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Abstract

In this paper we provide a priori error estimates with explicit constants for both
the L?-projection and the Ritz projection onto spline spaces of arbitrary smoothness
defined on arbitrary grids. This extends the results recently obtained for spline
spaces of maximal smoothness. The presented error estimates are in agreement with
the numerical evidence found in the literature that smoother spline spaces exhibit a
better approximation behavior per degree of freedom, even for low smoothness of the
functions to be approximated. First we introduce results for univariate spline spaces,
and then we address multivariate tensor-product spline spaces and isogeometric spline
spaces generated by means of a mapped geometry, both in the single-patch and in
the multi-patch case.

1 Introduction

Spline approximation is a classical topic in approximation theory; we refer the reader to
the book [19] for an extended bibliography. Moreover, it has recently received a renewed
interest within the emerging field of isogeometric analysis (IGA); see the book [§]. In this
context, a priori error estimates in Sobolev (semi-)norms and corresponding projectors for
suitably chosen spline spaces are important.

Classical a priori error estimates for spline approximation are explicit in the grid spac-
ing but hide the influence of the smoothness and the degree of the spline space. Such
structure, however, is not sufficient for the IGA environment. In particular, IGA allows
for a rich assortment of refinement strategies [8], combining grid refinement (h) and/or
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degree refinement (p) with various interelement smoothness (k). To fully exploit the bene-
fits of the so-called h-p-k refinement, it is necessary to understand how all the parameters
involved (i.e., the grid spacing, the degree, and the smoothness) affect the error estimate.
Furthermore, it is important to unravel the influence of the geometry map in isogeometric
approximation schemes, not only for its effect on the accuracy but also because it helps in
defining good mesh quality metrics [10].

Besides their prominent interest for analyzing convergence under different kinds of
refinements, error estimates for approximation in suitable reduced spline spaces play a less
evident but still pivotal role in other aspects of IGA discretizations, such as the design of
fast iterative (multigrid) solvers for the resulting linear systems [15,24]. The convergence
rate of fast iterative solvers should ideally be independent of all the parameters involved,
and so their explicit impact on the estimates is important to understand.

In the context of IGA, the role of the smoothness and the degree in spline approximation
has been theoretically investigated for the first time in [2], providing explicit error estimates
for spline spaces of smoothness k& and degree p > 2k + 1. The important case of maximal
smoothness (k = p — 1) has been recently addressed for uniform grid spacing in [25] and
for general grid spacing in [18], where improved error estimates have been achieved as well.
The above references all deal with both univariate and multivariate spline spaces.

In this paper we provide a priori error estimates with explicit constants for approxi-
mation by spline functions of arbitrary smoothness defined on arbitrary knot sequences.
Besides filling the gap of the smoothness that is not yet covered in the literature, our results
also improve upon the error estimates in [2,/18,25]. The key ingredient to get our results is
the representation of the considered Sobolev spaces and the approximating spline spaces in
terms of integral operators described by suitable kernels [17]. By using this representation
we provide an abstract framework that converts explicit constants in polynomial approxi-
mation to explicit constants in spline approximation. We consider error estimates for both
univariate and multivariate spline spaces, and we also allow for a mapped geometry. After
a short description of some preliminary notation, the main theoretical contributions and
the structure of the paper are outlined in the next subsections.

1.1 Preliminary notation

For k > 0, let C¥[a,b] be the classical space of functions with continuous derivatives of
order 0,1, ...,k on the interval [a,b]. We further let C~![a, b] denote the space of bounded,
piecewise continuous functions on [a,b] that are discontinuous only at a finite number of
points.

Suppose = := (&, ...,&nv+1) is a sequence of (break) points such that

a=:8§ <& < <En <Eng1i=b,

and let
h = jfolf?fN(fjH —&). (1)



Moreover, set I; := [§;,&41), J =0,1,...,N — 1, and Iy := [{n,En]. For any p > 0, let
P, be the space of polynomials of degree at most p. Then, for —1 < k < p — 1, we define
the space S’fE of splines of degree p and smoothness k£ by

SI’)C,E = {sECk[a,b]IS\Ij GPp,j:O,l,...,N},

and we set

. gQp—1
Sz = Sh2.

With a slight misuse of terminology, we will refer to = as knot sequence and to its elements
as knots.
For real-valued functions f and g we denote the norm and inner product on L?(a, b) by

\UW*ﬂﬁﬂ,(ﬁmf:/f@M@M%

and we consider the Sobolev spaces
H"(a,b) := {u € L*(a,b) : 0“u € L*(a,b), a =1,...,7}.

We use the notation S : L?(a,b) — SFz and S, : L*(a,b) — S,z for the L?-projector onto
spline spaces, while P, : L*(a,b) — P, stands for the L*-projector onto the polynomial
space P,.

1.2 Main results: univariate case

In this paper we focus on general spline spaces of degree p, smoothness k, and arbitrary
knot sequence =. We first derive the following (simplified) error estimate:

o= pull < (7o) lorul, )

for any u € H"(a,b) and all p > r — 1. Here e is Euler’'s number. We refer the reader
to Remark [3] Theorem [3] and Corollary [I] for sharper results. We then show that similar
error estimates hold for standard Ritz projections and their derivatives; see Remark [5| and
Corollary 2]

The inequality in (2)) does not only cover the univariate result from [2], but also improves
upon it by allowing any smoothness; in particular, the most interesting cases of highly
smooth spline spaces are embraced. As already pointed out in [2], a simple error estimate
like ([2)) is not able to give a theoretical explanation for the numerical evidence that smoother
spline spaces exhibit a better approximation behavior per degree of freedom. On the other
hand, the sharper estimate provided in Theorem [3| improves per degree of freedom as the
smoothness of the spline spaces increase; see Remark [4] (and Figure . Even though this
does not prove the superior approximation per degree of freedom of smoother spline spaces,
the presented error estimates are a step towards a complete theoretical understanding of



the numerical evidence found in the literature. For uniform knot sequences, it has been
formally shown in [5] that C?~! spline spaces perform better than C° and C~! spline spaces
in almost all cases of practical interest. A similar approximation behavior per degree of
freedom is observed for the Ritz projections; see Remark @ (and Figure |3)).
For maximally smooth spline spaces, the best known error estimate for the L?-projection
is given by
h T
o= Sl < (2) 10l )

™

for any u € H"(a,b) and all p > r—1. This estimate has been recently proved in [18]. Note
that the same error estimate also holds for periodic functions/splines |18]21], for which it
has been shown to be optimal on uniform knot sequences [13,|17,|1§].

It is easy to see that is sharper than for k = p—1. Nevertheless, for fixed r, this
estimate only ensures convergence in h, and not in p. The role of the grid spacing and the
degree is made more clear in the following estimate:

2eh(b—a) .
=Syl < (s ) 10l (@)

for any u € H"(a,b) and all p > r — 1; see Remark 8| For small r compared to p, a better
estimate is formulated in Remark @ The general result, covering both and , can
be found in Corollary [3] Similar estimates hold for Ritz projections and their derivatives;
see Remark [I1] and Corollary ]l The p-dependence has also been strengthened for the
arbitrarily smooth case in Corollary [I}

Motivated by their use in the analysis of fast iterative solvers for linear systems arising
from spline discretization methods [15], we also provide error estimates for approximation
in suitable reduced spline spaces; see Theorems [ and [f]

1.3 Main results: multivariate case

The univariate results can be extended to obtain error estimates for approximation in
multivariate isogeometric spline spaces. As common in the related literature [1,3,/4], we first
address standard tensor-product spline spaces, then investigate the effect of single-patch
geometries for isogeometric spline spaces, and finally discuss C° multi-patch geometries.
In all cases we provide a priori error estimates with explicit constants, highlighting all
the actors that play a role in the construction of the considered spline spaces: the knot
sequences, the degrees, the smoothness, and the possible geometry map.

For tensor-product spline spaces we provide error estimates for L? and Ritz projec-
tions in Theorems [6] and [7], respectively. In case of single-patch geometries, we do not
confine ourselves to the plain isoparametric context which is typical in IGA [§], i.e., the
same space that generates the geometry is mapped to the physical domain, but we allow
for possibly different spaces for the geometry representation and the function approxima-
tion. In the first instance, we assume geometric mappings that are sufficiently globally
smooth; see Theorem [§ and Example [18 Afterwards, we also provide error estimates for
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mappings generated by more general geometry function classes that include spline spaces
and NURBS spaces of arbitrary smoothness; see Theorem [0 and Example In this
perspective, following the literature [3,|4], we introduce suitable bent Sobolev spaces, so
as to accommodate a less smooth setting for the geometry. We explicitize the role of the
(derivatives of the) geometry map in the constants of the error estimates, both for L? and
Ritz projections. Finally, to deal with the C° multi-patch setting, we consider a projector
that is local to each of the patches and is closely related to the standard Ritz projector.
Indeed, since the global isogeometric space is continuous, we cannot directly use stan-
dard L2-projectors as local building blocks on the patches. Instead, we choose each of the
projectors to be interpolatory on the patch boundaries [3}24] so that they can be easily
combined into a continuous global projector. We provide explicit error estimates for the
new local projectors, which immediately give rise to the desired estimates for the global
one; see Example

Even though the multivariate results emanate from the univariate ones by following ar-
guments similar to those already presented in the literature, see [1,3,4},16,24] and references
therein, the novelty of the provided error estimates is twofold:

e they are expressed in terms of explicit constants and cover arbitrary smoothness;

e they hold for a certain (mapped) Ritz projector which is very natural in the context
of Galerkin methods.

It is also worthwhile to note that, although the current investigation has been mainly
motivated by IGA applications, standard C tensor-product finite elements are included
as special cases.

1.4 Outline of the paper

The remainder of this paper is organized as follows. In Section [2] we introduce a general
framework for dealing with a priori error estimates in standard Sobolev (semi-)norms for
L? and Ritz projections onto univariate finite dimensional spaces represented in terms of
integral operators described by a suitable kernel. Based on these results, error estimates
with explicit constants are provided for spline spaces of arbitrary smoothness in Section
and further investigated for the salient case of spline spaces of maximal smoothness in
Section [l Section [§ addresses certain reduced spline spaces which can be of interest
in several contexts. Then, we extend those univariate results to the multivariate setting.
Standard tensor-product spline spaces are considered in Section [0} while isogeometric spline
spaces defined on mapped (single-patch) geometries are covered in Section ; we provide
explicit expressions for all the involved constants. In Section |8 we discuss a particular
Ritz-type projector and related error estimates for isogeometric spline spaces on C° multi-
patch geometries. Finally, we conclude the paper in Section [9] by summarizing the main
theoretical results.



2 General error estimates

In this section we describe a general framework to obtain error estimates for the L2-
projection and the Ritz projection onto spaces defined in terms of integral operators.

2.1 General framework

For f € L*(a,b), let K be the integral operator

b
Kf(z) = / K (2,9 (y)dy. (5)

As in [17], we use the notation K (z,y) for the kernel of K. We will in this paper only
consider kernels that are continuous or piecewise continuous. We denote by K* the adjoint,
or dual, of the operator K, defined by

(f, K*g) = (Kf,9).

The kernel of K* is K*(x,y) = K(y,x).

Given any finite dimensional subspace Zy 2 Py of L?*(a,b) and any integral operator
K, we let Z; for t > 1 be defined by Z; := Py + K(Z;_1). We further assume that they
satisfy the equality

Z, =P+ K(Zi-1) =Po+ K" (Z,_1), (6)
where the sums do not need to be orthogonal (or even direct). Moreover, let Z; be the
L?-projector onto Z;, and define ¢r € Rfor t,r >0 to be

Cop o= (I = Z) K. (7)
Note that €,y = 1. In the case t = 0 and r = 1 we further define the constant € € R to be
¢ = max{||(I — Zo) K[, (I = Zo) K™[|}- (8)

The following inequality is stated in [18, Lemma 2.1]. For completeness we provide a short
proof here as well.

Lemma 1. The constants in and satisfy
&1 <¢ t>0.

Proof. For t = 0, this is true by the definitions of €y; and €. For ¢ > 1, we see from @
that KZ,_1 maps into the space Z;. Now, since Z; is the best approximation into Z; we

have
(I = Z)K| < [|[K(I = Zi)[| = (I = Z—1) K.

Continuing this procedure gives

I(I = Zo)K||,  t even,

(I = Z)K]| < \
(I = Zo) K|, ¢ odd,

and the result again follows from the definitions of ¢;; and €. H
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Inspired by the idea of [14, Lemma 1] we have the following more general result.

Lemma 2. The constants in satisfy
Q:t,r S Qtt,seztfs,rf&
forall0 < s <tr.

Proof. Observe that the operator (I — Z,)K*Z; (K"° = 0 since K*Z, (K" °f € Z, for
any f € L*(a,b). Thus,

(I = Z)K"|| = (I = Z)K*(I = Zi—s) K" || < |[(I = Zo) KP|[ (|(1 = Ze—s) K7,
and the result follows from the definition of &;,. O

Similar to [18, Theorem 2.1] we obtain the following estimate.

Lemma 3. The constants in and satisfy
Cir <€y <7
forallt>r —1.

Proof. The case r = 1 is contained in Lemma [1} For the first inequality, the cases r > 2
follow from Lemma [2] (with s = 1) and induction on r. The second inequality then follows
from Lemma [II O

In the next subsection we consider a particularly relevant integral operator: the Volterra
operator.

2.2 Error estimates for the Ritz projection

Let K be the integral operator defined by integrating from the left,

(fow):i/ﬁfWNw- (9)

One can check that K* is integration from the right,

<wnm=/f@m

see, e.g., [14, Section 7]. Note that in this case we have ||(I — Zo)K || = ||(I — Zy) K*||, and
so € = €. Moreover, the space H"(a,b) can be described as

H"(a,b) = Py + K(H '(a,b)) = Py + K*(H(a,b)) = Pr_1 + K"(H%a,b)), (10)

with H%(a,b) = L*(a,b) and P_; = {0}. Thus, any u € H"(a, b) is of the form u = g+ K" f
for g € P,y and f € L*(a,b). This leads to the following error estimate for the L*-
projection.



Theorem 1. Let Z, be the L?*-projector onto Z, and assume P,_y C Z,. Then, for any
u € H"(a,b) we have
i = Zeu|) < €., 07ul]. (11)

Proof. Since P,_1 C Z; and using (10), we have u = g+ K" f for g € P,_; and f € L*(a,b).
Thus,
lu—Zwl| =g+ K"f—Z(g+ K [l = (I = Z)K"f|| < &, [ f], (12)

and the result follows from the identity 0"u = f. ]
Remark 1. By definition of the operator norm, the constant €, is the smallest possible
constant such that the last inequality in holds for all f € L*(a,b). We thus see from

the above proof that whenever P,_; C Z,, the constant &, , is the smallest possible constant
such that holds for all w € H"(a, b).

Example 1. From the definition of Z; in @, with K as in @, it follows that P,_; is a
subspace of Z; for any ¢ > r — 1. Hence, Theorem [I] and Lemma [3] imply that for any
u € H"(a,b) we have

[u = Zyul] < & )|0u] < €[0"ull,

for all £ > r — 1. However, as we shall see in the next section, there are important cases
where P,_; C Z, for some t < r —1 (e.g., if P, C Z, with & > 1). Such cases will be
considered in our proof of the error estimate in and the sharper estimates in Section

We now focus on a different projector which is very natural in the context of Galerkin
methods. For any ¢ =0, ...,t we define the projector R{ : H%(a,b) — Z; by

(0'Rlu, 0) = (0u, dv), Vv € Z,

13
(Rgu7 g) - (u7g)7 \V/g € Pq—l' ( )

We remark that R is the Ritz projector for the g-harmonic problem. Observe that this
projector satisfies YR} = Z;_,0, where Z;_, denotes the L*-projector onto Z;_,. With
the aid of the Aubin—Nitsche duality argument we arrive at the following estimate.

Lemma 4. Let u € H%(a,b) be given, and let R} be the projector onto Z; defined in .
Then, for any £ =0,...,q we have

10 (u = Riw)|| < €gqr|0%u = Zy—g0"ull,
for allt > q such that Py_4—1 C Z4_,.
Proof. Let u € H9(a,b) be given and define w as the solution to the Neumann problem

(=1)17¢9*@= Yy = u — Riu,

w9 (a) = w IO (b) = - . = WO (g) = wE=O"D(p) = 0.



Using integration by parts, ¢ — ¢ times, we have
10°(u = Riw)||* = (9(u = Riu), 8" (u — Rfu)) = (8"(u — Rfu), (=1)" 8 0> )
= (0%(u = Riu), 0"w) = (0"(u — Riu), 0" (w = v)),

for any v € Z;, since (9%(u — R{u),d%) = 0. Using ||0°(u — Rju)| = ||0*~*w| and the
Cauchy—Schwarz inequality, we obtain

10°(u — Riw)|[|0*~ wl| < [|0%(u — Riu)]| [0°(w — ).
If we let v = Rfw, then Theorem (1| implies that
10%(w — Riw)|| = (10w — Zy—y0"wl]| < €—ggel| 0> w]],
since Py_y—1 € Z4_4. Thus,
10°(u = Riw)l| < €rgqell0"(u = Riu)l| = Crgqel| 0" — Zp—y0"u]),
which completes the proof. ]

Theorem [1l in combination with Lemma (] results in a more classical error estimate for
the Ritz projection.

Theorem 2. Let u € H"(a,b) be given. For any q=0,...,r, let R} be the projector onto
Z, defined in . Then, for any £ =0,...,q we have

10 (u = REW)|| < €y i€grgl ],
for allt > q such that Pr_y—1 C Zi_4 and Py_y—1 C Z4_,.

FEzample 2. Similar to Example (1, we observe from the definition of Z;_, in @, with K
as in @D, that P,_,—1 and P,_,_; are subspaces of Z;_, for any ¢ satisfying ¢ > r — 1 and
t > 2q — ¢ — 1, respectively. Then, Lemma 4] and Theorem [2| together with Lemma
imply the following results for u € H%(a,b). For any ¢ =0, ..., q we have

10°(u = Riw)l| < €rogqe|0"u — Z—g0"u]| < €0% — Z;— g0l (14)
for all ¢ > max{q,2q — ¢ — 1}, and
10°(u — Riw)l| < € gq-t€imgir—ql|0"ull < €070, (15)

for all ¢ > max{q,r — 1,2¢g — ¢ — 1}.
Ezample 3. Let ¢ = 1. Then, for any u € H'(a,b) and ¢t > 1 we have the error estimates

Ju — Riu|| < €_y1]|0u — Zy—10ul|| < €y 1]|0ul],
[0(u — Ryw)|| < ||0u — Zy—10ul| < ||0ul],

and the stability estimates

1OR || = (| Zi—10ul| < [|Oul, (16)
1Ryl < Jull + | By — ull < [lull + € [|Ou]. (17)
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We end this section with an observation that will be relevant in the case of a multi-patch
geometry; see Section [§

Lemma 5. If P, C Z; then Rju(a) = u(a) and Rju(b) = u(b).
Proof. Let ¢ = 1 and pick v(z) = (z — a)? in (13)). Then, using integration by parts, we
have
(OR}u, 0v) = 2(b — a) Riu(b) — (Riu, 0*v) = 2(b — a)Rju(b) — (Rju, 2),
(Ou, 0v) = 2(b — a)u(b) — (u, 9*v) = 2(b — a)u(b) — (u,2),

and Rlu(b) = u(b), since (R}u,2) = (u,2). Similarly, by picking v(z) = (b — x)? we obtain
Rlu(a) = u(a). O

3 Spline spaces of arbitrary smoothness

In this section we show error estimates, with explicit constants, for spline spaces of arbitrary
smoothness defined on arbitrary knot sequences. To do this we make use of a theorem in [20]
for polynomial approximation.

Lemma 6. Let u € H"(a,b) be given. For any p > r — 1, let P, be the L*-projector onto
Py. Then,

b- ) AL PY (18)

— Pu|l <
o= Bl < (15) [

Proof. This follows from |20, Theorem 3.11] since the L*-norm of the weight-function is
bounded by 1. ]

Lemma 7. Let u € H"(a,b) be given. For any p > r — 1 and knot sequence =, let Sp_1 be
the L?-projector onto Sp”é. Then,

N R\" [(p+1—r)!
— STl < (= —=||0"u|.
o=l < (5) o oo
Proof. This follows from Lemma [6] applied to each knot interval. ]
Ezample 4. For r = 1 we have
h
[[Oul].

u— STt <
Ju= Sl <

Vip+1)(p+2)

We are now ready to derive an error estimate for the L?-projection onto an arbitrarily
smooth spline space S kE . We start by observing that if Z, = 'S;;—lk—l,a we have Zy 1 = S;]f,za
for the sequence of spaces in @ Specifically,

Sko = Py+ K(SH12) = Py + K*(SF10), k>0,
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and from Lemma [7| (and Example 4)) we deduce that
h\" —k—r)! h
Co, < (—) k=l o , (19)
2) \(p—Fk+r) 2/(p—k)(p—k+1)

for any r such that P,_; C 2, = Sp_flkfl,E; see Remark . We then define the constant
Cpiyr for p>1r —1 as follows. If £ <p—2, we let

( ! ) , k>r—2,
- (1) Vip—Fk)p—k+1)
p,k,T < 1 >k+1\/ (p+1_7«)| k<r_2
\V-Bp-k+D) (b= 14r =2k |

and if £k =p—1, we let
1 T
Cpp—1,r ‘= (;) .

By combining |18, Theorem 1.1] with Theorem [l (and Example [l|) we obtain the following
error estimate.

Theorem 3. Let u € H"(a,b) be given. For any knot sequence =, let S;f be the L*-projector
onto S;’f,a for =1 <k <p—1. Then,

[ — Spull < cpprh"[|07ul],
forallp >r—1.

Proof. For k = p — 1, this result has been shown in [18, Theorem 1.1]; see inequality (3).
Now, let £ < p — 2. For r < k + 2, the result follows from Example 1| (with ¢ = k + 1)
and the bound for € in (19). On the other hand, for r > k + 2, we use Theorem [1] (with
t = k+ 1), since P._; is a subspace of Z;.; = S;fﬁ for all p > r — 1. Then, applying

Lemma [2| (with ¢ = k4 1) and Lemma [3| (with ¢ = k + 1) we get
Crorrr < Criipr1Corr1 < T, 4,
and the bounds in ([19)) complete the proof. ]

Remark 2. In the case p = 0 and r = 1, the error estimate in Lemma [6] reduces to

b— al
2v/2
for any u € H'(a,b). The above constant is very close, but not equal, to the sharp constant
given by the Poincaré inequality:

[l — Poul| < |Oull,

b—

™

a
[l = Poul| < e
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How close ([18]) is to being sharp for degrees p > 1 is an open question. However, we would
like to highlight that any improvement upon the error estimate in could be used in
(19), and in the proof of Theorem , to immediately deduce sharper constants for spline
approximation.

Remark 3. We can bound ¢, ., for k < p — 2 as follows. For » < k + 2, we have

1 '
< ——
= <2<p— k)) ’

while for > k + 2, using the Stirling formula (see, e.g., |20, proof of Corollary 3.12]), we

get
1 T e (r—pk:kl)Q e r
< (— - <(—) .
Pk = (2<p— k)) (3) = <4<p— k))

As a consequence, the estimate in Theorem [3| can be simplified to

eh "
o= Sjul < (125 ) Wl (20

for all p > r — 1. This is in agreement with the estimate in [2, Theorem 2.

Remark 4. Numerical experiments reveal that smoother spline spaces exhibit a better
approximation behavior per degree of freedom; see, e.g., [I1]. It was observed in [2],
however, that a simple error estimate like does not capture this behavior properly.
The sharper estimate in Theorem |3 seems to provide a more accurate description of this
behavior. Now, let (a,b) = (0,1). Assuming a uniform knot sequence = and h < 1, the
spline dimension can be measured by

_pr—k p—k

7M:&m@k)——%—+k+1z—%—. (21)

Hence, the estimate in Theorem |3| can be rephrased as
k p— AN r
lu = Spull S epper { =) 1107, (22)

for all p > r — 1. As illustrated in Example [§| (Figure [I) and Example [§] (Figure [2)),
numerical evaluation indicates that

Cp,kl,r<p - kl)r < Cp,kg,?“(p - kZ)Ta kl > k2‘

This is in agreement with the numerical evidence found in the literature that, for fixed
spline degree, smoother spline spaces have better approximation properties per degree of
freedom, even for low smoothness of the functions to be approximated. We refer the reader
to [5] for a more exhaustive theoretical comparison of the approximation power of spline
spaces per degree of freedom in the extreme cases k = —1,0,p — 1.
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Figure 1: Numerical values of ¢, (p — k)" for » = 3 and different choices of p > r —1 and
—1 <k < p-—1. For any fixed p, one notices that the values are decreasing for increasing
k. This means that the smoother spline spaces perform better in the error estimate (22))
for fixed spline dimension.

100 ‘ ‘ ‘
—o—p=1Lr=2
—©o—p=2r=3
B p=3,r=4 i
10 —S—p=4r=>5
—©—p=571=6
p=6,r="7
10_2, —o—p=T7,r=38 4
. —Oo—p=8r=9
?Q —o—p=9,7r=10
| —©o—p=10,r=11
2 10°%F E
104 3
108 ¢ 1
1076 1 1 1 1 1 1 1 1 1 1 1
1 0 1 2 3 4 5 6 7 8 9
k

Figure 2: Numerical values of ¢, .(p — k)" for r = p+1 and different choices of p > 1 and
—1 <k <p—1. For any fixed p, one notices that the values are decreasing for increasing
k. This means that the smoother spline spaces perform better in the error estimate (22))
for fixed spline dimension.

Ezample 5. Let r = 3. Figure [1] depicts the numerical values of ¢, 3(p — k) for different
choices of p and k. We clearly see that the smallest values are attained for maximal spline
smoothness k = p — 1, namely ¢,, 13 = (1/7)* ~ 0.0323.
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Example 6. Consider now the maximal Sobolev smoothness » = p + 1. Figure [2| depicts
the numerical values of ¢,k ,1(p — k)P for different choices of p and k. For any fixed p,
one notices that the values are decreasing for increasing k, and hence the smallest values
are attained for maximal spline smoothness k = p — 1.

By utilizing Lemma [6] once again we can further sharpen the error estimate in Theo-
rem [3] Let us now define Cj, , 1, by

b—a\" 1—7)!
Chpkr = min {cprhr, < 5 a) (p+ r) } , (23)

(p+1+7)!

for p > max{r — 1,k + 1}. Since P, C 8575, the following result immediately follows from
Lemma [6] and Theorem [3]

Corollary 1. Letu € H"(a,b) be given. For any knot sequence Z, let S]’j be the L*-projector
onto 55,5 for =1 <k <p—1. Then,

lu — Syull < Chpprl|0ull,
forallp>r—1.
The above corollary shows that &€, < C} 1, for 2, = Sk_: see Remark . Note that

for k = —1, the constant Cj p ., equals ¢, -h" for any p, hp7and r. However, for large k
and p (compared to 1/h) the second argument in can become smaller than the first.
The error estimate in Corollary [1| will in this case then coincide with the error estimate for
global polynomial approximation. We will look closer at this case in the next section; see
in particular Figure

In many applications one would be interested in finding a single spline function that
can provide a good approximation of all derivatives of v up to a given number g. Derivative
estimates for the L2-projection could be obtained under some quasi-uniformity assumptions
on the knot sequence which ensure stability of the L?-projection in the H! semi-norm; see,
e.g., [9, Theorem 2| for such conditions in the case k = 0. However, these assumptions
can be avoided by using a Ritz projection. As a special case of we define, for any
q=0,...,k+1, the Ritz projector Rg’k : Hi(a,b) — S]’;E by

(0/R%™u, %) = (0%, 0%), Y € Sh, (24)
(Ri*u,g) = (u, g), Vg € Pyt
As a consequence of Theorem [2| we have the following error estimate.

Corollary 2. Letu € H"(a,b) be given. For any degree p, knot sequence = and smoothness
—1<k<p-1,let Rg’k be the projector onto S’IiE defined in forq=0,... , min{k +
L,r}. Then, for any £ =0,...,q, we have

Haé(u - RZ"“U)H < Chp—qk-q4-Chp—qr—ar—qll0ul,

for all p > max{q,r — 1,2¢ — { — 1}.
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Remark 5. Using the definition of Cj, k. together with the argument in Remark [, we
can simplify the result in Corollary [2| as follows. For any ¢ = 0,...,min{k + 1,7} and
¢=0,...,q, we have

r—~¢
T— A € h T
10 (u — R;%ku)H < Cp—gh—q.q—Cp—qk—gqr—qt Noru| < (M) [07ul,

for all p > max{q,r —1,2¢g — ¢ — 1}. Since this estimate is explicit in h and p, it is very
useful for A-p refinement.

Ezample 7. Similar to Example [3[ we let ¢ = 1. Then, for any v € H"(a,b) and k > 0 we
have the stability estimates

l0R, ul| = |51 0ull < [[9u]],

eh
RiFu| < Chp—1,k-1,10ul| < —||0
182y ull < flull + Chp-1p-12]|0u]] < ||U||+4(p_k>|| ull,
and, as in Remark |5, the error estimates
o= Bl < CuparaCopsise sl < (55055 ) ol
§4 — P ’ s P ) ) — 4 p_ k)

s eh " s
Jotu = B < Cuperscrilull < (3505 ) 0l

for all p > r — 1. Thus, Rzl;ku provides a good approximation of both the function w itself,
and its first derivative.

Ezxample 8. Let ¢ = 2 and r = 3. For Rz’ku to approximate u € H?(a,b) in the L?-norm,
Corollary [2| requires the degree to be at least 2¢ — 1 = 3, and not r — 1 = 2 as one
might expect. In view of , this is consistent with the common assumption to solve the
biharmonic equation with piecewise polynomials of at least cubic degree for obtaining an
optimal rate of convergence in L?; see, e.g., [23, p. 118].

Remark 6. In the spirit of Remark [ the above error estimates for the Ritz projection
can also be used to investigate the approximation behavior per degree of freedom. Let
(a,b) = (0,1), and assume a uniform knot sequence = and h < 1. Then, keeping the
dimension formula in mind, the first inequality in Remark |5 can be rephrased as: for
any ¢ = {,...,min{k + 1,7}, we have

r—~0
p—k .
100~ RIS 6rmaicaaricp-acars () 107l )

for all p > max{q,r — 1,2¢ — ¢ — 1}. As illustrated in Example |§| (Figure , numerical
evaluation of the constant in indicates that our error estimate performs better per
degree of freedom for smoother spline spaces, not only in the L? norm but also in more
general H® (semi-)norms.
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Figure 3: Numerical values of ¢,_ k—g.4—¢Cp—qk—qr—q(D — Eyy~tforr=p+1,q=1,0=0,1,
and different choices of p > 1 and ¢ — 1 < k < p— 1. For any fixed p, one notices that the
values are decreasing for increasing k. This means that the smoother spline spaces perform
better in the error estimate for fixed spline dimension.

Example 9. Let ¢ = 1 and consider the maximal Sobolev smoothness » = p + 1. Figure
depicts the numerical values of ¢,_yx—gq—¢Cp—qh—qrq(p — k)"~ for £ = 0,1 and different
choices of p and k. For any fixed p and ¢, one notices that the values are decreasing for
increasing k, and hence the smallest values are attained for maximal spline smoothness
k = p—1. Since this trend is happening for both ¢ = 0, 1, it means that our error estimate
performs better per degree of freedom for higher smoothness, in both the L? and H*' norms,
for any fixed p. Note that the graphs look like the ones in Figure [2| using the L2-projection.
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This is not a coincidence because one can check that

Cp—1,k—1,1-0Cp—1,k—1,p = Cp—t,k—lp+1—0,

for0<k<p—1land/¢=0,1.

Remark 7. The last observation in Example [9 can be generalized as follows. In case of
maximal Sobolev regularity » = p+ 1 and max{q — 1,2¢ — ¢ — 2} < k < p— 1, we have

Cp—q,k—q,q—LCp—q.k—q,p+1—q = Cp—Lk—Lp+1—L-

4 Spline spaces of maximal smoothness

As mentioned in the introduction, the error estimate in is perfectly suited to study the
case of grid refinement with maximally smooth splines. However, it provides almost no
information in the case of degree elevation. The best it can tell us is that the error will not
get worse as p increases. This is in contrast to the standard error estimates for C° finite
element methods (or the case k = 0 of ), which show clear convergence as p — oco. In
this section we therefore study error estimates for the space of maximally smooth splines
in more detail, and in particular, we investigate the p-dependence. The main goal is to
obtain various estimates for the full h-p-k refinement scheme, i.e., as p — oo and/or as
h — 0 under the constraint £ = p — 1.

Let us define the constant Cj, ., by Chpr = Chpp_1, With Cp i, in , or more

explicitly by
_ R\" (b—a\" [(p+1—7)!
= — 2
Choper mm{(ﬂ) ’ ( 2 ) p+1+n)|’ (26)

for p > r — 1. As a generalization of [25, Corollary 6.3] we obtain the following result.

Corollary 3. Let u € H"(a,b) be given. For any knot sequence Z, let S, be the L*-projector
onto S,=. Then,

Ju = Spull < Chp,r |07, (27)
Hu - Spu” < Ch,pJCh,p—lJ e Ch,p—r+1,l”aru”a (28)

forallp>r—1.

Proof. The estimate (27) is the case k = p — 1 of Corollary |1} For , we first observe
that if Zy = Sy=z we have Z, = S, = for the sequence of spaces in (). From Lemma
(with ¢ = p) we then obtain for u € H"(a,b). O

The first argument in the definition of C}, ;,, only depends on h and 7, while the second
argument only depends on p and r. Hence, it is clear that the second argument is smaller
than the first for large enough p with respect to h. This is illustrated in the next examples.
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Figure 4: The two arguments of C}, ,, in are equal for h = h ., depicted in normalized
form (divided by the interval length b — a) for different choices of » > 1 and p > r — 1.
Lower values of h will activate the first argument of Cj,,,, while higher values of h the
second argument of C .

Ezxample 10. Let r = 2 and b — a = 2. Then, assuming
.
p h’

we have

1 1 h\’
Chp2 = <5 <|\=) -
Ve + D +2)(p+3) P AT
In this case the error estimate is better than (3)).
Ezample 11. Figure (4| depicts the values hy /(b — a) € [0, 1] satisfying

hy " (b—a\" [(p+1—7)!

( ™ ) _< 2 ) (p+1+nr)
for different choices of r and p. It follows that the two arguments of C’hpr in (26) are
equal for h = hy . For smaller values of h we have Chpr = (h/m)", and then (27)) coincides
with (3)). Otherw1se for larger values of h, coincides with the estlmate for global
polynomial approximation in Lemma [6] Assummg a uniform knot sequence, we observe
that the latter only holds for a rather small number of knot intervals N = (b — a)/h with
respect to p. For instance, if p = 10 and r = 11 then hy /(b —a) ~ 0.17 and so N must
be less than or equal to 5 for the estimate in (27]) to commde with the estimate for global

polynomial approximation. Similarly, one can check that if p = 10 and » = 1, then N must
be less than or equal to 7.
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It is easy to see that for fixed p and small enough h, both estimates in Corollary
coincide. Moreover, for fixed h and large enough p, (27)) is a sharper estimate than (28)).
On the other hand, as we illustrate in the next example, there are certain choices of h and

p such that is sharper than ([27)).
Example 12. Let r =2 and b — a = 2. Then, assuming

T h T ’
Vip+1)(p+2) e vV +3) 29)
we have
h 1 h\? 1
Ch p,lCh,pfl,l = - min — 5 = Ch,p,Z-
’ T+ 1)(p+2) - {<7T) wp(p+1)<p+2)<p+3>}

As a consequence, when h satisfies , the error estimate (28)) is sharper than .

The estimates in Corollary [3| hint towards a complex interplay between h and p in the
sense that for a strongly refined grid (very small h), increasing the degree p might give
little or no benefit, and vice versa.

Remark 8. Using the Stirling formula (in the same way as in Remark , we have
(p+1—r)! < e "
p+1+n)! —\2p+1)/)

o < mm{(ﬁ) 7 (M) } _ (mm{ﬁ,MD 7
. m Alp+1) T 4(p+1)
and by taking the harmonic mean of the two quantities in the above bound, we get
2eh(b—a) "
. < T
o= Syl < (2 Jorull (30)

for all p > r — 1. Even though this estimate is less sharp than the result in Corollary [3], it
has the benefit of always decreasing as the grid is refined and/or as the degree is increased.

Thus,

Remark 9. For small values of r (compared to p) we can improve upon the estimate in
Remark [§| as follows. Since Cj, p—iy11 < Chp—ry11 for i =1,... 7, Corollary |3|implies that

[ = Spull < (Chp-rs12)"]|07u],

for all p > r — 1. By taking the harmonic mean of the two quantities in the bound

c <minllt __b-a
h,p—r+1,1 = 7T’ 2(p —r+ 2) )
we obtain o ) i,
—a
i < T

for all p > r — 1. This estimate is sharper than if p> —%(r + 2 — 2). Note that this
is always the case if p > 4(r — 1).
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We now look at some error estimates for the Ritz projection. Using inequality and
Lemma [3] we obtain the following result.

Corollary 4. Let uw € H"(a,b) be given. For any q=0,...,r and knot sequence =, let Ri
be the projector onto S,= = Z, defined in . Then, for any £ =0, ..., q we have

||aé(u - RZU)H < Chp—qq—tChp—gr—qll0"ul,
10°(u — Riu)|| < (Chp-g1 - Chp-24241.1) (Chpg1 -+ Chpry1) 1070l

for all p > max{q,r —1,2¢ — ¢ — 1}.

Remark 10. As a generalization of [18, Theorem 3.1], it follows from Corollary [4] that for
any ¢ =0,...,7rand £ =0,...,q,

h r—¢ )
ot rgl < (£) el (31)

for all p > max{q,r — 1,29 — ¢ — 1}. Not only is this a very simple and explicit estimate,
but it is also very useful for h refinement. Note that the error estimate for periodic splines
in [18, Theorem 4.1] is of the same form as for the corresponding Ritz projection in
the case of periodic boundary conditions.

Remark 11. Following a similar argument as in Remark [§], we get for any ¢ = 0,...,r and
(=0,...,q,
2eh(b — a) et
' (u — R)|| < o
ot Ryl < (=) 1l

for all p > max{q,7 — 1,2¢ — ¢ — 1}. In addition, following a similar argument as in
Remark [9] we get for any ¢ =0,...,r and £ =0,...,q,

. 2h(b — a) e
19w = Ryl < (w(b— a) + 2h(p + 2 — max{2q — ¢, r})> lo"ull

for all p > max{q,r — 1,2q — ¢ — 1}. The latter estimate is sharper than the former one if
p > 5 (max{2q — 1,7} + @ —2). Even though these two estimates are less sharp than
the result in Corollary |4 they have the benefit of always decreasing as the grid is refined
and/or as the degree is increased. They are therefore useful estimates for h-p-k refinement.

5 Reduced spline spaces

The goal of this section is to prove error estimates for the Ritz projection onto certain
reduced spline spaces of maximal smoothness studied in [12}/14},/15,|18}22,25]. To do that
we first prove a general result for any integral operator K using ideas from [12,[14].
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5.1 General error estimates

Let K be any integral operator as in , and let Ay and ) be any finite dimensional
subspaces of L?(a,b). We then define the subspaces X; and ), in an analogous way to @,
by

X = K<yt71)7 Vi = K*(Xt71)7 (32)
for t > 1. Finally, for any ¢t > 0, let X; be the L?-projector onto X, and Y; be the
L?-projector onto Y.

Lemma 8. For anyt > 1 we have

|K — XoK|, ¢ odd

IK — KVl < |[K* = KX, ) < 40 720k
| K* — YoK*||, t even.

Proof. First, note that

IK — KEY|| = [|[K* = Y K*|| = sup |[K"f = Y,K"f].

If1I<1

Next, observe that K*X; | maps into ); and since Y, K*f is the best approximation of
K*f in ), we must have

sup [[K*f = YiK"f[| < sup [[K"f = K*"X; o f[] = | K7 — KXo
S S

This shows that ||K — KYy|| < ||K* — K*X;_4||. Similarly, by swapping the roles of K
and K* we have |[K* — K*X|| < ||[K — KY;_1||. The result then follows from induction
on t. [

5.2 Error estimates for reduced spline spaces

In [12,/14,|18125] error estimates for certain reduced spline spaces were shown. Here we
prove a generalization of these results for the Ritz projections. Specifically, in [14] and [18§]
the spaces S,z and S, =1, defined by

Spzo0={s€S,=z: 0%(a) =0"s(b) =0, 0<a<p, aeven}, (33)
Spz1:={s€8,=z: 0%(a) =0%(b) =0, 0<a<p, «aodd},

were studied. We further define the related spaces S,z and S, =, by
Spzo={s€8,=: 0°s(a) =0%s(b) =0, 0<a<p, «aeven}, (34)

Spz1:={s€8,=: 9*s(a)

0%(b) =0, 0<a<p, «aodd}.

For uniform knot sequences, the spaces gp@l are exactly the reduced spline spaces inves-
tigated in |25, Definition 5.1]. Observe that S,=z¢ C S, =0 where equality holds for p odd
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and S, =1 C S, =1 where equality holds for p even. Observe further that in the case p = 0
all the spaces in and equal the standard spline space Sy = except for Sp = .

For a specific (degree-dependent) knot sequence = it was shown in [14] that the spline
spaces in are optimal for certain n-width problems. Later it was shown in [18] that
if n is the dimension of these optimal spaces, then they converge to the space spanned by
the n first eigenfunctions of the Laplacian (with either Dirichlet or Neumann boundary
conditions) as their degree p increases. Convergence in the case of periodic boundary
conditions was also studied in [18].

Staying consistent with the notation in [12,/14,/17] we define the integral operator K
by

K, :=(I - PR)K,

where Py denotes the L2-projector onto Py, and K is the integral operator in @D One can
verify that if u = K, f then du = f and u L 1. Moreover, since K} = K*(I — F,) it follows
that if w = K7 f then Ou = (Py — I)f and u(a) = u(b) = 0. Using these properties it was
shown in [14] that
Spzo0 = Ki(Sp-1.21),
Spz1=Po® Ki(Sp-120),

for all p > 1, since the derivative of a spline is a spline of one degree lower on the same
knot sequence. For the spline spaces in we deduce by the same argument that

(35)

. (36)

=0 =K (S,-121),
z1=Po® Ki(Sp-1=20),

§p7
gp’
for all p > 1.

Let S,; : L*(a,b) = Sz, @ = 0,1, denote the L?-projector. Analogously to we
define, for p > 1, the Ritz projector R, : Hj(a,b) = S,=0 by

(OR, ou, 0v) = (Ou,0v), Vv e S,=, (37)
and the Ritz projector R, : H'(a,b) — S,=1 by

(aRP,lua av) - (au7 (%), Vv € Sp,E,h

(Rpu, 1) = (u, 1). (38)

Using the above definitions, together with , we find that R, = K{S,—11 and R, =
PO_'—K]_SP_Lo. N
Lastly, we define the quantity h by

B = max{2(& — &), (& — &), (& — &), (€ — Evm1), 206w — €N}

where we observe that the difference between h and the h in (1) is that the length of the
first and the last knot interval is scaled by a factor of 2. To prove the error estimates for
our Ritz projections onto the sequences of spaces in (33|) we make use of the next lemma.
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Lemma 9. For any u € H'(a,b) we have
h
lu = Soaull < —||dull,

and for any v € Hg(a,b) we have

~

h
v — Soov| < =||0v.
T

Proof. These results follow from the Poincaré inequality. We refer the reader to |18, The-
orem 1.1 and Lemma 8.1] for the details. O

Using the above lemma together with Lemma [8| we obtain the desired error estimates.

Theorem 4. Let p > 0 be given. Then, for any u € H'(a,b) we have

~

h
Ju— Byl < “Joul, p odd
h
lu = Rpaull < —|[dull, p even,
and for any v € Hg(a,b) we have

h
o = Fyoull < 200, p odd,

~

h
o = Ryqull < ZJ0ull, p even

Proof. Define the spaces S, by
S, ={se€Sy=z1:5 L1}

Using we find that if K plays the role of the generic integral operator K in Section
then the spaces S, are examples of the &} in and the spaces S, =z ¢ are examples of the

YV, in for p =t.

Moreover, using the definition of K; we observe that H'(a,b) = Py & K;(L*(a,b)).
Thus, any function u € H'(a,b) can be decomposed as u = ¢ + K, f for ¢ € Py and
f € L*(a,b). Using Lemma [9| we then find that

h h
157 = Sou K Il = llu = Syl < = oul = 2],

since Py C Sp=1, and so ||K — So1 K| < h/m. Furthermore, it was shown in [14] that
Hi(a,b) = K;(L?*(a,b)) and so any function v € Hg(a,b) can be written as v = Kjg for
g € L*(a,b). Again, using Lemma @ we find that

-~ ~

1579 = So0Kgll = llo = Soorll < 29v] = lgl,

and ||[K* — SpoK*|| < 71/77 The result then follows from Lemma [8 since R,o = K;Sp_11
and Rp,l = P() + Klsp,L(). ]
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Let S,; : L*(a,b) — S,=i, @ = 0,1, denote the L:projector. We then define the

Ritz projector Ry : H'(a,b) = Spz0 in a completely analogous way to and R, :
H 1(@,_()) — Spz,1 in a completely analogous way to (38). As before, using we find
that Rp70 = KikSp_Ll and Rp71 = PQ + Klsp_Lo.

Theorem 5. Let p > 0 be given. Then, for any u € H'(a,b) we have
— h
Ju Ryl < 0w,
and for any v € Hj(a,b) we have
— h
o =~ Ryovll < Z100ll

Proof. This result follows from a similar argument as in the proof of Theorem [ The main
change being that in the case p = 0 we have Spz¢ = Sz, and so | K* =Sy oK*|| < h/m. O

Remark 12. The reduced spline spaces defined in and all satisfy the boundary
conditions stated in |18, Theorem 9.1]. Hence, any element s in such spaces satisfies the
following inverse inequality:

2V/3

s <
I < 222

Il

where A, 18 the minimum knot distance.

Remark 13. As the error estimates in Theorems[4 and [5] are complemented with the inverse
inequality in Remark , the reduced spline spaces defined in (33)) and can be used to
design fast iterative (multigrid) solvers for linear systems arising from spline discretization
methods [15}22].

6 Tensor-product spline spaces

In this section we describe how to extend our error estimates to the case of tensor-product
spline spaces. We start by introducing some notation. Consider the d-dimensional domain
Q= (ay,by) X (az,by) X -+ x (ag,bq), and let || - ||o denote the L?*(£2)-norm. Moreover, we
deal with the standard Sobolev spaces on (2 defined by

H'(Q):={ue L*(Q): 0" 07u e L*(Q),1<a;+ - +ag<r}

For i = 1,...,d, let Z;, be a finite dimensional subspace of L?(a;,b;) as in @ with
K as in @D, and define the tensor-product space Z; = 2, ® 24, ® --- ® Z;,. We only
investigate projectors onto Z; of the form Il :=1I; ® Il ® - - - ® ;. To simplify notation,
we use the following convention: when applying the univariate operator II; to a d-variate
function u, we mean that II; acts on the i-th variable of u while the others are considered
as parameters. In this perspective, we have I[I =1I; oIly 0 --- o Il,.
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We first study error estimates for the L?(£2)-projection onto Z;, denoted by Z; := Z;, ®
Z, @ - ® Zy,. The following result can be concluded from the univariate error estimates
using a standard argument (see, e.g., [2,5,|18,20,25]), but for the sake of completeness we
include the argument here.

Theorem 6. For any u € L*(Q) we have

d
lu = Zeullo < 3 llu— Ziulo,

=1

and consequently, if u € H"(Q) and P,_y C 24, for alli=1,...,d, we have

d
lu = Zeullo <) € ll0Fullo. (39)

=1

Proof. We only consider the case d = 2. The generalization to arbitrary d is straightfor-
ward. From the triangle inequality we obtain

”u - Ztl ® Zt2u|lQ < Hu - ZtluHQ + HZtlu - Ztl ® Zt2uHQ
< lu = Zyullo + [ 26| [lu — Zi,ulle
< Hu - ZtluHQ + Hu - Zt2u“9’

since the L?(Q)-operator norm of Z;, is equal to 1. Applying Theorem [I| we then obtain
(39)- O

Remark 14. For simplicity let Q = (0,1)¢. Note that actually holds for all functions
u in the larger Sobolev space

(L*(0, )" '@ H"(0,1) ® L*(0,1)*" 2 H'(Q).

i=1
We make use of a similar Sobolev space in Section [7.2]
For tensor-product spline spaces of arbitrary smoothness, let Sll; = S;fll - - -®S§j denote

the L?(Q)-projector onto SII)‘E = S;fll =, @ -®S§:,Ed. For maximally smooth spline spaces,

let Sp =5, ®@---®95,, denote the LQ(Q)—projector onto Sp g =8y, 5, @ @Sy, =, Error
estimates for these spaces can be immediately obtained by replacing &, , in Theorem [f]
with the constants derived in Corollaries[I]and [3] Let h; denote the maximal knot distance
in=; fore=1,...,d.

Corollary 5. For any v € H"(Q2) we have

d
Hu o SIFTUHQ < Zchivpi,kim“azrunflv
i=1

25



and

|0 ulla;

d
Ju — Spulle < Z Chipir

=1

d
||u - SPUHQ < Z Ohmpi,lchi,pz‘—lﬂ T Chi,Pi—T+1,1||8z‘ru||Q7

i=1
for allp; >r—1.

Ezample 13. Let h := max{hy, ha, ..., hq}. Then, for any u € H"(2) we have

d h T h r d
||u_spu||gsz(ﬁ) orullo < (;) S @rule,
=1 =1

for all p; >r — 1.

Let us now focus on error estimates for tensor products of the Ritz projection in ([13]).
For simplicity of notation, we only consider the case ¢ = 1 and d = 2. Define the tensor-
product Ritz projector Ry : H'(a1,b1) @ H'(ag, be) — Z4, @ Z4, by

Ry =R, ®R,.

Note that H'(ay,b;) ® H'(ag, by) consists of functions u € L*(2) such that dyu € L*(€),
Dou € L*(Q) and 010ou € L*(Q). We thus have H*(Q2) C H'(ay,b1) @ H'(ag,be) C H ().

Lemma 10. Let u € H'(a1,by) @ H(ay,by) be given. Then, for all ty,ts > 1 we have

lu — Reullo < [Ju — Ry ulla + lu — Ryull
+ min{@, 1401w — RLdvullg, €yo1a]|0ou — R doula},
101(u = Reu)lla < |01 (u — Ry, u)la + |0u — Ry, dvulla,
18102 (u — Rew)lr < 101001 — Zoy—10100uller + 01001t — Ziy 101002

Proof. From and by adding and subtracting Rtllu we obtain

lu— Reulla < [lu— Riullo + | B (u — Riw)lo
< llu— Rhulla + llu — Riulla + € 14ll00(u — Rl

and similarly for R; u. The first result now follows since 9; commutes with R%j for i # 7.
Analogously, using we obtain

101 (u = Rew)llo < 101w — Ry, w)ll + 101 Ry, (u — Ry, u) o
< [[01(u — Ry, u)lla + 1|01 (u — Ryu) e,

and the second result follows. For the third result we use the commuting relation 9;R{ =
Z,-10;, 1 = 1,2, to conclude that 0,0, Ry = Z;_10,0-, and we apply Theorem @ O
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By using Theorem [2] we can now achieve error estimates for the tensor-product Ritz
projection. If the function u is only assumed to be in H'(a;,b;) ® H'(ay,by) then one
obtains the “unbalanced” estimate:

llu — Reullo < & —1a]|01ulla + Cm11||02u)|la + €4 —11Ch,—1.1]| 01021 |,

for all ¢1,t5 > 1. Indeed, the partial derivatives involved in this estimate are not of the
same order. This can be resolved by requiring higher Sobolev smoothness. If u € H*()
then, for all t1,%5 > 1 we have

lu — Reullo < (¢t1—1,1)2||312u||9 + (¢t2—1,1)2||a22u||ﬂ + & -11€1,-11([0102u 0.
This is a special case of the following more general statement.
Theorem 7. Let u € H"(QQ) for r > 2 be given. If Pr_o C 24,1 N 24,1 for t1,te > 1,
then
|u — Reullo < € 11€ 101l|01ull + €y 11€,101]|Oullo
+ € 11€, 11 min { €y, 1, ]|0105  ulla, €y —1,—2]|0] Oaulla}
and
101 (u — Rew)|lo < €, —1—1 |07 ullq + €111 €C1—1,—210105 ull,
[02(u — Rew)|lo < € —11€ 1,207 Ooullq + €111 || O5ull,
10102(u — Reu)llo < €4y —1,—2]|07 " Ooullq + €yt —2]|0105  ul|o.
Proof. Using Lemma [I0] and Theorem [2] we find that
lu = Ryullq
< lu— Ry ullo + |Ju — R, ull + min{€;, _1 101w — R, 01ullq, €y_11]|02u — Ry doulla}
< &y 10 1ll0Tulla + €11, 101 O5ullo
+ min {€t1—1,1€t271,1€t271,r72Halagiluuﬂa €t271,1€t171,1€t171,r72HaflazUHQ} ;
which proves the first result. The other results follow by a similar argument. ]

In the spirit of Corollary [ using results from Sections [3]and [} the above theorem can
be used to obtain error estimates for tensor-product Ritz projections onto spline spaces of
any smoothness. We end this section with two examples.

Erample 14. Let RS := R* ® R}** be the tensor-product Ritz projector onto Sz, and
let h := max{hq, ho} and p — k := min{p; — k1, ps — ko}. Then, for any u € H"(Q2), r > 2,
we have

eh ' s T T
o= Rsull < (302 ) (105l + 105l + 10ule),
where we slightly abuse notation by letting
107ullq := min {[|0:05 " ullq, |07 Daulla} ,

for all p1,po >1r — 1.
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Example 15. Let Ry = R;l ® R;Q be the tensor-product Ritz projector onto Sp =, and let
h := max{hy, ho}. Then, for any u € H?(2) and for 0 < ¢,/ < 1 we have

A 2—01—4o
o005~ i < () (108l + 1l + 10100ulo)

for all py, ps > 1. In general, for any v € H"(2), r > 2, and for 0 < ¢, ¢y < 1 we have

A r—01—{a ) - -
0035t~ Byl < (2) " (10Fula-+ 105l + 1035l + 105 2uulo)

for all p1,po >r — 1.

Similar results hold for the tensor products of the reduced spline spaces in Section
The results of this section can also be generalized to higher order Ritz projections in a
straightforward way.

7 Mapped geometry

Motivated by IGA, in this section we consider error estimates for spline spaces defined on
a mapped (single-patch) domain. Let Q = (0,1)¢ be the reference domain, € the physical
domain, and G : Q — Q C R? the geometric mapping defining Q. We assume that the
mapping G is a bi-Lipschitz homeomorphism. As a general rule, we indicate quantities
and operators that refer to the (mapped) physical domain by means of ~. In particular,
the derivative operator with respect to physical variables is denoted by d.

Define the space Z; as the push-forward of the tensor-product space Z; with respect
to the mapping G. Specifically, let

Zo={soG':se 2} (40)

Furthermore, for any projector IT : L2(Q) — Z, we let II : L(Q) — Z, denote the projector
defined by B B

i = (I(aoG)) oG, Vae L*Q). (41)
Using a standard substitution argument we obtain the following result.

Lemma 11. For @ € L*(Q) and G € (W"*(Q))? let u:= a0 G € L*(Q). Then, for any
projector 11 we have

i — THiillg < || det VG| ooy llu — TTullg.

7.1 Smooth geometry

If we, similar to [15,]24], make the assumption that the geometry map G is sufficiently
globally smooth, then we can easily extend the results from Section [6] using techniques
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from [1,3]. Specifically, in this subsection we assume G € (W">(Q2))?, which implies that

u:=170G e H"(Q) whenever @ € H"(Q). We further assume G=! € (W>2(Q))<.
We define the mapped L%-projector Z; : L*(2) — Z¢ by taking Il = Z; in (1)). Then,
combining Lemma [11] and Theorem [6] gives rise to the following estimate.

Lemma 12. Let G € (W"=(Q))e. Then, for any @ € H"(Q) we have

d
i — Zeiillg < || det VG| () Y €1,

i=1

|0; (@0 G)llg,

forallt; >r —1.

Using a slightly simplified version of the multivariate Faa di Bruno formula in [7] and
substituting back to the physical domain, we obtain an error estimate in a more classical

form. To this end, we set G := (G1,...,Gy) and define
Ca = [|det VG 1<([| det VG| e s,

and

: (42)
(%)

| s Gr)" e (O Ga) ™

I(rj) m=1 (l{?mJ! - km,d!) (m!)km’1+"'+km,d

where j := (1,...,Jq) and

I(T,j) = {(/{5171, .. .7]{317(1, k'271, e ,k’27d, .. ~>kr,1a .. .7]{3»,‘761) - Zgéd .

ka,lzjla ) ka,d:jda Zm(km,l—i_"'—i_km,d):T}'
m=1 m=1

m=1

Theorem 8. Let G € (W">(Q))? and Gt € (WL>(Q))4. Then, for any @ € H"() we

have .
lii — Zuitllg < Ce Y (Z cti,rog,i,r,j> 33 Bl

1<jji<r \i=1
forallt; >r —1.

Proof. By means of the multivariate Faa di Bruno formula in [7] we can express the high-
order partial derivatives in Lemma (12| as

r m km - am km.d
Of(ioG)= Y _ (o' ---dpu) oG Y ] orcy) (07 Ga)

1<jl<r Irg) m=1 (RURERY ) (m!>km,1+~--+km,d‘

This gives

d
i — Zyiillg < | det VGlze(@) Y €Crw > Caungll(0 -+ 0511) 0 Glla,

i=1 1<j<r

and a standard substitution argument completes the proof. ]
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In the spirit of Corollary [B using results from Sections [3] and [} the above theorem
can be used to obtain error estimates for mapped L2-projections onto spline spaces of any
smoothness. Indeed, we just need to replace €, , with the corresponding constants, e.g.,
the ones derived in Corollaries [l and B

FExample 16. Let d = 1. Given the geometry map G, we have

ZT' 11[ 8mG

I(rj) m=l1

CG,L’I’

)

Lo (Q)

where § i
I(r,j) = {(k‘l,...,/{?,») €7Zy: Zk’m:j, ka‘mzr}.
m=1 m=1

Observe that Cg1,,; can be compactly expressed in terms of (exponential) partial Bell
polynomials B, j(x1,...,%,—j1) by

CG,L'r,j = HBm’(aG, 82G, .. ,8’"‘j+1G)||Loo(Q);

see, e.g., |6, Section 3.3]. These Bell polynomials can be easily computed by the following
recurrence relation:

r—1

1 r
Bj(x1,. 1) = = Z (.)xr—iBi,j—l(xlu e Tijra),

1
iS5

where Byp =1 and B, = 0 for » > 1. In particular, we have

B1,1($1) = Ty,
32,1(551,372) = T2, 32,2(1'1) = (1'1)27
Bs (71,79, 23) = 23, Bsa(z1,22) = 32179, Bsz(x1) = (21)°.

Example 17. Let d =2. For r =1 and ¢ = 1,2 we have

Cain0 = |0iGillz=@), Cairon = 0G|~ @)

sty

For r =2 and ¢ = 1,2 we have

Caliz0) = H@fGIHLw(Q), Caiz01) = ||@-2G2||Loo(9),
Caizeo = [(0:G1)*lr=@): Caiz02 = [(0:G2)*|| L=
C1G,i,27(1,1) = H2(8ZG1)(8ZG2)||L00(Q)

Similar results can be obtained for tensor-product Ritz projections in the presence of a
mapped geometry. As before, it is a matter of applying the Ritz estimates from Section [f]
in combination with the multivariate Faa di Bruno formula |7]. We omit these results to
avoid repetition. We just illustrate this with an example.
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Ezample 18. Let d = 2 and r = 2. Recall from Example [15| that for any u € H?*(Q) and
for 0 < /1,05 <1 we have

h 2—f01—4o
o035~ Byl < () (108l + 1l + 10100ulo)

for all p;,po > 1 and h := max{hy, he}. We define the mapped Ritz projector ép
H*(Q) — Z, by taking II = R, in ([41). Assume G € (W?>(Q2))? and G™! € (WL (Q))2.
From Theorem [§] (and Example [17) we know estimates for [|02(@io G)||q and ||03(ii0 G)||a,
and we can compute similar ones for ||9,05(@i o G)||q. Then, for any @ € H2(Q) and for
0 < /1,05 <1 we obtain

L 3 ~ h 2—01—4o e
(3~ Filla < Co (2) 3 (Canas+ Canas + Conas) I il

1<jl<2
for all p1,ps > 1, where
Cai2.2,1,0 = [[010:G1 |1,  Cai22,01) = [010:G2| (0

Cai2,2,20 = [[(01G1)(02G1)||Le@),  Cai22,0.2 = [[(01G2)(02G2)| =)
Ca22,1,1) = |(01G1)(0:G2) + (aZGl)(alGQ)HLOO(Q)

7.2 Bent geometry

In IGA the geometry map G is commonly taken to be componentwise a spline function
from the same space as our approximation space. However, the results in the previous
subsection can require the geometry map to be in a smoother subspace. We will overcome
the issue in this subsection. As before, we use the techniques of [1,|3].

For r > 1 and k£ > 0 we define the univariate bent Sobolev space

HEF(0,1) := {u € H™M 10 1) - w € H™(&,6,41), 7 =0,1,...,N}.
Note that for & > r — 1 we have HZ"(0,1) = H"(0,1). Then, similar to the space in
Remark [14] we define the (L?-extended) multivariate bent Sobolev space

d
Hgk(Q) — m L2<0, 1)1'71 ® Hgfh (07 1) ® LZ(O, 1)d7

i=1

Following [3] we also introduce the mesh-dependent norm

laz= > 112

c€EMz=

where Mg is the collection of the (open) elements defined by = and || - ||, denotes the
L2-norm on the element o.
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Furthermore, for k; > 0,7 =1,...,d, we define the bent geometry function class
K(Q) = {G e WHL=(Q): G e W"™(0), 0 € Mz},

where Wk+1.20(Q) := Wk+120(0 1) ® - - - @ Wka+120(0, 1). The space Gg*(Q2) contains the
spline space 811;’5, and it also allows for several other interesting piecewise spaces such as
NURBS spaces based on SEz. If we assume G € ( ()Y, then u == o G € HEZK(Q)

for w € H"(2). Having w not in H"(2) is a potential problem for applying the error
estimates we derived in Section [6, but this can be fixed by making use of [4, Lemma 3.1].
For completeness we provide a short proof here as well.

Lemma 13. For k < r — 2, there exists an operator T' : HZ*(0,1) — SF = such that
uw—Tue H(0,1) for all u € HZ*(0,1).
Proof. Let u € Hgk(O, 1) for some k < — 2, and let 9°u (9 u) denote the limit from the

left (right) of the ¢-th order derivative of u. From the definition of the bent Sobolev space
we know that u is C* continuous at any interior knot &;, j = 1,..., N. Now, we define

(O — 05 ) (&)
(k+1)!

wir(x) = max{0, (r — §j)k+1}.

It is easy to check that @, € SF_ | = and that u — @;, is C*™' continuous at the knot &;.
Repeating this argument and taking

N r-—2

Tu = Z Z Pjils

j=1 1=k

it follows that u — T'u is C"~! continuous at each interior knot. Since I'u € S,’?_LE we also
know that u — T'u € HZ*(0,1), and so u — T'u € H'(0,1). O

Similar to [4, Proposition 3.1] we then obtain the following error estimate.
Lemma 14. Let u € HZ"(0,1) be given. Then,
lu — Syull < Chop 107 ull0,1),2,
forallp>r—1.

Proof. For k > r — 1, the result immediately follows from Corollary [1| by recalling that
HZ"(0,1) = H"(0,1) in this case. Assume now k < 7 — 2. Since S¥ | - C Sk we deduce
from Lemma [13] and Corollary [I] that

lu = Spul® = ju = Tu — Sy (u = Tu)|[* < (Chpis 07 (u = Tu))?

N
T T 2
= (Chpir)® DN ullle, 611y = Chpirrlldull01)2)

J=0

and the result follows by taking the square root of both sides. ]

32



The univariate error estimate in Lemma (14| can be easily extended to the multivariate
tensor-product spline setting.

Lemma 15. Let u € HE*(Q) be given. Then,

d
||u - SISUHQ < Z Ohwpi,km’HaZ‘ﬂu”Q,E?
=1

forallp; >r—1.

Proof. Using Theorem [6] we have

d
lu = Sgulla < Y lu— Syulle,
i=1

and the result follows by applying Lemma [14] in each direction separately. O

In the case of maximal spline smoothness, i.e., k; = p; — 1 for all 7, the constants
Chy psker in the above lemma can be replaced by the constants used in Corollary [3}

Using the argument of Theorem [§] we then arrive at the desired error estimates for a
bent geometry. To this end, we need to redefine the constants Cg;,; in using the
mesh-dependent norm

. %) = L= . oo . 4:
I @z == max | - |2 (43)
Theorem 9. Let G € (GEX(Q))? and G € (WE2(Q))%. Then, for any @ € H"(Q) we
have

d
la - Syillg < Ce ) (Z Ohi,pi,ki,rCG,imj> |5t - -~ Oy,

1<ljl<r \i=1

for all p; > r—1.

Similar results can be obtained for tensor-product Ritz projections in the presence of a
bent geometry. As before, it is a matter of applying the Ritz estimates from Section [6] in
combination with the operator in Lemma [13|and proper (Ritz extended) multivariate bent
Sobolev spaces. We omit these results to avoid repetition. We just illustrate this with an
example similar to Example

Ezample 19. Let d = 2 and r = 2. Assuming G € (Sp=)? and G € (Wh>(Q))?, for any

@€ H*(Q) and for 0 < £y, 05 < 1 we have

o A 2-h—t o
03~ Byills < Ca (£) Y (Cenay+ Canny + Connar) 19l

1<]jl<2

for all p1,ps > 1 and h := max{hy, ho}. The constants in the above sum are the same as
the ones in Examples |17| and (18 but in the mesh-dependent norm .
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8 Multi-patch geometry

In this section we generalize our error estimates to the case of multi-patch domains with
C" continuity across the patches. The arguments here are based on those found in [3}24].

We start by explaining the general framework in the univariate case. Let Z; be a finite
dimensional subspace of L?*(a,b) as in (6) with K as in (9). For ¢t > 1 we define the
projector Q; : H'(a,b) — Z; by

Quu := u(a) + KZ;_10u, (44)

where K is the integral operator in @D and Z, the L%-projector onto Z;. As we shall see
momentarily, the projection is closely related to the Ritz projection for ¢ =1 in
and satisfies essentially the same properties. Additionally, we observe that Qu(a) = u(a)
and

b b
Quu(b) = u(a) +/ Zy 10u(z)dx = u(a) + / Ou(x)dxr = u(b). (45)

Thus, Q); can be equivalently expressed as
Quu = u(b) — K*Z;_10u. (46)

The interpolation at the boundary will be used to enforce C° continuity across the patches.
Similar to the case ¢ = 1 of Theorem [2| we have the following error estimate.

Lemma 16. Let u € H"(a,b) for r > 1 be given. Then,

Ju — Qrul] <€ 11€ 1,1 [|0"ul,
10(u — Quu)|| < €_1p1]|07ull,

for all t > 1 such that P,_o C Z; 1.

Proof. By the fundamental theorem of calculus we have u = u(b) — K*v for v € H""(a, b).

Thus, using ,
[ = Quul| = [[K™v = K*Z, o] = [[K*(I = Zia)o.

Moreover, v € H""(a,b) can be written as v = g+ K" f for g € P,_5 and f € L*(a,b).
Using P,_» C 2,1 and (I — Z;_1)?> = (I — Z;_,) we obtain

1K (I = Zia)vll = 1 K*(1 = Zi—)) K™ fI < (KT = Zea) |1 = Zee) K7L £
= (7 = Ze-) KNI = Ze-) K" 11| = €m10€imrpa |07,

which proves the first inequality. The second inequality follows from Theorem [1| since

0Q = Z;10. ]

Error estimates for spline spaces can be immediately obtained by replacing the constants
in Lemma [16] with the constants derived for ¢ = 1 in Corollaries [2] and [4
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Remark 15. Since the Ritz projection in ([13]) is uniquely defined, it follows from Lemma
and that Q; = R} whenever P, C Z;. Lemma would in this case directly follow

from Lemma Bl and Theorem [2

We now move on to the bivariate case (d = 2). As before, we let t = (¢,t2) and define
the tensor-product projector Qy : H'(ay, b)) @ H'(az, by) — Zi, @ Z;, by

Q¢ == Qtl ® Qtz'

Remark 16. As in |24, Theorem 3.4, we conclude from and that for all v €
Hl((ll, bl) & HI(O/Q, bg),

e u and Qu coincide at the four corners of [ay,b1] X [az, bs], and

e Qiu restricted to any boundary edge of = (a1,b1) X (ag,by) coincide with the
univariate projection onto that edge, e.g.,

Qeular, ) = Quu(ay,-).

Using the same argument as for Theorem [7] we obtain the following error estimates

for Q.

Theorem 10. Let u € H"(Q) for r > 2 be given. If Pr_o C Zi, 1 N 2,1 for ty,ta > 1,
then

||U - QtUHQ < ¢t1—1,1¢t1—1,r—1||8IuHQ + Q:t2—1,1(’:t2—1,r—1||3§UHQ
+ & -1,1¢, 1,1 min {Q:tg—l,r—2||816£_1u||ﬂu Q:tl—l,r—2||3f_132u||ﬂ} )

and

101 (u — Q)| < € —1 1[0 ulla + Crym11€y— 102|105 ullq,
||82(u - QtU)HQ < €t171,1€t171,r72||871n7182u||9 + €t271,r71||85UH§27
10185 (u — Qe |l < €y —1,—2|0] ' Byulla + €1 p 2110105 ullq.

In the spirit of Corollary [ using results from Sections [3] and ] the above theorem can
be used to obtain similar error estimates for spline spaces of any smoothness.

Finally, we are ready to consider the multi-patch setting in IGA. We assume that the
physical domain © C R? is divided into M non-overlapping patches Q;, i =1,..., M. The
patches are conforming, i.e., the intersection of the closures of §2; and €); for i # j is either
(a) empty, (b) one common corner, or (¢) the union of one common edge and two common
vertices. Following [24], we define the bent Sobolev space in the physical domain H2’1(§~2)
by

W (Q) = {a € HY(Q) :alg, € H*(Q), i=1,...,M}.

We assume that for each i = 1,..., M there is a geometry map G; : Q = (0,1)* — Q.
which can be continuously extended to the closure of €2, such that
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o G; € (GZK(Q))2 and G; ' e (Wh>(€))? (see Section , and

e for any interface fij shared by 621 and ﬁj, the parameterizations G; and G are
identical along that interface, i.e., Gi_1|fij =R;; oGj_1|1:ij where R;; is a rigid motion
of the unit square to itself.

Similar to (40]) we define
Zti = {SOG'-_1 ENS th}
and, following [3,24], we require that these function spaces are fully matching on the

interfaces, i.e., for each §; € th there exists s5; € Zt j such that along any interface F”

shared by Qi and Q we have

Si

fi]‘ = Sj

T

Remark 17. Under the assumptions on the geometry maps, the fully matching requirement
at the interface I';; is simply satisfied whenever for [ = 4, j the univariate spaces Zi,, i,
my € {1,2}, associated with Gfl(fij) coincide. For instance, if G;l(fij) is a horizontal
edge while G-’l(fij) is a vertical one, then Z, ; = Z,, ;.

With the patch spaces Zt i in place, we define the continuous isogeometric multi-patch
space Zt Q — R as the continuously glued collection of those patch spaces, i.e.,

Z,={5e€C°(Q): 3lg, € Zgsi=1,..., M}
We let @t,i - H Z(SNL) — gm- denote the projector defined by
Quill = (Qui(@0 Gy)) 0 GTY, Vi € H (),
and for any @ € H>'(Q) we define Q¢(@) by
(@t@)’(z = @tsz

With the same line of arguments as in |3, Proposition 3.8] (see also [24, Lemma 3.4]), by
using Remark (16| together with the requirement that the patch spaces are fully matching,
it follows that Qu can be extended to a continuous function across the patch-interfaces
and hence this is a projector onto Z.

Similar to the mapped Ritz projection in the previous section we can now obtain error
estimates for the projector Qt As a continuation of Example 19| we can for instance obtain
the following result.

Erample 20. Let d = 2 and r = 2. Assume G; € (Sp=)? and G; 1 € (Wh(),))? for

=1

1=1,..., M. Then, for any u € Hz(ﬁi) and for 0 < /1,0, < 1 we have

o B 20—t . )
163~ Guill, < Ce. (1) 3 (Counay+ Covaay + Coinas) I8 il
1<]j|<2

(47)
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for all p;,po > 1 and i = 1,..., M. Here h := max{hy, ha}. The constants in the above
estimate are the same as the ones in Example [I9 By squaring both sides of and
summing over all the patches one can obtain a global estimate for o € H*!(Q).

Remark 18. If u € H2’1(§NZ) is zero at the boundary then it follows from Remark |16 and

the definition of ()¢ that Qu is also zero at the boundary. Thus, we can obtain the same
error estimates in the case of Dirichlet boundary conditions.

9 Conclusions

In this paper we have provided a priori error estimates with explicit constants for approx-
imation with both classical spline spaces and with their isogeometric extensions. More
precisely, we have considered error estimates in Sobolev (semi-)norms for L? and Ritz pro-
jections of any function in H" onto univariate and multivariate spline spaces, addressing
single-patch and C° multi-patch configurations.

In order to obtain these estimates we have introduced an abstract framework to convert
explicit constants in polynomial approximation to explicit constants in spline approxima-
tion of arbitrary smoothness and on arbitrary knot sequences. The constants in our spline
error estimates are not sharp as they stem from constants in global polynomial approxima-
tion that are not sharp. However, our abstract framework is independent of the polynomial
error estimate we start with. Whenever better constants are available for polynomial ap-
proximation, they can be simply plugged into our framework, resulting immediately in a
sharper result for spline approximation.

Our results improve upon existing error estimates in the literature as they fill the gap
of the smoothness [2] and allow for more flexible h-p refinement for spline spaces of max-
imal smoothness [18,25]. Moreover, they are consistent with the numerical evidence that
smoother spline spaces exhibit a better approximation behavior per degree of freedom,
which has been observed when solving practical problems by the IGA paradigm. Our er-
ror estimates also pave the way for extending to arbitrary smoothness and to arbitrary
knot sequences the theoretical comparison, recently performed in [5], of the approximation
power of different piecewise polynomial spaces commonly employed in Galerkin methods
for solving partial differential equations. In case of a mapped domain, the error estimates
explicitly highlight the influence of the (derivatives of the) geometry map on the approxi-
mation properties of the considered isogeometric spaces.

Besides their direct theoretical interest, the presented results may have an impact on
several practical aspects of the IGA paradigm, including the convergence analysis under
different kinds of refinements, the definition of good mesh quality metrics, and the design
of fast iterative (multigrid) solvers for the resulting linear systems. We finally note that the
range of possible applications of the presented results is not confined to the IGA context,
since standard C° tensor-product finite elements are also covered as special cases.
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