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—— Abstract

In this article we extend and strengthen the seminal work by Niyogi, Smale, and Weinberger on the
learning of the homotopy type from a sample of an underlying space. In their work, Niyogi, Smale,
and Weinberger studied samples of C? manifolds with positive reach embedded in R?. We extend
their results in the following ways:

As the ambient space we consider both R? and Riemannian manifolds with lower bounded
sectional curvature.

In both types of ambient spaces, we study sets of positive reach — a significantly more general
setting than C? manifolds — as well as general manifolds of positive reach.

The sample P of a set (or a manifold) S of positive reach may be noisy. We work with two
one-sided Hausdorff distances — ¢ and § — between P and §. We provide tight bounds in terms
of € and §, that guarantee that there exists a parameter r such that the union of balls of radius
r centred at the sample P deformation-retracts to S. We exhibit their tightness by an explicit
construction.

We carefully distinguish the roles of § and . This is not only essential to achieve tight bounds,
but also sensible in practical situations, since it allows one to adapt the bound according to sample
density and the amount of noise present in the sample separately.
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1 Introduction

Can we infer the topology of a set if we are only given partial geometric information about
it? Under which conditions is such inference possible?

These questions were first motivated by the shape reconstruction of objects in 3-dimensional
Euclidean space. There, the partial geometric information was represented by a finite, in
general noisy, set of points obtained from photogrammetric or lidar measurements [10, 18,
20, 21, 31].

More recently, the same questions have arisen in the context of learning and topological data
analysis (TDA). In these fields, one seeks to recover a (relatively) low-dimensional support
of a probability measure in a high-dimensional space, given a (finite) data set drawn from
this probability measure [22, 28, 42, 38]. Assuming the support is a manifold, one calls this
process manifold learning [66].

In [64], Niyogi, Smale, and Weinberger showed that, given a C? manifold of positive reach®
embedded in Euclidean space and a sufficiently dense point sample on (or near) the manifold,
the union of balls of certain radii centred on the point sample captures the homotopy type of
the manifold. By the nerve theorem [42], the homotopy type of the union of balls is shared
by the Cech complex [19, 43] and a-complex [41] of the point sample. From these complexes
we can then learn the topological information such as the homology groups of the underlying
manifold. Niyogi, Smale, and Weinberger’s homotopy learning result has led to numerous
generalizations including [11, 14, 26, 55, 75].

In this article, we revisit the work of Niyogi, Smale, and Weinberger, generalizing the settings
of their work in various ways.

The first generalization is in terms of ambient space — we consider both the Euclidean
space R and Riemannian manifolds with bounded sectional curvature. To this end, we
introduce a new version of the reach in the Riemannian setting inspired by the cut locus (see
Definition 13).

The second generalization lies in the types of sets we study — we consider sets of positive
reach and manifolds of positive reach. Sets of positive reach need not be manifolds — in
fact, they can have varying dimensions (see for example Figure 1). Manifolds with positive
reach are C''! smooth?, i.e., differentiable with Lipschitz derivative. This is a significantly
larger family of sets in comparison to C? manifolds with positive reach, considered by Niyogi,
Smale, and Weinberger.

L 'We recall that the reach of a closed subset in Euclidean space is the distance from the set to its medial
axis. In turn, the medial axis of a set consists of those points in Euclidean space that do not have a
unique closest point on the set. Both notions are defined in Definition 18.

2 Topologically embedded manifolds with positive reach are C*! embedded [44, 61, 62, 67, 68].
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As in the work of Niyogi, Smale, and Weinberger, our settings consist of a set (or a manifold)
S of positive reach and its sample P. We distinguish two sample quality parameters —
sample density € and sample noisiness §, which we encode using one-sided Hausdorff distances
between P and S. We provide explicit conditions on ¢ and ¢, under which there exists a
parameter r such that the union of balls of radius r centred at the sample P deformation-
retracts to S. This result expands on the work of Niyogi, Smale, and Weinberger, who
considered the cases 6 = 0 and § = ¢ only, and only achieved tight bounds in the latter case
(see Figure 2).

Furthermore, given a set of positive reach S and its sample P, we identify an interval of
radii r (equation (4)) for which the union of balls of radius r centred at the sample P
deformation-retracts to S. Thus, we provide a guarantee for a successful homotopy inference
of the set S from the sample P. Moreover, we show that for a specific choice of S and P (see
Propositions 8, 9, 47, and 48), the homotopy of S is not inferrable from P if our conditions
on ¢ and 4 are not satisfied, proving that our bounds are, in terms of € and J, tight.

Figure 1 Left: A fish shaped set S of positive reach (in blue). Its medial axis (in purple) is at a
positive distance. For 0 < ¢ < 3, we also represent the normal cone of p; with respect to S (after an
intersection with a small disk and a translation to p;). The normal cone of the point ps is ps itself.
Right: The set S with a sample P and a thickening of P. We see that the thickening has the same
homotopy type as S.

2 State-of-the-art

2.1 Sets of positive reach

Our extension of Niyogi, Smale, and Weinberger’s result to sets of positive reach — as well as
improvement of their results on manifolds — relies on the work of Federer [44], which Niyogi,
Smale, and Weinberger have not cited. In particular, we use Federer’s generalization of normal
spaces to normal cones (see Figure 1 (left) for a pictorial introduction and Appendix A.1
for a full definition) and his different characterizations of the normal cone as a key building
block. We recall the relevant results from Federer’s work in Appendix A.1.

We note that the reach can be estimated from a sample [2, 3, 16, 34, 37].

Subsets of positive reach of Riemannian manifolds were studied extensively by Kleinjohann
[56, 57] and Bangert [15] in generalization of Federer’s theory [44] for subsets of Euclidean
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space. Boissonnat and Wintraecken investigated yet another definition of the reach for
subsets of Riemannian manifolds in [23].

2.2 Homotopy learning

For some particular cases, the best previously known bounds on the distance between a
manifold (or a set) of positive reach and its sample that guarantee successful homotopy
inference, can be found in [14] and [64]. Attali et al. [14], Chazal et al. [26], and Kim et al.
[55] expanded homotopy learning to even more general subsets of Euclidean space, such as
subsets with positive p-reach. Their proofs are, however, different from ours, more involved,
and their bounds are not shown to be tight.

2.3 Manifold and stratification learning

Although this article focuses on homotopy learning, our work should also be seen as part
of recent developments in manifold learning [4, 5, 45, 46, 47, 70]. The goal of this field is
to reconstruct a manifold from a ‘reasonable’ sample lying on or near it — at least up to a
homeomorphism, but usually an ambient isotopy.

At the moment work is ongoing to expand this strategy to more general spaces — see for
example the work of Aamari et al. [1] on manifolds with boundary.

Although inferring the homotopy of a manifold is simpler than manifold learning, the sets
we consider are more general than manifolds or manifolds with boundary. The extension of
learning from subsets of Euclidean space to subsets of Riemannian manifolds also departs
from the usual track. We are only aware of one work in computational geometry and topology
which operates within this context, namely [29]. These are the first steps in the developing
field of stratification learning. Homotopy inference in the hyperbolic space was considered in
[11].

3  Contribution

3.1 Subsets of Euclidean space

Let M denote a manifold of positive reach, S a set of positive reach and let P be a sample.
All sets are assumed to be compact unless stated otherwise. We denote the reach of a set X' by
rch(X) and let R be a non-negative real number such that R < rch(S) (resp. R < rch(M)).
We denote the bound on the one-sided Hausdorff distance® from P to S (resp. M) by ¢, and
the one-sided Hausdorff distance from S (resp. M) to P by d.

In this article we establish conditions on € and § which, if satisfied, guarantee the existence of
a radius r > 0 such that the union of balls of radius r centred at the sample P deformation-
retracts onto M (resp. S). The set of pairs (e, d) that satisfy these conditions is depicted in
Figure 2 on the left. The precise conditions are given in Propositions 5 and 7.
Distinguishing the two one-sided Hausdorff distances seems natural to the authors, because in
measurements one would expect the measurement error ¢ (with the exception of some small
number of outliers) to be often smaller than the sampling density €. Similar assumptions
seem to be common in the learning community, see e.g. [59]. Niyogi, Smale, and Weinberger
[64] also made similar assumptions on the support of the measure from which they sampled.

3 We recall that the one sided Hausdorff distance from X to Y, denoted by d% (X;Y), is the smallest p
such that Y is covered by the union of balls of radius p centred at X, that is, Y C Uzex B(z, p).
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Figure 2 The blue-gray region bounded by the blue dashed curve represents the set of pairs (e, )
for which there exists a radius r such that the union of balls of radius r centred at P captures the
homotopy type of a set of positive reach R = 1. The equivalent region for a manifold of reach R =1
is depicted in yellow and is a superset of the previous one. The two regions coincide above the
diagonal § = €. The bounds for the Euclidean setting are indicated on top, for an ambient manifold
with positive curvature bound (A, = +2) in the middle, and for an ambient manifold with negative
curvature bound (A, = —2) bottom. In the top picture, the black points indicate the bounds that
were known to Niyogi, Smale, and Weinberger.

We only consider samples for which we have precise bounds on € and §. In [64], the authors
also consider a setting where the point sample is drawn from a distribution centred on
the manifold. They still recover the homotopy type of the underlying manifold with high
probability. Our results can be applied to improve the bounds also in this context. However,
we have not discussed this in detail, since combining both results is straightforward.

We stress that in [22, 64], and [75], the authors use €/2 instead of our . We also stress that

¢ and 0 have precisely opposite meanings in [55] compared to this paper.

Our conditions on € and § are optimal for sets of dimension at least 2 in the following sense:
if the conditions are not satisfied, we can construct a set of positive reach S (resp. manifold
M) and a sample P, such that there is no > 0 for which the union of balls of radius
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r centred at P would have the same homology as S (resp. M). These constructions are
explained in Section 4.4.

We would like to emphasize that for noiseless samples, (that is, when 6 = 0,) both the
constant (V2 —1) (for general sets of positive reach), and the constant (2—+/2) (for

manifolds) compare favourably with the previously best known constant %\/g from [64] for
manifolds.*

In Proposition 7.1 of [64], one encounters the condition ¢ < (3 — v/8)R for a particular case
of the setting we consider, namely when the sampling condition is expressed through an
upper bound ¢ on the Hausdorff distance (§ = ¢ in our setting). The same constant 3 — v/8
appears independently in [13, Theorem 4] for general sets of positive reach. Our results
(Propositions 8 and 9) show that this bound is optimal when § = €, both for general sets of
positive reach and for manifolds.

To contrast the two related results in [64], for 6 = 0 and ¢ = e respectively, with our bounds,
we portray them as black dots in Figure 2.

Homotopy reconstruction of manifolds with boundary has been studied in [75, Theorem 3.2],
assuming lower bounds on both the reach of the manifold and the reach of its boundary. We
also improve on this result by treating a manifold with boundary as a particular case of a set
of positive reach, while our bounds only depend on the reach of the set itself and not the one
of its boundary.

3.2 Subsets of Riemannian manifolds

In the second part of this article we extend the homotopy reconstruction results to sets S
and manifolds M of positive reach embedded in a Riemannian manifold whose sectional
curvatures® are bounded.

Also in this Riemannian setting we find tight® bounds on the one-sided Hausdorff distances
e and ¢ between S (resp. M) and its sample P. The set of pairs (e,d) that satisfy these
conditions is depicted in Figure 2 (centre and right). The precise bounds are given in
Propositions 15 and 16.

The main pillar of this part of our work is comparison theory. We recall the most essential
definitions and results in Appendix C, and refer to [17, 24, 25, 33, 49, 54] for further reading.
For the extension to the Riemannian setting we also formulate a new generalization of the
reach. To establish some of its properties, we use results on the gradient of the distance
function [9], see also [60]. These results in turn require non-smooth analysis [36] and
semi-concave functions [8]. We refer to Appendix G for discussion.

In computer vision, many papers have argued in favour of using Riemannian manifolds as the
main setting without embedding the Riemannian manifold in Euclidean space. In particular,
symmetric positive definite matrices and Grassmannians form the natural stage for some
data [74, 77]. Symmetric positive definite matrices occur as diffusion tensors [65] (used in e.g.
magnetic resonance imaging), in image segmentation [48, 69], and in texture classification

It should be noted that in [64] » was not considered as a variable, but set equal to 2e, which (at least
partially) explains the suboptimal result in that paper.

We recall (one of) the (equivalent) definition(s) of sectional curvatures of the Riemannian manifold N:
For a point p € N let II C T, N be a two dimensional plane in the tangent space to p at . If U C Il is
a sufficiently small neighbourhood of p in II, then expp(U) is a surface. The Gauss curvature of this
surface at p is the sectional curvature of N at p for the directions that span II.

When the curvature of the ambient manifold is positive we face a subtle issue because the manifold has
a small volume. In that case, the meaning of optimality becomes less straightforward.

w
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[73], while Grassmanians are used in image matching and recognition [50, 51]. Although
it is possible to embed these manifolds in Euclidean space, it is not natural and would
increase the dimensionality significantly. In [76], time-series obtained from observations
of dynamical systems are encoded as positive semi-definite matrices, produced by forming
Hankel matrices and taking their Gram matrices. Thus, the problem of analysing time-series
data is transformed into the problem of analysing point set data on a Riemannian manifold,
namely the one formed by semi-positive definite matrices.

4  Results for subsets of the Euclidean space

4.1 Setting

We denote the closed ball in Euclidean space centred at a point p with radius r by B(p,r).

The thickening of a set A C R? by parameter ~ > 0 is denoted by A®", that is,

ABr = U B(a,r).

a€A

» Remark 1. We use the notation A®" to remind the reader of the Minkowski sum. It is
indeed true that in R¢, A®" = A @ B(0,7). However, the above notation is also well-defined
for subsets of manifolds, whereas the Minkowski sum is not.

While working with subsets of the Euclidean space (Section 4 and Appendix A) we assume
the following:

» Universal assumption in the Euclidean setting 2. We work with a closed set
S C R? with positive reach rch(S), and let R > 0 be a constant satisfying R < rch(S).
Furthermore, we consider a set P C R®, such that the one-sided Hausdorff distance
from P to S is at most §, and the one-sided Hausdorff distance from S to P is at
most €. That is,

S C p¥e and P C S,

We assume that §,e < R. If the set S is a submanifold of R?, we denote it by M.

For most applications the assumption ¢ < € seems natural, but we do not need this. However,
when S = M, we achieve better bounds when § < e. See Remark 29 for more details.

4.2 The geometric argument

We show that if the thickening P®" = U,er
— quantified by parameter & — and the parameter r is not too big, P®" deformation-retracts
to S.

We start by recalling that the normal cone at a point p of a set of positive reach is the set of

B(p,r) covers a sufficiently large thickening of S

directions such that if you move from p in that direction the closest point projection will
remain p. For a definition we refer to Definition 19.

» Theorem 3. Assume that a parameter a > 0 is small enough, so that the a-neighbourhood
SB of the set S is contained in PP, In other words,

SEO& g PET. (1)
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If, moreover,
r? < (R—=6)*— (R —a)’, (2)

then, for any point q € S, the intersection (¢ + Nor(q,S)) N B(g,R) N PP of the normal
cone q 4+ Nor(q,S), the ball B(q,R), and the union of balls P®", is star-shaped, with the
point q as its ‘centre’. Furthermore, PP deformation-retracts onto S along the closest point
projection.

» Remark 4. The statement of Theorem 3 does not use the hypothesis S C P®e from the
Universal Assumption 2.

We refer to Figure 3 for a pictorial overview of the proof of Theorem 3. Further in the
paper, we express the parameter « in terms of r and the quality parameters € and §. The
expression differs depending on whether S is a set or a manifold of positive reach. Inserting
the appropriate expression into bound (2) yields the final bounds on e and § (see Propositions
5 and 7).

Proof of Theorem 3. We prove the claim by contradiction. For any point ¢ € S, the set
(¢ + Nor(g,S)) N (SEO‘) is contained in the union of balls PP". In Figure 3a, we illustrate
this for the case where the set ¢ + Nor(g,S) consists of one ray. Assume that there exists a
point ¢ € S and a vector v € Nor(g, S), with [|v|| = 1, such that the intersection of P®" with
the segment

L= {g+ |Ae[0,R)}

consists of several connected components (as illustrated in Figure 3b). Thanks to Equation (1),
the connected component that contains ¢ has length at least «. Let x be first point along
L, seen from ¢, lying inside a connected component of (PBET') N L that does not contain q.
Then z lies at the intersection of the segment L and a ball B(p,r), with p’ € P. We have
|z — g]| > a. Furthermore, the point p’ is contained in the open half-space H orthogonal to
the vector v, that does not contain ¢, and whose boundary contains z. We stress that if p’
lies on the boundary of H then the line L is tangent to the sphere dB(p’,r), which is still
compatible with star-shapedness. The situation is illustrated in Figure 3c.

Let z = ¢+ Rv be the open endpoint of L. Since, by Theorem 22 ([44, Theorem 4.8 (12)]),
the intersection S N B(z,R)° is empty and the distance between p’ and S is bounded by 4,
we know that p’ ¢ B(z, R — 4)°. Thus,

peA = HnN R\ B(z,R —0)°).
er.
The sphere 9B(z, R — §) has a non-empty intersection with the plane 0H. Indeed, the
sphere passes through point ¢ + dv which does not belong to H while its centre z belongs to

H; see Figure 3d. We can thus pick a point y in the intersection 0H N dB(z, R — §). By the
Pythagorean theorem, the minimal squared distance between A and L is:

inf fa—€* = llo—yI* = llz = ylI* = (Iz = all - =~ all)* = (R =68)° = (R —a)?,
LelL

as illustrated in Figure 4. Hence, if

r? < (R=6)* = (R—a)?, (2)
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L C g+ Nor(q,S) —»

(b) If (¢ + Nor(g, 8)) N P is not star-shaped there
exists a point « where the segment L reenters a ball

(a) Any point in g + Nor(g, S) a distance less B(p',r) (in blue) in PE” after having left PE" closer
than « from S is covered by pr, to q.

(d) The ball of radius R is ‘tangent’ to the set S, thus
it cannot contain any point of S in its interior. Since
the distance between p’ and S is bounded by 4§, p’
(c) The centre p’ of the ball B(p',r) lies inside has to lie outside of the ball of radius R — . This
the half-space H. The half-space H lies at least contradicts the fact that p’ lies in the half-space H
a distance « from q. and is not too far from the normal space ¢+ Nor(g, S).

Figure 3 A pictorial overview of the proof. The pink shaded region represents a part of the set
8, the union of balls P®" is coloured orange. The thickened blue segment shows those points of the
segment L that lie a distance less than « from §. Per assumption, this segment is contained in the
union of balls PE".

the ball B(p/,r) does not intersect L. Therefore, L N (P®") cannot have more than one
connected component. The set (¢ + Nor(g,S)) N B(g,R) N (P®") is thus star-shaped with
centre q.

Since r satisfies Equation (2), we deduce that 6 + r < R, and thus

P ¢ (SEEIR>O .

Thanks to this, the fact that the set (¢ + Nor(g,S)) N B(g, R) N (P®") is star-shaped with
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L C g+ Nor(q,S)

Z

Figure 4 The centre of the ball creating a new connected component along one direction in the
normal cone ¢ + Nor(g, S) (in blue) is constrained to belong to the set A (in green). The set S is
coloured pink, the half-plane H in light blue.

centre ¢, and Theorem 22, the map

H :[0,1] x (PE") — PEr,
(t,z) — (1 —t)x + trs(x),

is well-defined.

Furthermore, since S has positive reach, then, thanks to Theorem 21 ([44, Theorem 4.8 (8)]),
the projection 7g is (Lipschitz) continuous. Thus, the map H is a deformation retract from
the union of balls P®" to the set S. |

In Appendix E, we provide an alternative proof of Theorem 3, similar to an argument
presented in [31].

4.3 Bounds on the sampling parameters

Recall that throughout the paper we assume the Universal Assumption 2. For sets of positive
reach, we obtain the following bounds on the quality parameters ¢ and ¢:

» Proposition 5. If ¢ and ¢ satisfy
e+v26 < (V2- 1R, (3)

there exists a radius r > 0 such that the union of balls PP = UpeP B(p,r) deformation-
retracts onto S along the closest point projection. In particular, r can be chosen as:

TE[;(R+€—\/Z>,;(R+6+\/Z>:|, 4)

where A = 2(R — §)? — (R +¢)%.
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» Remark 6. The interval for r as given in (4) can be slightly extended to

reB(R+5—\/K>,\/%(R—5)2+%(R+e)\/z , (5)

as we show in an alternative proof of Proposition 5 in Appendix E. It is not obvious that
even this improved bound is tight.

If the set is a manifold, the bounds on € and § can be improved as follows:

» Proposition 7. If ¢ and § satisfy
(R—06)2 &> (4\/5 ~5)R? 6)

and § < e, there exists a radius v > 0 such that the union of balls PP" deformation-retracts
onto M along the closest point projection. The radius r can be chosen as in (18).

0

(a) At first, the thickening of the sample has three connected components per annulus. The thickening

A
thus has three times as many connected components as the set S.
@ A

Ay
(b) As the radius of the thickening grows, the connected components merge. However, at all times there
exists an additional cycle at one of the annuli (annulus A; in this case).

| Al ‘A2

(c) At the moment when the cycle at annulus A; vanishes, another cycle is formed at annulus As.

A

©
©)

0

v

Figure 5 A pictorial explanation of why P®" never has the homotopy type of the set S. We
only depict three annuli in the sequence of A;s. The set S is in blue, the sample P in red, and the
thickening of P in pink. The black circles indicate the location of the two isolated sample points of
P associated to each annulus.

Both in Propositions 5 and 7, the interval for r tends to [0,R] as € and ¢ tend to zero.

4.4 Tightness of the bounds on the sampling parameters

Our sampling criteria for homotopy inference of sets of positive reach are tight in the following
sense:
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» Proposition 8. Suppose that the dimension d of the ambient space R? satisfies d > 2, and
the one-sided Hausdorff distances e and § fail to satisfy bound (3). Then there exists a set S
of positive reach and a sample P that satisfy Universal Assumption 2, while the homology of
the union of balls PP does not equal the homology of S for any r.

We construct the set S and the sample P explicitly in R?. The set S consists of a finite family
of annuli A;, the first three of which are depicted in Figure 5. The sample P is the union of
a circle and two points for every annulus. In Figure 5, we illustrate that the thickening of
the sample never captures the homotopy type of the set S. The details of the construction
and the proof of Proposition 8 are provided in Section A.3.1.

Figure 6 The (half of the) torus T; depicted in blue; the sample — the set C; and the points p;
and p; — in red. In black we indicate the circle C, on which the points p; and p; lie. The closest
point projection of this circle onto M is indicated in blue.

» Proposition 9. Suppose that the dimension d of the ambient space R? satisfies d > 3, the
one-sided Hausdorff distances € and § fail to satisfy bound (6), and § < e. Then there exists
a manifold M of positive reach and a sample P that satisfy Universal Assumption 2, while
the homology of the union of balls PE" does not equal the homology of M for any r.

We again construct the manifold M and the sample P explicitly, this time in R3. The
manifold M is the union of a finite family of tori T;. The sample P consists of one set C;
and one pair of points {p;,p;} for each torus T;. The set C; is constructed by taking a copy
of T;, decreasing the minor radius and cutting out a part close to the axis of revolution.
We illustrate the manifold M = |J, T; together with the sample P = (J, C; U {p;,p;} in
Figure 6, and sketch why the underlying homology is not captured in Figure 7. The proof of
Proposition 9 as well as details on the construction are provided in Section A.3.2.

A video animating our construction has been submitted to the Media Exposition at Compu-
tational Geometry Week 2024 [12].

» Remark 10. For simplicity, the sets constructed, see Figures 7 and 5 (or Examples 31 and
34 in the appendix for details), are not connected. However, in each construction one can
glue the connected components together in a way that preserves the reach, and the resulting
examples still yield Propositions 8 and 9. See Figure 8 for a sketch of the modification
needed.

» Remark 11. Propositions 8 and 9 show that the bounds (3) and (6) are tight in (ambient)
dimensions d > 2, resp. d > 3. We did not construct similar examples in lower dimensions.
Nevertheless, our intuition is that, in these cases, the bounds (3) and (6) can be improved
further.
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(a) At first, the balls around the points p; and p; do not intersect the thickening of the set C;, and thus
the number of connected components of the thickening (in pink) of P is different from the number of
components of the manifold.
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(b) Then we create a (or possibly multiple) spurious cycle(s) for the first torus in the sequence (on the
left).
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(c) By the time the spurious cycles at the first torus have disappeared, others have been created at the
second torus. This process is then repeated for all tori in the sequence as r increases.

Figure 7 The construction for manifolds imitates the construction for general sets of positive
reach as much as possible. The manifold M is depicted in blue, the sample P in red, and the
thickening in pink. We only display the part of objects below a horizontal clipping plane.

Figure 8 The connected variants of our sets S and M are a topological disc with k holes and a
genus k surface. On the left we sketch both the sample and the set of positive reach, on the right we
only give the sample for the manifold setting because of visualization constraints.

5 Results for subsets of Riemannian manifolds

5.1 Setting

In the second part of this paper we consider subsets of a (C?) Riemannian manifold N. In
this Riemannian setting we denote (geodesic) balls with radius r > 0 centred at a point
p € N by B(p,r), and write A®" = J, , B(a,r) for the union of (geodesic) balls of radius
r centred at a subset A C N. Similarly, the one-sided Hausdorff distance from X C N
to Y C N is defined as the smallest p such that the union of (geodesic) balls of radius p
centered at X covers Y.



14

Learning Homotopy in Euclidean Spaces and Riemannian Manifolds

To be able to proceed as in the Euclidean setting and state tight bounds on the sampling
parameters, we need a notion of the reach in the Riemannian setting. To this end, we
introduce a new definition, inspired by the cut locus (which is defined for example in [17]):

» Definition 12 (Cut locus). Given a closed subset S C N, the cut locus of S is the set
cly(S) of points p € N for which there are at least 2 geodesics of minimal length from p to
some point in S.

» Definition 13 (Cut locus reach). The cut locus reach rch§-(S) of a closed set S C N is
the infimum of distances between S and its cut locus cly(S):

rchfy(S) o plg dn(p,q)-
qed/\/(s%

Our definition is a refinement of the notion used by Bangert and Kleinjohann [15, 56, 57],
as well as the reach defined in [23]. We explain why our new definition is appropriate for
the learning of topological features in Appendix F. Using the new extension of the reach we
assume the following conditions, which resemble the ones in the Euclidean setting closely:

» Universal assumption in the Riemannian setting 14. We work with a closed set
S C N with positive cut locus Teach rchJC\I/(S), and let R > 0 be a constant satisfying
R < rchj\lf(S). Furthermore, we consider a set P C N, such that the one-sided
Hausdorff distance from P to S is at most §, and the one-sided Hausdorff distance
from S to P is at most €. That is, S C PEe gnd P C 8BS, We assume that d,e <R.
We also assume that the sectional curvatures of the manifold N are lower bounded by
a constant Ay € R. When Ay > 0 and S = M is a manifold, we can safely assume,

thanks to Lemma 62, that R < 2\;/&7'

This assumption is used in Section 5 and Appendix B.

5.2 Bounds on the sampling parameters

Also in the Riemannian setting we provide (tight) bounds that the sample P needs to satisfy
in order to be able to infer homotopy. For sets of positive (cut locus) reach, we obtain the
following bounds on € and §:

» Proposition 15. If ¢ and § satisfy

2 cos (\//TE(R—(;)) — cos (\/E(R—FE)) <1 if Ag >0,
V2(R—6)—(R+e)<0 if Ay =0, (7)
2 cosh (\/ |A¢|(R — 6)) — cosh (\/|A[|(R+ E)) >1 if Ap <0,

there exists a radius v > 0 such that the union of balls PE" deformation-retracts onto S along
the closest point projection. In particular, r can be chosen as:

r=g(R+e). (8)

If the set is a manifold, the bounds on € and § can be improved as follows:
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» Proposition 16. Let & = \/|A¢|z. For d < e satisfying

COSE€ — COoS (7% — 5) cos R
sinR

) +cos? (R — )

it Ay >0, (9)

(2cos&cosR — 3cos (R — 5))2 < (

(Rfﬁz—ﬁz(af—5ym
if A, =0, (6)
2 cosh € cosh R < 3cosh (7~€ — 5) and

cosh & — cosh (7@ -4
sinh R

-\ 2
cosh? (7@—5) < ( )COShR> + (2coshécosh7é—3cosh (7@—5))2

if Ay <0, (10)

there exists a radius v > 0 such that P®" deformation-retracts onto M along the (geodesic)
closest point projection waq. The interval from which r can be chosen can be recovered from
(42), (18), and (45) respectively.

The computation of Cech complexes in a Riemannian manifold can be difficult (depending
on the manifold). Fortunately, we can avoid this step and still recover the homology:

» Remark 17. The results of Chazal and co-authors [32] on the interleaving between the
Cech and Rips complexes extend to the Riemannian setting. By combining their results with
the results of this paper, one can recover the homology type of a subset of positive reach of a
Riemannian manifold using persistent homology of Rips complexes.

The Rips complex is easier to calculate than the Cech complex, since the calculation only
involves distances between pairs of points.

5.3 Tightness of the bounds on the sampling parameters

We exhibit the tightness of the bounds on € and ¢ from Propositions 15 and 16 by constructions
of examples in (simply connected) spaces of constant curvature. These constructions are
similar to the Euclidean setting — they also consist of annuli and tori, see Figure 9. However,
due to the curvature of the ambient manifold, the proof of the tightness of the bounds is
significantly more involved (see Appendix B.4).
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Figure 9 The construction for sets of positive reach on a manifold with (constant) positive
curvature (the sphere). For a detailed version of the figure see Figure 23.

6  Future work

This article leaves several important questions unanswered. We mention three.

First of all, we consider the union of balls centered on a sample P whose homotopy type
is equal to that of the Cech complex of P and, when the ambient space is a Riemannian
manifold, the radius of balls is smaller than the convexity radius.

It would be interesting to see if our work would help understanding the same question for
Rips complexes. For related work see e.g. [6, 7, 52, 58].

Second, we consider sets embedded in Riemannian manifolds whose sectional curvature is
lower bounded. A natural question is under which conditions do our results generalize to a
larger class of metric spaces with lower bounded curvatures.

The generalized gradient of the distance function and its flow have been used to generalize
results on subsets of positive reach in Euclidean space to subsets with positive p-reach and
weak feature size [26, 27, 30, 32]. Our work on the cut locus reach makes it possible to
extend the notations of positive p-reach and weak feature size to Riemannian manifolds. It
is expected that many of the main results from the Euclidean setting still hold with minor
modifications in this more general context.
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Appendix |: The technical statements and proofs

The two sections in this part of our paper are structured in the same way. In the first section
(Section A), we deal with subsets of Euclidean space, in the second (Section B) with subsets
of Riemannian manifolds. In each section, we first introduce necessary definitions and recall
the general setting (Sections A.1 and B.1). In Sections 4.2 and B.2 we consider a set S, its
sample P, and use a geometric argument to establish a condition on the thickening parameter
r > 0 that guarantees that the thickening P®" of the sample P deformation-retracts to the set
S. In the following sections (Sections A.2 and B.3) we show that if the sampling parameters
¢ and § of the sample satisfy certain bounds, the condition on the thickening parameter is
never satisfied. We carefully distinguish between subsets (Sections A.2.1 and B.3.1) and
submanifolds (Sections A.2.2 and B.3.2), for which we obtain sharper bounds. Finally
(Sections A.3 and B.4), we construct explicit counterexamples to prove that our bounds on
the sampling parameters are tight.

A  Subsets of the Euclidean space

A.1 Definitions and setting

In this section we revise the notions and results by Federer [44]. We assume that S C R? is
a closed set, and denote the closest point projection on S by 7s.
At first, we define the medial axis, the local feature size, and the reach of the set S:
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» Definition 18. The medial azis ax(S) of a closed set S is the set of points in the ambient
Euclidean space that do not have a unique closest point on S. The distance from a point p to

the medial axis is called the local feature size Ifs(p). Finally, the (minimal) distance between
ax(8S) and S is the reach rch(S) of S:

Ifs(p) = inf — ch(S) = inf 1fs(p).
(p) . lp =gl reh(S) = inf lfs(p)
For example, the medial axis of an ellipse in the Euclidean plane is the (open) segment
connecting the two focal points, and the reach is the distance from (one of) the focal point(s)
to the ellipse.

Next, we introduce the normal cone. We denote the scalar product in R? by (., .).

» Definition 19 (Definitions 4.3 and 4.4 of [44]). If S C R and p € S, then the generalized
tangent space Tan(p,S) is the set of all tangent vectors of S at p. It consists of all those
u € R?, such that either uw = 0 or for every e > 0 there exists a point ¢ € S with

O<|lg—p|l <e and

<eE.
qu il IIUII‘

The normal cone of S at p is the set
Nor(p, S)

of all vectors v € R? such that (v,u) <0 for all u € Tan(p,S).

We illustrate the medial axis and a few normal cones in Figure 1 (left). The normal cone is
indeed a cone, geometrically speaking:

» Definition and Remark 20 ([44, Remark 4.5]). A subset C C R? is a convex cone if and
only if for all z,y € C and X\ > 0 we have x +y € C and \x € C. For every set A C R?, its
dual

Dual(A) = {v | (v,u) <0 for all u € A},

is a closed convex cone. The double dual, Dual(Dual(A)), is the smallest closed convex cone
that contains the set A. The set Nor(p,S) is therefore a convex cone.

The generalized tangent space Tan(p,S), on the other hand, is only closed and positively
homogeneous, but not necessarily convex. That is, if v € Tan(p,S), Av € Tan(p,S) for all
A € Rxg. The space Tan(p,S) is a convex cone if the set S has positive reach, as we will see
below.

With these definitions in place we present the following two theorems, that form the core of
the proof of our statement on deformation retraction of the set S (Theorem 3).

» Theorem 21 ([44, Theorem 4.8 (8)]). Let £ and R satisfy 0 < £ < R < oo and rch(S) > R.
Then any points x,y € R\ ax(S) with

d(z,8) < ¢ and  d(y,S) < ¢

satisfy

[7s(z) —ms(y)ll <

R ey,
R_1¢ y
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» Theorem 22 ([44, Theorem 4.8 (12)]). Let p € S. Then for any number { satisfying
Ifs(p) > € > 0, the normal cone equals

Nor(p,S) = { | A > 0,]|v|| = ¢, ms(p + v) = p}.

Tan(p,S) is the convex cone dual to Nor(p,S), and, for any vector u € Tan(p,S),
lim ¢ d(p + tu,S) = 0.
Aot ey ie)

Finally, we recall the setting we assume for the remainder of Section A:

» Universal assumption in the Euclidean setting 2. We work with a closed set
S C RY with positive reach rch(S), and let R > 0 be a constant satisfying R < rch(S).
Furthermore, we consider a set P C R®, such that the one-sided Hausdorff distance
from P to S is at most §, and the one-sided Hausdorff distance from S to P is at
most €. That is,

S C pHe and P C 8™,

We assume that 5, < R. If the set S is a submanifold of R?, we denote it by M.

A.2 Bounds on the sampling parameters

In this section we first compute the bounds on the size o of the neighbourhood ST covered
by the union of balls UpeP B(p,r) = PP in terms of ¢,§, and . We then combine these
bounds with Equation (2) to infer (optimal) upper bounds on ¢ and §, for which there exists
a radius r such that the deformation retract from P®to S is possible. We do so first for
sets of positive reach and then for manifolds. Somewhat counter-intuitively, it turns out to
be easier to determine the bounds for sets of positive reach.

A.2.1 Sets of positive reach

For sets of positive reach, the bound on « is almost trivial. Nevertheless, it is tight, as we
will see in Section A.3.

» Lemma 23. Suppose that S C P® for some ¢ > 0. Then, for all a < r — ¢, the
a-neigbourhood S of S is contained in the union of balls PP". That is,

SEEIa C PET )

Proof. Writing out the definition we see that the H operation is additive. For any set
A C R
(AEErl)EE\rz — U B(CL/,T‘2>
a’€ ABm
= U B(d',rs)
a’EUaeA B(a,r1)

- U B(a,r +12) (by the triangle inequality)
acA
— AB(ri+r2) (11)



D. Attali, H. Dal Poz Koufimska, C. Fillmore, I. Ghosh, A. Lieutier, E. Stephenson, and M. Wintraecken

So indeed,
SHe C (pHe)Ba (because S C P&e)
C poEte) (by (11))
C P9 (because by assumption o < r — ¢€)

<

» Remark 24. The statement of Lemma 23 holds in any metric space. Writing B(a,r) for a
metric ball with radius 7 centred at a point a, and A®" = U,ea Bla,r) for the thickening of
a set A in the metric space, we see from the proof of Lemma 23 that

(Aﬁﬂrl)EErg C AEﬂ(rl+r2)’

with equality if the metric space is geodesic.

From Lemma 23, we derive the bounds on € and § (in terms of R).

» Proposition 5. If ¢ and § satisfy
e+ V26 < (VI- 1R, (3)

there exists a radius v > 0 such that the union of balls P®" = Upep B(p;7) deformation-
retracts onto S along the closest point projection. In particular, v can be chosen as:

re[;(mg_\/x),;(mng)}, (4)

where A = 2(R — §)? — (R +¢)?.

Proof. We combine the bound from Lemma 23 with the conditions of Theorem 3. More
precisely, inserting o« = r — ¢ in Equation (2) yields that

4+ (R—r+e)? < (R-0)> (12)
Using the abc-formula for quadratic equations, this is equivalent to

re B (R+€\/Z),;<R+E+\/Z)} :
where

A =262 4+R* 4R —2Re —e* =2(R — 6)* — (R +¢)?

is the discriminant. This interval is non-empty if the discriminant is non-negative, that is, if

e+v26 < (V2-1DR. <

» Remark 6. The interval for r as given in (4) can be slightly extended to

TG[;(RJr&:\/K),\/;(Ré)ZJr;(RJre)\/Z , (5)

as we show in an alternative proof of Proposition 5 in Appendix E. It is not obvious that
even this improved bound is tight.

» Remark 25. The parameter § is not necessarily smaller than e, even if this would be natural
in most applications.
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A.2.2 Manifolds with positive reach

In this section, we show that the bounds from Proposition 5 can be improved further if
the set of positive reach is a manifold. In Lemma 23, we used the triangle inequality to
set a =1 —e¢€.

If S is a manifold, however, the parameter o can be increased using more subtle arguments
than the triangle inequality: Manifolds with positive reach are C*! smooth”, i.e., differen-
tiable with Lipschitz derivative. Moreover, Federer’s normal cone Nor(q, M) (Definition 19)
coincides at every point ¢ € M with the ‘classical’ normal space N, M of an n-dimensional
submanifold M of R%. In particular, the tangent and normal cones of manifolds of positive
reach are n- and (d — n)-dimensional linear spaces, respectively, that are not only dual, but
also orthogonal.

In Lemma 26, we establish a lower bound for the parameter « in the case that S = M is a
manifold. This bound is tight, as we will see in Section A.3.

» Lemma 26. Suppose that M C P®e for some ¢ > 0. Then, for any r > o > 0 satisfying
r? 2a2+% (R?+&* — (R—0)%) +¢°, (13)
the a-neighbourhood MB* of M is contained in the thickening P®". That is,
MEEIa C PHHT.

Proof. Given a point ¢ € M, the tangent space T, M and the normal space Ny;M are
orthogonal vector spaces satisfying T, M x N,M = R?, where x denotes the direct product.
Since M C P® | the intersection P N B(q, ) is non-empty. Let p € P N B(q,e¢).

N,M

X
q+ av L7

Figure 10 Overview of the notation used in the proof of Lemma 26.

The vector p — ¢ decomposes uniquely as

P —q = Arur + Anun,

7 Topologically embedded manifolds with positive reach are C*! embedded [44, 61, 62, 67, 68].
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with ur € TyM, un € NyM, |lur|| = |lun|| = 1, and Ap, Ax > 0 (see Figure 10).
Since [[p —ql <,

M3 <2 (14)

Thanks to [44, Theorem 4.8 (12)] (Theorem 22), the sets M and
B(¢+ R -un,R)° do not intersect, and thus:

p¢ Blg+R-un,R—9)°.
Hence, (p — ¢ — R -un)? > (R — §)2. Applying the decomposition of p — g we obtain
(Arur + (Any — R)un)? > (R — 6)?,
which implies that
A2+ (R—=An)2> (R -0)2
Combining this result with Equation (14) implies that
223 4+ (R-An)?> (R-9)%
which can be rewritten as
2RAN < R*+e2 — (R —6)° (15)
Choose a vector v € Nor(g, M) with ||v|| = 1, and let @ > 0. Then,

((Avun — o) + Apur)?

Onvuy — av)® + (Arur)?

(AN +a)? + 2\

AN +a)? +e2 - )\% (by (14))
=a? + 2a)\y + 2.

(p— (¢ +aw))* =

<
<

Using inequality (15) to substitute 2Ay, we further obtain:

(p—(g+av))* <o’ + % (R? +¢* = (R—4)*) + &%
Thus, if

r? > a2+% (R2+52—(R—5)2) + €2,
then the point ¢ 4+ v lies in B(p,r) C P®"_ Since this inclusion holds for any ¢ € M and
v € NyM with ||o| = 1, MEBe C pEr, <
As in Proposition 5, we now derive a bound on ¢.

» Proposition 7. If ¢ and § satisfy
(R—6)%—e%> (4f - 5) R2 6)

and § < e, there exists a radius v > 0 such that the union of balls PP deformation-retracts
onto M along the closest point projection. The radius r can be chosen as in (18).
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The bound is illustrated in Figure 2.

Proof. We combine the bound from Lemma 26 with the conditions of Theorem 3. More
precisely, combining Equations (2) and (13) yields the following sufficient condition for
LN (PEET) to be connected:

a2+%(R2+62—(R—5)2)+52§ r? < (R=6)" = (R-a)”. (16)

The inequality between leftmost and rightmost members of (16), which needs to be satisfied
for a non-empty range of values for r to exist, can be rearranged as:

1
0252—(R—5)2+R2+aﬁ(52—R2—(R—5)2)+2a2.

Using the abc-formula for quadratic equations, the above inequality is satisfied if o €
[@min, Qmax], with

1 [(R—6)2+R2— ¢ 1 [(R—6)2+R2—e2
amln—4< R —\/K 7051113,)(_1 R +\/K 5 (17)

where the discriminant A is

1

A:ﬁ

(52 ~(R- 5)2)2 ~ 10 (52 —(R- 5)2) —TR2.

The discriminant can be viewed as a polynomial in y = 2 — (R — 5)2. Solving A(y) = 0 with
respect to y yields y = R? (5 + 4\/5) This in turn implies that A is non-negative if either
2 - (R—- 5)2 < R2 (5 - 4\@) ore? — (R — 6)2 > R2 (5 + 4\/5) Thanks to Assumption 2,
we are only interested in the case where €, < R, and thus we can ignore the second inequality.
Hence the interval [min, max] 1S non-empty if

2 (R-0)P< (574ﬂ) R2.

Substituting the bounds on a (Equation (17)) into Equations (2) and (13) yields

(1 2mn) 22 a2, 4 OB (R2 (R - 0)?) <17 < (R - 8) — (R~ cumu)®. (18)

<

» Remark 27. We restricted ourselves to the case where § < g, because if § > ¢, the fact that
the set of positive reach is a manifold no longer helps. The geometric reason for this is that
p in Figure 10 may lie in N M.

A.3 Tightness of the bounds on the sampling parameters

In this section we prove that the bounds provided in Section A.2 are optimal in the following
sense:

» Proposition 8. Suppose that the dimension d of the ambient space R? satisfies d > 2, and
the one-sided Hausdorff distances € and § fail to satisfy bound (3). Then there exists a set S
of positive reach and a sample P that satisfy Universal Assumption 2, while the homology of
the union of balls PP" does not equal the homology of S for any r.
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» Proposition 9. Suppose that the dimension d of the ambient space R? satisfies d > 3, the
one-sided Hausdorff distances € and § fail to satisfy bound (6), and 6 < e. Then there exists
a manifold M of positive reach and a sample P that satisfy Universal Assumption 2, while
the homology of the union of balls PE" does not equal the homology of M for any .

To prove Propositions 8 and 9, we construct the set S, the manifold M, and the corresponding
samples in Examples 31 and 34, respectively. Due to rescaling it suffices to construct sets of
reach rch(S) =R = 1.

» Remark 28. For the proof of Proposition 8, we construct a set S that is a subset of R2.
For the proof of Proposition 9, the set M is a surface in R?. Incidentally, both sets are
two-dimensional. As mentioned in the introduction, we expect that better bounds than (3)
and (6) can be obtained for one-dimensional sets in R? with d > 2, i.e., curves, possibly with
boundary.

» Remark 29. When § > ¢, which in Figure 2 corresponds to the area above the diagonal
& = &, the same bound is optimal whether the set is assumed to be a manifold or not. Indeed,
in this case the union of annuli § in Example 31 can be replaced by a union of circles,
namely the inner boundaries of the annuli. Thus, the bound is tight for manifolds, including
one-dimensional submanifolds in R2.

» Remark 30. To simplify the analysis, the samples P in our examples are continuous and
therefore have an infinite number of points. However these samples can be approximated
arbitrarily well by finite sets because they are compact.

Sketch of proof of Remark 30  To pass to a finite sample, we first note that failing the bounds
on the sampling parameters (in Propositions 5.2, 5.3, 6.4 and 6.5) is an open condition,
i.e. for every (g,0) we can find an (¢/,0) with ¢’ < ¢ such that (¢/,9) still fail the bounds.
To construct an example for a given (e,d) we take the example (Example 31, 34, 51, and
53 respectively) for (¢/,4) and take a subsample of P that is so dense that the one-sided
Hausdorff distance is €. Using the notation introduced in the Examples 31, 34, 51, and 53
we can give a more precise description of the finite sample. For sets of positive reach the
finite subsample can be chosen as follows: The circle C; should be densely subsampled such
that the subsample contains ¢;. The points p; and p; can remain as is. For the manifolds
the finite subsample of can be chosen as follows: The trimmed torus C; should be densely
subsampled such that the subsample contains ¢; and §;. Also in this context, the points p;
and p; can remain as is. Because the samples contain p; and p; and ¢; (¢; and §; respectively)
(most of) the spurious cycles we examined in the Examples 31, 34, 51, and 53 remain the
same. The only change that may occur for large r in the proof of Proposition 5.5 is that for
the interval r € [r;_1,7;) spurious 2-cycles may be interchanged for spurious 1-cycles. Of
course for small r there are many more connected components and cycles because of the
discrete approximation than in the continuous examples. With these finite subsamples P
one still finds that the homology of P is never the same as the underlying space. O

A.3.1 Sets of positive reach

The construction of the set proving Proposition 8 goes as follows.

» Example 31. We define S to be a union of annuli A; in R?, each of which has inner radius
1 and outer radius 1 + 2e. We lay the annuli in a row at distance at least 2 away from each
other. Due to this assumption, the reach of the set S equals 1. We number the annuli from
i = 0. Later we will see that the number of annuli that we need for the construction is finite.
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The sample P consists of circles C; of radius 1+ ¢ lying in the middle of the annuli (C; C A;),
and pairs of points {p;, p;}. Each pair {p;,p;} lies in the disk inside the annulus 4;, at a
distance § from A;, and the two points lie at a distance 2r; from each other; see Figure
11, left. The bisector of p; and p; intersects the circle C; in two points. We let ¢; be the
intersection point that is closest to p; (and thus ;). We denote the circumradius of p;p;q;
by R; and note that R; > r;. Before explaining how we pick the sequence of r;, we state a
lemma which is key for the construction:

» Lemma 32. Ifc and § fail to satisfy bound (3), that is, € ++/28 > (/2 — 1), then
the triangle p;D;q; is strictly acute;
there exists a constant ¢ > 0, depending only on § and €, such that R; —r; > cr;.

» Remark 33. Indeed, the triangle p;p;q; is per construction strictly acute if and only if

e+ V20> (V2-1).

Proof. The situation is illustrated in Figure 11, right. Let z; be the centre of C; and let C!
be the circle centred at z; with radius 1 — 0. By construction, C} passes through p; and p;,
while C; passes through ¢;. Without loss of generality, we may assume that p; and p; lie on
a vertical line, with p; above the segment z;q; and p; below it. Since p;p;q; is an isosceles
triangle, it is acute if Zz;¢;p; < 7. The angle Zz;q;p; is maximized when p; reaches the
position pf on C} — in this position, the line through ¢; and p; is tangent to the circle C..
Using Condition (3), we obtain that

. . ., 1—=90 1 .om

sin Zz;q;p; < sin Zz;q;p; = 15z < ﬁ = sin 1
Thus, Zz;q;p; < 7 and therefore p;p;q; is acute. Because of the strict inequality in the

. _ L 1=6
above equation, we can find a small angle, say ¢ = 2 (% — arcsin m) > 0, such that
Zziqip; < 5 — £. Since R; = - Z,';jiq'iﬁi’ we deduce that
1 1
RiTi(. ~1)T¢Z< 1)7’1',
sin Zpiqipi cos ¢

which, after setting ¢ = ﬁ — 1, proves the second item of the lemma. <

We are now ready to define the distance between each pair of points p; and p; in an inductive
manner. We set rg = 5% and, for i > 0,

R;, if Ry <1-— 5,
Tit1 = .
1 -6, otherwise.

We stop the sequence at the first value of ¢ such that r; =1 — 4.
Assume that € and 6 fail to satisfy bound (3). By Lemma 32, r;11 — r; is lower bounded by
a positive constant that only depends on ¢ and ¢,

Tiv1 — T4 :RZ‘—’I"Z' 267"7; ZCT().

Hence, the sequence of r; reaches the value 1 — § in a finite number of steps. Let k be
the index at which rp, =1 —§. Our constructed set S consists of the finitely many annuli
AgU A U...UA and our sample P is defined as | Jy<; <1 Ci U {ps, Pi }-
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Figure 11 Left: Each annulus A; is sampled by a circle C; and a pair of points {p;,p;}. Right:

Nlotation for the proof of Lemma 32. If Condition (3) fails, then sin Zz;¢;p; < sin Zz;q;p; = }jrg <

5= sin 7, and triangle p;p;q; is guaranteed to be acute.

Proof of Proposition 8. We show that for any 7 > 0, the union of balls P®" has different
homotopy — and even different homology — than the set S. We first describe the development
of the homotopy of the sets (C; U {p;,7;})®" as r increases:
For 7 € [0,70), each set (C; U {p;, p;})®" has three connected components, as illustrated
in Figure 12a. The three components merge into one at r = rg, as the two balls {pi}EET
and {p; ¥ intersect the set CP".
For 7 € [r;,7i41), the set (C; U{p;, p;:})®" has the homotopy type of two circles that share
a point (also known as a wedge of two circles or a bouquet), as illustrated in Figures 12b
and 12c. The smaller ‘gap’ creating the additional cycle appears when r = r;. Since, due
to Lemma 32, the triangle p;p;q; is acute, the ‘gap’ persists until » = R; = ;1. All sets
(C;u {pj,;ﬁj})EET with j # 4 have the homotopy type of a circle.
At r =71, =14, all sets (C; U {p;, 5 })®" have the homotopy type of a circle but the
last one, (Cy, U {py, B })E", which has the homotopy type of two circles that share a point
(see Figure 12d). Unlike the other cases, however, the ‘gaps’ in the set (C U {pg, pr })®"

are identical, and disappear simultaneously at » = Ry, (: %) (Figure 12e).

For larger r, the set (Cy U {px, px})®" is contractible.
Each annulus A; C S has the homotopy type of a circle, and thus the dimensions of the
homologies of the set S equal

dim (Ho(S)) =k +1,  dim (Hy(S)) =k + 1.

The dimensions of the homologies of the set PP are recorded in the table below.

re€[0,r0) | r €[ro,Rx) | 7> Ry
dim (Ho (P*")) || 3(k+1) k+1 <k+1
dim (H, (P™")) k+1 k+2 <k

One sees that the set S never has the same homology as the union of balls P and thus
the two never have the same homotopy. <
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2

2

(b) At radius r1, the cycle in the union of balls (Co U {po, fo})E" at the annulus Ao

dies, while a cycle is created in the union of balls (C1 U {p1, ﬁl})EET at the annulus
As.

Ay As

(c) At radius r2, the cycle in the union of balls at the annulus A; dies, while a cycle
is created in the union of balls at the annulus As.

- g

(d) The set (Cy, U {px,pr})®" at radius  (e) The two ‘gaps’ of the set (Cj U

rr = 1 — 4. The two ‘gaps’ are identical.  {pg, ﬁk})EETdisappear simultaneously.

I Figure 12 The changing homology of the set PE" in the annuli Ao, A1, A2, and Aj. The set
S = Ao U... Ay is coloured light blue, the union of balls PF" in pink. In black we depict the circles
of radius 1 — 4.

A.3.2 Manifolds

The construction of the manifold proving Proposition 9 goes as follows:

» Example 34. We define M to be a union of tori of revolution 7; in R®. Each of these tori
is the 1-offset of a circle of radius 2 in R3. Put differently, each T; is — up to Euclidean
transformations — the surface of revolution of a circle of radius 1 in the xzz-plane, centred at
(2,0,0), around the z-axis. The set T; is illustrated in blue in Figures 13 and 14.

We number the tori from ¢ = 0, and lay them out in a row at a distance at least 2 apart from
one another. Due to this assumption, the reach of M equals 1. Later we will see that the
number of tori that we need for the construction is finite.

The sample P consists of sets C; which are tori with a part cut out, and pairs of points {p;, p; }
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lying inside the hole of each torus T;. To construct each set C; we take the d-offset of Tj,
keep the part that lies inside the solid torus bounded by 7;, and remove an e-neighbourhood
of the circle obtained by revolving the point (1,0,0) around the z-axis; see the red set in
Figures 13 and 14. In other words, each C; is the set difference between the torus obtained
by rotating the circle of radius 1 — ¢ centred in the zz-plane at (2,0,0), and the open solid
torus obtained by rotating the open disc of radius € centred in the zz-plane at (1,0,0).

Figure 13 The (half of the) torus T; depicted in blue; the sample — the set C; and the points p;
and p; — in red. In black we indicate the circle C;. The closest point projection of this circle onto
M is indicated in blue.

Let C! be the circle found by revolving the point (1 — §,0,0) around the z-axis. Each pair
of points, p; and p;, lies on C! at a distance 2r; from each other. Let ¢; and §; be the two
points in the intersection of the bisector of p; and p; and the set C; that lie closest to p; and
pi- Note that ¢; and §; lie on the boundary® of C;, and {g;, ¢;} = m¢, (242). Denote the
circumradius of the simplex p;p;q;G; by R;.

[ [ -

(_27 01 0) (_L 07 0)

Y
8

Figure 14 The sets T}, C; and C] are obtained by rotating around the z-axis, respectively, the
blue circles, the red arcs and the white point.

As in Example 31, we define the distance 2r; between each pair of points p; and p; inductively.
We set the distance 7o such that the balls B(pg,r) and B(pg,r) start to intersect each other

8 Here we think of C; as a manifold with boundary.
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at the same value of r as the balls B(qo,r) and B(Go,r) start to intersect:
ro = 3d (qo, o) -
We then define

R;, if Ry <1—09,
Tit1 = .
1 -6, otherwise.

We stop the sequence at the first value of ¢ such that r; =1 — 4.
Assume that ¢ and ¢ fail to satisfy bound (6). By Lemma 36, r;11 is lower bounded by a
positive constant that only depends on ¢ and e,

2 2 2 2 2 .. .2
rig =R >ri+c">rg+i-c.

Hence, the sequence of r; reaches the value 1 — § in a finite number of steps.
Let k£ be the index at which rx =1 — . Our constructed manifold M consists of the finitely
many tori To UTy U...UT}, and our sample P is defined as Uogigk (Ci U{pi, pi})-

In the proof of Proposition 8, acuteness of triangles plays an essential role. In Lemma 32 we
argue that if € and 4 fail to satisfy Bound (3), then any triangle p;p;q; is acute. Furthermore,
a triangle is acute if and only if it contains its circumcentre. We generalize acuteness to
simplices as follows:

» Definition 35 (Self-centred simplices, [35]). A simplex is called (strictly) self-centred if it
contains its circumcentre (in its interior).

» Lemma 36. If ¢ and § fail to satisfy bound (6), that is, (1 —6)? — e < 4v/2 —5, and r;
satisfies

2r; > d(qi, Gi), (19)

then
the simplex p;p;q;qG; is strictly self-centred;
there exists a constant ¢ > 0, depending only on & and €, such that R? > r2 + c2.

Proof. A key observation is that the simplex p;p;q;g; is (strictly) self-centred if and only if
the triangles p;p;q; and q;¢;p; are (strictly) acute.

To see this, assume without loss of generality that the torus 7T; is centred at the origin and
that the points ¢; and §; lie in the zz-plane and have positive z-coordinates, as in Figure 14.
The circumcentre of a simplex is the intersection of the bisectors of pairs of its vertices.
The circumcentre of the simplex p;p;q;G; thus lies on the z-axis; indeed, the x-axis is the
intersection of the bisector of p; and p;, and the bisector of ¢; and ;.

Hence, p;p;q;q; is strictly self-centred if and only if its circumcentre lies on the intersection
of the interior of p;p;q;G; with the z-axis — the open line segment connecting the midpoint
m; = %ﬁ’i of p; and p; with the midpoint n; = %‘i" of g; and §;. This happens precisely
when the circumcentre of triangle p;p;q; (resp. ¢;G;p;) lies on the open segment connecting
m; to ¢; (resp. m; to p;), in other words, when both triangles p;p;¢; and ¢;G;p; are strictly
acute. We illustrate the two extreme cases in Figure 15.

We prove the fact that the two triangles are indeed strictly acute in Claim 37 below.
Recall that both the circumcentre of the simplex p;p;q;G; and the point m; lie on the
z-axis. Let u be the z-coordinate of the circumcentre. We have shown that, for all
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Figure 15 When both triangles p;p;q; and ¢;G;p; are strictly acute, the circumcentre Z; of
tetrahedron p;p;q:G; lies on the open segment connecting m; to n;. When the triangle p;piq; becomes
right-angled, Z; reaches m; (on the left). When the triangle ¢;;p; becomes right-angled, Z; reaches
n; (on the right).

distances r; € [%d(qi, Gi),1— 5] defining the position of the points p; and p;, the circumcentre
lies further away from the origin than the midpoint m;. That is, u — ||m;| > 0. Since
[%d(qi, Gi), 1 — (5] is compact, there exists a constant ¢ such that

u— mil| > c.

The triangle with vertices p;, m;, and the circumcentre is right-angled, with edge lengths
i, — ||m;]|, and the hypotenuse R;. Thus,
R} =rf + (u—[[ma]))* = r] + .

<

> Claim 37. The triangles p;p;q; and ¢;G;p; are strictly acute, under the assumptions of
Lemma 36.

Proof. Let t > 0 be the z-coordinate of p;, and £ and h define the z- and z-coordinates of g;,
pi=(t,7,0), g =(1+£0,h).

Then m; = (¢,0,0) and n; = (1+¢,0,0). We refer the reader to Figure 16 for an overview of
the notation.
Due to the Pythagorean theorem,

- =hr=01-0)>*-1-1072

and thus

2 52
gzﬂ and h = /<2 _ 02

2
Furthermore, due to Equation (19),

ri > 5d(qi, Gi) = h.



34

Learning Homotopy in Euclidean Spaces and Riemannian Manifolds
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Figure 16 Zoom-in of Figure 14 with the notation used in the proof of Claim 37.

Note that the positions of both points p; and p; on the circle C} are completely determined
by r; (the y-coordinate of p;). For the purpose of the proof, we use the z-coordinate
t = /(1 —10)? —r? of p; to parametrize the positions of p; and p;. Hence, showing that
triangles p;p;q; and ¢;G;p; are acute for all r; € [h, 1 — ] translates into showing that they
are acute for all 0 <¢ < /(1 —§)2 —h2=1-1¢.

The triangle p;p;g; is isosceles. It is thus strictly acute if and only if its height, ||m; — ¢;]|, is
larger than half the length of its base, ||m; — p;|| = ;. We obtain:

ry < |lm; — gil|?
= (102 —t2<(1+L—-1)*+n?
=0 <2t —2t(140) + 4¢. (20)

Let Q(t) = 2t% — 2t(1 + ¢) + 4¢ be the quadratic form from the inequality (20), and A be its
reduced discriminant,

A=14+02-80=(0-3-2V2)({ —3+2V2).

The inequality (20) holds for all ¢ € [0,1 — ¢] if and only if
either A < 0, and thus Q(¢) > 0 for all ¢, or
A > 0 and the interval [t1,t2] 3 t for which Q(¢) < 0, is disjoint from the interval
0,1 1.
A < 0if and only if 3 — 2v/2 < £ < 3 + 2v/2. Substituting 2¢ = 2 — (1 — §)? + 1 translates
into

5—4vV2<e?—(1-6)2<5+4V2

The first inequality holds by assumption. The second follows from the fact that 0 < ¢ <e < 1.
In summary, our assumptions imply that A < 0, implying that ¢ > 0, and thus the triangle
PiP;q; is strictly acute.

Similarly, the triangle ¢;d;p; is isosceles, and is thus strictly acute if and only if its height,
|ln; — pi|l, is larger than half the length of its base, ||n; — ¢;|| = h. This indeed holds, since

Ini —pill>=Q+L—1)2+72> (1 +L—t)2+h%> h2
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Proof of Proposition 9. We show that for any 7 > 0, the union of balls P®" has different
homotopy than the manifold M. To achieve this, it suffices to show that their homologies
differ.

The manifold M consists of k+ 1 tori, and thus the dimensions of the homologies of M equal

dim (Ho(M)) =k +1,  dim (H;(M)) =2(k+1),  dim (Hy(M)) = k + 1.

We first have a look at the second homology of the set (C; U {p;, p; })®". For r < rg, as well
as r > 1 — §, the second homology of the set (C; U {p;, p;})®" is trivial for each i. In the
former case (see Figure 18), the set (C;)®" has not yet ‘closed up’ to form a (thickened)
torus. In the latter case, the inside of the torus (C;)®" gets filled in.

The filling in of the torus kills both a 2-cycle and a 1-cycle at the same time. This action
possibly also creates spurious 2-cycles (see Remark 38 below). Nevertheless, there is never
more than one spurious 2-cycle per torus, which kills a 1-cycle that is present in that torus
(in the underlying space M). Hence the first and second Betti numbers of the sample and the
underlying space do not match up. We stress that these events can only occur if r > 1 —§
because the symmetry axis of the torus (the z axis in Figure 17) does not intersect par
when r <1 — 4.

Thus, M and P®" have different homology for 7 € [0,70) U [1 — §, 00).

Figure 17 The spurious 2-cycle that prevents the sample from having the same homology as
the manifold. The manifold M is depicted in blue, the sample P in red, and the boundary of the
thickening in pink. The cycle is clearly present in the zoomed-in image (bottom).
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(CO)HHTO

(CO)EEro

Figure 18 Two views of the situation at ro. The sample P in red and its thickening PF"0 in
purple. The balls B(po,70) and B(fo, o) touch precisely and the thickened torus (Co)E™ ‘closes up’
and generates 2-homology.

For r € [r;_1,7;), the set (C; U {p;, p;})®" has the homotopy type of a torus with either at
least a circle or a single 2-sphere attached,depending on whether the radius r is smaller or
larger than the circumradius of the triangle p;p;q;. The smaller ‘gap’ creating the additional
1-, and later 2-cycle appears when r = r;. Since, due to Lemma 36, the simplex p;p;q;§; is
self-centred, the gap persists until r = R; = r;41.

All sets (Cju{pj,p’j})aﬂr with j # ¢ have the homotopy type of a torus. Thus, for r € [rg, 1—4),

dim (Hy (PE7)) + dim (Hy (Pr)) = 3(k+1) + 1. (21)

In contrast, dim (H1(M)) + dim (Hz(M)) = 3(k + 1), and thus the manifold M and the
union of balls PP have different homology also for r € [ro,1—9). <

» Remark 38. In the description of the spurious cycles we focused on the ones that lie near the
circumcentre of the simplex p;p;q;G;. However, there are more spurious 2-cycles to consider.
Let us denote the mirror images of the points ¢; and ¢; in the yz plane of Figure 14 by ¢} and
d. Then these spurious 2-cycles are located near the circumcentre of the simplex p;p;q;q;.
The creation of each such spurious 2-cycle kills a 1-cycle — exactly in the same way that
the “mirrored” spurious 2-cycle close to the simplex p;p;q;¢; does. The 1-cycle that is killed

matches the 1-cycle in the torus that would persist after the torus is filled in.
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(a) At first, the balls around the points p; and p; do not intersect the thickening of the set C;, and thus
the number of connected components of the thickening (in pink) of P is different from the number of
components of the manifold.

Ca
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()
()

(b) Then we create a (or possibly multiple) spurious cycle(s) for the first torus in the sequence (on the
left).

To T T

CO C 1 C2

g cpr = o

©

(c) By the time the spurious cycles at the first torus have disappeared, others have been created at the
second torus. This process is then repeated for all tori in the sequence as r increases.

Ch

cPr

(d) The points py and py lie in the symmetry plane for the final torus T in the row of tori.

Figure 19 The construction for manifolds imitates the construction for general sets of positive
reach as much as possible. The manifold M is depicted in blue, the sample P in red, and the
thickening in pink. We only display the part of objects below a horizontal clipping plane.
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B Subsets of Riemannian manifolds

In this section we extend our analysis from the Euclidean setting to Riemannian manifolds
with bounded curvature. We assume that the author is familiar with the basics of Riemannian
geometry. We will be using results from comparison theory, which, for the convenience of
the reader, we recall in Appendix C.

B.1 Definitions and settings

Before we can state and prove our homotopy reconstruction result, we need to generalize
Federer’s notions and results (Section A.1) to Riemannian manifolds. This includes an
appropriate definition of the reach, as well as a generalization of Federer’s Theorem 4.8(12)
(Theorem 22) and an extension of the normal cone.

Throughout this section we will be working with the distance function, the closest point
projection, and the medial axis. To this end, let S be a closed non-empty subset of an
ambient manifold A". We denote the distance function to S by

ps N =R,  ps(q) =inf{dy(q,p) | p € S}. (22)

We write ms(q) for the set of points p € S such that dp(q,p) = ps(q), and call the set 7s
the closest point projection of ¢ onto S. The medial axis of S is the set of those points in S
whose closest point projection consists of more than one point:

axnr(S) == {qg € N | Card(rs(q)) > 1}, (23)

where Card(A) denotes the cardinality of the set A.

The cut locus reach. Generalizations of the reach have been studied before; however, none
of the existing definitions fit our purpose. We thus introduce a new variant of the reach
that is optimal in our setting. In addition, we discuss the various definitions of the reach in
Appendix F.

Our variant of the reach is based on the cut locus. The cut locus (see for example [17]) is
commonly defined for a single point — say p — in a Riemannian manifold, and consists of
those points in the manifold, for which there is no unique geodesic to p.

» Definition 12 (Cut locus). Given a closed subset S C N, the cut locus of S is the set
cly(S) of points p € N for which there are at least 2 geodesics of minimal length from p to
some point in S.

Observe that the cut locus contains the medial axis, that is, axa(S) C cly(S).

» Definition 13 (Cut locus reach). The cut locus reach rch$-(S) of a closed set S C N is
the infimum of distances between S and its cut locus cly(S):

rch§(S) o o dn (P, q)-

gecln(S),

The key tool: the flow In [9], the authors extend the result of [60], namely that any open
bounded subset of Euclidean space has the same homotopy type as its medial axis, to the
more general situation of an open bounded subset €2 of a Riemannian manifold. By using
some tools of non-smooth analysis, namely the properties of semi-concave functions, as well as
some Riemannian geometry, they generalize the result of [60] while providing a shorter proof.
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However, the underlying idea in both [9] and [60] is the same, which is to use the flow: given
an open bounded subset € of a Riemannian manifold, the flow ® : 2 x [0, 00) — © is induced
by a generalized gradient of the distance function on its boundary 0. It is continuous, and
realizes a homotopy equivalence — more precisely, a weak deformation retraction — between
the set 2 and the cut locus of its boundary 02. We refer the reader to Appendix G.1 for
more details.

We consider the flow defined on the complement of a closed subset S C N:

Ds: (M\S) x[0,00) = NS, (pt) = Ps(p,1). (24)

Roughly speaking, the flow follows the steepest ascent of the distance function. The precise
definition of the flow ®s is extensive and described in detail in Appendix G.2. We refer the
reader to Equation (62) for an explicit formula, and note that, thanks to Lemmas 3.4 and
3.5 as well as proof of Theorem 5.3 in [9], ®s is locally Lipchitz in p and 1-Lipschitz in ¢.
In the next two lemmas we leverage the properties of the flow &g to trace minimizing
geodesics and define a deformation retract onto the set S. The next two lemmas show that
near a set of positive cut locus reach the flow ®s goes along geodesics, which in turn yields a
generalization of part of Federer’s Theorem 4.8(12) (Theorem 22), and that the flow induces
a deformation retract on a set of positive reach. The proofs of the lemmas are given in
Appendix G.2.

» Lemma 39. Let 0 < p < rch$/(S). Then for any point p € SB°\ S, and any parameter
t € p— ps(p), there is a unique minimizing geodesic from the point ®s(p,t) to S. Moreover,

WS((I)S(pa t)) = 7-(_S(p)v

and the minimizing geodesic from ®s(p,t) to S is the concatenation of the minimizing geodesic
from p to S with the trajectory ®s(p, [0,1]).

» Corollary 40. Let S C N be a closed set. Pick a point p € N satisfying 0 < ps(p) <
rch$(S), and define

¢ = 1ehSH(S) — ps(p).

The domain of the flow ®s can be extended to negative values of t, namely t € [—ps, ¢]. We
denote this extension by ®s, and define it via the geodesic segment extending the geodesic
from p to ws(p). For every point y on this segment, we have ws(y) = ns(p). Because the
balls centered at y with radius d(y, 7s(p)) are nested, we have in particular that

B (p, ps(p)° € B (s(p,C), rehH(S)) SN\S.
The complement of the open offset of S is defined as

C7(S):=={peN|ps(p) = p}. (25)

> Lemma 41. Let 0 < p < p' < rch$:(S). Then

reh(C7(S)) > (26)
and the homotopy H : ST x [0, p] — S, defined by
p if pes,

H(p,t) == { ' (27)
Devr(s) (pymax(t, ps(p))) if p¢S,

realizes a deformation retract from the thickening S®P to the set S where the trajectory of
each point is a minimizing geodesic to S.
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The normal cone. Finally, we extend the normal cone and the tangent cone to the Rieman-
nian setting, keeping for both the same notation as in the Euclidean case, that is, omitting
the reference to the Riemannian manifold A

» Definition 42 (Normal cone). For a point ¢ € S, we define the normal cone to S at ¢ by
Nor(q,8) := {Xv € Tan(¢,N) | A > 0 and 3p € N'\ S with p = exp,(v) and |[v] = ps(p)} .

» Remark 43. Note that in Definition 42 one has ¢ = ws(p). Moreover, we can easily check
that Nor(g,S) is a subset of the dual cone of the tangent cone, which can be derived from
the Definition 19 for Euclidean space as

Tan(q,S) := Tan(0,exp, ' (S N B(q, p))

where p > 0 is smaller than the injectivity radius of N.
The reverse inclusion holds as well but we do not need it there.

» Lemma 44. Given a closed subset S C N such that rchf\lf(S) >0, a point g € S and a
vector v € Nor(q,S) with [v| = 1, then for any X < rch$y(S), the curve exp, ([0, \v]) is the
unique minimizing geodesic connecting the point equ()\v) with the set S.

Proof. With Definition 42 of the normal cone Nor(q,S), the proof follows from Lemma
39. |

Settings. In the Riemannian setting, we let B(p,r) = {x € N'| dn(p,z) < 7} designate a
geodesic ball of N and X®" = U,ex B(w,r) designate a union of geodesic balls. With all the
necessary notions in place, we recall the setting we assume for the remainder of Section B:

» Universal assumption in the Riemannian setting 14. We work with a closed set
S C N with positive cut locus reach rchf\l/(S), and let R > 0 be a constant satisfying
R < rchf\l/(S). Furthermore, we consider a set P C N, such that the one-sided
Hausdorff distance from P to S is at most 6, and the one-sided Hausdorff distance
from S to P is at most €. That is, S C PP and P C S, We assume that 5, < R.
We also assume that the sectional curvatures of the manifold N are lower bounded by
a constant Ay € R. When Ay > 0 and S = M is a manifold, we can safely assume,

thanks to Lemma 62, that R < ﬁ

B.2 The geometric argument

In this section we show that if the union of (geodesic) balls P = Upep B(p,7) covers a
sufficiently large neighbourhood of S and the parameter 7 is not too big, PE" deformation-
retracts to S.

» Theorem 45. Assume that a parameter o > 0 is small enough, so that the a-neighbourhood
SBe of the set S is contained in the union of balls PP, In other words,

St ¢ pir, (28)
Define
ﬁ arccos % if Ay >0,
Ja,(R,8.0) = V(R =02 = (R —a)? if Ae=0, (29)
ef 1 cosh \/TAg] (R—6) i A<,

arccosh —Y———~
[Ae| cosh \/|A¢] (R—a)
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Moreover, for any point ¢ € S and any vector v € Nor(q,S), let v4,.,(t) be the (arc length
parametrized) geodesic emanating from q in the direction v, and write

L dff. {Vq,v(t) | le [OvR)}
If
r < fa,(R,0,a), (30)

then the intersection L N (P®T) is a connected geodesic segment.
Furthermore, PB" deformation-retracts onto S along the closest point projection.

(b) A close-up: the point z lies on a different
connected component of L N PE" than the
(a) The intersection of the segment L and the point ¢, and thus the distance between x and
thickening P®" is not connected. q is at least a.

(c) A close-up of the triangle p'xz.

Figure 20 A pictorial overview of the proof. The blue shaded region represents a part of the
manifold NV, the black line a part of the set S. The union of balls P®" is coloured orange, and the
segment L green.

Proof of Theorem 45. We prove the claim by contradiction.

Assume that there exists a point ¢ € § and a vector v € Nor(g,S), with ||v|| = 1, such that
the intersection of P®" with the geodesic segment L consists of several connected components
(as illustrated in Figure 20a). Thanks to Equation (28), the connected component that
contains the point ¢ has length at least a. Let x be first point along L, seen from ¢, lying
inside a connected component of (P£") N L that does not contain g. Then z lies at the
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intersection of the geodesic segment L and the boundary of a ball B(p',r), with p’ € P (as
illustrated in Figure 20b).

Consider the ‘endpoint’ z = 7, ,(R) of the segment L. The distances between z and the
points x and p’ satisfy (as in Figure 20c):

dy(z,2) <R —«
dy(z,p') =, (31)
dy(z,p') >R - 4.

Consider the geodesic triangle p'zz, and let 6, denote its angle at z. By the Gauss Lemma [39,
Lemma 3.5], the geodesic from p’ to z is orthogonal, at the point x, to the boundary of the
geodesic ball B(p’,r). Due to the definition of z, the intersection of the ball B(p’,r) with
the segment of L between x and ¢ is empty, and the angle 6, satisfies

0 <

0ol

Thus, cosf, > 0. We now apply Alexandrov-Toponogov distance comparison theorem
(Theorem 57) and the law of cosines (Proposition 61) to the triangle p’zz.

If Ay > 0, Theorem 56 bounds the diameter of the manifold A" by R < diam(N) <
obtain:

cos /Ay dp(z,p') > cosv/Agdpr(,2) cos/Ag dp(z,p').

Tf Ay = 0,

v We

dn(2,p')? < dn(z,2)* + dy(2,p)%.

If Ay < 0, we obtain

cosh \/|Ag| dp(2,p") < cosh \/|Ag| da(z, 2) cosh \/|Ag| dpr(, D).

Finally, inserting inequalities (31) yields:

cosvAy (R —6) > cosvVAy (R —a) cosvVAgr, if Ap>0,
(R—6)?<(R—a)?+1?, it Ap=0, (32)
cosh \/|A¢| (R —§) < cosh v/|Ae| (R — ) cosh/|Ag| 7, if Ay <O.

Observe that the inequality (30) is precisely the negation of (32), which gives the contradiction.
We have proven the claim, namely that the intersection L N (PEBT) is a connected geodesic
segment.

At last we turn our attention to the definition of fa,(R,d, o) (Equation (29)). Observe that,
in each of the three cases, if R —a > 0, then fy,(R,0,a) < R —d. Equation (30) then
implies that 0 +r < R, and thus

PR C (SEER)O. (33)

Since P®" is a closed set, Equation (33) implies that there exists a number p < R < rchj\l;(S )
such that

PBﬂr C SBEIp.
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We now apply Lemma 41 with p < p/ < R < rchf\l/(S). Consider the homotopy H from
Equation (27), and its restriction to the set P®" x [0, p].

Recall that ps denotes the distance function, defined by Equation (22). Given a point p € Por,
by Definition 42 of the normal cone, there is a point ¢ € S and a vector v € Nor(q, S), with
o]l = 1, such that p = exp,(ps(p) - v). The image of [0, ps(p)] under the exponential map
t — exp, tv is the unique minimizing geodesic from p to S. Due to the claim, this minimizing
geodesic — which is contained in the segment L — is also contained in the thickening P5".
This implies that:

Vp e P vt €0, p], H(p,t) € PE".

Thus, the restriction of the map #H to the set PE" x [0, p] is a deformation retract from the
union of balls PP to the set S.

<
B.3 Bounds on the sampling parameters
In this section we extend Section A.2 to subsets of Riemannian manifolds.
B.3.1 Subsets of Riemannian manifolds with positive cut locus reach
» Proposition 15. If ¢ and § satisfy
2cos (\/A[(R*(;)) — cos (\/A[(R+€)> <1 if Ap >0,
V2[R —6)— (R+e)<0 if Ap =0, (7)

2 cosh (\/W(R—d)) — cosh (\/W(R—i—g)) >1 if Ap <0,

there exists a radius v > 0 such that the union of balls PE" deformation-retracts onto S along
the closest point projection. In particular, v can be chosen as:

r:%(RJrs). (8)

Proof. We begin by noting that the bound in the case where Ay = 0 equals the bound in
Proposition 5, and is deduced by the same analysis. In the following we thus only consider
the cases Ay < 0 and A, > 0.

We combine the bound from Lemma 23, which, thanks to Remark 24, applies in the
Riemannian context, with the conditions of Theorem 45. More precisely, substituting
a =1 —¢ in Equation (30) yields

cos(v/Agr) > C(‘j:i%%ﬁg i)i), if Ay > 0, (34)
cosh(y/Thglr) < —OHWVIA(R = 9)) if Ay < 0. (35)

cosh /[AJ(R+e—7)
These inequalities can be rearranged (using the product rule for the (hyperbolic) cosine) into
1
B (cos(\/Ag(R +e))+cosvVA(R+e— 2r)> > cos(v Ay(R = 9)), (if A¢ > 0)
(cosh(\/|A4|(R +€)) + cosh /JAg|(R + & — 27«)) < cosh(v/[Al(R — 6)),  (if Ay < 0)

[N
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or

cos (/E(R+ e 27“)) > 2cos(v/A(R — 8)) — cos(v/A(R +¢)), (if Ay > 0)
cosh (\/|Ag|(R+ e 2r)) < 2cosh(v/]A(R — 6)) — cosh(v/[Ad[(R +¢)).  (if Ay < 0)

Because the left hand side of the inequality above is upper bounded by 1 if Ay is positive,
and is likewise lower bounded by 1 if A is negative, we find (7). The interval in which one
may choose r also follows immediately from the inequality above. It is clear that the interval
in question is symmetric around (R + ¢) (assuming (7) is satisfied).

<

B.3.2 Submanifolds of Riemannian manifolds with positive reach

In this section we extend Lemma 26 to the Riemannian setting. In other words, we show
that the bounds from Proposition 15 can be improved further if the set of positive reach S is
a submanifold M of N.

Unlike the proof of Lemma 26, which was rather algebraic, the proof of its extension in
the Riemannian setting — Lemma 46 — is purely geometrical and involves the Toponogov
comparison theorem (see Appendix C for an overview of results). In fact, a part of the proof
of Lemma 46 can also be seen as an alternative proof of Lemma 26.

» Lemma 46. Suppose that M C PEe C N for some € > 0. Then, for anyr > a > 0
satisfying

> T, (36)

with r, defined via
cos (\//Tng) :; {sin (\/E(R + a)) cos (\/E&) —

sin (mR)
— sin (\/EO[) oS (\/E(R - 5))] ,  (fA¢>0)
rfn=a2+52+%(R2+52—(R—5)2), (if A¢ = 0)

cosh (\/MTm) :W [sinh (\/M(R + a)) cosh (mg)

—sinh ( |Ag\0¢) cosh (JM(R - 5))] . (if Ap <0)
(38)

the a-neighbourhood quM B(q,a) = M®B* of M is contained in the union of balls
U,ep B(p,7) = PE". That is,

MEEa C PEET.

Proof. Given a point ¢ € M C N, the tangent space T, M and the normal space N, M are
orthogonal vector spaces satisfying T, M x N,M = T, N'. The normal cone Nor(¢q, M), as
defined in Definition 42, is a subset of N, M (see also Remark 43).

Since M C P®¢| the intersection P N B(q, ) is non-empty. Let p € PN B(q,¢).
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(b)

Figure 21 Overview of the notation used in the proof of Lemma 46. On the right we see the two
comparison triangles ypq and zpq.

Further, let v € Nor(¢, M) C N,M C T,N . Denote the geodesic emanating from the point
¢ in direction v by 74, and write v4,,(R) = 2 and v4,_,(R) =y . Thanks to Lemma 44, the
manifold M and the ball B(xz,R)° (resp. B(y, R)°) do not intersect, and thus

p¢ B(x,R—9)°, aswellas p¢ B(y,R—9)°. (37)

Finally, write vy, ,(a) = z. Our goal is to upper bound the distance between the point p and
the point z. To this end, we consider two geodesic triangles: ypq and zpq. We sketch the
situation in Figure 21. The lengths of their edges satisfy:

dn(y,q) =R, dn(y,p) > R — 6, dn(p,q) <, dn(z,q) = .

In the remainder of the proof, we use the terminology and results from comparison theory,
which we summarize in Appendix C. We first determine a lower bound ¢, on the angle
¢ = Zyqgp, by applying Alexandrov-Toponogov angle comparison theorem (Theorem 58) to
the triangle ypq.

Having established a bound on the angle ¢, we apply Alexandrov-Toponogov distance
comparison Theorem (Theorem 57) to the triangle gpz. Since Zzgp = m — ¢, Theorem 57
gives us an upper bound on the length of the edge pz, which we denote by r,,. We stress
that m — ¢ is an upper bound on the angle Zzgp.

The length of the closing edge of a hinge in a space form is monotone in the lengths of
the edges and the angle of the hinge, since, in the case when Ay, > 0, we can assume that

R< 52

Thus, 7, is upper bounded by the closing edge of the hinge with edge lengths o and ¢, and
the angle m — ¢y. Using the law of cosines for space forms (Proposition 61) we deduce that
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T satisfies

cos (\//TeTm) =cos (ma) cos (\/E&)
_ M (COS (m(R — 5)) — cos (\//TgR) cos (\/EE))
sin (\//TgR) ’
:sin(\}m [Sin (\//TZ(R + a)) cos (\//Tgé‘)

— sin (\/>a> cos (\/> (R — 5))} (if Ay > 0)

r?n:a2+52+%(7€2+52—(7€—5)2)7 (if A¢ = 0)
cosh (\/MT,”) = cosh ( |Ag|a) cosh (\/m<€>
sinh( |Ag\a>

——[cosh( AR — 5)

sinh (/AR
— cosh <\/\A7R> cosh (mgﬂ

1 .
:W [smh (\/M(R +a ) cosh (mg)

— sinh ( |Ag\a) cosh (m(R - 6))} . (if Ay <0)
(38)
<

We are now ready to generalize Proposition 7. The philosophy of the proof is the same as in
Proposition 15 — we combine the conditions of Theorem 45 and the bounds of Lemma 46.
However, the involvement of trigonometric functions makes the analysis significantly more
complicated.

» Proposition 16. Let & = /|A¢|z. For § < e satisfying

= Q ») — < Q ») 2
(2cosécos7~273cos (7%75))2 < <COS€_CO5_<R7i 6) CObR) + cos? (7%75)
sin

if Ag >0, (9)

(R—6)%—c%> (4\/5—5)732

if A, =0, (6)
2 cosh &cosh R < 3 cosh (7~€ — 5) and

cosh® (R —9) < (

~ R N 2
coshe - COS},l (R~_ 5) COShR) + (2 cosh & cosh R — 3 cosh (7~€ — 5))2
sinh R

if Ap <0, (10)

there exists a radius v > 0 such that P®" deformation-retracts onto M along the (geodesic)
closest point projection waq. The interval from which r can be chosen can be recovered from
(42), (18), and (45) respectively.
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Proof. We combine Theorem 45 and Lemma 46. To improve the readability of the formulas,

we write Z = /|Ag|z.

At first, we assume that A, > 0. Combining Equations (30) and (36) yields:
1 . L cos (7~2 — 5)

-~ [Sin (R + 07) cos € — sin & cos(R — 6)] > COS Ty > m.

(39)
By multiplying both sides of the inequality by sin R cos (R — &) and subtracting sin R cos (R — 9),
we obtain

0 < cos¢ [cos (7~€ — @) sin (ﬁ + )] — cos (7~€ - 5) [cos (ﬁ — @) sin@ + sin 7@] . (40)

Observe that the terms are neatly divided: We have one term with &, followed by an
expression involving R and & in square brackets, and one term with R — 5, followed again
by an expression involving R and & in square brackets.

Using the standard sum and double angle formulas for trigonometric functions, we transform
the terms in the square brackets into

cos (R — a)sin (R+a) = % [sin 2a + sin 2R
and
cos (R — &)sind +sin R = % [sin2& cos R + sin R (3 — cos2a)] .

With this reformulation we extracted all expressions with &. Denoting x := 2a& we finally
rearrange the inequality (40) in terms of cosz and sin a:

0 <sinx [cosé — cos (7@ — 5) CcoSs ﬁ] +cosx [Sinﬁcos (7@ — 5)} +cos £sin 2R—3 sin R cos (7~€ — 5) .

Recall that we want to determine conditions on € and ¢ (in terms of R), under which there
exists a value x € [0, 7] that satisfies the inequality above. To this end, let

A := cos€ — cos (7@ — 5) cosR,
B:=sinRcos (R —9),
C := cosésin 2R — 3sin R cos (7@ — 5) ,
denote the three terms of the right hand side of the inequality. Observe that
A >0, B >0, and C <0. (41)
Indeed, the inequalities
0<R—-6<R<7/2 and e<R
imply
0< cosR < cos (7@ - 5) and cosR < Cos e,
and thus
A = cosé — cos (ﬁ — 5) cosR > cos R (1 — cos (7@ — 5)) >0,

sifﬁ = 2cosécos R — 3cos (7375) < cosR(2cosé —3) < 0.
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Define
f:[0,7] = R, f(z) = Asinz + Bcosz + C.

Our goal is to determine if there exists a point = € [0, 7] with f(z) > 0. Consider z € [0, 7]
B : A s . oL .
jctzc})l ihgt COST0 = g and sinzg = T With this definition we can rewrite
x) >0 as

C
f(I) =V A2 + B2 <COS(HZ - 330) + \/m) > 0. (42)

We see that f has only one global maximum value in the interval [0, 7], namely at 7. Hence,
there exists a point x € [0, 7] with f(z) > 0 if and only if the global maximum z( of f
satisfies f(x) > 0. This, in turns, translates into
+ L >0
VA2 B2 T
that is, —C < v/A2 + B2. Thanks to (41), this can be rewritten as C? < A% + B2
Plugging in the values of A, B, and C' yields

COS € — COS (7~€ — 5) cos R
sinR

2
(200850057@—3005(7@—5))2§ ( ) + cos? (7@—5) (9)
When A, = 0, the proof reduces to calculations identical to those in the proof of Proposition 7.
We refrain from repeating them here, and refer the reader back to the proof.

Finally, we assume that Ay, < 0. Our procedure is identical to the treatment of the case
where Ay > 0. Combining Equations (30) and (36) yields:

= — [sinh (7~€ + &) cosh & — sinh & cosh(R — 5)} < cosh 7y, < cosh (R — 9)

_ 43
sinh R ~ cosh (R — d) (43)

By multiplying both sides of the inequality by sinh R cosh (7~2 — d) and subtracting
sinh R cosh (7~€ — 5), we obtain

0> coshé [cosh (72 — 07) sinh (7@ + d)] — cosh (’f% — 5) [cosh (7@ — &) sinh & + sinh 72} .
(44)

We transform the terms in the square brackets into

cosh (7@ — 07) sinh (7@ + d) = % [Sinh 26 + sinh 27@]
and
cosh (7~€ — @) sinh & + sinh R = % [sinh 2a cosh R + sinh R (3 — cosh 24a)] .
Denoting x := 2& we finally rearrange the inequality (44) into a polynomial in cosh z and

sinh x:

0 >sinhz [Cosh & — cosh (7@ — 5) cosh 7@} + cosh x [cosh (7@ — 5) sinh 7@}
+ cosh £sinh 2R — 3sinh R cosh (7~2 — 5) .
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Recall that we want to determine conditions on € and ¢ (in terms of R), under which there
exists a value z > 0 that satisfies the inequality above. To this end, let

Ap = cosh & — cosh (7@ - 5) cosh R,
By, := sinh R cosh (7@ — 5) ,
C), := cosh £sinh 2R — 3sinh R cosh (7@ — 5) ,

denote the three terms of the right hand side of the inequality. Observe that
A <0, By >0, and Ay + By, > 0.
Indeed, the inequality 0 < & < R implies cosh & < cosh R, and thus

Ay, = coshé — cosh (R — 5) coshR < coshR (1 — cosh (R - 5)) <0,

Ap, + By, = coshé — 6_7é cosh (ﬁ — 5) > coshé — 6_7é coshR = cosh & — % (1 + 6_2R> > 0.
Define
g:]0,00) = R, g(z) = Ap sinhz + By, coshz + C},.

Because Ay, + By, > 0, we have that B,zl — A,% > 0. We now define p to be the positive solution
of the equations

P = B2 - A2,

Because cosh?(x) — sinh?(z) = 1 and 0 < —Aj, < By, there exists an xo such that —Aj =
psinhxg and Bj, = pcoshzg. Indeed, xq is given by xg = arctan(—Ay/By). Using the sum
formula for cosh(a — b) we get the condition

%g(m) = cosh(zx — xo) + % <0. (45)

Since the minimum of ¢ — cosht is 1, this condition reduces to % < —1, or equivalently

Cp < —\/B} — A3 (46)

It is not difficult to recover the interval where g(z) < 0 from (45). It is convenient to
reformulate (46) as

Ch<0 and Bi < A7 +C}.
In terms of &8, and R, these inequalities are equivalent to

2 cosh &cosh R < 3 cosh (7@ — S) and

cosh & — cosh (7~3 )
sinh R

2
- - h - - -
cosh? (R-9) < ( ) cos R) + (2coshécosh R — 3 cosh (R—6))2.
(10)

<



50

Learning Homotopy in Euclidean Spaces and Riemannian Manifolds

B.4 Tightness of the bounds on the sampling parameters

We now prove that the bounds in the Riemannian setting are also tight in the following
sense:

» Proposition 47. Let Ay € R. Assume that the one-sided Hausdorff distances € and 0 fail to
satisfy bound (7). Then there exists a manifold N (namely a space form) of dimension d > 2
whose sectional curvatures satisfy K > Ay (in fact K = Ay), a subset S C N of positive (cut
locus) reach R, and a sample P that satisfy Universal Assumption 14, while the homology of
the union of balls PP does not equal the homology of S for any r.

» Proposition 48. Let Ay € R. Assume moreover that the one-sided Hausdorff distances &
and ¢ fail to satisfy bound (9), and § < e. Then there exists a manifold N (namely a space
form®) of dimension d > 3 whose sectional curvatures satisfy K > A, (in fact K = Ay), a
submanifold M C N of positive (cut locus) reach, and a sample P that satisfy Universal
Assumption 14, while the homology of the union of balls PP does not equal the homology of
M for any r.

As in Section 4.4, we prove Propositions 47 and 48 by an explicit construction. We construct
the set S, the manifold M, and the corresponding samples in Examples 51 and 53, respectively.

» Remark 49. As in Section 4.4, our construction involves a large (but finite) number of
annuli or tori in a space form. If the curvature of the space form is positive then its volume
is finite, such as in Figure 22. To be able to accommodate all the annuli, resp. tori, in our
space form, we have to assume that it consists of multiple connected components.

Instead of resorting to multiple connected components one could also weaken the statement
as follows:

» Proposition 50. Let Ay € R. Assume that the one-sided Hausdorff distances ¢ and § fail
to satisfy bound (7) ((9) respectively). Then there exists no r such that
for any manifold N of dimension d > 2 (d > 3 respectively), whose sectional curvatures
satisfy K > Ay,
for any a subset S C N of positive cut locus reach R (for every manifold M C N of
positive cut locus reach R, respectively), and
for any sample P that satisfies Universal Assumption 1/
the homology of the union of balls P®" equals the homology of S (M respectively).

B.4.1 Subsets of Riemannian manifolds with positive reach

The construction of example in a space form of non-zero curvature, with which we prove
Proposition 47, generalizes the construction in Euclidean space (Example 31) quite directly,
see Figure 23.

» Example 51. We choose N to be a two-dimensional space form of curvature Ay, which we
denote by H?(Ay). The set S is a union of annuli, where by an annulus A; we mean a set
A; = B(2;, R+ 2¢) \ B(2;,R)° C H?(Ay). We call the point z; € H?(A,) the centre of the
annulus. We assume the annuli lie at a distance at least 2R away from each other.

9 In the case of positive curvature we need a space with multiple connected components, that is, a number
of spheres. See Remark 49 for a more extensive discussion.
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Figure 22 An illustration of an annulus (in blue) on the sphere (in gray, we depict only half the
sphere for the visualization) as well as the sample P (in red). It is clear from the figure that the
annulus takes up so much space that placing another one in the same sphere is impossible.

The sample consists of a geodesic circle C; = 9B(z;, R + ¢) and two points {p;,p;} C
0B(z;, R — 0) that are separated by a distance 2r; for each annulus A;. We provide an
explicit definition for the parameter r; shortly.

We recall that bisectors in H?(Ay) are geodesics. Thus, the bisector of the points p; and j;
intersects the circle C; in two points. We let ¢; be the intersection point that is the closest
to p; (and thus p;).

Consider the triangle p;p;q;. We denote its circumradius by R; and note that R; > r;. Finally,
we define the distance 2r; between each pair of points p; and p;: We set the distance o to be

To = %d (q07 qo) ;
and define

R;, if Ry <1-—24,
Tir1 =
o 1 -6, otherwise.

Figure 23 A sequence of annuli on a space form.

Next, we prove the generalization of Lemma 32.

» Lemma 52. Ife and § fail to satisfy the bound (7), then, for any r; € [0,1 — ¢],
= the triangle p;p;q; is strictly self-centred;
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Figure 24 A single annulus with sample in hyperbolic space, visualized using the Minkowski or
hyperboloid model [72]. The limiting cone of the hyperboloid is included in transparent light blue.

= there exists a constant ¢ > 0, depending only on 6, €, and Ay, such that R; — r; > cry.

Proof. We observe that the triangle p;p;q; is self-centred for a sufficiently small value of r;
(see Figure 25).

Recall that the point z; is the centre of C;, and let C{ be the geodesic circle centred at z;
with radius R — d. That is,

C! = 8B(z;, R — 9).

By construction, the circle C} contains the points p; and p;, while the circle C; contains
the point ¢;. Because the circumcentre of a triangle in a two-dimensional space lies on the
bisector of any two of its vertices, the circumcentre of the triangle p;p;q; lies on the geodesic
that contains the points ¢; and z; — the bisector of p; and p;. By definition, the midpoint
u; of the segment connecting p; and p; lies on the bisector of p; and p;.

We observe that the triangle p;p;q; is (strictly) self-centred if and only if the distance d(g;, ;)
is (strictly) longer than the circumradius of p;p;g;. In other words, the transition between
self-centredness and non-self-centredness happens when d(g;, ;) = d(ps, p;) = d(Ps, ps) = 7.
We now consider the triangle z;q;p;, which is right-angled. At the moment when the triangle
piP;q; transitions from self-centred to non-self-centred, the edge lengths of the triangle z;q;p;
are R — 0, R + ¢ —ry, and r; (see Figure 25). Applying the law of cosines yields

cos(v/Ay(R — 8)) = cos(v/Ay(R + & — 1)) cos(v/Aery)
* (cos(VRR + )+ cos(VRR +2 —2r))) . (FAr>0)
cosh(v/|A¢|(R — 0)) = cosh(y/|Ae|(R + & — 1)) cosh(y/|Ae|rs)

_ % (cosh(v/TA(R + ) + cosh(/[Ad (R + & = 2r4) )
(if Ay < 0)
(47)

Thus, the triangle p;p;q; transitions between self-centred and non-self-centred if the above
equations have a real solution. Finally, since for a sufficiently small value of r; the triangle
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piPiq; is self-centred if there is no solution to the equation (47), the triangle p;p;q; is
self-centred for all r; € [0,1 — §].

The solution to (47) being vacuous is equivalent to € and § failing to satisfy the bound (7).
This completes the proof of the first statement. We note that because the triangle p;p;q; is
strictly self-centred, R; > r; and the second statement of the lemma also follows. <

Figure 25 The figure illustrates the positive curvature case.

Proof of Proposition 47. The example has been set up in such a way that the transitions
of the homology are precisely the same as in the Euclidean setting, and as we have described
in the proof of Proposition 8. Hence, the set S never has the same homology as the union of
balls bep B (p,r), and thus the two never have the same homotopy. <

B.4.2 Submanifolds of Riemannian manifolds with positive reach

The construction of the submanifold of H?(A,) proving Proposition 48 generalizes the
construction of Example 34.

» Example 53. We choose N to be a three-dimensional space form of curvature A,, which
we denote by H?(Ay), and define M C H3(A/) to be a union of tori T;. A geodesic circle
S1(z,7) with centre z and radius 7 in a subspace H?(A,) C H3(A,) is the boundary of a
geodesic 2-ball (disk) B(z,r) C H?(A;). We write Hg for the subspace H?(A,) C H?(A;) that
contains the circle S1(z,7). Whenever we want to express a circle in terms of the subspace
Hy it is lying in, we write S'(z,7, Hg). We refer to Hg as the symmetry plane'’. Finally,
each of the tori T is a R-offset of the circle S}(z;, 2R, Hg) — a circle of radius 2R in H3(Ay).
We refer to z; as the centre of the torus.

We number the tori from ¢ = 0, and we assume that their centres lie on a geodesic at a
distance at least 2R apart from one another, in such a way that they all share one symmetry
plane Hg. Due to this assumption, the cut locus reach of M = J, T; equals R.

The sample P consists of sets C; which are tori with a part cut out, and pairs of points
{pi,Di} lying inside the hole of each torus T;. To construct each set C; we take the J-offset

10We note that Hg is indeed not a plane, but a totally geodesic subspace.
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of the torus T}, keep the part that lies inside the solid torus bounded by 7;, and remove an
e-neighbourhood of the circle S1(z, R, Hg).

Each pair of points, p; and §;, lies on the circle S'(z,R — 8, Hg) at a distance 2r; from each
other. Let ¢; and §; be the two points in the intersection of the bisector of p; and p; and
the set C; that lie closest to p; and ;. Note that g; and §; lie on the boundary'! of C;. We
denote the circumradius of the simplex p;p;¢;G; by R;.

As in the Euclidean setting, we define the distance 2r; between each pair of points p; and p;
inductively. We set the distance rg to be:

ro = 3d(qo, o) -
Moreover, we define
1-96

, otherwise.

{Ri, if R; <1— 4,
Ti+1 =

As before, we need a result on self-centredness of simplices.
» Lemma 54. Ife and § fail to satisfy bound (9), and r; satisfies
r; <1-=4, 2r; > d(qi, Gi), (19)

then
the simplex p;p;q;G; s strictly self-centred;
there exists a constant ¢ > 0, depending only on §, € and Ay, such that R; > r; + c.

pi

Figure 26 The figure illustrates the transition between self-centred and non-self-centred simplices
in the Euclidean case. The blue circles lie in Hg.

Proof. By definition, the circumcentre of the simplex p;p;q;G; lies on the bisector of p; and
p; and the bisector of ¢; and ¢;. Hence, the circumcentre of p;p;¢;§; lies on the geodesic ~;

M Here we think of C; as a manifold with boundary.
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that contains the midpoint p; of p;, p;, and z;. For convenience we assume that ; is arc
length parametrized, that +;(0) = z;, and that, for some parameter ¢ > 0, v;([0,¢]) is the
minimizing geodesic connecting the points z; and p;. We write Q = v;(R) and Z; = v;(2R).
Finally, we denote the midpoint of ¢; and ¢ by [i;, and note that fi; € ;.

We start by noting that if 2r; = d(g;, §;), the circumcentre of the simplex p;p;q;G; is the
midpoint of u; and ji;. Therefore, the simplex p;p;q;G; is self-centred. We denote this
midpoint by ~;(7). As we increase the value of the parameter r;, the circumcentre of p;p;¢;g;
moves along v; in such a way that if we parametrize the movement by 7;(7’), the parameter
7/ decreases.

The transition between self-centredness and non-self-centredness of p;p;q;G; takes place when
the midpoint p; is the circumcentre of p;p;q;G;. This critical point is depicted in Figure 26. In
this case, the distance between the points ¢; and u; equals d(g;, ;) = r;, and, by symmetry,
d(qis pri) = 7).

Let o = d(Qy, ), and consider the two triangles u;Q;q; and @Q;¢;Z; (or the symmetric
triangles p;Q;q; and Q;q;Z;). Applying the law of cosines and using the fact that Zp;Q;q; =
T — £q;Q;Z; yields

cos (\/Eﬁ) =cos (\//TgO/) cos (\//Tga) ,
+ M (cos (\//Tg(R - 5)) — cos (\//TgR) cos (\//Tgs))

sin (\//Tﬂ?,)
(if Ag > 0)

cosh (\/mﬁ) = cosh ( |Ag\o/) cosh (mg)

sinh ( |Ag\o/)
+ W {cosh (\/M(R - 6))

— cosh (\/MR) cosh (mg)} ) (if Ap < 0)
(48)

Non-coincidentally, this expression is, up to relabeling of certain variables, the same as
Equation (38).

On the other hand, applying the law of cosines to the triangle p;u;2; (or symmetrically to
Piptizi) yields

cos /Ae(R — &) = cos v/ Agricos /Ao (R — ), (if Ay > 0)

cosh y/|A¢|(R — &) = cosh \/|Ag|r; cosh \/|Ag|(R — ). (if Ay < 0)
(49)

Combining Equations (48) and (49) yields inequalities (39) and (43), with the inequality
replaced by an equality, and a replaced by o/. A transition between self-centred and non-self-
centred simplices can thus only take place if this equation has a real solution. The existence
of this solution has been analyzed in the proof of Proposition 16, leading to the inequalities
(9) and (10).

In summary, the simplex p;p;q;q; is self-centred if the conditions (19) are satisfied.

Since, for any e and ¢ failing inequalities (9) and (10), the simplex p;p;q;q; is strictly self-
Aa1,3) 1 _

5

centred for all r € [ 5} , there is a lower bound on the difference between the length

2r; of the edge p;p; and the circumradius of the simplex p;p;q;G;. From this we deduce the
second claim of the lemma. <
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Proof of Proposition 48. The example has been set up in such a way that the transitions
of the homology are precisely the same as in the Euclidean setting, and as we have described
in the proof of Proposition 9. Once again, the manifold M never has the same homology as
the union of balls |J,cp B(p,r), and thus the two never have the same homotopy. <
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Appendix |l: Additional material

C The Toponogov comparison theorem and spaces of constant
curvature

We rely on the Toponogov comparison theorems and the geometry of spaces of constant
curvature. In this appendix we recall the results we use, however for the reader that is
completely unfamiliar with the topic it may help to also take a look at the pedagogical
overview in [17].

We use the notation H(A) for the complete, simply connected space of dimension 2 with
constant sectional curvature A. A complete simply connected space with constant sectional
curvature is also called a space form. Unless we state differently we assume a space of
constant curvature to mean a space form.

The 2-dimensional space of constant curvature A is, explicitly [17, Theorem 39, pp. 228]:

—=HYP? if A<0

L
H(A) = { E2 if A=0 (50)
£ if A>0.

where HYP?, E2 and S? denote, respectively, the 2-dimensional hyperbolic space, Euclidean
space and sphere.
We are now ready to make the following definitions.

» Definition 55 (Geodesic triangle). A geodesic triangle ABC' in a Riemannian manifold N
consists of three minimizing geodesics connecting the three points A, B, C, sometimes also
referred to as vertices. (We stress that a geodesic triangle does not include an interior.)

Complete Riemannian manifolds with positive lower bound on sectional curvature have
bounded diameter [17, Theorem 62, pp. 266]:

» Theorem 56 (Bonnet-Schoenberg-Myers theorem). If a complete Riemannian manifold N
has sectional curvature K bounded below by a positive constant Ay:

0< Ag < K,
then it satisfies:

diam(N) < . (51)

ek

The next two theorems are adapted from [25, Theorems IX.5.1 and IX.5.2]. Since, unlike in
[25], our definition of geodesic triangles requires each edge to be a minimizing geodesic, and
thanks to (51), the statements in [25] can be simplified.

» Theorem 57 (Alexandrov-Toponogov distance comparison theorem). Let N be a complete
Riemannian manifold with sectional curvatures bounded below by Ay.

Let ABC be a geodesic triangle in N'. Let us denote by a,b,and c the respective lengths of
sides BC,CA, and AB, and by « the angle at vertex A (see Figure 27). Then there exists a
geodesic triangle A'B'C" in H(Ay) such that sides A’B’ and A'C’" have respective lengths ¢
and b and whose angle at A’ is o. If a’ is the length of edge B'C’, then:

a<dad
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» Theorem 58 (Alexandrov-Toponogov angle comparison theorem). Let N be a complete
Riemannian manifold with sectional curvatures bounded below by Ay.

Let ABC be a geodesic triangle in N'. Let us denote by a,b,and c the respective lengths of
sides BC,CA, and AB, and by a, B and ~ the respective angles at vertex A, B, and C (see
Figure 27).

Then there exists a geodesic triangle A'B'C’ in H(Ay) such that sides B'C',C'A’, and A'B’
have respective lengths a,b, and c, and, if o, 8’ and ' are the respective angles at vertex A’,
B’, and C', then:

a >d
B =>p
v =7

Unless Ay > 0, and one of side lengths a,b, or ¢, is \/%2, the triangle A’B'C’' is uniquely
determined, up to isometries.

Figure 27 Triangle with the standard symbols for angles and lengths.

» Remark 59. The case, in Theorem 58, where A, > 0, and one of side lengths a,b, or ¢, is
ﬁ can be ignored, in light of (51), if the sectional curvature is assumed bounded below by

some A, > Ay, where A’ can be chosen arbitrarily close to Ag.

» Remark 60. Propositions similar to Theorems 57 and 58 hold for manifolds with upper
bounded sectional curvature, that imply reversed inequalities, but they require additional
conditions, in particular for the edge lengths to not exceed the injectivity radius.

Theorem 57 will be combined with the law of cosines for spaces of constant curvature.

» Proposition 61 (Law of cosines). We consider a geodesic triangle ABC in H(A;). We
denote by a = length(BC), b = length(CA) and ¢ = length(AB) the side lengths and by «
the angle at vertex A, as pictured on Figure 27.
In the hyperbolic case, that is when A < 0, then:

cosh \/Wa = cosh \/WC cosh \/Wb — sinh \/WC sinh \/Wb cos o
In the Fuclidean case, that is when A =0, then:

a’> =c* +b* —2cbeosa
In the spherical case, that is when A > 0, then:

cos VAa = cos V'Ac cos VAb + sin VAe sin VAb cos a
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D Bounds on the reach of submanifolds of Riemannian manifolds
with positive lower bound on the curvature

In Theorem 45 we have used the Bonnet-Schoenberg-Myers theorem (Theorem 56) to prove
that the reach of a set in a Riemannian manifold with positive curvature Ay is upper bounded
by ﬁ In this section we improve this bound by a factor of two in the case where the set
in question is a manifold. The proof adjusts the argument for the Bonnet-Schoenberg-Myers
theorem as given in [17, Theorem 62]. For this, we need to recall notation and a result
from [17, Section 6.2].

Let [a,b] C R be an interval in R, and ¢ € [a, b]. Following Berger [17], we write ¢, (t) = ¢(a, t)
for a family of curves neighbouring a geodesic v(¢) = ¢o(t). The infinitesimal displacement is
denoted by

_ Oc

Y(t)= o

a=0

We assume that the displacement is orthogonal to the geodesic. We denote the sectional
curvature for the directions v, w by K (v, w), and write V; for the covariant derivative. If the
endpoints of ¢, are fixed then [17, Equation (6.7)]

0%length c,

b
a2 o :/a (||VtY(t)H2 _ K(,y/(t)7Y(t))||y(t)”2) dt. (52)

If the endpoints are not fixed, Equation (52) gains an additional term [25, Theorem I1.4.3]:

Ylength ¢ b
TG = (Valuele ) oo YO 7+ [ (VYOI ~ K0, Y @)Y O)) .

(53)

a=0

Naturally, if the endpoints of ¢, are not fixed, the first variation is non-zero (see [25, Theorem
I1.4.1]) and, using that v is a geodesic, we have

Olength ¢,

o = (Y (1),7'(1) II=%. (54

a=0

» Lemma 62. Suppose that the sectional curvatures of a Riemannian manifold N are lower
bounded by Ay > 0. Let M C N be a C? submanifold of N of dimension and codimension
at least one, with cut locus reach clyr(M) > 0. Then,

™

rchfy (M) < 5

8

Proof. To derive a contradiction assume that rchﬁ\lf(/\/l) > 2\}’@. For any point p € A/ \ M
sufficiently close to M, the minimizing geodesic from p to M has a tangent vector that
is normal to M at the endpoint of the geodesic. Let us call this endpoint ¢ € M, set

L = 2rch}(M), and parametrize the geodesic by a map

Sliad

vi[-5.5] >N

in such a way that ~ is arc length parametrized and v(0) = q. We refer to Figure 28 for an
overview of the notation used. Furthermore, pick a tangent vector Z € T,M C T,N. Due to
the definition of v, the vectors Z and +/(0) are perpendicular.
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v(t)
Ca (t)

Figure 28 The figure illustrates the notation used in Appendix D. The second order behaviour
of ca(t) is determined by the vector W. However, W is not indicated in the figure.

As in the proof of [17, Theorem 62], we then consider the parallel transport of Z along -,
which we denote by Z(t). With L = 2rch§;(M), we define

Y:[-L Ll —TN, Y (t) = cos (5£) Z(t).

We choose the second order derivative of ¢(«, t) with respect to « as follows. We write 1(«)
for the geodesic in M emanating from ¢ in the direction Z, i.e., n(0) = ¢ and 7'(0) = Z.
Next, we set

W = Vo' (@) |a=o

and, as with the vector Z, use parallel transport along v to extend the vector W to a vector
field W(t) along the entire length of . Finally, we impose that

Va0ac(a,t) |a=o= cos ("ft) W (t).

We stress that, since the vector Z lies in the tangent space T, M and due to the way the
vector field W (t) is defined, the members of the family of curves ¢, arising from Y (¢) pass
(up to second order) through M.

Finally, write ¢, (¢) for the restriction of c,(t) to the interval [—%, 0], and ¢, (t) for the
restriction of ¢, () to the interval [0, £]. With this notation, and applying L = 2rch§,(M) >

i Bquation (53) yields

0?length ¢, (t)

da? = <Va8ac(a,t) ‘a:0a’y/(t)> iZSL/z

< (W,~'(0))

a=0
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and

d%length 1), (1)
Oa?

= <vaaocc(aat) ‘a:()a’}/(t» iig/Q

L/2 /2 ) Tt it
+/0 ﬁSlnz (L) ||Z||2 _ K(’y’(t),Y(t)) cos? (L) ZIQ) dt

L/2 t t
w7 (s (5 0 - dveost (5) 1212

Observe that, because (Y (0),~/(0)) = 0, the first order variation of the length is zero. We
conclude that the length of at least one of the curves v, (t) and 1, (t) decreases in the second
order as « increases.

At the same time, the paths ¥4 (t) and ¥,(t) end and start, respectively, at the second
order Taylor approximation of n(«). Furthermore, the distance between 7(«) and its second
order Taylor approximation is zero up to second order. Hence, at least one of the paths
{v(t)|t € [0,£%]} is not the shortest geodesic to M —— contradicting our assumption. <

» Remark 63. The assumption that M is C? can be removed with some additional technical
work. Indeed, it is known [61, 62] that submanifolds of positive reach are C1'!, meaning
that the tangent bundle is Lipschitz. And one can locally smoothen C'''! manifolds without
(significantly) decreasing their reach.'> We refer the reader to [53] for an introduction to
smoothing.

E Alternative proofs

Alternative proof of Theorem 8  Let us prove that the set (¢ + Nor(q, S)) N B(g, R) N P®" is
star-shaped with respect to . For this, consider a point z € (g + Nor(q, S)) N B(q, R) N P®"
and let us prove that the segment xq is also contained in P®". We consider two cases. First,
suppose that ||z — ¢|| < a. In that case, zq C B(g,a) € S®* C P®* and we are done.
Second, suppose that ||z — ¢|| > « as illustrated on Figure 29.

In that case, x # ¢ and the half-line with origin at ¢ and passing through x is well-defined.
Let y be the point on this half-line whose distance to ¢ is . Let z be the point on this
half-line whose distance to ¢ is R. Because « € B(g, R), we have that = lies on the segment
qz. Let p be any point of P whose distance to = is smaller than or equal to r. It is this
assumption that later gives || — p|| < r. Let p’ be the projection of p onto the straight-line
passing through ¢ and z. We have that the five points z, y, z, ¢ and p’ are aligned and y lies
between z and q. We claim that y also lies between x and p’. The claim is clearly true if ¢
lies between x and p’. Let us assume that g does not lie between = and p’, in other words,
let us assume that p’ is on the half-line with origin at ¢ and passing through z, as in Figure
29. Let ¢ be the internal angle of triangle xpz at x. The law of cosines gives:

Iz =pl* = llz = | + [l — p|* - 2|z — z[l|lz — p]| cos . (55)

12 Doing so globally is not as easy as one may expect and it will be reported on in a different publication.
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Figure 29 For the alternate proof of Theorem 3.

By Theorem 22, the interior of B(z, R) does not intersect S and because P C ST we have
Iz — p|| > R — . By construction, we have that ||z — p|| < r. Furthermore, ||z — z|| =
Iz —qll = llg — z|| <R — a. It follows that

2z — x|z — pllcosp = ||z — z||* + ||z — p||* — ||z — p||? (reshuffling (55))
<(R—-a)?+72—(R—6)?
<0,

showing that cos¢ < 0, or equivalently ¢ > 7. Hence, p’ lies on the segment qz. Let us
show that ||¢ — p|| < a. Because p’ belongs to the segment gz C gz, we have

lg =2l =llg =2l = Ip' — =]
=R—Vlz—pll>—1lp' -l
<R -]z —pl? Iz —p]?
<R—V(R-62-72

<a=|q-yl

Hence, y lies between x and p’. This shows that the distance to p decreases as we move along
the segment zy, starting from x and going toward y. It follows that zy C B(p,r) C P,
Since yq C B(g,a) C SBe ¢ PP we deduce that the whole segment zq belongs to P®".
The proof is completed by using the same deformation retract argument as in the first version
of the proof. O

As mentioned in the Remark 6, the interval (4) can be extended somewhat to

re[;<R+5—\/Z),\/;(R—6)2+;(R+5)\/K . (5)

This is a consequence of this slightly more complicated proof.
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Alternative proof of Proposition 7 Combining the bound from Lemma 23 with the conditions
of Theorem 3, we obtain that the union of balls P®" deformation-retracts onto S along the
closest point projection as soon as the following two inequalities are satisfied:

(a+e)?<r? < (R—-6)?—(R—a) (56)

In particular, the inequality between leftmost and rightmost members, which needs to be
satisfied for a non-empty range of values for r to exist, can be rearranged as:

20 +2a(e —R) — (R-98)*+2+R*<0.

Using the abc-formula for quadratic equations, the above inequality is satisfied for all
a € [amina amax]7 with

1
Qmin = §(R_E_\/Z)a
1
Qmax — 5(7?»_5“!_\/&),
where the discriminant is
A=2(R~-0)?>—(R+e)

The interval [min, @max] 18 non-empty whenever the discriminant is positive, that is, whenever
£+ 26 < (V2 —1)R, which we have assumed to be true. We thus deduce that for all r
such that

(amin + 5)2 S 7"2 S (R - 6)2 - (R - amax)27

or equivalently for all r that satisfies (5), we can find & € [aupin, @max] that satisfies the
inequalities in (56). Hence, for that «, the assumptions of Lemma 23 are satisfied, which in
turn implies that Theorem 3 can be applied, allowing us to conclude the proof. O

F Previous work on the reach and medial axis in Riemannian

manifolds

The reach and medial axis in Riemannian manifolds have been studied intensely in the past
by Kleinjohann [56, 57] and Bangert [15], see also [23]. We introduce Bangert’s definition,
which makes Kleinjohann’s definition a little more precise. The unique projection point set is
the complement of the medial axis axp/(S) (defined by Equation (23)). It is defined as

Unp(S) := {q € N'| Card(rs(q)) = 1},

where Card(A) denotes the cardinality of the set A. With this notation, Bangert defines the
local feature size'® (Ifs5) and the reach rch”(S) as follows:

» Definition 64 (Bangert's reach [15]). The local feature size of a point p € S is defined as
Ifsg (p) := sup{r > 0| B(p,r) C Unp(S)}.

The reach of the set S is given by rch®(S) = inf,cs Ifs5 (p).

3 Bangert follows Federer and writes rch(p, S) for the local feature size.
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This definition is not sufficient for our purposes. Indeed, consider an example where A is
a sphere, and S is a point on it. In this setting, Unp(S) = A, and thus rch?(S) = co. As
a result, the cut locus (Definition 12) is ignored, which is not possible in our setting. In
particular, because the reach is infinite one would expect that the ball centred at the point
itself has the homotopy type of a point for any radius. However, clearly, this ball has the
homotopy type of the sphere itself once the radius of the ball is 7 times the radius of sphere.
Recently, Boissonnat et al. [23] suggested to add the injectivity radius as a bound on the
reach. However, this too is slightly suboptimal. This is illustrated by the example'* of the
cylinder, that is the product of R and the circle S. With a slight abuse of notation we’ll
also refer to the symmetrically embedded circle in S x R as S as well. Let P C S be a
sample. For any sufficiently'® large radius r the thickening P®" deformation retracts onto S.
Another (compact and slightly more sophisticated) example illustrating the suboptimality
of including the injectivity radius in the definition of the reach is a subset of the flat torus
(eS?) x St, where 0 < £ < 1. The sectional curvature (or Gaussian curvature) of this flat
torus is identically equal to zero and its injectivity radius is we. Let 0 < 8 < m —e. We now
consider the set

[—0,0)s1 := {(cost,sint) € S* | t € [-0,0]}.

The cut locus reach of the set S = (eS!) x [0,0]s: C (eS') x S! is 7 — 0. The cut locus
reach corresponds to the upper bound of the range r for which the offset PP of a sample
P C (eS') x [0, 0]s: deformation retracts onto S.

It therefore makes sense to use the cut locus reach in our context and not the reach as
defined in [23]. We should admit that in some contexts (in particular when triangulating
submanifolds) it is convenient for the balls in the ambient manifold to be topological balls,
which is not the case for large radii here. In [23], Bangert’s reach is called the pre-reach.

G The cut locus is the singular set of the distance function

This section in the appendix has been added for the convenience of the reader (and to
maintain the anonymity of the authors), but the results are part of a separate larger project,
the full details of which will be reported upon later.

G.1 generalized gradient of the distance function in Riemannian
manifolds

In this section we recall some definitions and results from [9, Section 4].

We denote by T;N the dual space!® of T,N. We use the natural map from the tangent
space to its dual induced by the metric. In particular, for u € T N, u* € T,N denotes its
dual vector, defined by: Vv € T,N, (u*,v) = u(v).

We now recall a version of Hadamard’s definition of differentiation [40] for manifolds. If
f: N — R is a smooth function and df € Ty N its differential at p, then:

Vw e TN, flexp,(w)) — f(p) = {df (p)",w) + o(lw]), w—0, (57)

4 This example was also used in [23].

151t suffices for S C por.

16 This duality refers to the duality of linear spaces not of cones. In particular this has nothing to do with
the Dual as used by Federer.
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where () : T,N x T,N — R denotes the Riemannian inner product at p and exp the
exponential map.

» Definition 65 (Superdifferential [9]). Consider a (not necessarily smooth) function f : N —
R. We say that v € T,N belongs to the superdifferential of f at p, denoted d* f(p), if:

Vw € TN,  flexp,(w)) — f(p) < (v,w) + o(|w]), (58)
as w — 0.

» Remark 66. By definition, d*t f(p) is a convex closed subset of T,N. Moreover, the
superdifferential d* f(p) is uniformly bounded for every p in some open set U if and only if f
is uniformly Lipschitz in U.

» Remark 67. Note also that f is differentiable at x if and only if d* f(p) is a single point, in
which case d* f(p) = {df (p)*}.

In this appendix we make the following global assumption and use the following abbreviated
notation:

We assume the Riemannian manifold N is complete and at least C2. If S is a closed
subset of N we write ps : N’ — R for the distance to S:

ps(p) :==d(p,S)

In [60] it was proven that any open bounded subset in Euclidean space has the same homotopy
type as its medial axis. Albano et al. [9] extended this result to any open bounded subset
Q) of a Riemannian manifold. The proof (in [9]) made use of more sophisticated tools from
non-smooth analysis [36], namely the properties of semi-concave functions [8], compared
to the tools in [60]. These techniques shortened the proof of [60] as well as allowing the
extension to the Riemannian setting.

However the formulation of [9] diverges quite significantly from the standard definition (in
computational geometry and topology) of the set of interest and instead hacks back to
Thom’s work on singularity theory and in particular his results on the singularities of the cut
locus [71]. In Albano et al.’s main Theorem [9, Theorem 5.3], the medial axis is replaced, in
the Riemannian context, by the singular set of the distance function pgq to the boundary
00 of , set of points where pyq is not differentiable. In the introduction [9, Page 3] we
read that “the singular set of the distance function is closely related to the cut-locus of the
boundary of 27, as part of the motivation for their work. However, no more formal assertion
is given in [9].

Our Theorem 69 below asserts that the singular set is the cut locus of 92. Although our
initial motivation for this work was the homotopy learning result in the main body of this
text we believe that our practical characterization of the singular set of the distance function
will be of more general use in computational geometry and topology.

The main idea of the proof in [9] resembles the core of [60] quite closely. More precisely, the
authors build a continuous flow ® : 2 x [0,00) — €2 induced by a generalized gradient of psq
as defined in Definition 65. This flow is proven to realize a homotopy equivalence (more
precisely a weak deformation retraction) between Q and the singular set of psq. The flow, in
the setting of [9], “pushes” points in the open set  inside Q away from its boundary 9. In
our setting we consider a closed § = ¢ and the same flow &5 : §¢ x [0,00) — S§¢ “pushes”
points in 8¢ away from S, in the direction of steepest ascent of ps.
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G.2 Result: the characterization of the singular set

Our main result is more general than just the characterization of the singular set. We give a
geometric interpretation of the superdifferential. For this geometric interpretation we have
to make the following definition.

» Definition 68 (Directions of shortest paths to §). Let S be a closed subset of the complete
Riemannian manifold N'. If p is a point in N'\ S, then the directions of shortest paths to S
at p, denoted I's(p) is the subset of the unit sphere in TN of all directions of minimizing
geodesics from p to S, that is,

1
Ls(p) := —exp, " (B(p,ps(p)) NS). (59)
ps(p) "
Having defined our geometric interpretation we are ready to state our main result on the
superdifferential.

» Theorem 69. If S is a closed subset of the complete Riemann manifold N and p a point
in N'\'S, then

d*ps(p) = —CH(Ts(p)), (60)
where CH(-) denotes the convezr hull.

Section G.3 is dedicated to the proof of Theorem 69.

The singular set of psq : @ — R, where pgq is as defined in [9], is the singular set of our
ps : 8¢ — R in our setting. This singular set is by definition the set of points where pg is
not differentiable, it corresponds to the set of points p where d*ps(p) is a not a singleton,
and thus, by Theorem 69, is the set of points where I's(p) is a not a singleton, which in turn
coincides with the set of point p where there are more than one minimizing geodesics to S.
It follows that:

» Corollary 70. The singular set of both our distance function and the distance function as
defined in [9] coincides with the cut locus of Definition 12.

The rest of this section will discuss the consequences of this central result. In particular
we are working towards characterizations of the medial axis and normal cones that imitate
Federer’s definitions in Fuclidean space as closely as possible.

We now need to recall/introduce some notation. We write @5 : N\ S x [0,00) = N\ S for
the outward directed flow. As in [9], the trajectory of a single point p € A"\ S is denoted by
v :[0,00) = N'\'S, so that y(t) = ®s(p,t) and in particular y(0) = p.

It is convenient for us to give an explicit expression of the relation between the superdifferential
and the (right) derivative of ¢t — ®s(p,t) below. This relation is only implicit in [9, Theorem
4.4].

» Lemma 71. For allp e N\ S, t — ®s(p,t) is Lipschitz. In particular it is differentiable
for almost all ¢ € [0,00) and

d
@qls(p, t) = Tatps(@s(pt) (0)  a.e. (61)

where Ta+ 5 (p)(0) == argmin,c g+, () [w| is the orthogonal projection of 0 on the convex set
d*ps(p).



D. Attali, H. Dal Poz Koufimska, C. Fillmore, I. Ghosh, A. Lieutier, E. Stephenson, and M. Wintraecken

Moreover, for allp € N'\'S, the map t — ®s(p,t) is right differentiable for all t € [0, 00)
and:

d
dtﬁfﬁs (P, t) = Tatps(@s(p,t))(0) (62)

where d% denotes the right derivative with respect to t.

Proof. We follow [9, Section 4] and denote the supergradient of ps at point p by C, that
is C :=d " ps(p). Theorem [9, Theorem 4.4] tells us that y — () is Lipschitz and a has a
right derivative everywhere. (Actually it is 1-Lipschitz by Theorem 69).

Note that Equations (4.5) and (4.6) in [9, Theorem 4.4] give,

V() € C:=d"ps(p), (63)
where 7/(t) := S4(t) = -4 ®s(p,t) is the right derivative of t — v(t), and

(1)) = (7 (0,4} (64)

respectively in our setting. Since pg is Lipschitz, one has:

Gos0) = gz s (e, 07'0). (65)

By writing out the definition of the super differential, we see that
Vo e C\Vw € TN,  ps(exp,(w)) — ps(p) < (v,w) + of|w]).
In particular, taking w = uy/(t), we have
Yo e C,  pslexp,(ur/ () — ps(p) < u(v,y'(t)) + o(|uy'(t)]).
Thanks to the definition of the right derivative we have that

i ps(exp,(uwy'(t))) — ps(p) d
im = —
uN\0 u dut |u=

oS (expy(t) UW/(t)) )
so that together with (65), we find

Yo € O, —ps(r(t) < (0,7 ().
Combining this with (64) yields
Vo e C, (7 (0,7 (1) < (0,7'(1)).
which can be reshuffled into
Vo € C, (v—79'(t),7(t)) > 0.
We finally rewrite this identity as
Vv e C, (v,0) = (¥ (),7 (1) = (v =7 (t),v = 7'(#)) + 2 (v = ¥'(£),7'(t)) = 0.

Since v/(t) € C by (63), this shows that 4/(¢) is the point in C' closest to 0 which proves (62).
Because +y is Lipschitz, it is differentiable almost everywhere and, when it is, its derivative is
equal to its right derivative, which gives (61). <
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» Remark 72. Since t — ®s(p,t) is 1-Lipschitz, it is differentiable almost everywhere and is
the integral of its derivative.

Following the flow of the distance function for time 7 decreases the distance to S with 7 if
one stays outside the cut locus. More precisely we have,

» Lemma 73. For anyp e N'\ S:

(66)

2{:1 if ®s(p,t) & cln(S)

d d
o ¢ 7t = 7@ 7t
dterS( s(pt)) ’dﬁ s(p.1) <1 if ®s(p,t)€cly(S)

Proof. The first equality is exactly Equation (4.6) in [9, Theorem 4.4] rewritten in our
notation and for our setting. By definition of the cut locus, ®5(p,t) € cly(S) if and only if
I's(®s(p,t)) contains at least two points. Since I's(®s(p,t)) is a subset of the unit sphere
in Tgg(p,p N, we get that the projection of 0 on the convex hull of I's(®s(p,t)) is strictly
inside the unit ball if and only if ®5(p,t) is on the cut locus. The second equality/inequality
follows then by Theorem 69 and (62) of Lemma 71. <

We also have the following result which is reminiscent of part of Theorem 4.8 (12) of [44]
and improves a result that is implicit in the work of Kleinjohann [57].

» Lemma 39. Let 0 < p < rchf\I/(S). Then for any point p € SE° \' S, and any parameter
t € p— ps(p), there is a unique minimizing geodesic from the point ®s(p,t) to S. Moreover,

7s(®s(p,t)) = ms(p),

and the minimizing geodesic from ®s(p,t) to S is the concatenation of the minimizing geodesic
from p to S with the trajectory ®s(p, [0,1]).

Proof. Fort € [0, p—ps(p)] one has ps(Ps(p,t)) < ps(p)+t < p, by (66). Therefore ®s(p,t)
is not in the cut locus, so that there is a unique minimizing geodesic from ®s(p,t) to S.
Moreover, again thanks to (66), the length of ®s(p,[0,¢]) is t and ps(Ps(p,t)) = ps(p) + ¢,
so that the length of the concatenation of the minimizing geodesic from p to & with the
trajectory ®s(p, [0,t]) is ps(p) +t = ps(Ps(p,t)), which proves the claim. <

We also improve Kleinjohann’s result on ‘Dilatationen’ [57, Satz 3.2 and 3.3]. For this we
recall the following notation. The complement of the open offset of S is denoted:

C*(S):={pe N |ps(p) = p} (25)

> Lemma 41. Let 0 < p < p' < rch(S). Then
chSH(C (8)) = . (26)

and the homotopy H : S x [0, p] — S®?, defined by

H(p.t) = p if pes, o7
v {‘I’Cp'(S)(pamaX(tvps(p))) if pégs, 27

realizes a deformation retract from the thickening S®P to the set S where the trajectory of
each point is a minimizing geodesic to S.
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Proof. Since p/ < rch$(S), Lemma 39 yields that for any p € C#'(S)\S, there is a minimizing
geodesic from ®s(p, p’ — psu(p)) to ms(p).
Equation (66) in Lemma 73, gives that for ¢t € [0, p' — psu(p)], d%‘t:t,pg (Ps(p,t)) =1. Tt

follows that ps(®s(p, o' — ps(p))) = ¢, so that ®s(p, p' — psu(p)) € ICY'(S) and pe,r g (p) <
p' — ps(p). By the triangle inequality ps(p) + pco(s)(p) = p’ and hence we get

¥p e CP(S)\'S, ps(p) + per (s (P) = P

In other words we have that ps is minus Pco’ (s) UP to a constant. It now follows fromt the
definition of the supergradient that

d* perr (s)(p) = —d* ps(p). (67)

Because d¥ ps(p) is a single point, (67) yields that d*pcp/(s) (p) is also a single point. This
in turn implies that Pce (s) 18 differentiable at p. Hence, by Theorem 69, p is not in the cut
locus of C*'(S) which gives (26).

The second claim of the lemma and (27) follow then by considering the flow associated to
the set C”'(S) (or its restriction of he flow to S®#). The flow is continuous with respect to
both p and ¢ and sends the complement C*'(S)¢ of C*'(S) to 8S. <

G.3 Proof of the geometric interpretation of the superdifferential

Before proving Theorem 69 we need a few definitions and lemmas. However, we first make
some simple observations. First observe that, for any p such that 0 < p < ps(p), one has

PSEEps(p)fﬂ(p) = p and
1 -1 Hos(p)—p
I's(p) = S oP, (B (p,p)NS ) = D'sos -0 (D). (68)

Secondly, because pgm, s —» (%) = ps(x) — ps(p) + p, one has

d*ps(p) = d* pgmpsw—o (D) (69)

for any p in N\ SBrs®)—r,
The proof below exploits the fact that the exponential map is locally a diffeomorphism, in
particular we have:

» Lemma 74. Let N be a complete smooth (at least C?) Riemann manifold. For anyp € N,
there and p > 0 and A > 0 such that:
(1) 2p is smaller than the injectivity radius of N,
(2) for any p € N, the maps exp, and eXp;1 restricted to B(p,2p) are A-Lipschitz,
(8) for any p € N, the maps dexp, and (dexpp)_1 restricted to B(p,2p) are uniformly
continuous.

Proof. The injectivity radius of A is known to be positive. Taking 2p smaller than the
injectivity radius, we get that the exponential map is a C! diffeomorphism on B(p,2p).
Because B(p,2p) is compact, conditions (2) and (3) follow. <

» Lemma 75. Let N be a complete Riemann manifold and p,q € N such that 0 < d(p,q) < p
where p is defined in Lemma 74. Let v € TN , be a unit vector such that {exp,(tv) |t €
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[0,d(p, q)]} is the unique minimizing geodesic between p and q i.e. d(p,q)v = expgl(q). Then:

d

a‘tzod(% expp(tw)) = —(v,w) )

In other words one has:

(dpigy(p)” = —v (71)

Moreover, there is 1 > 0 such that the map t — d(q,exp,(tw)) is C* on (—n,n) and there is
a uniform modulus of continuity independent of q on its derivative, formally:

VPEN,VE > 0,30& >0 ‘ vq € B(pap)7th>t2 € (77’777)7

d
[t —to| <a= |- d(q, exp,(tw))

dt |t=t, d(q, epr(t’LU)) <€ (72)

B %lt:tz
such that derivative of the function t — d(q, exp,(tw)) is uniformly continuous on (—n,n),

Proof. Because the exponential map preserves radial distances

d(q, exp,(tw)) = |equ_1 exp,, (tw)],
so that

2

d(q, exp,,(tw))” = <exp;1 exp,, (tw), exp;1 exp,, (tw)). (73)

Since ¢ + exp, tv and t — exp,, t(d equ);l(—v) both parametrize the geodesic between p
and ¢, one also has

q = exp, d(p, q)v = p = exp, d(p, q)(dexp,),  (—v) (74)
We find that
equ_1 exp,, (tw)|i=o = equ_l(p) =(d equ);l(—d(p, q)v), (75)

where the first equality is due to the fact that exp,(0w) = exp,(0) = p and the second
equality follows from (74) and the fact that differentiation is linear.
Differentiating (73) we get

d 2

7 ‘H)d(q, exp, (tw)) (expy ! exp,, (tw), expy * exp,, (tw))

= dt =0
= 2((dexp,),  (—=d(p, q)v), (dexp,), "w)
= 2d(p7 Q)<7v7w>7

where the second equality holds thanks to %‘ +—o XD, (tw) = w and (75) and the last
equality holds by applying Gauss Lemma [39, Lemma 3.5 of Chapter 3| to v/, w’, with
v' = (dexp,);'(—v) and w' = (dexp,), 'w. We stress that with this notation one has
(—v) = (dexp,)p(v') and w = (dexp,),(w’).

For 0 < n < pand t € (—n,7n), exp,(tw) remains in B(p,2p). Therefore, by Lemma 74,
t = d(q, exp,(tw)) = |exp, ! exp, (tw)| is the composition of C'! functions whose modulii of
continuity are independent of ¢ and exp, (tw) and this gives us (72). <

Following Federer’s definition in [44, Theorem 4.8 (2)] we introduce the following in the
Riemannian setting
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» Definition 76 (Set of closest points). If S is a closed subset of the complete Riemann
manifold N and p a point in N'\' S, the set of closest points to S at p, denoted I's(p) is the
set of points in S closests to p:

Ls(p) ={q € S|dp.q) = ps(p)} (76)

We have the following semi-continuity of I's:

» Lemma 77. If S is a closed subset of a complete Riemann manifold N, then

Vpe N\S,Ve>0,3a>0|B(ppsp) +a)NS Cs(p)® (77)
and
Vpe N \S, Ve >0, Ja>0|dp,p) <a=Tsp)CTTs(p)®. (78)

Proof. Consider the sequence of sets

Kn = (B (p, ps(p) + i) mS) \ T's(p)Ees

where T's(p)®°¢ denotes the “open offset” of I's(p), that is

Ts(p)®:={y e N |d(y,Ts(p)) <c}.

The sets K,, are compact sets and

() Kn = (B(p,ps(p) NS) \ Ts(p)™ = 0.
neN

It follows from Cantor’s intersection theorem [63, Section 48] that for some n one has K,, = (),
so that taking 2ac = L gives (B (p, ps(p) + 2a) N S) \ T's(p)B°e = 0, that is,

B (p, ps(p) +22) NS C T's(p)™*=. (79)

This already gives (77). For any p’ € B(p,a), one has ps(p’) < ps(p) + a, which gives

Ts(p') = B, ps®))NS € By, ps(p) + ) NS C B(p, ps(p)+2a)NS C Ls(p)®=. (80)
This is precisely (78). <

To prove the main result we need a result from functional analysis. It seems likely results
similar to the following have been proven, however we have not been able to find a specific
reference. The phrasing of the following elementary lemma is tailored to the proof of the
next one.

» Lemma 78. Let n > 0 and a set of continuous functions Fx = {fy : (—m,n) = R |z € X}
indexed by a set X such that:
(a) every f. € Fx is C* smooth on (—n,n) and the family of derivatives function {f. | z € X}
is uniformly equicontinuous, formally:

Ve >0,3a>0]| VzelX, Vi, ta € (—n,n),
i —ta] <a=[f'(t2) = f'(t1)| <&, (81)
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(b) the derivatives are uniformly bounded:
Vo € XVt € (—n,m), f:(t) € [-1,1]. (82)

(c) We denote by X0, C X the set of indices of functions whose value at 0 is minimal and

min =
we assume that X0 s not empty:

X = {y € X 11,0 = inf £.00)} 0. (53)

(d) we assume moreover that:

Ve>0,3a>0|VzeX
F2(0) = inf fur(0) <=3y € Xpy | |£2(0) = £,(0)] <. (84)

Then the function t — inf,cx f.(t) has a right derivative at t =0 and

4 inf f,.(t)= inf 4 fz(t).

dtt |t=0 z€X zeX0  dt|t=0

min

Proof. We define the minimal function f : (—n,7) — R by:

F(t) := inf f.(t) (85)

reX

We denote the uniform modulus of equicontinuity of (81) by a +— €(«), that is

Va >0, VrelX, Vit e (—n,n),
[t — ta] < @ = [f'(t2) — f'(t1)] < e(a), (86)

where o — €() is not decreasing and lim,_,g () = 0. We stress that we use the notation e
for the modulus of equicontinuity instead of the frequently used €.
For any x € X, one has, by the fundamental theorem of calculus, that

Folt) = £2(0) + / Fo)du = £,(0) + (0t + / () — £1(0))du.

This means that the first order Taylor expansion can be expressed with a uniform remainder,
that is a remainder bounded by ¢ — €(t)t = o(t) which is independent of z € X

o € X[ 120 = (0 + £O0)| < [ 1£00) = £20)du < (. (s7)
Let us define
gt L (88>

and observe that, by assumption (b), one has a € [—1,1].
Because of this definition we have that, for any € > 0 there is y € XJ;, such that f; (0) < a+e.

Since f(0) = f,(0) (due to Assumption (c) or (83)) and f(t) < f,(¢t) (by definition of the
infimum), and since the remainder ¢ — €(¢)t in (87) is independent of z, we get

f(t) = £(0) < (a+e)t+e(t)t.
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Since this holds for any € > 0, we get the following upper bound on f(t) — f(0):
f@&) — f(0) < at + €(t)t. (89)
Using f(0) = inf, ex for(0) in Assumption (d) or rather (84) gives that

Ve>0,3a>0|Ver e X
f2(0) = f(0) < a = Fy € Xpu, | [£2(0) = f1(0)] <e.

Changing notation this means that for any ¢’ > 0 there is & > 0 such that for any x € X:
f2(0) = £(0) <a= 3y e Xpu | |£2(0) = £(0)] <& (90)

We now assume that the quantity a € [—1, 1], defined by (88), is restricted to a € (—1,1].
We treat the cases

(1) f2(0) = f(0) = a and

(2) f2(0) = f(0) <a,
separately. Once we have treated these two cases we’ll consider the special setting where
a=1.
In case (1) we use the Assumption (b), that is the uniform bound (by 1) on the derivatives
as described in (82) to conclude that |f.(t) — £(0)] < | [ fa(r)dr| < [y |fi(r)ldr < t.
Combining this with f,(0) — f(0) > « (the assumption (1)) yields f,(t) — f(0) > a —¢. This
means that for any a > —1 and in particular the a defined by (88), we have,

(67

Vte[o,
14+a

)  alt) — £(0) > at. (1)

In case (2), that is when f,(0) — f(0) < «, combining (88) and (90) yields f.(0) > a — £’
Using (87) now gives

fa(t) = £(0) = (a =€)t — e(t)t. (92)
The inequalities both (91) and (92) imply, or put differently in both cases we have,

Ve' > 0,30’ > 0| Vo e X, t €0,d] = fu(t) — f(0) > (a—&')t —e(t)t (93)
So that, since f(t) = infyex fo(t):

Ve' > 0,30’ >0t €[0,d]= f(t)— f(0) > (a—¢&")t —e(t)t (94)
which gives:

£(t) — £(0) = at - oft) (95)

Up to this point we assumed a > —1. However, from Assumption (b) we know that, for any
x € X, f, is 1-Lipschitz. Therefore, f(t) = inf cx f:(t) is also 1-Lipschitz, and we have that
Yt € [0,m), f(t) — f£(0) > —t. It follows that (95) holds as well in the case a = —1.
Combining (89) and (95) yields the desired expression for the right derivative

d
dtjltZOf(t) = a.
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Having established our preparatory result on right derivatives, we now concentrate on our
core technical lemma.

» Lemma 79. If S is a closed subset of the complete Riemann manifold N, p is a point in
NS, and w is a unit vector T,N, then:

d

(ﬁiltzopg(expp(tw)): inf —(v,w)= min —(v,w). (96)

vEl's(p) vels(p)

Proof. We first observe that we can localize the problem. More precisely we have the
following: The distance d(exp,(tw),S) to S and the distance d(exp,(tw), SBrsP)=r) to its
offset differ by the constant ps(p) — p. Thanks to (68) the directions of shortest paths to S
remain the same. This means that for any 0 < p < ps(p), we can replace S by S’ = SErs®)—r
without loss of generality.

In particular we can restrict ourselves to a neighbourhood that is smaller than p where p is
as chosen in Lemma 74.

Thanks to the semi-continuity of the directions of shortest paths to S, see (78), we have that
for any € > 0 there is some « > 0 such that for any ¢ € [0, o]

L (exp,(tw)) € T's (p)™*. (97)
We apply Lemma 78 where, for z € X := T's/(p)®¢, we define:
fa(t) = d(expp(tw),x), (98)

and one has, for ¢t € [0,

F(t) = d (exp, (tw),8') = d (exp, (tw), T (p)™) = int £, (0). (99)

We verify that this family of functions satisfies the conditions of Lemma 78.

Condition (a) is given by Lemma 75, and the uniform equicontinuity specifically by (72).
Condition (b) follows from the fact that, since w is a unit vector, both ¢ — exp,,(tw) and
y — d(y, z) are 1-Lipschitz functions.

Condition () follows, since, because I's/(p) is not empty:

X2 = {z € Ts(p)® | d(p,z) = ps'(p)} = Ls (p) # 0.

Establishing Condition (d) is significantly more involved. Thanks to Lemma 75 one has:

d

%\t:od(x’ exp,(tw)) = —(v, w), (70)

where v = exp,, 1(z). Because we localized the problem to a neighbourhood whose size is
given in Lemma 74, the map exp, !is continuous in B(p,2p). This means that there is
¢’ > 0 such that

d(y,x) <& = |{exp, ! (), w) — {exp, ' (y), w)| <e,

or, by (70)

d(z,y) <& = a d(exp,,(tw), x)

dt|t=0 d(expp(tw), y)| <e. (100)

 dtji=o
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We now use Lemma 77 where (77) reads
Vp e N\S', V' >0, 3a> 0] B(p,ps(p) +a) NS C Ts(p)™. (77)
Since infyrex for (0) = ps/(p) and X%, = Ls/(p), we get:

Ve>0,3da>0|VereX
f2(0) —ps(p) <a= 3Ty e Ts (p) | d(z,y) <€ by (77),
= 3y e Ls(p) | [£20) - £,(0)] <& by (100). (101)

We get as a result of Lemma 78 that

d

— d tw),S)= inf — d t

pTE (exp,(tw), S) e o (y, exp,, (tw))
= inf —(v,w). by (70
ok (v, w) y (70)

The “inf” becomes a “min” in (96) because I's(p) is compact and therefore the minimum is
attained. <

We can now finally establish the main result of this appendix.

Proof of Theorem 69. By the definition of the superdifferential and in particular (58), one
has:

d* ps(p) = {v € TN |Yw € TN, ps(exp, () — ps(p) < (v, w) + ofw])}
= ) {ve TN pslexp,(w) — ps(p) < (v,w) +of|w])}

weTHN
d
= ﬂ {1} e T,N dt—Jr‘t:Opg(expp(tw)) < (uw))}
weTHN

= ﬂ {v eT,N| inf —(u,w)< (v,w>)} (by Lemma 79)

weTHN uels(p)

= ﬂ veTN| (—v,w) < sup (u,w) p. (102)
weTN u€l's(p)
|lw|=1

Note that {—v € TpN | (—v,w) < sup,erg(p) (u,w)} is the intersection of all half-spaces
orthogonal to w, with w pointing outward and containing I's(p). With this observation (102)
is precisely (60).

<
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