and

with the superscript (4,7 + 1) those with support in [i — 1,7 4 1].
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Moreover, we observe that the basis functions ¢; € 5" with support only on one element can
be further distinguished into a set of boundary functions, in the following also indicated with a
superposed bar, which are present only in the first and the last element, as a consequence of the
fact that the first and the last knot have multiplicity m + 1, and a set of bubble functions, which
are instead present in all the elements, i.e., both in the boundary as well as in the internal ones.
Finally, all the functions with support on two elements are referred to as transmission functions.

The whole set of basis functions for the space S;" can be rearranged distinguishing between

three groups of functions:
e 2(q + 1) boundary functions 153(2) 1< <qg+1,i=1,k;
e k(m — 2q — 1) bubble functions 1/1](-i), 1<j<m—2¢—1, 1<i<k;
e (k—1)(q+1) transmission functions ¢§i’i+1) , 1<j<qg+1,1<i<k-1.

As an example, for the case m = 10, k = 3 with ¢ = 3, Figure 1 reports all the basis functions
generated from the open uniform knot vector, while Figure 2 reports the same basis functions,

distinguishing between boundary, bubble and transmission functions. We observe that

e the ¢+ 1 boundary functions on the first element are related to the ¢ + 1 boundary functions
on the last element by the following: 1&51)(1’) = ﬁé’fz_j(k — z) (we will say that they are

specular);

e the bubble functions are such that Viqy,is € {1,...,k} the following translation property
holds: " (z) = ) (z — (i1 — i2));

e the transmission functions are such that Viy,is € {1,... k — 1} the following translation

property holds: ¢§i1’i1+1)(:c) = w§i2’i2+1)(x — (i1 —i2)).
Recalling that §g” C 5", we observe that the space §g” is spanned by:
e k(m — 2q — 1) bubble functions ¢j@, 1<j<m—2¢—1, 1<i<k;
o (k—1)(¢+1) transmission functions ¢§i’i+l) ,1<ji<qg+1,1<i<k-1

At this stage it is fundamental to observe that all functions in g;” are translation invariant, and
this property will be used in the construction of an optimal rule for exact quadrature in Section

3.2. Since §g” and C 5;" differ only by the presence of the boundary functions in S, in Section

7



0.8

0.6

Figure 1: Basis functions generated by the open uniform knot vectors for the case m = 10,k =4,q = 3.

3.3 we will reach our final goal of developing an exact quadrature for Sy, enriching the rule for

S;" in order to integrate the additional boundary functions.

3.2. Quadrature on a periodic uniform knot vector

The first problem we want to address is the construction of an exact quadrature rule for
Y € §;ﬂ As we have seen in the previous section, these functions can be grouped in bubble
and transition functions that are repeated up to translation on each element or couple of elements,
respectively. Because of the translation properties of the functions to be integrated, we also assume
that the quadrature rule is the same in all elements. That is, for i € {1,...,k} and [ =1,...,nl,
if afl“ and wlI’i are the quadrature points in [i — 1,4] and quadrature weights, respectively, we take

Li _ 1, Li _ o1
' =z, 4+ (—1), and w,”" = wy,

with 2! € [0,1]. The number of quadrature points per element is denoted by n!, and will be

determined later. Then, the problem of the exact integration of the bubble functions zﬁ]@

nl

w'y () = / W(@)de,  1<j<m—2-1,
I=1 i1
and exact integration of the transition functions wj(.i’iﬂ) (forie{1,...,k—1})

nl

o R . i+l
Z w{,z¢§z,z+l) (x{,Z) + Z wlI,2+lw§z,z+l) (x{,z+1) _ / w§z,z+1) (.Z’) d.T, 1 S ] S q +1
1=1 1=1 i-1

can be summarized as follows



0.8

0.6 I

0.2

0.8} J

0.2 J

0.8} J

0.4} 1

0.2 J

Figure 2: Basis functions generated by the uniform open knot vector for the case m = 10, k = 4, ¢ = 3, distinguishing

between boundary functions, bubble functions and transmission functions, respectively.
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Problem 3.1 (Quadrature for Periodic Problem). For a given i € {1,...k — 1}, find quadrature

points xl € [0,1], and weights w} >0, 1 =1,...,n! such that

( nl .
Zw{¢§i)(x{+(i_1)):/ wj(»z)(l’)dx, 1<j<m-—2¢—1
=1 i-1
nI
> ul [@bﬁ”“)(x{ +(i— 1)+ @] + i)} (3.5)
- 1<j<q+l
i+1 i)
= / ,lvbj () dx
\ i—1

O

(m —q)
2

Since (3.5) is a system of m — ¢ equations, we look for n! = { —‘ quadrature points and
weights.

In particular, for the case (m — ¢) even, we have a square non-linear system of equations and,
as shown in the numerical simulations in Section 4, this leads to two possible solutions, specular
in each element. This is not in contradiction with the uniqueness result for Generalized Gauss
quadrature rules as available in [12], since the functions that we are integrating do not satisfy
the hypothesis of this result, in particular they are not a Chebychev System. On the other hand,
for the case (m — ¢q) odd, we have several admissible solutions. Among these, there is one that
is symmetric in the element and our choice is to select exactly this one. To this purpose, we
complement (3.5) with the condition z{ + 2!, = 1/2.

We introduce now the functions {n;};=1,.m—q such that

(

() = v\ (@ + 1) =1, .m—2g—1

iy i _ j=m-—2q,...,m—q
ni(z) = P (@ 4 0) + T (w4 1)
and h=7—m+2q+1,

\

for all = € [0,1]. The functions 7; are (m — ¢q) functions, independent of i, with support on [0, 1]

1 i
/ n;(z dx—/ wj(»z)(:c)d:c j=1,....m—2¢—1
0 7 1

1
/77] daf—/ Y (2)de j=m—2q,...,m—q; h=j—m+2¢+1
0 .

such that:

10



O Quadrature Points o] Quadrature Points

Figure 3: Functions to be exactly integrated by the quadrature rule in Problem 3.2, namely functions n;(z) of
Equations (3.6). A choice of the resulting quadrature points is plotted on the x axis. On the left is the case with
m = 10,k = 3,q = 4, on the right is the case with m = 10,k = 3,¢q = 3.

Figure 3 shows for two choices of m,k and ¢ the functions 7;(z) and the resulting quadrature
points. Setting
1

Mj = n](l’)dl’,

0

we can rewrite Problem 3.1 in an equivalent form as follows

Problem 3.2. Find z! € [0,1] and w/ >0, I =1,...,n! such that

TLI
> wini(af) = M;.
=1
O

This is the only non-linear problem that needs to be solved in our final algorithm. We stress
that the dimension of this non-linear problem only depends on the degree m and regularity g
and it is independent of k, i.e., it is independent of the number of elements introduced in the
discretization.

However, when m is large, Problem 3.2 can be ill-conditioned, and for this reason we deal

with it following the approach proposed in [12]. Assuming for simplicity (m — ¢) to be even!, we

'Remember that in the case (m — ¢) odd we consider one new equation imposing symmetry and recover the
square dimension. This modifies the functional G described below, although the Jacobian can be calculated also in

this case.
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introduce the following functional G defined as
G:R*™ — R¥ . 2l =m—yq

where
TLI
Gj(T1, .., Tpt, Wy, e, Wyr) = Zwmj(:cl) - M,.
1=1

With this notation, the solution of Problem 3.2 is a zero of the above functional:
G(x',w') =0.

Now, the Jacobian of functional G can be easily constructed explicitly since the derivatives of the

basis functions are known, in fact:

% = wﬂ?;(%) ) % = nj(xi)
Thus, Newton iterations can be constructed. It is important to observe that the choice of the
starting point is crucial to obtain convergence, due to the possible ill-conditioning of the Jacobian
matrix. As proposed in [12], we use a continuation algorithm to obtain better conditioned sub-

problems. Therefore, we are led to solve the following:

Problem 3.3. Fiz (xgo), - ,xﬁf),w@, o ,wéoj)) and a sequence of increasing oy € (0,1], it =
1., ng, with oy, = 1.
Forallit =1,...,n4, find (:Egit), e ,ZL"S?, wyt), e ,wa)) s.1. G(“)(xgit), e ,:177(3), wyt), e ,wa)) =

0, where we define:

(it)
G (15 Tt Wiy o Wit )

n! 1 | |
= Zwmj(xl) — Qi l/ m(:c)d:c} — (1 — ay) wl(lt—l)nj(xl(zt—l)>
1=1 0

O

(0) © ,(0) (0)>
I

We propose to use as initial choice (x;’,... 2z ;/,w;’, ..., w the Gauss nodes and equal
n n

weights, and a vector of parameters «;; fitted near zero.
(nit)

Summarizing, the solution of Problem 3.1 is given by z/ = z;"*/, and wlj’i = wl("“), for | =

L...,nf =(m—gq)/2.

12



1 1

0.9 1 o9
o.8f 1 ost
07t 1 o7t
0.6f 1 osef
05t 1 ost
0.4t 1 oaf
0.3t 1 o3t
0.2t 1 o2t
01 { 01
% 1 % 1

Figure 4: Functions to be integrated by the boundary quadrature rule, namely functions 1/3;-1)(:E), 1/)§1)(£E) and

1/);1’2) (z) truncated to the first element. Note that the rule has to give the inexact result for the latter, see Equation

(3.7). On the left is the case with m = 10,k = 3,¢ = 4, on the right is the case with m =10,k = 3,¢ = 3.

3.3. Quadrature on an open uniform knot vector

As commented in Section 3.1, the spline space S;* generated by the open uniform knot vector
is larger than the space 55” considered in the previous section, since it contains also the boundary
functions ﬂl), e ,1@521 and ﬂk), e ,1;5_?1. Then, the quadrature rule of Section 3.2 needs to be
modified properly at the boundary.

For exposition purposes, we focus on the left boundary; thus, we have to construct a quadrature
rule for the basis functions whose support contains [0, 1]. Following the notation introduced in
Section 3.1, such basis functions coincide with the first m + 1 basis functions of the spline space

Sy, that is

— 57 (1 1 1 1,2 1,2
{wi}izl,...,m—l-l - {1/}25 )7 T 71/15—',-)17 ?/f§ )7 R w7(77,)—2q—17 § )7 T 71/}15—1—1)}’

and these functions are plotted in Figure 6 for two choices of m, k and q.
We note that that the set {1;|j01]}i=1,. ,m+1 is a basis for the polynomials of degree m on the
first element [0, 1].

Our aim is to solve the following:

Problem 3.4 (Boundary Quadrature). Find n® quadrature points xP € [0,1], and weights wP,
l=1,...,n" such that:

nl

nB 2
S wliyi(al) = / G@)de — 3 witpel), i
=1

=1

Il
\.}—‘

omA 1, (3.7)

13



T
0 Positive Weights g E‘;S's;i’sevxégi hrlis
O Negative Weights 3 g gnts| |

-10

-15¢

0.5 1

Figure 5: The resulting quadrature on the boundary: the function g(z) defined in (3.8) and the quadrature rule
in the case of m + 1 = 11 Gauss nodes. On the left in the case m = 10;k = 3;¢ = 4 and on the right in the case
m=10;k = 3;q = 3.

where xlI’z,wlI’z are the quadrature points and weights from Problem (3.1). O

In order to represent the right hand side of (3.7) in a more convenient way, we introduce a

function g(z) such that

/ $i(x)g(z)de = / dila)de — 3wl (al?). (3.8)
0 0 1=1

Function g(x) can be chosen as an m-degree polynomial and can be easily computed, see Section

3.4. Then we have the following weighted quadrature problem equivalent to Problem 3.4.

Problem 3.5. Find n? quadrature points z € [0,1], and weights w}, | =1,...,n® such that:

nB 1
S wPyy(af) = / Gi@)g(@)dr ¥i=1,...m+1. (3.9)
=1

|

Solving Problem 3.5 is equivalent to finding a quadrature rule with respect to the weighted
measure ¢(x)dz, requiring exactness for polynomials of degree m on [0,1]. Since g(z) has in
general oscillating sign, the existence of a quadrature rule with (m + 1)/2 points is not guaranteed
in this context. However, we can use an (m + 1)-nodes standard Gauss rule (z&, w): it integrates
exactly the polynomials of degree 2m + 1, and in particular, all the products ¢;(x)g(z). Thus we

have:

/ Gi()g(@)ds = 3wl (o8)g(af) (3.10)
0 =1

14



Problem 3.5 is then solved for n® = m + 1 by setting wf = wg(z) and zP = z{.

In Figure 5 the quadrature rule is plotted. Notice that some of the final weights are negative.
Related stability issues are discussed in Remark 3.1.

The advantage of this procedure is that g(x) can be accurately and easily computed. For this
purpose, we introduce an auxiliary basis {(;} for the space of polynomials of degree m on [0, 1].
Choosing (; = v; our algorithm (see Section 3.4) works up to machine precision for m < 16. If we
choose instead (;(z) as the Legendre polynomials we can go up to degree m = 32.

To summarize, suppose to have solved Problem 3.2 and Problem 3.4 (for the left boundary
(zFB wlB) = (P, wp) and for the right boundary (27 w/*) in the analogous way), then the

quadrature rule for exact integration of all f € Si" is

k—2 n!

k n® nB
| f@yde= S utt st + S0 (S ulfal <)) + S ul ),
0 =1 i=1 \ I=1 =1
We remark that if m — ¢ is odd, the two boundary problems are specular and (z*# w*?) are

immediately obtained from (xf? wl?).

Remark 3.1. Stability of a quadrature rule, and its convergence on C° integrand functions as the
number of quadrature points increases, is guaranteed when the sum of the weight absolute values is

uniformly bounded, see for example [11]. In the case of (3.3), we easily have that

nI

> lwil=1,

=1
since internal weights w} are positive (recall Problem 5.1). Furthermore, in all our numerical tests,
up to m = 32, we have always observed that Zl":Bl |wEB| is bounded, therefore, despite that some

quadrature weights on the boundary elements may be negative, the stability of the overall procedure

s gquaranteed.

Remark 3.2. One can also consider alternative procedures to avoid negative weights. As in Prob-
lem 3.2, one can try to numerically compute the quadrature points xP and weights wP in Problem
8.5, constraining the wP to be positive. Eristence of the solution is not guaranteed but our experi-

ence shows that a solution can be found with, e.g., n® =m+1, as in (3.10).

3.4. Quadrature algorithm
A pseudo-code for the numerical evaluation of the quadrature points and weights is proposed

in this section, again for simplicity in the case of m — ¢ even. The output is the nodes and weights
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for internal, left boundary and right boundary. All the three sets of nodes are calculated in [0, 1],
thus, once computed, they have to be properly shifted in the patch.

Input: m = spline degree; ¢ = spline regularity;

Set nf = (m —q)/2, n® =m+1;

{Computation of the quadrature rule on internal elements}

Set a be a vector of n; ordered real numbers s.t. a(i) >0, a(n;) = 1.
Calculate M, exact integrals of functions n;(x) defined in (3.6);
Initialize x§0)7 w](-o);

fori=1,...,n; do {see Problem 3.3}

Compute wl(), a:l ) such that

w(i) >0, {L'l(i) €[0,1], Vi=1,...,n" and

(e 1 (Z 3 (3.11)
Zwl ur xl —a(i)M,; — (1 —afi Zw ; )| =0.
end for
Set (zf, wl) = (a™) w™).
{Computation of the quadrature rule on the left boundary element}.
Calculate A = (a;))ij=1,..m41, Gij = fo Vi) () da;
Calculate \; = f02 i(x)dx — lel wi(xf + 1);
Solve the linear problem A = X and set g(x) = ZmH BiGi(x);
Calculate a n®-points quadrature rule (z£% wf?) = (2P, wp) of degree of exactness

m for the weighted measure g(x)dz. {e.g., use (3.10)}.

{Computation of the quadrature rule on the right boundary element}.

Calculate in a similar way (x*2, wf5).

return Internal n’-points quadrature rule (z{,w!) and two boundary n®-points

quadrature rules (22, wl?), (xFB wftP).

In all our tests system (3.11) is solved by the MATLAB Optimization Toolbox fsolve routine

(see [26]), setting a machine-precision tolerance on the residual norm. The complete MATLAB
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implementation for the calculation of the interior and boundary quadrature is available in the
Contributions section at geopdes.sourceforge.net.
Below, we also report the pseudo code for the alternative calculation of the quadrature rule at

the boundary, with enforcement of positivity of the weights, as described in Remark 3.2.

Set n?, e.g., n® =m +1;
{Alternative computation of the quadrature rule on the left boundary element}
Calculate \; = f02 i(z)dw — Z?; wii(z] +1);

Compute w;, x; such that

w; >0, z; €0,1], Vi=1,...,n% and

n® (3.12)
D wipi(w) —Ai=0, Vi=1,..,m+1
=1

Set (¥, wh?) = (a1, w).

3.5. Optimality of the new quadrature rule

In the previous sections we have proposed a new quadrature rule, which can be computed in
an efficient and stable manner. We now want to discuss the optimality of the proposed quadrature
rule.

We observe the following.

e In each space dimension, the proposed rule uses (k — 2) [?—‘ + 2(m + 1) quadrature

points, with m = 2p and ¢ = r — 2, when NURBS of degree p and regularity r are selected
for the IGA of an elliptic second order problem.

— 1
km q+q—|—

5 5 —‘ quadrature

e The optimal quadrature rule proposed in [21] would require [

points in each dimension.
: m+1 : : .
e Element-wise Gauss quadrature needs k 5 points per dimension instead.

According to these considerations, in Figure 6 we plot the number of quadrature points (i.e., the
computational cost) for the three different quadrature rules reported above in the case of a uniform
three-dimensional mesh of k x k x k elements. The figure shows that the quadrature rule proposed

in this paper has approximately the same number of quadrature points as the optimal one from
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Figure 6: Comparison of the number of quadrature points needed for various quadrature rules on a (k x k X k)-
element three-dimensional mesh. On the left: p=1,...,16 (m = 2p), ¢ = p— 2, and k = 4,...,100, on the right:
p=6(m=12),q=p—2=4,and k =4,...,100.

[21], which is approximately 1/8 the number of quadrature points of the element-wise Gauss rule,
for large k£ and p.

However, we recall that the optimal quadrature rule from [21] is in practice impossible to
obtained for the cases considered in Figure 3.5 (i.e. p up to 16 and k up to 100), while the com-
putation of quadrature points and weights for the new rule is straightforward with the algorithm

discussed in Section 3.4.

4. Applications

We now present some applications of the proposed new quadrature rule. In particular, we prove
its efficiency versus the element-wise Gauss quadrature rule, for boundary value problems in two-
dimensions solved with a standard IGA formulation (see [13] for details). We remark that 2D (and
3D) integration rules are simply constructed as tensor products of 1D rules. We moreover discuss
how to solve examples where some types of non-uniform meshes are considered. In particular, we
show the behavior of the new rules on an example where a non-uniform, anisotropically graded

mesh is used to capture a solution exhibiting thin layers.

4.1. Numerical solution of a Poisson problem on a quarter of an annulus

As a first example, a problem involving a non-trivial geometry that can be exactly represented

by NURBS is considered. With this aim, we focus on a Poisson problem defined on a quarter of
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an annulus  (see Figure 7) with an internal radius Ry = 1 and an external radius Ry = 4, and

we solve the model problem:

Au=f, VreQ, o

ulon =0,

with

f = (22" =502 — 50y + 2y" + 42®y* + 100) sin(z) sin(y) +

+  (68z — 82 — 8xy?) cos(z) sin(y) + (68y — 8y* — 8yx?) cos(y) sin(x),
such that the exact solution is

u=(2° +y* — 1)(z* + y* — 16) sin(z) sin(y).

RO

R-

Figure 7: Poisson problem on a quarter of an annulus: geometry of the domain 2.

We find an approximation of the solution by a standard IGA Galerkin formulation, using
for integration the proposed new quadrature rules, as well as, for comparison reasons, a standard
element-wise Gauss quadrature. The problem is solved for basis function degrees p =q¢=2,...,5in
both parametric directions (and maximum inter-element regularity), using control nets consisting
of 25 x 25 up to 100 x 100 control points. In Figure 8, we show the convergence curves for the

L?-norm of the relative error with respect to the exact solution. The theoretically expected rates
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of convergence (i.e., p + 1) are obtained. In the same Figure, we also report the error computed
with respect to the numerical solution obtained using element-wise Gauss quadrature. It can be
seen that this error is always negligible with respect to the approximation error (a saturation is

observed for high orders, when this error is in the range of machine-precision).

—4F
@

S -6f

2]

& —e—p = 2 (vs exact)
2 —e—p = 3 (Vs exact)
S -8r —e—p = 4 (vs exact)
@ —o—p =5 (vs exact)
g —e—p = 2 (vs Gauss)
8 -10- —e—p =3 (vs Gauss)
e —e—p =4 (vs Gauss)
% —s—p =5 (vs Gauss)
T =12
N

-

-14}

14 15 1.6 1.7 1.8 1.9 2
d.o.f. number per parametric direction (log—scale)

Figure 8: Poisson problem on a quarter of an annulus: convergence curves for the L?-norm of the relative error
(p=q=2,...,5), using for integration the proposed new quadrature rules; errors are computed both with respect
to the exact solution (thick curves) and to the numerical solution obtained using element-wise Gauss quadrature

(thin curves).

In Figure 9 we report the total number of points used for integration by the two quadrature
strategies. In particular, on the top, we show the number of quadrature points as a function of the
number of control points for a fixed basis function degree p = ¢ = 4 (and maximum inter-element
regularity) in both parametric directions, while, on the bottom, we show the number of quadrature
points as a function of the basis function degrees p = ¢ (always considering maximum regularity)
for a fixed 100 x 100 control net. The advantage of the new rules is clear, in particular for high
degrees (implying high inter-element regularity) and when the number of control points is not too
low, that is, when the number of boundary elements (i.e., the number of elements where the rules

are not optimal) is not large with respect to the number of internal elements.
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Figure 9: Poisson problem on a quarter of an annulus: number of quadrature points as a function of the number of

control points for a fixed basis function degree p = ¢ = 4 in both parametric directions (top); number of quadrature

points as a function of the basis function degrees p = ¢ for a fixed 100 x 100 control net (bottom).
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Finally, in Figure 10, we show the distribution of the points required by the two quadrature
strategies in the case p = ¢ = 4 when a 25 x 25 control net is adopted. The advantage of using the
new rules is clear (5625 points versus the 11025 needed by Gauss quadrature), despite this case

not being a very fine mesh (where, as seen above, such an advantage would be amplified).

4.2. Ezxtension to non-uniform meshes

The theoretical part of the present paper focuses only on the construction of efficient quadrature
rules for the case of uniform knot vectors. In this section, we sketch how to extend the proposed
new quadrature rules to some particular, but useful, cases of non-uniform knot vectors. We however
remark that, despite the fact that many of the typical cases of mesh refinement in IGA can be
covered, as discussed in the following, a solution for more general non-uniform situations is not

within the scope of this work.

4.2.1. Geometrically graded mesh

The problem of the extension of the proposed quadrature formula to non-uniform knot vectors
is made difficult by the issue of the proper integration of transmission functions, which relies
strongly on their translation-invariant property. The removal of the hypothesis of knot uniformity
implies that, in general, such a translation-invariant property no longer holds. However, since all
the functions to be exactly integrated on interior elements are supported over only two elements, a
way to simply construct the new quadrature rules for a non-uniform knot vector is to constrain the
ratio between the lengths of two consecutive knot spans to be fixed (i.e., a “geometrically graded”
knot vector is considered). In this case, when considering pairs of consecutive elements, it is clear
that transmission functions always have the same structure and, as a consequence, the previously
described procedure for computing quadrature points and weights can be simply extended to this
situation.

This is indeed an interesting case from the point of view of applications, since geometrically
graded meshes are among the most used categories of non-uniform meshes and are, in particular,

important when solution layers have to be captured (see, e.g., the example in the next section).

4.2.2. Quadrature multi-patch
We define quadrature multi-patch as the case of a mesh made of “sub-patches” where a dif-

ferent (but unique within each single sub-patch) quadrature rule is used. The sub-patches are
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Figure 10: Poisson problem on a quarter of an annulus: distribution of integration points, in the case of basis
function degree p = ¢ = 4 in both parametric directions and a 25 x 25 control net, for the proposed new quadrature
(top left) and the element-wise Gauss quadrature (top right). On the bottom, details of the bottom right corner of

the plots above are reported.
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interconnected by the so-called “transition” zones. Quadrature multi-patch can be easily treated,
as well.

In this situation, the suggested solution is to perform integration considering each sub-patch
individually, as if it was not connected to the others. Thus the proper internal quadrature rule
has to be used for the internal elements of each sub-patch, while boundary integration has to be
performed for the elements lying on the mesh borders as well as for transition zones. An example
is given in Figure 11, where a mesh constituted by 6 different sub-patches is constructed as the
tensor product of piecewise uniform and geometrically graded knot spans. The elements where
boundary quadrature is in order are those adjacent to the black thick lines.

In particular, this possibility allows to perform integration on meshes that are composed of
uniform zones (even of different mesh-sizes) and of non-uniform, geometrically graded zones (as
described in the previous section), i.e., all the possible combinations of the quadrature rules consid-
ered in the present paper are possible. As a consequence, integration can be efficiently performed
on a large variety of mesh situations, suitable to solve many of the problems typically tackled
by means of tensor product NURBS-based IGA. An interesting example is reported in the next
section.

We remark that this procedure is cost-effective only if the number of transition elements is
significantly less than internal elements. If this is not the case, the macro-element quadrature

presented in [21] is preferred.

4.3. Numerical solution of a reaction-diffusion problem with layers, on a suitable non-uniform
mesh

In this section we make use of the non-uniform quadrature strategies discussed in the previous

section, to compute the integrals necessary to solve the following reaction-diffusion problem defined

on the bi-unit square Q = [0, 1]

Ju
—107% Au+ —=1,  VzeQ=[01],

oz (4.2)

u)aq = 0.
The exact solution of such a problem is a ramp of unit slope along the z-axis, showing two layers
at y = 0 and y = 1, and a third, sharper layer at x = 1.
In order to solve this problem with a uniform mesh, a very small mesh size has to be selected

in order to correctly capture the layers. Therefore, a non-uniform mesh, graded towards the
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Figure 11: Quadrature multi-patch: example of a mesh consisting of 6 different sub-patches, constructed as the
tensor product of piecewise uniform and geometrically graded knot spans. The elements where boundary quadrature

is necessary are those adjacent to the black thick lines.

layers, is certainly preferred. Using the non-uniform quadrature strategies previously introduced,
integration over a mesh like the one reported in Figure 12 is possible, allowing capturing the layers
of the solution with a reasonable number of elements. The solution computed with a standard
Galerkin IGA formulation (degree: p = ¢ = 3, control net: 21 x 21) on such a mesh, using the new
quadrature rules, is reported in Figure 12 as a color map, while in Figure 13 a 3D plot illustrates

more clearly how the layers are reproduced by the numerical solution.

5. Summary and Conclusions

We have considered the development of efficient quadrature rules for NURBS-based Isogeomet-
ric Analysis. We have focused on rules for arrays that frequently arise in Finite Element Analysis,
namely, mass, stiffness and advection matrices. We have reduced the quadrature problem to the
exact integration of certain spaces of B-Splines in one dimension that have essential translation
invariance and localization properties, and for this cases we have developed accurate rules for pe-
riodic B-Splines and B-Splines constructed for open knot vectors. Both uniform and geometrically
scaled knot spacing have been considered. We have presented a simple and efficient algorithm for
constructing the rules and we have illustrated its use on boundary value problems, including one

whose solution possesses sharp boundary layers. The way to use the rule on domain consisting of
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Figure 12: Reaction-diffusion problem with layers: adopted non-uniform mesh and color map of the corresponding

numerical solution (degree: p = ¢ = 3, control net: 21 x 21).
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Figure 13: Reaction-diffusion problem with layers: 3D plot of the computed numerical solution (degrees: p = ¢ = 3,

control net: 21 x 21).

multiple patches has also been described. Our results indicate that the rules compare very favor-
ably with optimal rules, which are at the very best difficult to obtain and in some cases almost
impossible. The new rules are of course more efficient than Gauss quadrature repeated on knot
spans. We believe this work takes another step forward in the development of specialized quadra-
ture rules for NURBS-based Isogeometric Analysis. An obvious challenge is to develop rules for

general non-uniform knot spacing. We plan to pursue this in future work.
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