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Abstract

We generate a basis of the space of bicubic and biquartic C'-smooth geometrically con-
tinuous isogeometric functions on bilinear multi-patch domains  C R2. The basis func-
tions are obtained by suitably combining C'-smooth geometrically continuous isogeometric
functions on bilinearly parameterized two-patch domains (cf. [16]). They are described by
simple explicit formulas for their spline coefficients.

These C'-smooth isogeometric functions possess potential for applications in isogeomet-
ric analysis, which is demonstrated by several examples (such as the biharmonic equation).
In particular, the numerical results indicate optimal approximation power.

Keywords: Isogeometric Analysis, C''-smooth isogeometric functions, geometrically
continuous isogeometric functions, multi-patch domain, biharmonic equation

1. Introduction

[sogeometric Analysis (IgA) is a promising framework for performing numerical simula-
tion, which uses the same (rational) spline function space for representing the geometry of
the physical domain and describing the solution space [8, 15]. Multi-patch parameteriza-
tions have been introduced in order to perform isogeometric simulations on more complex
geometries. Two main approaches for coupling the individual patches exist.

The first one does not modify the isogeometric spaces on the individual patches but
uses other techniques to achieve global smoothness of the solution (at least approximately).
These include the discontinuous Galerkin method [20, 27|, the use of Nitsche’s technique [1,
23], the mortar approach [3, 9, 12] and domain decomposition methods [13, 18]. Typically,
these techniques aim at ensuring C°-continuity weakly of the resulting numerical solution.

The second approach uses a globally defined basis for the isogeometric simulation on the
multi-patch domain, thereby modifying the spaces on the individual patches and coupling
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them explicitly. The case of C%smoothness is well understood: The notion of isogeo-
metric spline forests was introduced in [26] and was extended recently by enhancing the
smoothness across interfaces and introducing hierarchical spline refinement [5]. Isogeomet-
ric function spaces possessing higher regularity, however, are more difficult to construct
and require the classical notion of geometric continuity, see [24] and the references therein.

Geometric continuity is a well-established approach in Computer Aided Geometric De-
sign for designing smooth multi-patch surfaces possessing extraordinary vertices (EVs) [10,
14], i.e., surfaces composed of quadrilateral patches where other than 4 patches may meet
in some vertices. The construction of C*-smooth isogeometric functions on multi-patch
domains is based on the observation — which has been formalized firstly by Groisser and
Peters [11] — that the C*-smoothness of an isogeometric function is equivalent to the geo-
metric smoothness of order s (G*-smoothness) of its graph surface!, where s is a positive
integer. Motivated by this we denote the C'*-smooth functions on a multi-patch domain as
C*-smooth geometrically continuous isogeometric functions [16].

We restrict ourselves to the case s = 1. Two different strategies following the concept
of geometric smoothness have been explored.

The first one derives C'-smooth geometrically continuous isogeometric functions from
existing constructions for G'-smooth multi-patch surfaces that originated in geometric
design. Related results include the recent publications [17, 21, 22|, which are based on
different G'-smooth multi-patch spline surfaces, and the use of EVs in T-spline-based
representations [25]. Numerical results indicate that the accuracy of the results may dete-
riorate in the vicinity of the EVs. Moreover, the construction of nested isogeometric spaces
via h-refinement remains an open problem if EVs are present.

The second strategy employs a basis of the entire space of C'*-smooth functions on a par-
ticular class of multi-patch geometries, cf. [2, 16], and uses it to describe the geometry and
to perform isogeometric simulations. A first step was presented in [16], where we analyzed
the spaces of bicubic and biquartic C'-smooth geometrically continuous isogeometric func-
tions on bilinearly parameterized two-patch domains. Furthermore we developed a simple
framework for the construction of a basis in the general setting and obtained promising
numerical results indicating optimal approximation power. These are also supported by
the recent results in [7].

The approaches [2, 16] (and also the present approach) are based on assembling B-spline
isogeometric patches. It is different from the classic higher order Finite Elements Methods
(FEM) such as Clough-Tocher macro triangles and their generalization to bivariate trian-
gular splines, cf. [19]. These FEM based approaches construct C*-smooth bases functions
per element. In contrast, the present and the earlier approaches [2, 16] deal only with
the patches’ interfaces and therefore the interior of each patch has the regularity of the
corresponding isogeometric B-Spline (which can be higher than C!, especially for higher
order splines). Moreover, the patches can have vertices of any valence, that would not

!The graph surface of an isogeometric function is the 3D surface where the first two coordinates are
the coordinates of the physical domain and the third coordinate is the associated value of the isogeometric
function, compare Eq. (10).



be possible with classical bivariate Hermite type constructions like Bogner-Fox-Schmidt
quadrilaterals, cf [6].

The present work extends the earlier results from [16], obtained for bilinearly param-
eterized two-patch domains, to bilinearly parameterized multi-patch domains. This gen-
eralization increases the geometric flexibility of the construction, while we also present
numerical results indicating that the optimal approximation properties are preserved. We
describe the construction of bicubic and biquartic C''-smooth geometrically continuous iso-
geometric basis functions. The constructed basis allows the use of the same function space
for performing simulation and describing the geometry in agreement with the main ideas of
IgA. The basis functions are specified by simple explicit formulas for their spline coefficients
in contrast to [16], where Bézier coefficients are used to present a basis of bi-degree (4,4).

The main differences and novelties of our work compared to [2] are as follows: While our
construction is based on bicubic and biquartic C*-smooth geometrically continuous isogeo-
metric basis functions, the work [2] mostly deals with biquintic functions and the biquartic
case is only described for a specific setting of the multi-patch domain. In particular, the
construction of bicubic C*-smooth geometrically continuous isogeometric functions has not
been considered at all. In [2] the basis functions are only implicitly defined by the existence
of a minimal determining set for the involved Bézier coefficients. This is in contrast to our
our work, where the obtained functions are specified by simple explicit formulas for their
spline coefficients. Furthermore, we are able to generate nested C'-smooth isogeometric
spaces which were not investigated in [2].

The paper is organized as follows. First we describe the class of bilinearly parameterized
multi-patch domains 2 C R2, which is considered throughout this paper, in Section 2.
In addition, we introduce the spaces of bicubic and biquartic C''-smooth geometrically
continuous isogeometric functions on these domains.

The case of two-patch domains is considered in Section 3. We recall the earlier results
from [16] and extend them by including explicit constructions for a basis in the bicubic
case and by modifying the constructions near the boundary (both for bicubic and biquartic
splines), thereby preparing the multi-patch case.

Based on these results we generate a basis of the space of Cl-smooth geometrically
continuous isogeometric functions on bilinear multi-patch domains in Section 4 by suit-
ably combining the basis functions on two-patch geometries. Finally we present several
examples that demonstrate the potential of our construction for isogeometric analysis in
Section 5. More precisely, we use C'-smooth bicubic and biquartic functions for per-
forming L?-approximation and for solving Poisson’s equation and the biharmonic equation
on different multi-patch domains. The numerical results indicate optimal approximation
power.

2. Preliminaries

The notion of C*-smooth geometrically continuous isogeometric functions on general
multi-patch domains was introduced in [16, Section 2]. In this section, we first present
the particular class of bilinear multi-patch domains Q C R2, which will be considered



throughout the paper. Then we recall the concept of geometrically continuous functions
for s = 1.

Bilinear multi-patch domains. Given a domain Q C R? with a piecewise straight boundary,
we consider a quadrangulation without hanging vertices, i.e., a subdivision into mutually
disjoint strictly convex quadrilaterals, which we call patches. More precisely, we assume
that the quadrangulation consists of P € Z* quadrilateral patches Q) ¢ = 1,..., P, which
are joined together in F € Z* non-boundary edges '), e = 1,..., E. Each patch Q) is
the image of the unit square under a bilinear geometry mapping
GY 0,1 — R, (1)
represented in coordinates by
€0 = (6,6 = GO() = (el ), 68 (€. &), @)

All these mappings are bijective and regular since the patches were assumed to be strictly
convex.

Spline bases. We denote by S¢ the tensor-product spline space of degree (d,d), which is
defined on the unit square [0, 1]? by choosing & uniform inner knots of multiplicity d — 1
in both parameter directions. In particular, we consider degrees d = 3,4 and assume that
the number of inner knots satisfies k > 5 — d. Each space S is spanned by tensor product
B-splines
{N.,, 1eJ }
with the index set
J={t=_(i1,i2) :0=(0,0)<e < (d+k(d—1),d+ k(d—1))}.

Since the bilinear geometry mappings G\ are contained in the space SIx 8¢ each geometry
mapping GY possesses a spline representation

GO(EY) = I Ni(€Y), (3)
i€J

with spline control points dy) € R2. The indices of all spline control points form the index

space
I= J {gxt

e{1,...,P}

In addition, we consider for each edge I'® the index space I« C I, which is given as
follows:

Definition 1. Let I'® be a non-boundary edge of Q and let ¢ and ¢ be the indices
of the two patches QW and Q) respectively, which possess the common edge T'®), i.e.
'© = Q@0 N Q¥ . We denote by I the subspace of the index space

{(ryi) eI |re{l}},

which is obtained by the indices (7, 7) whose spline control points dgr) belong to the edge I'(¢)
or to the neighboring column of control points of the patch Q).
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Figure 1: A two-patch subdomain is determined by 6 patch vertices vV, i = 1,...,6. The areas of the
four shown triangles have to satisfy a condition, compare condition (i).
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Figure 2: Two-patch subdomains violating one of the three technical conditions (i)-(iii), where the spline
segments (k = 3) are pictured as dotted lines. The crosses connected by lines are the point triplets that
are assumed to be not collinear. The red color signals a violation. (It is assumed that v is a boundary
vertex of valence 3 for (ii) and an inner vertex or boundary vertex of valence other than 3 for (iii).)

Two-patch subdomains. Any pair of neighboring patches Q) and Q") defines a two-patch
subdomain. We denote it by Q) and the common edge by I'“*). We may assume that
the common boundary edge is represented by G (1,&,) = G(ZI)(O, &). If this assumption
is violated (e.g., if the edge is traced in reverse directions), we may apply a simple linear
reparameterization to obtain a situation where it is satisfied.

We denote the six vertices of the two-patch subdomain as

oW = GO (0,0), v@ =G"(0,1), v® =GO (1,0),
’U(4) = G(g (17 1)7 ’1](5) = G(Zl)(la())v and ’U(6) = G(gl)(17 1)7

see Fig. 1.

Recall that the dimension of the space of geometrically continuous isogeometric func-
tions is strongly dependent on the specific geometric configuration, see [16, Table 1]. More
precisely, we obtain the same dimension for all “generic” configurations, but the dimension



increases for certain special configurations. In addition, the specific construction of a basis
is also dependent on the geometric configuration. A detailed investigation of the various
special cases is beyond the scope of our work, see [2] for a similar discussion.

Instead we will assume three technical conditions (i-iii), which need to be satisfied by all
two-patch subdomains. The first condition (i) ensures that dimension of the spline space
on the two-patch domain is covered by the results in [16]. The remaining two conditions,
which ensure that specific point triplets in the vicinity of a boundary or inner vertex are
not colinear, are required for the specific construction of the basis functions.

(i) The areas of the four triangles shown in Fig. 1 satisfy
area( AvPvWyW)area( AvWo®v©@) £ area( AvPvWov®)area( AvWvBv®),
and the k£ point triplets

for & = l%}—l’ k%l e ki—f—l are not collinear, where k specifies the number of inner
knots used for defining the spline space S¢, see Fig. 2 (left). The first assumption is

equivalent to the so-called genericity condition (cf. [16, Eq. (10)]).
(ii) The point triplet

k 4 k 3 1 1
k_()++ () k_—i—lv()_'_k;——l—l,v()and

Y

+
(7 o + ks (o) +09) + ()0

is not collinear if v® is a boundary vertex of valence 3, compare Fig. 2 (center). An
analogous condition is required for v®¥.

(iii) The point triplet
is not collinear if v® is an inner vertex or a boundary vertex of valence other than
three, see Fig. 2 (right). An analogous condition is required for v(¥.

Examples of two-patch domains, which violate one of these three conditions, are visualized
in Fig. 2.

Isogeometric functions. We consider the space V of isogeometric functions on the multi-
patch domain €2,

V= {v e LX) : vlgw € Sto (GY)  for £ =1,.. .,P}. (4)
An isogeometric function w € V is represented on each patch Q© by

w(z) = (W“) 0 (G“))*l) (x), x e, (5)
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with the spline function

WOED) =3 b Ni(€"), (6)

icJ
which is specified by coefficients b = (bg))(we 1 € R Tt can be rewritten simply as
w(x) = B(x)b, € Q, (7)
where the row vector B collects the transformed B-splines
B(z) = (B’ (@))w.er (8)

with

B(g)(m) - (Nz o (G(z))’l)(m) ifx e Q(z),
)0 otherwise.

In the sequel we will shortly write w = Bb.
The associated graph surface F'© has the parametric representation

T
FOED) = (G€), GPE), wieg®) ), €9 e, (10)
:(;(;),(g(f))

For a function Bb € V, we denote by supp*(b) C I the support of Bb in the spline
coefficient space, i.e.,

supp*(b) = {(£,4) € I | b} # 0}.

Geometrically continuous functions. We are interested in the space
V=VnoiQ) = {v € CHQ) : v]gw € ST o (G for £ = 1,.. .,P} .

that contains the globally C'-smooth isogeometric functions defined on the multi-patch
domain 2. These functions can be characterized using the concept of geometric continuity
(G'-smoothness), see [11, Theorem 1] and [16, Theorem 1]. More precisely, the isogeometric
function w € V belongs to the space V if and only if for all neighboring patches Q) and
Q0.0 e {1,...,P} with £ # ¢, the associated graph surfaces F) and F meet
with G'-smoothness along the common edge T'“*). This equivalence result motivated us
to denote the elements of the space V as C'-smooth geometrically continuous isogeometric
functions.

A general framework for the construction of C'-smooth geometrically continuous func-
tions was described in [16, Section 2.3]. Imposing the G'-smoothness between the graph
surfaces of all neighboring patches Q©, Q) ¢, ¢ € {1,..., P} with £ # ¢ leads to linear

constraints on the spline coefficients by). These form a homogeneous linear system
Hb=0, b= (bg@) . (12)
(e)el
Any basis of the nullspace of H then defines a basis of the space V.
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3. C'-smooth functions on bilinear two-patch geometries

In this section we restrict ourselves to a two-patch domain Q = Q02 that satisfies
Assumptions (i-ii). We recall results from [16] concerning basis functions and rewrite them
in a way which is convenient for their extension to the multi-patch case. Amongst others,
we present the specific basis from [16] for bi-degree (4,4) with respect to spline instead
of Bézier coefficients and introduce a new similar specific basis for bi-degree (3,3). In
addition, we present modified functions near to the vertices of the common interface of the
two-patch domain.

3.1. Patch basis functions

These functions are obtained by composing a tensor-product B-spline NV; of one of the
two patches, which has zero values and derivatives on the interface, with the inverse of the
geometry mapping G,

N; o (G (z) if x € Q¥ )
> {< ( )7 (=) (0,3) € I\ Ipae. (13)

0 otherwise

The support of each function is contained in only one of the two patches QM) and Q) and
the coefficient support consists of a single index. The associated coefficient takes the value
one. All coeflicients with indices in Ia 2 are equal to zero. The number of these functions
is

2(d — 1+ k(d—1))(d+ 1+ k(d — 1)). (14)

3.2. FEdge functions

These functions possess a support that is contained in both patches Q1) and Q®), where
supp*(b) contains only indices (¢,%) € Ipa2. In contrast to the patch basis functions, the
associated spline coefficients by) of the edge functions depend on the geometry mappings.
We present different types of edge functions which will be used in the next section to
construct a basis of the space of C''-smooth geometrically continuous functions on multi-
patch domains. The spline coefficients of the different edge functions are computed by
simple explicit formulas (see Appendix B) with respect to a corresponding local geometry
(see Fig. 3), which has been introduced to substantially simplify these formulas.

Local coordinate system. The support in coefficient space of the constructed edge functions
will be contained in at most four pairs of adjacent spline elements. For this we introduce
for two, three and four pairs of adjacent spline elements (which are bilinear elements) local
coordinate systems visualized in Fig. 3. These local geometries are obtained as follows:
We transform n € {2, 3,4} pairs of adjacent bilinear elements in such a way that the lower
and upper common vertex of the bilinear elements, i.e.

1+n
k+1

?

GW(1
( "k+1

) and GW(1,

),



type L, U, Y type A type B

d=3 .
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bg | b10|b1o| b11 bg | b1o|b1o| b11 b1a|bis|bis|b1a
be| br| br| bs be| br| b7| bs b1
b3 | ba] ba| b5 , ’-
® bo bl' b1| b2 g E(To,wo 1(0, 0) I(I27y2>
--- - &) a a® - —
(%0,y0) (0,0) (z2,92) ¢ Ger ) S 0 S G ) -?(Jo o) ?(O 0) ?(-zzh/z)
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Vo eMao AR G(1>(k+1 ) 6 Da, =) ¢ )(k+1 1)

Figure 3: Support in coefficient space of the edge basis functions of type A, B, L, U, and Y for d = 3,4
on a two-patch domain Q12 where the red edge is aligned with the interface T'":?). The vertices of the
spline elements (i.e. G(Z)(~, -), £ =1,2) are transformed into local coordinates, shown in blue. These local
coordinate system is used to compute the spline coefficients in Appendix B.

possess the coordinates (0,0) and (0,n), respectively. The remaining four vertices of the
bilinear elements, i.e.

k 7 k 1+n 1 7 1 1+n
v M~ @(_+ 2)
(k+1’k:+1) G (k:+1’k+1) G (k+1’k+1) and G (k+1 k:+1)

are then transformed into coordinates (x;,y;), j =1,...,4.

These local coordinate systems are similar to the corresponding systems in [16, Fig.5],
which have been introduced for the computation of the Bézier coefficients of the edge
functions (see [16, Appendix]). We decided to use spline instead of Bézier coefficients to
obtain a more compact representation of the edge functions. Note that a simple linear
relation (cf. [14, Section 10.1.3]) allows to switch between both representations.



Previous results. In [16] the space of edge functions for d = 3,4 has been investigated. It
has been shown that the dimension of the space is equal to

(2d+ 1) + (2d — 4)k, (15)

see [16, Lemma 3 and Theorem 4]. The dimension formula (15) is also valid for d = 2.
Then the resulting dimension is 5, for any k, which implies that there does not exist a
construction having locally supported functions and allowing h-refinement.

In addition, a specific basis of edge functions has been presented for d = 4 (see [16, Sec-
tion 3.3 and Appendix]). The basis consists of functions of four different types (A,B,L,U)
with possible subtypes, which are locally supported on one to three pairs of adjacent spline
elmenents. The different edge functions are described by means of simple explicit formulas
for their Bézier coefficients with respect to the local coordinate system in [16, Fig.5].

In the following we recall these basis functions in detail by rewriting them with respect
to their spline coefficients and present analogous basis functions for d = 3.

Edge functions for d = 3. The dimension of the space of edge functions is equal to 7 + 2k,
see Eq. (15). A specific basis consists of four types of functions, where some of them have
several subtypes. Their support in coefficient space is shown in Fig. 3, top row. The values
of the coefficients are specified in Appendix B.

A: Any three consecutive pairs of adjacent spline elements (one from each subdomain)
along the interface contribute one function of this type (Fig. 3, top row, center column
and Eq. (B.1)). In total we have k£ — 1 functions of this type.

B: Any four consecutive pairs of adjacent spline elements along the interface contribute
one function of this type (Fig. 3, top row, right column and Eq. (B.2)). In total we
have k — 2 functions of this type.

L: These 5 functions, one for each subtype L;-Ls (Fig. 3, top row, left column and
Eqns. (B.3)—(B.7)), are associated with the lower vertex of I'*?. Their support
consists of one, two or three pairs of adjacent spline elements.

U: These 5 functions, one for each subtypes U;-Us (Fig. 3, top row, left column and
Eqns. (B.3)-(B.7)), are defined analogously to type L and are associated with the
upper vertex of ['(1:2),

It can be shown that these functions are linearly independent and span the entire space of
edge functions. These functions are well-defined if Assumptions (i-ii) are satisfied.

Edge functions for d = 4. The dimension of the space of edge functions is equal to 9 + 4k,
see Eq. (15). A specific basis has already been presented in [16, Section 3.3 and Appendix]
consisting of four types with some subtypes. We rewrite these functions in a more compact
way using spline (instead of Bézier) coefficients. Their support in coefficient space is shown
in Fig. 3, bottom row. The values of the coefficients are specified in Appendix B.
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Figure 4: The 6 values b;, i = 0,...,5, of the spline coefficients (blue vertices) of the two-patch do-
main Q2 which correspond to the lower /upper vertex vg or to one-ring neighborhood of vg. (Here,
the spline coefficients along the common edge (red edge) are drawn only once for both patches, since their
values are equal.)

A: Any two consecutive pairs of adjacent spline elements along the interface contribute
one function of this type (Fig. 3, bottom row, center column and Eqns. (B.8)—(B.10)).
In total we have 3k functions of this type.

B: Any three consecutive pairs of adjacent spline elements along the interface contribute
one function of this type (Fig. 3, bottom row, right column and Eq. (B.11)). In total
we have k£ — 1 functions of this type.

L: These 5 functions, one for each subtype Li-Ls (Fig. 3, bottom row, left column and
Eqns. (B.12)-(B.16)), are associated with the lower vertex of I'*». Their support
consists of one, two or three pairs of adjacent spline elements.

U: These 5 functions, one for each subtype U;-Us (Fig. 3, top row, left column and
Equs. (B.12)-(B.16)), are defined analogously to type L and are associated with the
upper vertex of ['1:2),

As for d = 3, these functions are well-defined if Assumptions (i-ii) are satisfied. The graphs
of the different types of functions are visualized in [16, Fig.6].

Modified edge functions at vertices. In order to construct a basis for the full multi-patch
case, which will be discussed in the next section, we consider a new type of edge functions
at the lower vertex vy (and similarly for the upper vertex). These new edge functions will
be needed instead of the functions of type L (and U) in the vicinity of an inner vertex or an
boundary vertex of valence greater than three, compare Section 4.3 and 4.4. We consider
the six coefficients b;, 1 = 0,...,5, in Fig. 3, left column, see also Fig. 4. We construct five
new edge functions (type Y with subtypes Y;-Y5) that possess the following coefficients:

Yi:bg=1,b1=1,bp=1,b3 =0, by =1, b5 = 0. This function takes the value 1 at the
vertex vy and possesses a vanishing gradient there.
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Ys: by = 0, b3 = 0, b5 = 0. The remaining values by, by and by are obtained by sat-
isfying the conditions w(vy) = 0 and Vw(vg) = (1,0)7 with respect to the global
coordinates.

Ys: by = 0, b3 = 0, b5 = 0. The remaining values by, by and by are obtained by sat-
isfying the conditions w(vy) = 0 and Vw(vy) = (0,1)T with respect to the global
coordinates.

Y42 bOZO,bl:O,bQIO,bgzl,b4:0,b5:O.
Y5I b0:0,b1:0,b2:0,b3:0,b4:0,b5:1.

The coefficients of these new functions are defined as linear combinations of the func-
tions of type L, see Eqns. (B.17)-(B.21). Note that these functions are well-defined if
Assumption (ii) is violated, provided that the Assumption (iii) is satisfied. Clearly, if the
Assumptions (i-iii) are all satisfied, then the functions of type Y span the same space as
the functions of type L. An analogous construction is applied at the upper vertex, and we
use the same symbols to denote the resulting functions.

4. C'-smooth functions on bilinear multi-patch geometries

We use the previously constructed functions on two-patch domains to generate a basis of
the space V, which is formed by the C'-smooth isogeometric functions on a given piecewise
bilinear multi-patch domain.

4.1. Extending the basis functions from the two-patch case

Recall that the spline coefficients b define the isogeometric function Bb, see Eq. (7). We
use upper indices to denote the functions defined on two-patch subdomains, which were
constructed in the previous section. More precisely, the coefficient vectors b define
C'-smooth isogeometric functions B “OpE) on the bilinear two-patch subdomain Q¢4
where B®*) is the corresponding sub-vector of the “full” vector of basis functions B,
see (8).

We now extend these functions to the entire multi-patch domain €2, simply by setting
all spline coefficients by) of the additional patches Q™ r € {1,..., P} \ {¢,£'}, to zero.
This is done by applying the extension operator X (“£):

Definition 2. Consider the spline coefficient vector %) = (Egr))re{&p}JEJ of the iso-

geometric function B on the two-patch subdomain Q). The extension oper-
ator X ) generates the spline coefficient vector X“Opt) = p = (bﬁ”)(mez with the

elements -
b(r) o bgr) if r e {f, gl}
¢ )0 otherwise.

Clearly, the extended coefficient vectors define extended isogeometric functions. Some
of them inherit the C'! smoothness:

12



Lemma 1. The extended function BXEOpED) s O smooth on § if the isogeometric
function BB ) on the two-patch subdomain Q&) s

e a patch basis function satisfying supp*(X(z’gl)b(Z’gl)) N Uee{1 B} Ine =0, or
e an edge basis function of type A or B, or

e an edge basis functions of type L or Y in the vicinity of a boundary vertex of valence 3
or

e an edge basis functions of type L or Y in the vicinity of a boundary vertex of valence
other than three satisfying

1 £ 7¢O — supp*(XEOpEO) N Iy = 0.

The proof of this lemma is straightforward. Clearly, these functions do not span the full
space V if inner vertices or boundary vertices with a valence other than three are present.
We therefore need to combine the remaining two-patch basis functions in an appropriate
way.

4.2. Reduced smoothness sets and piecing together isogeometric functions

Definition 3. The reduced smoothness set (RS-set for short) R(b) of an isogeometric
function Bb is the collection of the edges and vertices of the multi-patch domain 2 where
this function is not C''-smooth.

Clearly, the RS-sets of the functions covered by Lemma 1 are empty. We define an
operator that allows us to create new isogeometric functions by piecing together existing
ones:

Deﬁnltlon 4. Consider two isogeometric functions Bb and Bb with coefficient vectors
b= (b )(g syer and b= (by))(“)e 1, respectively. We assume that all corresponding pairs of
non-zero spline coefficients are identical, i.e.,

WO £ 5O = HOFO — o,

The operator &, which pieces together these two functions, generates the isogeometric
function Bb with coefficients b = b @ b defined by

5@ if b(z
=09 if b“

0,
0,
ARET: b“ b

b(f)

%

This operation is commutative and associative and will be used to obtain isogeometric
functions with smaller RS-sets:

13



Wy+1 Um+1

Figure 5: Left: An inner vertex vg of valence m > 3 with the m neighboring patches Q) in counterclock-
wise order around the vertex vg. Right: A boundary vertex v of valence m + 2 with m > 2, where the
m + 1 neighboring patches Q) are ordered counterclockwise around the vertex vg. Both: The red edges
are the common edges between two neighboring patches, and the blue edges are boundary edges of the
multi-patch domain €.

Lemma 2. We consider the situation described in Definition 4, and we select an edge re)
that belongs to the RS-set R( ) of Bb but not to the RS-set R( ) of Bb. This edge is not
contained in the RS-set R(b D b) of the isogeometric function B(b @ b) if the coefficient
supports satisfy

(supp*(g) NIpe) C (supp*(g) NIpe).

Proof. According to Definition 4, the spline coefficients by) coincide with the spline coeffi-
cients lgy) for all (¢,4) € Ip. Since the function Bb is C'-smooth across I'®), this property
is inherited by B(b @ b). O

4.3. Vertex basis functions

We first describe the construction of Cl-smooth basis functions in the vicinity of inner
vertices. In the second part of this section we will adapt it to the case of boundary vertices
of valence other than three. For both cases, the resulting C'-smooth functions will be
denoted as vertex basis functions.

Inner vertex. We consider an inner vertex vy of valence m > 3, and assume that the
m neighboring patches Q®, ¢ = 0,...,m — 1, are given in a clockwise order around the
vertex vy, see Fig. 5 (left). All upper indices in this paragraph will be considered modulo m.

We denote by y§"’”” the spline coefficient vector of the edge basis function of type Y;
for the two-patch subdomain Q%) The extended functions BX ¢4+ g G4+

RS-sets

possess the

R(X Gy D) gy PE-LO TEHLEY 1 9 3, (16)
and
R(X“’””yff’“l)) _ {F(é+1,z+2)}’ R(X(é’z+1)yé£’€+l)) _ {P(za,é)}_ (17)
We define 3 proper vertex basis functions,
m—1
B( X(£7z+1)ygz’é+1)>7’i = 17 27 3 (18)
(=0

14



These functions are Cl-smooth on €2, since their RS-sets are empty. Indeed, piecing to-
gether the first 7 + 1 functions in (18) gives the RS sets

J
R(ED X EH Dy D) = fg, TELO DU} G =0, m — 2. (19)
{=0

This is confirmed easily with the help of Lemma 2. Note that the RS set for j = m — 2
contains only the edge I'"10) = T(m=Lm) and the vertex v,. Finally, adding the last
extended edge function produces a C''-smooth function since

m—1

R(ED XDy 0040) — g, (20)

=0

The remaining edge is eliminated according to Lemma 2 and the vertex vy is not contained
in the RS-set anymore since the gradient of the resulting function takes the values (0, 0),
(1,0) and (0,1) at vg for i = 1,2 and 3, respectively.

In addition to the proper vertex functions, we define m twist vertex basis functions,

B(X Wy 00D g X (L2 (FLED) g — 0 m - 1. (21)

These functions are C'-smooth on ) since their RS sets are empty according to Lemma, 2.
As an example, Fig. 6 shows the 8 vertex basis functions for an inner vertex v, of
valence 5.

Boundary vertex. A slight modification of this construction is needed to obtain the vertex
basis functions at a boundary vertex vy of valence m + 2 with m > 2. We assume that
the m + 1 neighboring patches Q®), ¢ = 0,...,m, are ordered counterclockwise around the
vertex vy, see Fig. 5 (right). Again, we denote by y?"’“’ the spline coefficient vector of
the edge basis function of type Y; for the two-patch subdomain Q(¢4+1),

The RS sets of the extended edge functions are the same as in (16) and (17), except
for the RS sets

R(X(O’l)ygo’l)) _ {UOa P(LQ)}, R(X(m—l,m)yl('mfl,m)) _ {'U07 F(m—Q,m—l)}’ 1=1,2,3,
(22)
and

R(XOVy ) =0, ROXOImginThm) = g, (23)

which correspond to the two-patch subdomains Q1) and Q7?17

We define 3 proper vertex basis functions and m — 2 twist vertex basis functions for
¢=1,...,m— 2 as before. In addition we obtain two twist vertex basis functions, which
are simply the extended functions

BXODyOY and Bx (m-tmlglm=bm) (24)

All these functions are C''-smooth on €.

15



Proper vertex basis functions

Twist vertex basis functions

Twist vertex basis functions

Figure 6: The 8 vertex basis functions (3 proper vertex basis functions and 5 twist vertex basis functions)
at an inner vertex of valence 5 for d = 4.

4.4. Basis of the space

The previous sections described the construction of different kinds of C'-smooth geo-
metrically continuous isogeometric functions on 2. We categorize these functions into four
sets H; (i =1,...,4) according to their construction.

The first set 'Hl consasts of the extended patch basis functions with only one non-zero
spline coefficient b which satisfies that (¢, ) §Z It for e = 1,...,E. The number of
these functions for each geometry mapplng GY JA=1,...,P, depends on the number of
interfaces (i.e. edges) of the patch G with 1ts neighbors. In detail, this number v is
given by

(d—14k(d—1))(d+ 1+ k(d— 1)) for one interface,
(d— 1+ k(d—1))? for two interfaces with a common vertex,
v =L (d =3+ k(d—1))(d+ 1+ k(d — 1)) for two interfaces without a common vertex,
(d—=3+k(d—1))(d—1+k(d—1)) for three interfaces, and
| (d =34 k(d —1))? for four interfaces.

16



The total number is obtained by summing up the individual contributions,
P
#H =D v, (25)
=1

The second set H? contains the (2d —9)+ (2d —4)k extended edge basis functions of type A
and B for each edge I'® e = 1, ..., E. Therefore,

#H* = E((2d — 9) + (2d — 4)k). (26)

The next set H? contains the 5 extended edge basis functions of type L for each boundary
vertex of valence three, thus
#M* =5R, (27)

where R is the number of different boundary vertices of valence three.

Finally, the set H* contains the 3 + m vertex basis functions for each inner vertex of
valence m > 3, and the 3 + (m — 1) vertex basis functions for each boundary vertex of
valence m > 4. Therefore,

#H = D Bmy)+ D> (B+my—1), (28)

v:inner vertex v:boundary vertex

where m,, is the valence of the vertex v.
Clearly, the four sets are mutually disjoint. We consider the union H = UL, H".

Theorem 1. The functions in H form a basis of the space V of Ct-smooth geometrically
continuous isogeometric functions on (). The dimension V is thus equal to

4
dimV = #H" (29)
=1

PROOF. We consider a function w € V. It possesses a unique representation with spline
coefficients (by))(&i)e ;- We show that this function can be represented as a linear com-
bination of functions in H. This is proved repeatedly subtracting linear combinations of
functions of H from the function w until the null function is obtained.

1. We consider all inner vertices and all boundary vertices of valence other than three.
For each such vertex, the gradient and the value of w at the vertex determines a
unique linear combination of the three proper vertex basis functions. Subtracting all
these linear combinations from w creates a function w’ which has zero values and
gradients at these vertices.

2. Considering again the inner vertices and boundary vertices of valence other than
three. For each such vertex, the spline coefficient of w’ at the vertex and the first
neighboring spline coefficients along edges are all zero. The remaining spline coeffi-
cients in the one-ring neighborhood correspond to the twist vertex basis functions.
Subtracting a suitable linear combination of those (i.e., multiplied by the associated
spline coefficients) creates a function w” which has only zero spline coefficients in the
1-ring neighborhoods of the considered vertices.

17



3. Now we consider all inner edges, one by one. Subtracting a suitable linear com-
bination of edge basis functions of types A and B (plus five extended edge basis
functions of type L for each boundary vertex of valence 3 if present) creates a func-
tion w” which has only zero spline coefficients (¢,%) € Ipe), e = 1,..., E. This is
guaranteed to work since these functions generate all spline coefficients of C'-smooth
isogeometric functions on two-patch domains in the vicinity of the common edge, see
Section 3.2.

4. Finally we represent w” as a linear combination of extended patch basis functions.

The linear independence of H is inherited from the linear independence on two-patch
domains, due to the disjoint supports in coefficient space. For the proper vertex and twist
vertex functions, this is guaranteed by their construction, as they interpolate characteristic
data for values, gradients, and mixed derivatives. O

Any function w € V belongs to H?(2), since it is globally C''-smooth and piecewise C'°-
smooth. Thus we may use them to solve higher order partial differential equations over
multi-patch domains. This is presented in the following section.

5. Examples

We present examples of using C'-smooth geometrically continuous isogeometric func-
tions on different multi-patch domains to perform L? approximation, to solve numerically
Poisson’s equation and to numerically solve the biharmonic equation. These problems
have been described in some detail in [16, Section 4.2-4.4] for two-patch domains. We now
consider the extension to the multi-patch case. All integrals are computed by means of
Gaussian quadrature with (d + 1)? points for each spline element.

The first numerical examples (Examples 2-4) analyzes the approximation power of C'-
smooth geometrically continuous isogeometric functions on multi-patch domains. We first
present the multi-patch domains which are used for solving the corresponding numerical
problems in these examples.

Example 1. We consider three different multi-patch domains €2, see Fig. 7, consisting of
three, four and five quadrilateral patches Q| respectively. The coordinates of the ver-
tices v; of the single quadrilateral patches are presented in Appendix A. The corresponding
geometry mappings G of the domains € are bilinear parameterizations, which are rep-
resented as Bézier patches of degree (d,d) for d = 3,4. We perform dyadic h-refinement
by considering values k = 2* — 1 for suitable values of A\. The resulting refined geometry
mappings are used to construct C''-smooth geometrically continuous basis functions as
described in the previous section. Note that this construction requires A\ > 1 for d = 3
and A > 0 for d = 4. A different construction (not presented here) yields a basis for the
remaining values of \.

The resulting spaces of isogeometric basis functions are denoted by Vj,, where h =
O(27*). In addition, we denote by Vo,on and Vi gy, those subspaces of Vj, which satisfy
homogeneous boundary conditions of order 0 and 1, respectively.
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Figure 7: Computational domains 2, which are defined in Example 1 and Appendix A, and which are
used for numerically solving various partial differential equations in the Examples 2-4.

We start with the L? approximation of a function:
Example 2. We approximate the function
2(x1, ) = 2 cos(2x1) sin(2z1), (30)

defined on the three computational domains €2, shown in Fig. 7, by a function u, € V} by
solving the L? minimization problem

|un — 2|5 = /Q(uh(ac) — z(x))*dx — min . (31)

up€EVh

The detailed isogeometric formulation of the problem (31) can be found in [16, Section
4.2].

The results, reported in Fig. 8, confirm the optimal approximation order with respect
to the H® (L?) norm and indicate an estimated growth rate of O(1) for the condition
numbers of the diagonally scaled mass matrices, cf. [4].

We continue with solving Poisson’s equation on the three multi-patch domains €2 shown
in Figure 7:

Example 3. We consider the Poisson problem

Au(x) —f(x) on
u(x) =0 on 052

(32)

with f € H°(Q) for the unknown function v € H}. By using the weak formulation and
Galerkin projection (cf. [8]) we obtain the following problem: Find u; € Vg, by solving
the system of equations

/(Vuh(a:))TVvh(m)dm :/f(a:)vh(m)dm (33)
0 Q
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Figure 8: L? approximation on the three computational domains shown in Fig. 7. Exact solutions (30)
(top row), estimated convergence rates (center) and estimated growth of the condition numbers (bottom

row). See Example 2.
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for all v, € Vi on. The detailed isogeometric formulation of the problem (33) is presented
in [16, Section 4.3].
We solve the problem (33) for the three multi-patch domains with the exact solutions

.T17.T2 = H x17x2 (34>

where n is equal to the number of boundary edges of the corresponding domain, the e;
are the linear equations of the boundary edges obtained via their Hesse normal form with
outward oriented normal, and C' is equal to 0.5 10® for the three-patch domain and equal
to 10% for the four- and five-patch domain. These functions u, which are visualized in
Fig. 9 (top row), satisfy the homogeneous boundary conditions of order 0. The numerical
results, which are reported in Fig. 9, confirm the optimal approximation order with respect
to H'-norms, 7 = 0,1, and indicate an estimated growth rate of O(h~2) for the condition
numbers of the diagonally scaled system matrices, cf. [4].

We also solve the biharmonic equation on the three multi-patch domains €2 shown in
Figure 7:

Example 4. We consider for the unknown function u € HZ the first biharmonic boundary

value problem
N?u(xz) = f(x) on 35
u(x) = 54 (z) =0 on 0f) (39)

with f € H°(€). Using the weak formulation and Galerkin projection (cf. [8]) leads to the
problem of finding wu;, € V; o, by solving the system of equations

/Auh(w)Avh(w)d:c:/f(m)vh(:v)dm (36)
Q 0

for all v, € Vi gn. The detailed isogeometric formulation of the problem (36) can be found
in [16, Section 4.4].

We solve the problem (36) for the three multi-patch domains with the right side func-
tions determined by the exact solutions @ = u?, where u is given by (34). These functions @
fulfill the homogeneous boundary conditions of order 1. The numerical results indicate op-
timal convergence rates in the H'norms, i = 0,1,2, and show an estimated growth rate
of O(h™*) for the condition numbers of the diagonally scaled system matrices (cf. [4]), see
Fig. 10 and Table 1.

So far, the constructions described in this paper are limited to bilinearly parameterized
multi-patch domains. Two approaches for extending the applicability have been identified
in [16, Section 3.4]. We present one example for each of them:

Example 5. A computational domain with a hole can be modeled by four quadrilateral
patches, see Fig. 11 (left). We relaxed the requirement of bilinear patches by modifying the
locations of the control points that do not affect the edge and vertex basis functions. More
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Bicubic Biquartic
e.c.r. HO-norm | e.cr. Hl-norm | e.c.r. H?-norm | rate k || e.c.r. H?-norm | e.c.r. Hl-norm | e.c.r. H?>-norm | rate k

A Three-patch domain
0/1 - - - - 4.21 3.64 2.75 -
1/2 4.84 4.08 2.73 - 4.61 3.69 2.61 2.43
2/3 3.99 3.27 2.08 2.36 5.25 4.21 3.13 3.19
3/4 4.49 3.49 2.16 3.01 5.47 4.34 3.19 3.74
4/5 4.51 3.32 2.09 3.65 5.5 4.26 3.12 3.95

A Four-patch domain
0/1 - - - - 1.48 1.9 1.93 -
1/2 3.06 3.04 2.54 - 3.91 3.78 2.79 2.06
2/3 3.25 3.19 2.26 2.08 4.6 4.39 3.1 2.12
3/4 3.86 3.71 2.22 2.08 4.89 4.53 3.12 2.42
4/5 4.03 3.72 2.09 2.27 5.03 4.42 3.08 3.08

A Five-patch domain
0/1 - - - - 2.71 2.98 2.74 -
1/2 3.47 3.52 2.94 - 4.67 4.3 3.04 2.37
2/3 3.92 3.78 2.47 2.26 5.21 4.47 3.14 3.17
3/4 4.12 3.73 2.17 2.62 5.42 4.33 3.11 3.78
4/5 4.08 3.41 2.05 3.34 5.33 4.19 3.07 3.98

Table 1: The estimated convergence rates (e.c.r.) in the H’-norms, i = 0, 1,2, and estimated growth rates
for the condition numbers x of the diagonally scaled system matrices by solving the biharmonic equation
on three multi-patch domains in Example 4. Compare Fig.10.

precisely, the domain is modeled by considering four two-patch domains with geometric
continuity across their internal interface and merging adjacent patches with standard C'-
smoothness. This allows us to construct the computational domain with a curved boundary
around the hole. Slightly different to Example 3, we solve Poisson’s equation with the right
side function f and Dirichlet boundary conditions obtained from the exact solution

1
20000

see Fig. 11 (right). By using biquartic functions the resulting relative H°- and H!-error
for A = 2 are equal to 8.25e-05 and 3.62e-04, respectively.

(z9 — 5) (1o +4)(23 + % — 15)(23 — % — xo)(z1? + 292 — 2), (37)

u(xy, x2)

A different approach has been used in the final example:

Example 6. The computational domain 2, which is shown in Fig. 12 (bottom left), roughly
resembles a car part. It has been constructed by using the second generalization described
in [16, Section 3.4]. More precisely, we first consider the target geometry G given in
Fig. 12 (top right), which represents the desired car part. Thereby, the target geometry G

= (¢
consists of five patches G() € 8§ x 8. For this target geometry we choose a bilinear
reference geometry G, see Fig.12 (top left), whose geometry mapping G also consists of

five patches G ¢ 83 x S4. The reference geometry determines a basis of the corresponding
space V of C''-smooth geometrically continuous isogeometric functions. We then use these
functions to perform L? approximation for each coordinate function of the target geometry
to obtain a parametrization G of the computational domain 2. The obtained relative H°-
errors with respect to the two coordinates are equal to 6.36e-04 and 8.89e-04, respectively.
The geometry mapping G is thus contained in the space V x V. The coefficients of the
associated basis functions are inherited from the reference geometry.
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Figure 11: Solving Poisson’s equation on a four-patch computational domain with hole (left) with the
right side function f and Dirichlet boundary conditions determined by the exact solution (37) (right). See
Example 5.

#ptchs | #fcts | rel. HC-error | e.c.r. H9%-norm | rel. Hl-error | e.c.r. H -norm
80 808 1.66744e-03 - 7.30986e-03 -
320 3048 | 5.44177e-05 4.93741 4.68758e-04 3.96293
1280 11848 | 1.47709e-06 5.20324 2.91532e-05 4.00711
5120 | 46728 | 3.7166e-08 5.31263 1.66268e-06 4.13207
Table 2: The obtained relative H'-errors, ¢ = 0,1, with the corresponding estimated convergence

rates (e.c.r.) by solving the Poisson problem in Example 6.

We solve Poisson’s equation with the right side function f and Dirichlet boundary
conditions determined by the exact solution

1 dx 3 7 7
U(.’El, $2) = m(4—.ﬁ(}2)(4+ ?1 —.’L'2)(§ —1’2)(3}1 +5)(—§ —1’2)($12+ (l’g-'- 5)2 —4)(331 —5>
(38)
Table 2 shows the resulting relative H'-errors, i = 0, 1, with the corresponding estimated
convergence rates.

6. Conclusion

We constructed bases for bicubic and biquartic C'-smooth geometrically continuous
isogeometric functions on bilinearly parameterized multi-patch domains 2 C R?. The re-
sulting basis functions are obtained by suitably combining the C*-smooth functions from
the two-patch case (cf. [16]) and can be easily generated by means of explicit formu-
las for their spline coefficients. We employed these basis functions to perform numerical
experiments, which showed optimal rates of convergence. Our construction guarantees
that polynomials of degree d on the physical domain are contained in the isogeometric
discretization space, if the physical domain is bilinearly parameterized.

The paper leaves several open issues for possible future research. One such topic con-
sists in the theoretical investigation of the approximation power of the space of C''-smooth
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Figure 12: Solving Poisson’s equation on a five-patch computational domain (bottom left) with the right
side function f and Dirichlet boundary conditions obtained from the exact solution (38) (bottom right).
The computational domain is constructed by performing L? approximation with the help of a reference
(top left) and target geometry (top right). See Exampe 6 and Table 2.

geometrically continuous isogeometric functions defined on bilinear multi-patch domains.
First steps have been presented recently in [7] where necessary conditions (which are sat-
isfied by our construction) for optimal approximation properties were identified.

Another challenging topic is the construction of geometrically continuous isogeometric
functions of higher degree and/or global smoothness. In addition, the possibly finding of
non-negative geometrically continuous isogeometric basis functions, satisfying the partition
of unity property, would allow an interactive geometric design.

We have already demonstrated the potential of the geometrically continuous isogeo-
metric functions by solving the biharmonic equation. The exploration of further possible
applications, which require these functions of higher smoothness, is of interest, too. Finally,
the extension of the framework to the three-dimensional case will be considered.
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Appendix A. Setting of the multi-patch domains defined in Example 1

The coordinates of the vertices of the three multi-patch domains presented in Exam-
ple 1, which are used for solving numerical problems in the Examples 2-4, are as follows:

e Three-patch domain:
1 3

Vo = (1_%71%>7 V1 = (%7 _18%>’ Vo = (?43%)7 )
V3 = 573@)7 5 Vy = (; 73127 V5 (3_91—071—9ﬁ)7 (A.2)
Vg (—1—7—1—0)7 ’U7:<Ea—z)a ’08_(1—7—3)-

e Five-patch domain:

vo=(0.0), ~w=F0 - w=G =G5,
vi=(-ag) vs=(-53)h ve=(7g3), v=(3-5, (43
vs=(=3,—3), vo=1(5—3), vo=(5 —1)

Appendix B. Edge basis functions

We present simple explicit formulas for the spline coefficients of the different types of
edge basis functions for bilinearly parameterized two-patch domains 2, see Section 3.2.
Mathematica templates for computing these spline coefficients with respect to local ge-
ometries, described in the following paragraph, can be found under http://www.ag. jku.
at/pubs/Template_Degree3.nb and http://www.ag.jku.at/pubs/Template_Degree4.
nb for d = 3 and d = 4, respectively.

Local geometries. The values b; of their spline coefficients are specified with respect to local
geometries of two, three or four pairs of adjacent elements along the common edge I'"2)
compare Fig.3, where the vertices

(0,2)

(0,0), § (0,3) ¢, (¥0,%0), (¥1,91), (¥2,92) and (z3,y3)
(0,4)

are the vertices G(Z)(-, -), £ = 1,2, of the involved bilinear elements in a suitably chosen
local coordinate system. In addition, we assume that the functions of type L, U, and Y
are constructed at the local vertex (0,0). To keep all formulas short and compact, we use
the following abbreviations:

d=5—d, o;; =x:y; — Tyi, Pij = x5 —

and
Yij = Qij + Bigj, 0ij = iy +20i5, €ij = i+ 3Bz, mij = au;+ 406
for i,7 € {0,...,3} with i < j.
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Basis functions of type A, B, L and U for d = 3.
e Type A:

bs = bs =

bis = Bl by = oot
15 3xo+2x3’ 17 = 3$2+21‘3

bg 3ro+221 bll 1 b12 — 2x0+3x1 b _ 2x9+3x3

__To T2
3xo+2x3’ 31‘2+2$3 3xo+2x3’ 3xo+2x3’ 14 = 3xo+2x3’ (B 1)

e Type B:
Tap,2+3a0,3
bS = 12330 b9 blO - bll - 24z0 )
b _ 3ap, 3930+040 3931+8040 123 3B0,3+51,3 b o
12 = prv— + 1225 13 =
b 3ap, 3932+8a0 2x3+9x0,373 + B2,3 b oo, 3x0+11040 371 —8p,1T3 + 980,3+1181 .3 (B 2)
14 = 4803 12237 V156 — 48z0x3 1223 :
big = 1,b 9a0,322— 80!0213+3003$3 + 3B2,3 b __ 3n0,3+7m,3 byo = 1
16 — 17 = 48z 3 4z 0 V18 T 24zx3 9= 2
o — ms byt — M3
20 8x3 21 1223
e Type L; and Uy:
_ 2y0,24+70,3 o _ 7ye3 _ 4v0,2+270,3+2v1,2+71, 3
bo T 2xo+ta3 bl =1 b2 _ 2$2+J33’b3 _ 18x2+9x3 (B3)
e Type Ly and Us:
by = 1. by = =202 p, — 201 p _ 270,21+70,3 (B 4)
1 — 4,02 = $073_ 9x0’5_ 970 . .
e Type L3 and Us:
by — 202 _ 60,24+260.3 Q01 b ] b — —200,282,3+700,322+200,373 + 4823
2= oo 3 = 315163 Oxp’ 4 — U — 9z0(z2+223) 3z9+6x3"’
be — 1100,2+2200,3+401,24+861,3 by — 1 by — 62,3 _ 60,24+200,34+261,2+461,3
6 — 36x2+7223 [ 8 T 2mptdzz’ VY T 36x247213
(B.5)
e Type Ly and Uy:
_ _ x2 _ 1lzg+4xy _ 1lzo+4xs _ :1:0+2:1:1 __ x2+2x3
by = 1,05 = o b = 1229 78 7 7 12z o 12z ;b = 12z9 (B'G)
e Type L5 and Us:
o 20{0’2 _ 20{0’1 603 o 20{0731'2+90{0721'3+4a0’31'3 [3273
b5 — 3z 6 T 9z 9:1:3 b7 1 b8 - 18zqx3 + 33’
bo — 3eo, 3$0+260 321—€0,1%3 __ fPo,1 b b _ 6o 3T2—500,273+200,373 + B2,3 (B 7)
9 — 3z’ 10 = 11 = 18z¢x3 3 :
bio — 2603+3€13 b b 2e2.3 b _ 613
12 — 9:)3 13 4 - 9333 15 — 9
Basis functions of type A, B, L and U for d = 4.
e Type A;:
:132 3z1 _ 4x2+3z3 _ 1 — T3
by = 1,bs = £2,bg = 1 + 320 by, — deadiog o, s (B.8)
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e Type Aj:

3 & +3 +3
b8 _ ap2 b _ Sap1 +£ blO — l,bn _ Q0,3%2+3a0,223+3q0,3%3 +52,3

— 22079 T T8x 8x3 8xoT3 4x3 )
bio — 3ap,3T0+400, 321 —300,123 + 3B0,3+451,3 bin = 1. b1y — 30,322 —3010,223+00,373 + 382,3
12 — s 8xoTs 4x3 » V13 — L, V14 — 8xoTs 4x3 )
bis =32
2x3 "
(B.9)
e Type Aj:
_ ™o __ 2 __ 3wotdxy _ 32 _ T _
by = 4om, b = 322 bie = = by = 1+ 32,05 = 21 bir = 1 (B.10)
e Type B:
by — Q02 p o Q01 g 1 by — 13ap,2+8a0,3 bir — €0,3(2z0+x1)+€0,1%3 _ Po,1
11 — 1620’ 12 — [ 13 — 5, Y14 — 48z, sy V15 — 12z0x3 2z0 ?
bie — 1. by — 20sl@2tzs)—copzs  fo2+2B03 o _ Beostlders oo 1y o €23
16 — 67 17 — 12z023 4xo y V18 — 48x5 y V19 — 5, Y20 — 6x3
bar = 152
16x3 °
(B.11)
e Type L; and Uy:
_ 7Y0,2+7.3 _ 723 __ 70,2+7%,3+71,2+71,3
b T xzodz3 ’bl _ 1’ b2 - IQ+Ig’b3 _ 8xo+8x3 . <B12)
e Type Ly and Usy:
_ _ 70,2 __ 701 ____ 70,21+70,3
b= 1,by = 202 py = —Tod pp — _dozbins (B.13)
e Type L3 and Ugs:
by — 202 po 670,220+670,3z0+0,1 (x2+23) by — 1
2 zo 3 8xoxo+8xoxs3 e ’ (B ]_4)
be — 0,222+ 700 302 —50p 223400, 323 + 302,3 be — ~0,2+70,3+71,2+71,3 :
5 8xox2+8xox3 4xo+4xs3’ 6 4xo+4xs3
e Type Ly and Uy:
_ ) _ ZotzZ1 _ x2+x3
by = 1,by = 22, by = 2wbEL p — 2k (B.15)
e Type L5 and Us:
3 [ 2 46, 30
by = 2002 pg = 901 4 B3 = py = Hofaataoaliatny) g, D0t (B.16)
bio =L b = %23 3 — 013 ‘
10 — 5, Y11 — 4dx3” 12 — 16x3

Basis functions of type Y. The functions of type Y are obtained by linearly combining the
functions of type L, i.e.

5
Yi=> gLy i=1,...,5,
j=1
using the following coefficients ué:
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e type Yi:

1 _ deptes 1 _ dloz—z2)tr0s-75 1 _ 4
H1 d70,2+wo,3”u2 dyo,24+70,3 ' H3 ’ (B.17)
1 _(2d75)a0,2+(d71)a0’3+d50’27(Gfd):v0+(1272d):v3 1 M—’QM[M :
My = dra+(12—2d)x3 M5 = (d-1)ao,2
o type Yo:
2 (dzo4x3)(zocospt+yosing) 2 N (dzota3)(xocos p+yosing) 2 _ sing
IU/l - ~(12—2d)’y072-i:cl’\/(),g ) 12 _~ (12—2d)70,2+d’)/0,3 - ~
2 _ _ (dzotzi)(ze+dws) cos p+(—(ze+drs)(—6+(4d—11)yo —y1)+(3d—6)z0 ((4d—18)+y2 +dys)) sin
Ha = (5d+12)z2+(120—22d)x3 )
2 _ (—ziz2tzox3) cos pFx2(—6+4+(4d—11)yo—y1)+xo(6—(4d—11)y2+y3)) sinp
NJS - 6dovg,2 :
(B.18)
e type Y3:
3 (dzatx3)(yocosp—zpsing) 3 _ _(d~J:2+x3)(yo cos p—zosing) 3 _ cosg
1 (12—2d)’y0,2+d:y073 ) 12 ~ (12—2d)~0,2+dv0,3 ] d ~
3 —(dzo+ax1)(x24dxs) sin o+ (—(z2+dws)(—6+(4d—11)yo —y1)+(3d—6)z0 ((4d—18)+y2+dys)) cos ¢
My = (5d+12)x2+(120—22d)z3 )
3 _ (z1z2—mow3)sin o+ (o (—6+(4d—11)yo—y1)+xo(6—(4d—11)ya+y3)) cos ¢
,LL5 - 6dag,2 :
(B.19)
e type Yy:
— 4 __ 4 _ 4 4 _ dxo
py = 0,45 =0,p3 =0, 5 =1, p5 = — 77 F4~ (B.20)
e type Ys5:
5 _ 5 __ 5 __ 5 __ 5 dzg
Hy = Onu2 - 07 M3 = 07 Hy = 07 Hs = (d—1)ao,2” (B21)

Note, that ¢ is the angle between the vector (1,0) and the directional vector of the common
edge I'™?) with respect to global coordinates.
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