CONVERGENCE AND C!' ANALYSIS OF SUBDIVISION
SCHEMES ON MANIFOLDS BY PROXIMITY

JOHANNES WALLNER AND NIRA DYN

ABSTRACT. Curve subdivision schemes on manifolds and in Lie groups are
constructed from linear subdivision schemes by first representing the rules of
affinely invariant linear schemes in terms of repeated affine averages, and then
replacing the operation of affine average either by a geodesic average (in the
Riemannian sense or in a certain Lie group sense), or by projection of the
affine averages onto a surface. The analysis of these schemes is based on their
proximity to the linear schemes which they are derived from. We verify that a
linear scheme S and its analogous nonlinear scheme 7' satisfy a proximity con-
dition. We further show that the proximity condition implies the convergence
of T and continuity of its limit curves, if S has the same property, and if the
distances of consecutive points of the initial control polygon are small enough.
Moreover, if S satisfies a smoothness condition which is sufficient for its limit
curves to be O, and if T is convergent, then the curves generated by T are also
C'. Similar analysis of C? smoothness is postponed to a forthcoming paper.

1. INTRODUCTION

This paper defines and analyzes a wide class of curve subdivision schemes on
manifolds. Curve subdivision schemes in general consist of repeated refinement
of control polygons. Especially well studied are the linear schemes with rules
for defining the control points at the finer level as finite linear combinations
of control points in the coarser level — see e.g. [10] and [31]. Since any such
convergent curve subdivision scheme is affinely invariant (cf. [10]), we prove that
the rules of the scheme can be expressed in terms of repeated affine averages.
Explicit representations of this type are given for the quadratic and cubic B-spline
schemes, and for the 4-point interpolatory scheme of [11]. This representation of
affinely invariant linear subdivision schemes, which is not unique, is used to define
nonlinear schemes on manifolds in two different ways. One way is to replace affine
averages by geodesic averages. The second consists of projecting affine averages
onto the manifold. These constructions of nonlinear schemes from linear ones
apply to surfaces, to Lie groups and in particular to matrix groups such as the
Euclidean motion group, and to abstract manifolds such as the hyperbolic plane.
Further applications of these two concepts can be found in [30].

The analysis of such a nonlinear scheme is performed by its proximity to the
corresponding linear scheme which it was derived from. The proximity condition

is proved to hold for all the above mentioned nonlinear schemes. It is shown that if
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the linear scheme is convergent, the proximity condition leads to the convergence
of any analogous nonlinear scheme, and to the continuity of its limit curves,
provided that the distances of consecutive points in the initial control polygon are
small enough. Moreover, if the linear scheme satisfies a certain condition which
is sufficient for C'* limit curves, then each of its analogous convergent nonlinear
schemes generate C'! limit curves. Furthermore, the limit curves generated from
the same initial control polygon by different nonlinear schemes, all derived from
the same linear scheme, are close to each other.

Analysis by proximity to a linear scheme is a technique which was used before
in various situations. We mention the paper by [12], which analyzes linear non-
stationary schemes by proximity to linear stationary schemes. In the context of
nonlinear schemes proximity is used in [5], and in the analysis of median interpo-
lating subdivision schemes and their extensions in [33], based on the paper of [24].
In the first two papers mentioned above, the conditions of proximity required for
smoothness are too restrictive. In the last two papers the nonlinearity is rather
weak. Other papers related to median interpolating subdivision schemes are [8],
[25], and [32].

Non-linear interpolatory schemes in Lie groups were constructed from linear
schemes by [7], and used in various applications such as in smoothly interpolating
a motion given at discrete instances. A similar construction of spline-like subdi-
vision schemes on manifolds is suggested by [9]. Although these constructions are
different from the constructions in this paper, we believe that the analysis tools
developed here and in our next paper concerning C? smoothness ([29]) apply to
these nonlinear schemes.

A general analysis of certain subdivision schemes on abstract Riemannian man-
ifolds is done in [20], [19], and [21]. The geodesic analogues of the second and
third degree B-spline Lane-Riesenfeld algorithms are shown to converge to smooth
curves with Lipschitz derivatives.

We would like to mention a few other kinds of nonlinear schemes. In the func-
tional setting, interpolatory schemes based on the idea of essential non-oscillation
are studied in [4], a certain class of weakly nonlinear schemes are studied in [23],
and shape preserving schemes are studied in [14]. In the geometric setting, exam-
ples of geometry driven schemes are presented in [16]. The analysis of the above
schemes is along different lines, and applies to the particular class of schemes
studied.

The outline of the paper is as follows. Section 2 discusses linear schemes and
the construction of their analogous nonlinear schemes on surfaces and in matrix
groups. All the proofs of the results in this section are postponed to Appendix
A (Section 6). The results in Section 3 are rather general and are not confined
to the schemes of Section 2. Conditions for convergence of subdivision schemes
and for the C'' smoothness of the generated limit curves are formulated. These
conditions are known for linear schemes. A proximity condition between two
schemes is introduced. It is shown that convergence and C'! smoothness for a
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scheme T follow from the proximity condition satisfied by 7" and a linear scheme
S, which satisfies conditions for convergence and C! smoothness. The proofs of
the results in this section are given in Appendix B (Section 7). Section 4 returns
to the schemes introduced in Section 2, and verifies that a proximity condition
holds between a linear scheme and its analogous nonlinear scheme, constructed
in one of the ways described by Section 2. The proofs of the results in this section
are presented in Appendix C (Section 8). The results of Sections 2—4 are then
combined in Section 5. Convergence and C' smoothness is stated and proved for
the nonlinear schemes constructed in Section 2 from appropriate linear schemes,
and also for schemes on abstract Riemannian manifolds and in a certain class of
Lie groups.

2. LINEAR AND NONLINEAR SUBDIVISION RULES BASED ON AVERAGING

2.1. Linear Subdivision Rules and Averaging. We use the symbol p for
a sequence of points p;. A subdivision scheme S is a mapping which takes a
point sequence p as input, and which has another point sequence Sp as out-
put. For the sake of simplicity we consider only infinite sequences p;, where the
index ¢ runs in the integers. Closed polygons are modeled by periodic infinite
sequences. An ‘ordinary’ finite polygon py, ..., p, is represented by the sequence
s PLPL P2y - oo s Pry Dry - - .. We assume that there is an integer dilation factor
N > 1 such that for all polygons p, ¢ the relation g; = p;+1 for all ¢ implies that
(Sq); = (Sp)isn. The case of a dilation factor N > 2 is important to us because
sometimes in the analysis it is necessary to consider several applications of a bi-
nary subdivision scheme as one round of subdivision. For the sake of a unified
treatment, we allow that NV assumes any value greater or equal two.
We restrict our attention to subdivision schemes whose definition uses the
notion of average or affine combination. We let

(1) ave(z,y) == (1 — a)r + ay.

We write down the definition of some well-known subdivision rules in terms of
the av operator: The interpolatory four-point scheme of [11] has dilation factor
N = 2 and is defined by

(2) Spai = pi,  Sp2iy1 = aV1/2(aV—2w(pi>pi—1)a aV—2w<pi+17pi+2))-

7

Degree n B-spline subdivision “S(,)” according to [15] has N = 2 and is recur-
sively defined by one splitting step and n averaging steps:

(3) (S(O)p)% = (S(O)p)2z’+1 = Di,
(Semyp)i = avijo((Sm-1)P)i> (Sm-1)P)ix1), m=1,...,n.

We mention two cases explicitly: Quadratic B-Spline subdivision (Chaikin’s al-
gorithm) has the form

(4) S(z)pm‘ = aV1/4(me¢+1), 5(2)p2i+1 = aV3/4<pi7pi+1)-
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Cubic B-spline subdivision “S(s)” reads

(5) S(S)in = aVl/Q(pi7pi+1)a
S(S)p2i+l = aV1/2(aV1/4 (pi—i-l ) pi)> avy /4 (pi+1, pi+2))-

For a linear scheme there exists a sequence a = (a;);ez such that
(6) Spj = Zaj—Nipi-
i

a is called the mask of S, and is said to be finite if only finitely many a;’s are
nonzero. The subdivision scheme is affinely invariant, if

(7)  ajni=1 j=0,...,N-1

i
It is trivial that a finite mask exists for subdivision schemes expressible via the
av operator, and that the scheme is affinely invariant. Indeed also the converse
is true:

Theorem 1. Any affinely invariant linear subdivision rule S with finite mask is
expressible via the “av” operator.

The proof is given in Sec. 6.2.

The expression of a subdivision rule in terms of the averaging operator is not
unique. It should be noted that convergent linear subdivision schemes are either
converging towards zero or are affinely invariant, see [10].

Remark: Note that Theorem 1 guarantees only that each of the N rules of the
linear scheme S' is expressible by the av operator. Yet it does not imply that any
affinely invariant scheme has a recursive definition by repeated averaging similar

to (3). &

2.2. Geodesic Averages in Surfaces and Geodesic Subdivision. We would
like to replace the straight lines of affine space (which are the shortest curves
ending in two given points) by the geodesic lines in a surface (which again are the
shortest curves, at least locally), and the average of two points by a corresponding
point on the geodesic. This concept belongs to Riemannian geometry, but we
study it first for surfaces. The reason for this is that our method of analyzing
smoothness of nonlinear schemes requires comparison with linear schemes, and
for our proofs the ambient space where a surface is immersed in is necessary. We
consider abstract Riemannian manifolds only in the very end.

Geodesic lines of a surface M in R™ in the sense of elementary differential
geometry are the solution curves ¢(t) of the symbolic differential equation

(8) &L M,

and all of them are traversed with constant velocity. It is well known that for all
surface curves ¢(t) the component of ¢é(¢) orthogonal to M depends only on ¢é(t):
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With the tangential component “%” of ¢, we have
. D¢ SN
0 (1) = —r -+ Tl (6(0), (1),

where Il is the vector-valued second fundamental form of M in the point c(t).
Il, is a symmetric bilinear mapping which takes tangent vectors at the point p
as input, and whose values are vectors orthogonal to M at p (cf. [6], §6.2). It
follows that geodesic lines in surfaces are the solution curves of the differential
equation

(10) &= 10,(¢, ¢).

Equation (10) implies that if ¢(t) is a geodesic, then so is any curve of the form
c(at +0b). This property allows us to re-parametrize a given geodesic such that it
is traversed with unit speed. In that case the length of the curve segment between
points ¢(t) and ¢(s) equals |t — s|. The reparametrization property above means
that there is never a unique geodesic ending in given points p and q.

A convenient way to denote the geodesic starting at p with tangent vector v is
in terms of the exponential mapping, which is defined as follows: exp,(w) means
the point ¢(t), if ¢(t) is the geodesic with initial value ¢(0) = p and initial tangent
vector v = ¢(0), and w = tv. The decomposition w = tv is of course not unique,
but all possible ways of computing exp,(w) yield the same result. The geodesic
c(t) has the property that exp,(tv) = c(t), for all ¢.

If we are to replace straight lines by geodesics, we need the existence of a
unique shortest geodesic which connects the two given points (unique up to
reparametrization). For an introduction into this topic see e.g. [17], § 10, or
Th. 3.7 and Remark 3.8 of [6].

Basically, if p and ¢ are close enough, there is always v, smoothly dependent
on ¢, such that exp,(v) = ¢, and c(t) = exp(tv) is the shortest geodesic with
c(0) = p and ¢(1) = ¢. Within a compact subset of a complete surface this
is true for all points which are closer than a given small maximum distance.
The properties enumerated above follow from the fact that geodesics fulfill the
differential equation (10).

Our geodesic averaging (see below) requires the existence of a continuation of
the geodesic ¢(t) beyond the defining two points. This always exists locally, and
for all parameters ¢ if the surface is complete (see the references above).

In this paper we are not concerned with the problem of existence of geodesics
at all, we just assume that we can carry out all necessary constructions. We

define

Definition 1. If ¢ is the unique shortest geodesic which joins x and y, then we
let

(11) g-av,(z,y) := c(at), if ¢(0) =z, c(t) = y.

The g-av operator serves as a replacement of the av operator.
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F1GURE 1. Geodesic B-Spline subdivision of degree three. From
left to right: Tp, T?p, T3p, T>®p.

Note that both the affine average and the geodesic average fulfill the relations

(12) avi_o(y, ) = ave(z,y), g-av,_,(y,z) = g-av,(z,y).

This follows from the fact that for all geodesics ¢(t), also ¢(to — t) is a geodesic.
We should mention that even if we use the word ‘average’” we do not restrict the
factor « to the interval [0, 1].

Definition 2. The geodesic analogue T of an affinely invariant linear scheme S,
which is expressed in terms of averages, is defined by replacing each occurrence
of the av operator by the g-av operator.

Fig. 1 shows the result of geodesic subdivision according to the algorithm of
Lane-Riesenfeld.

2.3. Geodesic Averages in Matrix Groups. This section extends the concept
of geodesic subdivision to the group of Euclidean motions, such that the helical
motions appear as geodesic-like curves (cf. [3] or [13]). This means e.g. that the
geodesic midpoint of two positions of a rigid body is found by first determining
the shortest helical motion which transforms the first position (at time ¢ = 0)
into the other (at time ¢t = 7), and then evaluating this helical motion half way
in between, i.e., at t = 7/2. Fig. 2 shows the helical motions which connect given
positions of a rigid body, together with the result of subdivision defined in this
way.

The general concept we have to discuss here is that of a one-parameter subgroup
of a matrix group, or more generally, of a Lie group. The relation between matrix
groups and abstract Lie groups is in some ways similar to the relation between
surfaces and abstract Riemannian manifolds. We consider the abstract case only
in the end. For an introduction into Lie groups, see e.g. [22].

The curves we use for subdivision in a Lie group are called geodesics also, which
will be justified when we show that they too satisfy a second order differential
equation just like the geodesics in surfaces.

Let G be a linear Lie group, i.e., a smooth manifold immersed in the space of
n X n matrices, which is closed with respect to matrix multiplication and matrix
inversion. Prominent examples are O,, and SO,,, the groups of orthogonal matri-
ces and of orientation-preserving orthogonal matrices. The group of Euclidean
motions, here denoted by SO, x R", is also a matrix group: a matrix g € SO,
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FIGURE 2. Left: Helical motions (i.e., group geodesics) which con-
nect a sequence of positions of a rigid body. Right: Two rounds of
geodesic B-spline subdivision of degree three.

and a translation vector t € R™ are composed, in block matrix notation, to the
(n+1) x (n+ 1) matrix

(13) [i 2]

Multiplication of two such matrices yields the result

10 10 1 0
(14) |:t1 91] ' [tz 92] N [t1+91't2 g1+ 92
which corresponds to the composition of transformations which are represented
by the matrix/vector pairs (gi,t1) and (go,%2). Thus also the group of Euclidean
motions fits the matrix group formalism.

The symbol “x” used in the definition of SO,, x R™ means a certain semidirect
product, and it is obvious how to define G x R" for any group G of n x n matrices.
For the general definition of ‘semidirect product’, see e.g. [22], p. 15.

One-parameter subgroups of matrix Lie groups are curves of the form

(15) ct) = exp(tv) = » (tkL,)

The tangent vector ¢(0) equals v. We use those curves as the geodesics emanating
from the identity element of the group. Geodesics emanating from any other
element g € G are, by definition, the left translates

(16) c(t) = g - exp(tv).

Why we use left translates and why the curves defined by (16) represent the helical
motions, if evaluated for the Euclidean motion group, is the topic of Section 6.3.
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The existence of a matrix logarithm shows that there is a neighbourhood of the
identity where for all g there is a one-parameter subgroup c(t) = exp(tv) with
¢(T) = g, such that both v and 7 depend smoothly on g. By left translation of this
neighbourhood, we get an analogous local statement for any point in the group.
If a concrete group like the Euclidean motion group is given, we often know how
to find the shortest geodesic which ends in two given points: For SO,, x R", it is
the shortest helical motion which connects two given positions of a rigid body.

We establish that for groups the geodesics fulfill a second order differential
equation similar to the differential equation of geodesics in surfaces, and we show
cases where they are traversed with constant velocity. This enables us to treat
both the surface case and the Lie group case together.

Lemma 1. Assume that G is a Lie group of n X n matrices. Then the curves of
(16) are precisely the solution curves of the differential equation

(17) ¢ = Be(c(t), ¢(1)),
with
(18) By(v,) = 5 (vg™ w4+ wg o)

If G has the property that left translations h — gh are isometric with respect to
a Fuclidean scalar product in the linear space of n X n matrices, then the curves
of (16) are traversed with constant velocity.

The proof is given in Sec. 6.4.

Definition 3. A Lie group of n X n matrices is called of constant velocity, if
there is a Buclidean metric in the n?-dimensional space of matrices, such that the
curves of (16) are traversed with constant velocity.

We endow the n?-dimensional vector space R™ " of matrices with the scalar
product
(19) (v,w) = tr(vw?).

We have (v, w) = (w,v) because of tr(vw?) = tr((vw?)T) = tr(wo?).
Lemma 2. With the scalar product (19), both G and G x R™ are of constant

velocity, if G is a subgroup of the orthogonal group O,. Any compact matriz
group becomes a subgroup of O,, after a suitable coordinate transform.

The proof is given in Sec. 6.4.
Lemma 2 directly applies to the (special) orthogonal groups O, (SO,), and
also to the Euclidean motion group.

2.4. Projecting Averages and Projection Subdivision. The method of pro-
jection is a very general way of introducing nonlinearity.

Definition 4. A generalized projection P onto a submanifold M of Euclidean

space is a smooth mapping onto M defined in a neighbourhood of M, such that
P(x)=x for allx € M.
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FIGURE 3. Projection onto the Euclidean motion group. (A,a)
and (B,b) are two positions of the teapot, with A, B € SO3 and
a,b € R3. Left: Positions av,((4,a),(B,b)), Right: Positions
Pav,((A,a),(B,b)). a has the values 0,1/4,1/2,3/4, 1.

How smooth exactly P must be depends on the application. We later require
that the norms of first and second derivatives of P are bounded by some constants.
One example of a projection is the orthogonal projection onto M.

Definition 5. The projection analogue T of an affinely invariant linear scheme
S, which is expressed in terms of averages, is defined by replacing each occurrence
of the av operator by “Pav”.

In this way we get projection variants of the B-spline schemes and the inter-
polatory 4-point scheme defined by Equations (3), (4), (5), and (2), respectively.

Remark: Instead of adding a projection after each occurrence of “av’, as in
Def. 5, we could have defined an analogous projection scheme T by simply defining
Tp; = PSp;. There is no reason why the results of this paper should not be true
for this simpler definition, but the analysis is no longer analogous to the geodesic
case. This is the reason why we use Def. 5 here. &

Examples of projections which are readily computable are the gradient flow to-
wards general level set surfaces, and orthogonal projection onto selected surfaces
like spheres, tori, or the Euclidean motion group. Orthogonal projections onto
that group are treated by [2] and [28]. We briefly mention that if A is an n x n
matrix with positive determinant, a possible projection of the affine transforma-
tion x — A - x + a onto the Euclidean motion group is the Euclidean motion
r — PQ-x+ a, where AJ = PD(Q is a singular value decomposition, and .J
is a positive definite matrix. In applications, J is chosen as the inertia matrix
of the rigid body being transformed. This projection procedure is illustrated in
Fig. 3, which shows the result of both linear and projection averaging. The for-
mer in general does not yield matrices which correspond to Euclidean positions.
Fig. 4 shows two rounds of interpolatory subdivision according to the projection
analogue of the four-point scheme of (2).
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FIGURE 4. Projection subdivision in the Euclidean motion group
according to the interpolatory four-point scheme of (2). Left: p.
Right: T?p.

3. CONVERGENCE AND SMOOTHNESS ANALYSIS

3.1. Convergence and Smoothness Conditions. This section introduces con-
ditions called ‘convergence’ and ‘smoothness’ conditions. It will be seen later that
indeed they are the main ingredients in our proofs concerning the convergence of
a subdivision scheme, and the continuity and smoothness of its limit curves.

If p is a sequence of points, we use the symbol Ap for the sequence of differences:
Ap; = piy1 — p;. Further we define

(20) d(p) = sup [[pis1 = pill,  [|pllec = sup [|pi]l-
Obviously,
(21) d(p) = [|Apl|ee-

Definition 6. A subdivision scheme S is said to satisfy a convergence condition
with factor py < 1, if

(22) d(S'p) < pod(p) for all L, p;

and it is said to satisfy a smoothness condition with factors pg, 1 < 1 and the
dilation factor N, if in addition to (22) for alll, p,

(23) d(N'AS'p) < pid(Ap).

A mized smoothness condition is satisfied if (22) holds and there is u; < 1 as
above such that for all l, p

(24) d(N'AS'p) < 1y Pr(1)d(p),

where Py is a linear polynomaial with nonnegative coefficients.
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There are schemes where (22) or (23) is true only for all | greater or equal a
certain number L. For example, the interpolatory 4-point scheme of (2) has L =
2, as is explained in more detail later. In that case we define a new subdivision
rule S := S, which then fulfills both (22) and (23). We subsequently analyze S
instead of S.

Mixed conditions of the type (24) occur naturally in our smoothness analysis
of nonlinear schemes. This is the reason why we consider them, instead of more
familiar conditions of the form d(N'AS'p) < Cyuld(p).

Most of our statements consider polygons whose points are contained in some
subset M of R™, and fulfill the condition d(p) < . Such a class of polygons
is denoted by Pys.. The statements employ a scheme “S”, which is linear and
whose properties are known, and another scheme “I”, which is to be analyzed (.S
is to help with the analysis). In the following we impose the additional condition
that Tp € Pure if p € Py, but we don’t require the same for Sp.

For instance, we will encounter the case that the smoothness conditions are
true only for p € Py s for some § > 0.

3.2. Convergence and Smoothness of Linear Schemes. In this section we
verify that convergence and smoothness conditions actually hold for the linear
schemes mentioned above. Following [10], we use the concept of k-th derived
scheme S, of a linear subdivision scheme S, which is recursively defined by

There may be no derived schemes. If S is affinely invariant, then S; exists
(cf. [10]). For the convenience of the reader, we repeat some definitions here,
especially because the case N > 2 is not so familiar. It is customary to use
the terms in the sequences a (the mask of the scheme) p (the polygon), Sp (the
subdivided polygon), Ap (the difference polygon) as coefficients of the formal
Laurent series a(z), p(z) Sp(z), and Ap(z), respectively, such that e.g. a(z) =
>~ a;z". Such functions in general are called generating functions of the respective
sequences, and a(z) is called the symbol of S. By definition, and in view of (6)

(26) Sp(z) = a(2)p("),  Ap(z) = (1 - 2)p(2)z"
(25) implies that the symbol al'l(2) of the derived scheme S, satisfies
1— 2N 1—=2
1 N _ N
(27) I (p(=N) o = Na(2)p(=")
NZNfl

- a[l](z) =a(z)

14 -4 N1

For any subdivision scheme S two rounds of subdivision yield yet another scheme,
S2. If S has dilation factor N, then the dilation factor of S? equals N2. The
mask ¢ and symbol ¢(z) of S? are given by

(28) cj =Y aj-niai, c(z) = a(z)a(zN).



12 JOHANNES WALLNER AND NIRA DYN

The norm ||S|| of S is defined by
(29) IS1/ = sup [|Sploe.

lIplloo <1

In terms of the mask a, we have
(30) 151 = max; >, [a;-wil-

Knowledge of the norms of derived schemes yields factors pg, i1 as required by
(22):

1 S 1
B)  d() = 1ASple = w8180l < o atp) = iy = i)

and similarly for (23): We use d(Ap) = ||A?p||s and compute

1 1 1
(3)  d(NAS) = T(NAPSp] < IS d(Ap) = 1 = 1]
B-spline subdivision of degree n according to (3) has N = 2 and the symbol
(33) a(z) = (1+2)™1/(22)"  (n > 0).

Its first derived scheme is the (n — 1)-st degree B-spline scheme. If n > 2,
Equations (30), (31), and (32) show that convergence and smoothness conditions
are fulfilled with factors p; = 1/2.

If the symbol a(z) of a linear scheme S with dilation factor N has the form

(34) itz N[ - )zt a), (€Z, k>0),

7=1

then S is defined, apart from an index shift, by a splitting step, and k averaging
steps with factors a;. An example of such a symbol for N = 2 is furnished by
the B-spline schemes defined by (3), whose symbol is given by (33). The symbol
of the interpolatory four-point scheme of (2) has the form

(35) a(z) = —w(z—lg —1—23) + <% —i—w) <§ —|—z) + 1.
For 0 < w < 1/16, a(z) has the form (34) with [ = —3, N =2, and
2w+y=Eo; 2w — v+ 09 1
2= o Fe M Tt Fe Y

where v = \/2w(1 + 2w), 015 = \/2w(l — 4w + 27).

It follows that the four-point scheme of (2) has a recursive definition similar to (3).
It satisfies a convergence condition, but not a smoothness condition. It is known
(see [10], Equations (3.22)ff) that in the case 0 < w < 1/8, the iterated scheme
S? has the required properties. We have [|(5?)]| = 8w + 1, and ||(5?)2| < 4. In
view of (32), it follows that for 0 < w < 1/8, S? fulfills a smoothness condition
with factors pug < 1/2, p; < 1, and N = 4.
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3.3. Proximity Conditions. In this section we present the inequalities which
we use to quantify the differences between linear subdivision schemes of known
properties and nonlinear ones, in order to conclude similar properties for the
nonlinear schemes. Following [26], we define

Definition 7. Subdivision schemes S, T satisfy a proximity condition for a class
Purrs of polygons p, if there is a constant C' such that for all p € Py,

(36) 1Sp — Tl < Cd(p)*.

A higher order proximity condition which involves d(Ap) can be used to show
C? smoothness of limit curves. This will be the subject of [29].

As has been mentioned before, it is possible that a subdivision scheme S does
not fulfill (22) or (23), and we have to consider S := S* instead. If S and T are
in proximity, then obviously this is true for S* and T also. So the smoothness
analysis will be applied to S and T := T*.

3.4. Convergence from Proximity and an Approximation Result. It is
our aim to show that a convergence condition satisfied by a linear subdivision
scheme S together with a proximity condition satisfied by S and T implies that
T also satisfies a convergence condition, and generates continuous limit curves.

Theorem 2. Suppose that S,T satisfy a proximity condition for all p € Py,
and S satisfies a convergence condition with factor pug < 1. Then there is 6 > 0
and fi, < 1 such that T satisfies a convergence condition with factor i, for all
D € Pus. By choosing 6 small enough, we can achieve that iy — jio is arbitrarily
small.

The proof is given in Sec. 7.1.

It is not difficult to show that a convergence condition together with proximity
ensures convergence even of a nonlinear subdivision algorithm. In order to define
what that means exactly, we introduce the following auxiliary functions:

Assume that T is a subdivision scheme and that p is a polygon. For each
T7p we consider the piecewise linear function 77f, which is linear in the intervals
[iN7I (i +1)N~7] (i € Z), and whose values at the integer multiples of N~/ are
given by the points of T7p. We use the notation

(37> f:fo(p), Tf:F1<Tp)7 T2f2f2(T2p),---
Then
(38) T°f = li)m ij

parametrizes the limit curve “T*°p”. It is obvious by construction that

(39) P = glloc = 1[F5(p) = F5(9) |0

Theorem 3. We assume that S is a convergent linear subdivision scheme of finite
mask, and that T is as required by Theorem 2. With the notation of Theorem 2,
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we let [ = Fo(p) for p € Pars. Then the sequence T'f converges to a continuous
limit in the mazimum norm.

The proof is given in Sec. 7.1.

Remark: Tt is difficult to find examples where geodesic or projection subdivision
do not converge. There are nonlinear schemes which fulfill a convergence condi-
tion for all p with d(p) finite: It is easy to show that the geodesic analogue T of
a scheme S with symbol (34), which works by one splitting step and k rounds of
averaging, has the property that d(7p) < max(|as|,|1 — aq])d(p), if 0 < a; <1
for j =2,...,k. In the case 0 < a; < 1 this implies a convergence condition for
T, and Theorem 3 applies. &

When doing subdivision in a surface, we want to ensure that the limit curve
T°p is contained in that surface, if the surface is closed.

Lemma 3. Suppose that T converges in the sense of Theorem 3. If there is a
closed set K such that T'p is contained in K for all j, then so is the limit curve
T>p.

The proof is given in Sec. 7.1.

Our next result concerns the distance of the limit curves of a nonlinear scheme
which is in known proximity to a linear scheme, from the limit curves generated
by the linear scheme. The following observation is used in the statement of the
theorem: If S is affinely invariant and convergent, then the norms of the iterates
of S converge to 1, implying that the norms ||.S?|| are uniformly bounded.

Theorem 4. We use the requirements and notation of Theorem 2, and we assume
that S has the property that ||S*|| < A. Then for any polygon p € Py,

- ~ AC
(40) 15%p = T%pllee < 1_ﬁgcl(p)2-

The proof is given in Sec. 7.1.

Remark: Theorem 4 allows to transfer stability properties of S to T. If e.g.
1S*(p + ) = S¥(D)llso < D+ llelloo, then [T(p + &) = T*(p)lloc < 1255 (d(p +

e)* +d(p)*) + Dlellos < 1252 (2d(p)° + 4d(p) el + 4llelZ) + Dllello Y

~B

3.5. Smoothness from Proximity. The following theorem establishes that
smoothness conditions as defined by Def. 6 follow from the proximity conditions

as defined in Def. 7.
Theorem 5. Suppose that S, T satisfy the prozimity condition for p € Py, and

that S satisfies a smoothness condition of type (23) with factors po, p1 such that

. 1
Mo < fo = \/—Na
Then there is § > 0 such that T satisfies a mized smoothness condition of type
(24) with factors fi; which also satisfy (41), for all p € Pass.
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The proof is given in Sec. 7.2.
With this result, it is possible to show that the curves T°p are C! if d(p) is
small enough.

Theorem 6. Under the conditions of Theorem 5, with S of finite mask, the limit
curves Tp are O for all polygons p such that T'p converges.

The proof is given in Sec. 7.2.

Remark: The completeness of the norm of the space we are working in is essential
for the proofs of both Theorem 3 and Theorem 6. But we neither used the
finite dimension of the space, nor the fact that the norm is induced by a scalar
product. &

4. VERIFICATION OF PROXIMITY CONDITIONS

4.1. Geodesic Subdivision. We show that a linear subdivision scheme and its
analogous geodesic scheme (both for a surface and for a matrix group of constant
velocity) fulfill a proximity condition.

We consider a surface M contained in a Euclidean vector space, which is
equipped with geodesics — either in the sense of elementary differential geometry,
or in the matrix group sense. In both cases, geodesics are the solution curves of
a differential equation of the form

(42) C(t) = Bc(t) (é(t)v é(t))a

where B is either the second fundamental form of (10) or the expression defined
by (18). B, is supposed to depend continuously on the point p. This is trivial
for the group case, and follows from C? smoothness of the surface under consid-
eration in the Riemannian case. Recall that B in both cases is symmetric and
bilinear. Moreover, solution curves are traversed with constant velocity, and the
reparametrization properties of Section 2.2 hold true.

We use the symbol T, M for the tangent space of M at the point . We consider
such open subsets V' of M where there exists a constant D with the property that

(43) zeV, vweTlT,M, |v|<1]w|<l = |B:(v,w)] <D.

Clearly all points in M have a neighbourhood V' where there exists D > 0 such
that (43) holds true. A global D exists if M is compact. In the surface case, the
fact that there exists a global D for the entire surface M means that the normal
curvatures of M are bounded.

In the case of a matrix group of constant velocity, the constant D can be
computed explicitly: Let D = max||juwj<1 ||[vw]]. Then for ||v]], [|w|| < 1 we have
1By (v, w)|| < 2(l[vlllg~ wll + wllllg~*vll) = D.

The following is easy to show:

Lemma 4. Assume that (43) holds true with D > 0 and an open set V', and that
the points x, y are joined by a unique shortest geodesic of length < 1/D. If the



16 JOHANNES WALLNER AND NIRA DYN
geodesic segment used in g-av,(z,y) is contained in V', then
(44)  [lava(z,y) — g-ava(z,y)|| < 2D min(|a] + o, 6] + 52)[lz — yl|*,

with 3 =1— «.

The proof is given in Sec. 8.2.
By using the elementary estimate of Lemma 4 several times, we are able to
prove the following general result:

Lemma 5. Let V and D be as in (43). Consider an affinely invariant subdivision
scheme S and its analogous geodesic scheme T. Let the class Py, 5 consist of all
polygons p in V with d(p) < & and which have the property that all geodesic
segments used in subdividing according to T are contained in V.

Then S and T fulfill a prozimity condition for all polygons p € Pys. The
constant C' in the proximity condition depends on T, D, and 0.

The proof is given in Sec. 8.2.

Remark: As a consequence of the proof of Lemma 5 we see that it holds also for
nonstationary schemes if the factors used in averaging are bounded: The upper
bound on ||Sp — Tp||« as required by the proximity condition then is of the form
Cd(p)?, where C' depends on an upper bound of these factors. O

4.2. Taylor’s Formula. In proving the proximity condition for projection sub-
division schemes, we represent the projection operator by its Taylor expansion.
For the convenience of the reader, we write down Taylor’s formula in the form
we use it. If P is a mapping of sufficient smoothness from R"™ to R™, then for all
x, h such that the line segment with endpoints x and z + h is contained in P’s
domain,

d.P(h) N d*P(h,...,h) dith, P(h,....h)

(45) P(x+h) = P(x)+ T 1 Gt 1)l :

for some ¥ € [0,1]. The k-th derivative of P in the point x, d*P, is a k-linear
mapping (R")¥ — R™ of the form

: . O0"P(x)
k — oot ——— —
(46) diP(uy, ... ug) = | Z U e
ije{l,...,n}
where the vectors u; have coordinates uf . Its norm is defined by

(47) 1 Pl = max{||dz P(uy, ..., ui)|| + [Juil| < 1}

If the domain of P is an interval, then d*P(u, ..., u) = «* P®(z), and ||d*P| =
[P ()],
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4.3. Projection Subdivision. In order to show proximity results for projection
subdivision, we require the existence of upper bounds for the norms of the pro-
jection’s derivatives. In compact subsets, upper bounds always exist in analogy
to the constant D of (43).

We consider an open subset U of R™ (the space where the surface under con-
sideration is contained in), where there are constants D, D’ > 0 such that

(48) relU = |d.P| <D, ||[dP|<D.

If P is the orthogonal projection onto M, then D measures a certain curvature
of M, and D’ has an interpretation as a change of curvature.

The following is a simple application of Taylor’s formula. It is similar to
Lemma 4.

Lemma 6. Assume that U, D, D’ are as in (48), and that the straight line segment
which contains the points x,y, (1 — a)x + ay is contained in U. Then

/

D
(49)  llava(z,y) — Pava(z, y)l| < - min(|a] + o, B+ 5%) |z — ylI*,

where =1 — a.

The proof is given in Sec. 8.3.
Similar to the geodesic case, we have

Lemma 7. (the projection analogue of Lemma 5) Let U, D, and D' be as in (48).
Consider an affinely invariant subdivision scheme S and its analogous projection
scheme T Let the class Py 5 consist of all surface polygons p with d(p) < 4§, and
such that the line segments used in averaging in the application of T  are inside
U.

Then S and T fulfill a proximity condition for all polygons p € Pr ;. The
constant C' in the proximity condition depends on T, D, D', and §.

The proof is given in Sec. 8.3.

5. RESULTS

We give a definition, which collects the requirements we impose on a linear
subdivision scheme S.

Definition 8. We call a linear subdivision scheme S 0-admissible, if it is affinely
invariant and fulfills the convergence condition (22) with a factor po < 1. S is
called 1-admissible if in addition a smoothness condition (23) holds true, such
that the factors pg, 1 are bounded according to (41).

By the analysis of linear schemes (cf. [10]) a k-admissible subdivision scheme
S produces C* limit curves (k= 0,1).

Theorem 7. If S is a k-admissible scheme, k = 0,1, and T is its analogous
geodesic scheme in a surface in the sense of Section 2.2, then T converges and
T*p is a C* curve for all p with d(p) small enough.
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Proof. Lemma 5 says that S and T meet a proximity condition. In the case
k = 0, Theorem 2 together with Theorem 3 shows the convergence of T and
the continuity of its limit curves. In the case £ = 1, Theorem 5 shows a mixed
smoothness condition for 7', and Theorem 6 shows that the limit curves of T are

ch O

We say a few words concerning the sentence “all p with d(p) small enough” in
the statement of Theorem 7. It does not mean that for a given surface there is
a global constant § such that for all p with d(p) < ¢ the theorem holds. Such a
0 in general exists only in a compact subset of M, but can exist globally if there
exists a global constant D such that (43) holds.

One inference however can safely be made: If a nonlinear subdivision scheme
happens to converge, if applied to a given finite polygon, then the limit curve is
smooth, if the appropriate conditions as set down in Theorem 7 are met. This
is because p itself is contained in a compact set, for which there exists 6 > 0
such that the theorem applies; and in the process of subdivision, d(p) converges
towards zero.

In Section 2.2 we defined geodesic averaging and the geodesic analogue of
an affinely invariant linear scheme by expressing it in terms of averages, and
by replacing the affine average by the geodesic average. The same definition
applies to Riemannian manifolds, if geodesics and the exponential mapping are
understood in the Riemannian sense, see [6]. We give an example below.

Corollary 1. Theorem 7 applies to geodesic subdivision in Riemannian mani-

folds.

Proof. By the global embedding theorem of [18], any Riemannian manifold can
be embedded as a surface of the same smoothness into a Euclidean space of
sufficiently high dimension. Theorem 7 applies to this surface. U

Example Figure 5 shows four points connected by geodesics in the conformal
disk model of the hyperbolic plane H2. It consists of the points of the open unit
disk in Euclidean R?. For an introduction into this topic, see e.g. [1]. The vector
model of H? consists of the points of the upper sheet of the two-sheeted hyper-
boloid with equation 2?2 = 22 4+ y? + 1 in R3, which is one half of the unit sphere
with respect to the pseudo-euclidean scalar product ((z1,y1,21), (T2,¥2, 22)) =
T1To + Y1y2 — z122. Mapping a point (x,y) from the disk model to the vector
model is defined by projecting the point (z,y,0) from the point (0,0, —1) onto
the hyperboloid. The scalar product and norm of tangent vectors in the vec-
tor model is defined via the scalar product above. H? is thus equipped with a
Riemannian metric. So far it is not a surface in a Euclidean space, because the
scalar product we use is not Euclidean. Small pieces of H? are realizable as a
surface of Gaussian curvature —1 in R3, but it has been shown that there is no
C? immersion of the entire hyperbolic plane into R3. For that, we have to resort
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FIGURE 5. Geodesic B-Spline subdivision of degree three in the
hyperbolic plane. Left: Polygons p and T%p. Right: Polygons Ap
and 2*AT*p.

to higher dimensions. We never actually use this embedding except by referring
to its existence in the proof of Cor. 1.

Recall that in the Euclidean unit sphere of R®, geodesics are defined via
exp,(tv) = cost - p +sint - v, if v is a unit vector; and the geodesic distance
§(p,q) of points p, ¢ fulfills cos§(p, q) = (p,q). In the vector model of H?, this is
similar: exp,(tv) = cosht - p +sinht - v, if (v,v) = 1; and coshd(p,q) = |(p, q)|.
In the disk model, geodesics appear as circles which intersect the unit circle or-
thogonally.

We demonstrate the geodesic analogue of the cubic B-spline scheme in the
hyperbolic plane in Fig. 5. &

Theorem 7 not only applies to geodesic subdivision in surfaces as defined in
Sec. 2.2 but also for the case of matrix groups treated in 2.3. We will however be
able to show a stronger result (Theorem 8 below). The difference between these
two theorems is that now there is a global constant 6 > 0, depending only on the
scheme and the group, which ensures convergence of T'p if d(p) < 6. The reason
for this is that in the matrix group case, there is a global constant D for (43).

Theorem 8. Assume that G is a matrix group of constant velocity. If S is a
k-admissible scheme with k =0 or k = 1, and T the analogous geodesic scheme
in G, then there exists § > 0 such that T converges and T>®p is a C* curve for
all p with d(p) < 6.
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Proof. The result is based on Lemma 5 (which establishes proximity of S and T'),
Theorem 2 and Theorem 3 (for convergence and continuity), and Theorem 5 and
Theorem 6 (for C' smoothness). O

In order to extend this result to abstract Lie groups, we give the following
definition, which extends the definition of matrix groups of constant velocity.

Definition 9. A Lie group is called of constant velocity, if it is locally isomorphic
to a matriz Lie group of constant velocity.

Remark: The condition regarding constant velocity refers to the Lie algebra of
a Lie group, because this is the object shared by all Lie groups which are locally
isomorphic. In particular, all real Lie groups whose Lie algebra is compact (cf.
[22]), are locally isomorphic to a compact Lie group (loc. cit., p. 228), which in
turn is realizable as a matrix Lie group (loc. cit., p. 241). So in view of Lemma 2,
all real Lie groups with compact Lie algebra are of constant velocity. &

Corollary 2. Theorem 8 holds with G replaced by a Lie group of constant velocity,
with geodesics defined by (16), and with geodesic averages as in Def. 1.

Proof. Geodesics are invariant with respect to left translation in the group, and
therefore so is geodesic subdivision. Both continuity and smoothness are local
properties. It is therefore sufficient to consider a neighbourhood of the identity
in the group. By the constant velocity assumption, we may assume, without loss
of generality, that such a neighbourhood is realized in a matrix group. Geodesics
are invariant with respect to this local embedding of the group, so Theorem 8
regarding matrix groups applies. U

There is a result very similar to Theorem 7, which concerns projection subdi-
vision:
Theorem 9. If S is a k-admissible scheme, k = 0,1, and T is its analogous

projection scheme, then T' converges and T*p is a C* curve for all p with d(p)
small enough.

Proof. Lemma 7 establishes proximity of S and 7. Then we invoke Theorem 2
and Theorem 3 to show convergence of T" and the continuity of its limit curves
(in the case k = 0), and Theorem 5 and Theorem 6 to show C' smoothness (in
the case k = 1). O

Remark: In Theorem 7, Theorem 8, and Theorem 9, proximity was essential for
the convergence of T'. Yet T" depends on a particular representation of S in terms
of averages, and proximity holds for all possible choices of T'. By Theorem 4, any
two schemes T and T, which are analogues of S, satisfy
(50) T - Tpll < 22 d(y)”.

— Mo
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where p is such that proximity holds. This shows that the actual choice of the
representation in terms of averages has a very small influence on the limit curves.

O
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6. APPENDIX A: PROOFS OF RESULTS IN SECTION 2

6.1. Preliminary Results. To begin with, we enumerate some simple proper-
ties of norms of polygons.

(51) Ip = dllee <& = d(p) < dlq) + 2.

This follows from the triangle inequality, because max ||p; — ¢;|| < & implies that
[1Pis1 = pill < llpist = Giall + lgir1 — @l + llas = pill <2+ lp = qllos + &

Likewise it is obvious that

(52) AP = Aqlloc < 2|p = qllos,  d(Ap) < 2d(p).

Note that because of (52), Equ. (24) is also a weaker form of (23) with a constant
polynomial.

6.2. Proof of Theorem 1. The proof of Theorem 1 is elementary linear algebra:
The affine combination of (6) defines, for each j, a rule F;(p) for computing the
point Sp;. There are essentially only N different F}’s, because F;n(p) = Fj(op),
where o is the right shift operator (op); = p;+1. We would like to express the
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rules F; (j =1,...,N) in terms of averages. As the mask is finite, only finitely
many p;’s contribute to Fj(p), so we have F;(p) = Fj(ps, ..., pr)-

It is well known from linear algebra that for points p; in some R?, repeatedly
computing affine combinations by (1) yields all the points of the smallest affine
subspace U which contains the points p;; and it is also well known that U equals
the set of all affine combinations » b;p; with > b; = 1.

This means that for all j and p there is a rule G, ,, whose definition employs
only averages, and with the property that G;,(p) = Fj(p). The statement of this
lemma is that we can choose G, independent of p, i.e., G; is a rule for computing
F;(p) whose definition employs only averages.

Both F; and G, are affinely invariant in the sense that for all affine mappings
a we have

(53) a(Fj(pr> ce aps)) = Fj(a(pr)v s ,Oz(ps)) = Gj}p(a(pr)’ s ’a(ps))'

If we choose s—r points p,, ..., P, as a basis of R*™", then for any p,, ..., ps there
is an affine mapping a with «(p;) = p;. It follows that for all p, we have

(54) Fi(p) = Fj(a(p,), .- .) = Giplal®,),...) = Giz(p).

Note that the rule G5 is independent of p. 0

6.3. Lie groups: Why left translates? We want to convince ourselves that left
translates of one-parameter subgroups are indeed what we want for applications.
In particular we want to see the connection with the helical motions.

Let G be a group of n x n matrices. For reasons which will become clear later,
G is to act on R" by

(55) g_l ",

if g € G and z € R”. The fact that we do not use the more canonical action
g - x does not make any difference for applications. We could say that instead
of representing a linear mapping by its matrix, we represent it by the inverse
matrix.

Group multiplication is defined as matrix multiplication. Because of

(56) (gh) " ax=h"" g a

the meaning of the product gh in terms of the group’s action is to apply g first
and h afterwards.
The action of a matrix/vector pair (g,t) with g € SO,, and ¢t € R™ is given by

57 =15 E)
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The product of the matrix/vector pairs (g1, t1) and (g2, t2) acts by applying (g1, t1)
first and then (g, t2):

(58) 1, fro]t ro]t qu]_Jt 0 B!
T t2 g2 ti g1 z|  |titgi-t2g1-92 T
Wee see that the multiplication of matrices in (14) is consistent with the action
(57).
One-parameter subgroups of the motion group of Euclidean R? are the helical

motions «(t), which in a suitable Cartesian coordinate system are represented by
the matrices

1 0 0 0 0 0 0 O

| 0cos(wt) —sin(wt) 0| 0 0-w O

(59) co(t) = 0 sin(wt) cos(wt) 0| — P o w 0 0
it 0 0 1 »p 0 0 0

c0(0) is the identify transformation, and it is clearly seen that co(—t) is the trans-
formation inverse to cy(t). The general form of a helical motion ¢(t) emanating
from the identity at t = 0 then is of the form

(60) c(t) = B~ co(t)B = exp(t - 5~ 'vp),

where (3 represents a change of coordinate system. Obviously, ¢(—t) is the trans-
formation inverse to ¢(¢). This means that inverting all matrices changes the sense
in which the one-parameter subgroups are traversed. For a general introduction
to the kinematics of Euclidean space, see [13].

Now suppose that we are given points x;, and two “positions” g and h of these
points. We write simple g and h here, even if g and h are block matrices. The
points at “position g” and “position h” are the points

(61) g 'wy, bl

If ¢(t) is a helical motion which transforms position g (for ¢t = 0) into position h
(for t = 7), then necessarily

(62) c(r) g ey =h7 ey, or (ge(r)) ey = bt

This means that left translates ¢ - ¢(t) of one-parameter subgroups are the curves
which have a meaning in applications, if we adopt the inverted action (55).

— e

6.4. Lie groups: The differential equation of geodesics. This section
devoted to the proof of the statements of 2.3.

Proof of Lemma 1: We first verify that (17) holds. Assume that c¢(t) =
gexp(tv). By differentiating Equation (15) we get ¢(t) = gexp(tv)v, é(t) =
gexp(tv)v?, which implies that ¢ = cv? = cvc™tev = B.(¢, ¢).

We verify that ||¢|| = const: Left multiplication in the group was supposed to
be isometric, so the relation ¢ = cv implies that ||¢|| = ||v|, i.e., is constant. [

S
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Proof of Lemma 2: We show that left translations h +— ¢ - h in the group
are isometric if G is a subgroup of O,,. We have to show that a tangent vector
v attached to the point g does not change its norm if it undergoes the linear
mapping v — ¢ - v. We use the relation g7 = ¢g~!.

(63) lgv]l* = tr(gueTg") = tr(g" guo™) = tr(vo”) = ||v]*.
A similar computation is performed for the group G x R™. We apply left trans-
lation by the element [1 0} to the tangent vector [2 2]

18| [P

2 ‘ 2
= tr(ggtuu®) + tr(ggTvo”) = tr(uu’) + tr(vv’) =

00
= [o (gu)(gu)T + <gv><gv>4

B

As to compact matrix groups acting on a Euclidean vector space, it is well known
that the definition of |z||2., as the average (with respect to a left invariant
measure on () over ||gz||? yields a positive definite quadratic form, such that G
is a subgroup of the orthogonal group defined by || - ||new- S0 also in this case we
may assume (by changing the coordinate system to a basis which is orthonormal

with respect to ||+ ||lnew) that G is a subgroup of O,,. This concludes the proof. [

Remark: In groups G x R", right multiplication usually is not isometric with
respect to the scalar product (19). It is therefore necessary to consider left trans-
lates of one-parameter subgroups, and not right translates. This is achieved by
letting the group act by inversion. &

7. APPENDIX B: PROOFS OF RESULTS IN SECTION 3

7.1. Convergence and Continuity. The proof of Theorem 2 concerning the
convergence condition which follows from proximity works by induction:

Proof of Theorem 2: We start from (22) and want to show that there is 1, < 1
such that

(64) d(T'p) < mhd(p) for all I,p with d(p) < 0.
We let d; := d(T'p). By (51) and (36),
(65) dy < d(ST''p) 4+ 2Cd(T" ' p)*.

We use (22) to get the recursion formula

(66) dy < pody_y + 20d> ;.
We choose ¢ > 0 such that

(67) T = o +2C0 < 1.
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We show that if d(p) = dy < ¢, then

(68) div1 < frod;.
Clearly (68) implies (64). (68) is clear for [ = 0 because of the choice of §:

If we assume that (68) holds true for d;_;, then
(70) di < podi1 +2CdE, < g 'd(p)(po + 2CTg d(p))
i Ld(p) (1o +209) < mhd(p).

This shows that (68) must also be true for d;. Thus, by induction we have shown
(64). The statement about the difference 7z, — po is clear from (67). O]

<
<

The fact that convergence conditions ensure convergence, as they do for linear
schemes, is stated by Theorem 3. Its proof depends on the fact that for a linear
convergent scheme S of finite mask the rate of convergence towards its limit is
well known: There is a constant C', depending only on S and neither on j nor on
p, such that

(71) [F541(Sp) = F(p)llee < Cd(p).

This follows e.g. from Equations (3.8)—(3.10) of [10].

Proof of Theorem 3: We use (71) and (36) together with (39) to compute
177 f = T lloo < ([ F541(T7'p) — Fja(STp) 1
+HF51(ST7p) = Fi(T7p) || < Cod(T7p)* + Cd(T7p).

By Theorem 2, this expression is bounded by a factor times p’, with g < 1. It
follows that T7f is a Cauchy sequence with respect to the maximum norm, i.e.,
the limit curve exists and is continuous. U

Proof of Lemma 3: We use the functions T*f with f = Fy(p) and want to
show that T°°f(t) € K for all ¢ in the parameter domain.

Choose a sequence t;, with lim¢;, = ¢ such that |t —t| < N7% and T*f(t;) is
one of the points of T%p. Our construction is such that T%f(t;) € K. We have

(72) IT>f (8) = T (W)l < NTF(8) = T Ol + 1T () = T*F (t) |
< T = T (O] + d(Tp).
Because both ||[T°f(t) — T*f(t)|| and d(T*p) converge to zero, we have
(73) Tf(t) = im T*f (t;,).
It follows that T°°f(t) € K, as K is closed. O

We come to the proof of the approximation result of Theorem 4:
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Proof of Theorem 4: We assume that S meets a convergence condition of the
form (22) with factor 9. By Theorem 2, T" does likewise, with factor . We show
that

(74) 1S = T'plloe < Cd(p ZHS’H_“ .

This is obvious for [ = 0, if we define an empty sum to be zero. For [ > 0, we
assume that (74) holds for [ — 1 and perform an induction step:

(75) 150 — T'plloc < ||1S'p — S Tploo + |8 Tp — T ' Tp|| oo
-2

1S 1S = Tpllo + Cd(Tp)* Y |lS* |27

1=0

IA

< ||S'HCd(p)? + CrRd(p) ZHS’H‘““)

which equals the right hand side of (74). Thus we have

-1
i 1) — i — —i) A
ZHSH211 Mll )<AZ 2(1-1-4) _ s

— — 7
oA
(76) = [IS'r = T'pllw < 5 _ﬁ2d<p)2

for all I. Now (40) follows and the proof is complete. O

7.2. Smoothness Properties. Proof of Theorem 5: We assume that (23)
holds. By Theorem 2, we know that there is ¢ > 0, such that

(77) d(T'p) < Fhd(p),

if d(p) < 6. We want to show that there is 77; < 1, and a linear polynomial P;
with nonnegative coefficients such that

(78) d(N'AT'p) < @ Pi(1)d(p)
for all p with d(p) < §. Analogous to the proof of Theorem 2, we let
(79) d; = d(N'AT'p), q=T""p.
Equations (51) and (52) together with the proximity condition show that
(80) d; = d(N'ATq) < d(N'ASq) +2- N||ASq — ATq||
< d(N'ASq)+2-2-N'[|Sq — Tq||«
< d(N'"'Aq) + 4N'Cd(q)*.
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In view of Theorem 2, we can now replace d(g) by an upper bound, and obtain
(s1) IN'Cd(q)? < AN'C(E d(p))? = ANC(NTR)' " d(p)?

Convergence of the subdivision process was an assumption, so we can without
loss of generality assume that d(p) is arbitrarily small. In view of Theorem 2, we

may also assume that |u — 7iy| is so small that with (41) we have i, < 1/v/N.
This implies that

1

82 Np =:jiy < N(—=)? = 1.
( ) Ho 251 (\/N)
Thus
(83) ACN'd(q)* < i d(p)* P,
with a positive constant Fy. From (80), we get
(84) dl < dlfl/ljl + P0d<p)2/jlfl.
Repeated application of (84), starting with { = 1, implies that

-1,
(85) dy < pydo + Pod(p)® Z].ZO .
Defining
(86) ﬁl = max{ula /jl} < 17
we get
(87) dy < mydo + d(p) iy P,

There is ¢’ > 0 such that 6C" < 7i;, so that we have d(p)?m@, ' < d(p)C't. Now
(87) implies the inequality

(88) di < T | d(Ap) + CA(p)IR| < T2+ CLR)d(p),

for d(p) < 9. We let Py(x) = 2+ PyC’x, and the proof is complete. O

The smoothness condition (23) does not express the existence of a first deriv-
ative as such, but rather its continuity. For linear schemes, however, it is known
that these conditions ensures C' smoothness of limit curves. We show now that
this is true also for nonlinear schemes, provided they are in proximity to linear
ones.

It is well known that C' smoothness of the limit curve T°°f as defined by (38)
follows from existence of the limit

(89) lim F,(N'AT'p),

with respect to the maximum norm, provided this limit is continuous. It then
equals the derivative of the curve T°f (cf. [31], §3.1.4). For the convenience of
the reader, we give this result in a form which directly applies to our setting.
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Lemma 8. Assume that the sequence p' of polygons has the property that lim; o, F;(p') =
f with respect to the mazimum norm. We let

(90) g == Fi(N'Ap').

If g, is a Cauchy sequence, and lim d(N'Ap') = 0, then f is Ct with f' = lim;_. g;
(with respect to the mazximum norm).

Proof. The derivatives f] are piecewise constant and in general not continuous.
The functions g; linearly interpolate the values (f;), at each point of discontinuity
of (fl),7 and

(91) 1 = ailloo < d(N'AP').

The sequence g; is a Cauchy sequence by our assumption, and the previous equa-
tion shows that f/ is also. Especially for all ¢ the pointwise limit lim f/(¢) exists.
Thus, for any finite a, b, the dominated convergence theorem yields (see [27]):

(92) F(B) = f(a) =lim(fi(b) = fula)) = lim [} f{ = [ lim f;.
Equ. (92) expresses the fact that f’ = lim f]. Equation (91) implies that [’ =
lim g;, so f’ is continuous. 0

Proof of Theorem 6: The case k£ = 0 is Theorem 3. For k£ = 1 we consider the
derived scheme S; and proceed analogously. The defining equation (25) implies
that the smoothness condition of (23) which is supposed to hold for S, is nothing
but a convergence condition of the form (22) for the derived scheme S;. Analogous
to the proof of Theorem 3 we rewrite (71) for S;:

(93) [ Fj+1(S1Ap) — F(Ap)[lee < Cd(Ap).

By Theorem 5, a mixed smoothness condition of the form (24) holds for 7. We
verify that Lemma 8 applies to the polygons T'p. We define 3; by

(94) |Frsn (NHEAT S p) — Fi(NTAT'p) oo

[Frir (NAT = SIA)N'T'plloe + [[(Fig1S1 — F)ANT'p|

2N) (T = S)(N'AT'p) || + CA(AN'T"p)

(2N)C'N'(kod(p))* + Cri Pr(D)d(p) =: G-

For (94), we have used (36), (22), and (24). By (41), p3N < 1, and >, 5 < co.
This shows that the sequence g; ;= F;(N'AT'p) is a Cauchy sequence. T satisfies

a smoothness condition by Theorem 5, which implies that d(N'AT'p) — 0. Thus
Lemma 8 applies, and the limit curve T°f is C. U

VANVAN VAN
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8. APPENDIX C: PROOFS OF RESULTS IN SECTION 4

8.1. Preliminary Results. We first show some simple lemmas, which are needed
later. The first one is concerned with the distance of endpoints of a curve which
is traversed with unit velocity:

Lemma 9. Assume that c is a curve with ||¢|| = 1 and ||¢]] < C. Then

(95) 1e(0) + t(0) — c(t)|| < % |t = C#* /2 < ||e(t) — c(0)],
(96) t<1/C = |t| < 2|lc(t) — c(0)].

Proof. Taylor’s formula ¢(t) = ¢(0) + t¢(0) + %é(ﬁt) with ¥ € [0, 1] implies that
: t* .

(97) le(t) = ¢(0) = te(0)l| = l| 5 e,

99 Je(t) = (0} = 112(0) = &8 2 e ol — )]

Equation (97) and (98) immediately imply (95).

The function ¢(t) := ¢t — Ct*/2 is monotonically increasing for ¢ € [0,1/C]
with ¢(1/C) = 1/2C =: L. ¢ is also concave in this interval (and its inverse
function ¢! is convex), so ¢(t) > ¢/2if t € [0,1/C], and ¢~ (L) < 2L, if it exists
in [0,1/C].

As (t) := |lc(t) — ¢(0)| has the property that ¥ (t) > ¢(t), it follows that
¥ (t) < L implies ¢(t) < L, and (by monotonicity and concavity)

t <min(¢~*(L),1/C) < min(2L,1/C).
This implies (96). O

The next lemma already points towards comparing linear and nonlinear aver-
ages.

Lemma 10. Assume that ¢ is a curve with ||¢|| < C. Then

(99) [ ava(c(0), ¢(t)) — clat)|| <

Proof. We use Taylor’s formula and find that the left hand side of (99) expands
o 3llat?é(9t) — oPt?¢(W at)|| with 9,9 € [0, 1], which implies the upper bound
given by (99). O

2
lof+ o7 o

8.2. Geodesic subdivision. The next lemma uses the norm of the bilinear map-
ping B used in the differential equation of geodesics to give a simple upper bound
of their second derivatives. It follows directly from from (42) and (43).

Lemma 11. If ¢(t) = exp,(tv) with ||¢| =1, then
(100) el < D,
with D from (43).
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z

<

FIGURE 6. Proof of Lemma 5

We the above lemmas, the proof of Lemma 4 is easy.

Proof of Lemma 4: We assume that ¢ is the minimal geodesic with ¢(0) = z,
c(t) = y. By (99) and (100), an upper bound is given by DMISQ. Because
of the symmetry of the geodesic average expressed by (12), this relation remains
true if we replace o by 1 —«. Thanks to Lemma 9, ¢t < 2||x —y||, which completes
the proof. O

The proof of Lemma 5 proceeds by induction.

Proof of Lemma 5: By Theorem 1, the scheme S is expressible in terms of
averages. If S is defined by N different rules, each of which involves the average
operator at most once in the form

(101) sz‘N-i-j = aVOéj (pi-i-r]-api-i-s]-)a
then Lemma 4 implies immediately that there is a constant C' such that
I Tpin+j — Spin+ill < Cd(p)®.

As to two or more steps of averaging, we perform an induction step. We assume
that points x and z’ are defined in a linear and a nonlinear way, respectively, by

(102) r = avy(y,2), 2 = g-av, (v, 2),
as illustrated by Fig. 6. We also assume that
(103) ly = 2|l < Cd(p), ly =¥l Iz = 2'|| < C"d(p)*.

Our aim is to show that also x and z’ meet a proximity condition. By induction,
this would show that S and T" are in proximity.
We introduce " = av,(y/, 2’) (see Fig. 6) and use Lemma 4 again:

lo — 2’|l < ll2" — 2"l + [l — 2"l < C"lly' = 2| + [ ava(y — o/, 2 — )]
<C"(ly =yl + lly — 2l + llz = 2')* + ¢ max(|ly — /1, |2 = #'|])-
Thus, by (103) and d(p) < 9,
lz — 2" < C""d(p)*.

This is what we wanted to show. O
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8.3. Projection subdivision. The following is an immediate consequence of
the definition of D" by (48):
Lemma 12. [f ¢(t) = P(x + tv) with ||v|]| = 1, then ||¢|| < D’.

We now turn to the proof of the lemmas already stated above.

Proof of Lemma 6: We consider the curve ¢(t) = P(z + vt) with x +v7 =y
and 7 = ||y — z|| and apply Lemma 9. It follows that the left hand expression
of (49) is bounded by (|a| + o?)D’ T2—2 Exchanging = and y yields an analogous
estimate with 1 — « instead of a. g

Proof of Lemma 7: This is very similar to the proof of Lemma 5. We replace
the reference to Lemma 4 by a reference to Lemma 6. U
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