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1 Introduction

Continuous definitions (such as those of surface, regularity, dimension, curvatures ...) generally cannot be
readily given a discrete counterpart. Moreover, this discrete counterpart is generally not unique and highly
scale-dependent. There are multiple ways of developing a theory for discrete surfaces and the choice of
an appropriate framework is directly related to the kind of discrete data we aim to process, and for which
purpose i.e. the type of surfaces we try to model. Regarding the kind of discrete data, two different situations
occur: either they have been collected in an external context and come in some given form one has to deal
with, or one has the freedom to decide which discretization is best suited for this issue. Let us mention
some examples of discrete representations: triangulated surfaces, digital shapes, graph representations, level
sets and diffuse interfaces etc. In this memoir, we propose to focus on point cloud data (on the discrete
side). On the continuous side, the denomination ”surface” encompasses a wide variety of objects ranging
from usual 2-dimensional surfaces embedded in R? to any dimension and co-dimension submanifold, abstract
Riemannian and sub-Riemannian manifolds, rectifiable sets, tree-like and graphs structures etc.

Geometric measure theory actually shows a major advantage: both discrete and continuous surfaces can
be associated with a natural measure and thus naturally lie in the same space. It is in particular possible
to say that a point cloud is close to a surface in the sense that it is close to a measure supported by the
surface, with different possible choices of distances between measures to quantify the closeness. In geometric
inference, such a closeness in terms of measures is a classical assumption in order to establish convergence
of geometric estimators (tangent, curvature, second fundamental form, Laplace-Beltrami operator, see for
instance [4] [5] [I1]). However, such an assumption is not meaningless and essentially implies that the set
of point is uniformly distributed along the underlying continuous surface (which is rarely true) or that it is
possible to weight points to rectify the sampling.

In most cases we are only provided with sets of points in R™ and we need to infer weights and tangents
(not to mention dimension) in order to infer the order 1 (”varifold”) structure. In this memoir, we focused
on infering the weights with a statistical perspective. More precisely we assume that a continuous object S
is given through a probability measure p supported in S and our data are obtained by sampling p with N
points: (Xi,...,Xn) ~ p is an i.i.d. sample and our data is an instance of the empirical measure
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The specific and important case where S is d—dimensional submanifold of R™ and g is the volume form in
S (possibly weighted by some density) has been investigated with varying degrees of formality and different
assumptions on the regularity of the manifold. On the other hand, we aim at studying he case where S is
less regular, focusing on rectifiable sets. Depending on the nature of the collected data, the measure p is
not necessarily uniformly distributed in S which consequently is also reflected by py. In such a case, it is
important to decouple the geometric information contained in S from the whole information encoded by p.
More explicitly, assume that p = HHFS S for some positive density function 6 that we want to recover. In
practice, a common approach consists in computing local averages of the following form
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We address here the following question that is the core of this memoir: Is it possible to recover the
density 0 relying on the knowledge of the empirical measure py?

Before giving our answer to this issue, we recall some bases of measure theory in Section [Bfmore precisely
we recall the definitions of Radon measure, weak-* convergence and bounded Lipschitz distance. In Section [4]
We then focus on Ahlfors regular measures because they reflect the notion of being a d-dimensional measure
in a flexible way: the mass of a ball with a center in our surface is comparable to its d-volume (Lebesgue
measure).



Figure 1: Examples of point clouds

Thereupon, in Section [b| we introduce some statistical tools with a particular emphasis on the empirical
measure puy,N € N* sampled from our Ahlfors regular measure p. In order to recover the density 6 of
w = 07—[% from the empirical measure py, a key point is to quantify the distance (more precisely the
bounded Lipschitz distance) between p and py. Following the original result of Dudley we were able to
adapt the proof so as to obtain a result (see Theorem involving a ”local” bounded Lipschitz distance:
loosely speaking we compare p and g in an open bounded open subset T, such as a small ball and we
evidence that the rate of convergence is preserved up to dividing by the mas u(7T). Note that the clever proof
of Dudley switch from a thin partition to a rougher one so as to take advantage of better compensation
arising then as stated in Lemma 5.9

Theorem [6.10] at hand, we introduce in Section [f] the classical notion of rectifiable set in order to prove
that for a d-Ahlfors and d-rectifiable measure p with a density 6 it is possible to approximate 6 by convolution
of the empirical measure py as stated in Theorem [6.10] This part is an utmost step to recover the so called
varifold structure from a point cloud. We then present in Section [7] the bases of varifold theory because it
is a gateway to have estimates on the convergence rates for differential operators and geometrical features
such as mean curvature or Laplace Beltrami operator.



2 Notations

S: a bounded set of R™ representing our surface

e Bor(R™): the Borel sets of R™

e P(S): the set of Borel probability measures on S

e (2, F,P): the probability space

e /i: a Borel probability measure representing our surface

o LN = % Zévzl dx,: the empirical measure of N points i.i.d Xi,..., Xy with the law p
B(z,r): is the open ball with centre z € R" and radius r > 0

e V(A,0): the smallest number of balls of radius § needed to cover A

e P(A,d): the packing number of a bounded set A is the maximum of disjoint balls of diameter § we
can have with center in A

e B%: for BCR", § >0 is the é-thickening of B, B® = {x € R" s.t d(x, B) < 0}

e BL(S,d): the Banach space of all bounded Lipschitz real-valued functions f on S with the norm
112 = 11+ 1111 where |17, = sup 10l
zFy

[|pll5 = sup{[ fdu || f]|pr < 1} the weak-* norm linked to BL

B(u,v) =||p— ||, , a distance for the weak-* topology on P(S)

3 Basic notions of measure theory

In this section we introduce a locally compact and separable metric space (X,d) and for the next sections we
deal with X = R", equipped with the euclidean norm ||.||. Note that when working with varifolds, we will
also use the case X = R"™ x G4, equipped with a product distance. We follow [10] and [§] in this section.
3.1 Measure properties
We recall some basic definitions and fix associated notations. For x € X and 0 < r < oo

B(z,r)={y € X :d(z,y) <r}
is the open ball of center x and radius x. The diameter of a non-empty subset A C X is

diam(A) = sup{d(x,y) : z,y € A}.

We agree that diam(f)) = 0. The distance of a point z € X to a non empty set A C X is

d(z,A) = inf{d(x,y) : y € A}.
If B is also a non empty subset of X then the distance between A and B is

d(A, B) = inf{d(z,y) : x € A,y € B}.
For 6 > 0, the open d-neighbourhood(d-thickening) of A is
A ={z € X :d(x,A) <} = | B(x,9). (1)

T€A

A measure is a non-negative, monotonic, subadditive set function vanishing for the empty set.



Definition 3.1. A set function p: {A: A C X} < [0,00] is called a (outer) measure if
1. p(@) =0
2. pu(A) < u(B) whenever A C B C X (monotony)

3. p (U Al) < > u(A;) whenever Ay, As--- C X (subadditivity)
i=1 i=1

Remark 3.2. We note that the usual terminology for u satisfying definition|3.1]is ”outer measure”, however,
we follow [§] in that respect and recover the additivity property when restricting u to so called measurable
sets.

An example of measure is the very important for our project is the Dirac mass defined as follows.
Definition 3.3 (Dirac mass). The Dirac mass associated to a point x € R™ is the measure defined as follows
0:(A) =1 4(x) VA C R™

Definition 3.4. A set A C X is u measurable if:
WE)=pw(ENA)+pu(E\A) forall EC X
Definition 3.5 (o-algebra). A is a o-algebra on X if:
1. A#£0D
2. VB e A, BC X and its complementary X \ B is in A,
3. A is stable by countable union.

Usually in measure theory a measure is defined on some o-algebra of subsets of X, which does not need
to be the whole power set {4 : A C X}. However Definition permits us to extend any p defined on the
o-algebra A to an outer measure p* on X by:

p*(A) =inf{u(B): AC B,B € A}

From the previous definitions arise those wonderful properties that permit us to focus on nice measurable
sets to deduce properties on irregular ones.

Property 3.6. Let p be a measure on X and let M be the family of all p measurable subsets of X.
1. M is a o-algebra.
2. If n(A) =0, then A € M.

3. If A1, Ag,--- € M are pairwise disjoint, then

K (U Ai) = Z.U(Ai)'
i=1 i=1
4. If Ay, Ag,--- € M, then

o L (L_Jl AZ—) = Zlirgo w(A;) provided Ay C Ay C ...,

1—00

o L (ﬂ Ai> = lim p(A4;) provided Ay D Ay D ... and p(4;) < co.
i=1



The smallest o-algebra containing the open subsets of X is called the c—algebra of Borel sets. It is well
defined since the notion of oc—algebra is stable by intersection. For our study in R™ it coincide with the
o-algebra generated by the open balls. We concentrate on them because some useful measures are very well
known on them. Also the previous properties permit to control the measure of sets only by knowing on the
balls if we are in the framework of the following definition.

Definition 3.7. Let p be a measure on X.
1. p is locally finite if for every x € X there is r > 0 such that u(B(x,r)) < oo.
2. v is a Borel measure if all Borel sets are p measurable

8. u is Borel regular if it is a Borel measure and if for every A C X there is a Borel set B C X such that
A C B and u(A) = u(B)

4. p is a Radon measure if it is a Borel measure and

o 1 is locally finite,
o u(V)=sup{u(K): K CV, K compact } for open sets V. C X,
o p(A)=inf{u(V): ACV, Vopen} for AC X.

Theorem 3.8 (Caratheodory’s Criterion). Let u be a measure on X, then u is a Borel measure if and only
if 1 is a metric measure:

w(AU B) = pu(A) + u(B) whenever A, B C X with d(A, B) > 0. (2)
Proof. Let A, B C X such that d(A4, B) > 0 and

e Suppose that p is a Borel measure. From the subadditivity of u, we have (AU B) < p(A) + u(B).
Let us prove the converse inequality. Let 0 < § < d(A4, B), A°N B =0, A% is open so measurable. We
use then the Definition [3.4t

(AU B) = u((AUB) 1 A%) + u((AU B) \ A%) = u(A) + p(B\ A%) = u(A) + u(B)
Conclusion p is a Borel measure = p is a metric measure.

e Now, suppose that p is a metric measure. We want to prove that it is a Borel measure. Given O C X
an open set and A C X, let us prove that O is measurable ( Definition [3.4). From the subadditivity
we have that p(A) < u(ANO)+ u(A\ O).

For the converse inequality, if pu(A) = +oo then the inequality holds. We hence assume that u(A) <

+oo. We define for k € N* Ry, = {xeA:k%HSd(x,O)<%},Aﬂ(Ol\O) = || Rk is a decom-
keN*

position of AN (O!\ O) according to disjoint rings reminding that O7 is the %—thickening of O(see
. The aim is to use the positive distance between non consecutive rings to smartly apply the metric
hypothesis.
First, we slightly enlarge O into its %—neighbourhood so that d(A\O% ,ANO) > % > 0 and by equation
(2):
1 1
H(AN OF) + (AN 0) = p((A\ OF) U (AN 0)) < u(A) (3)

It remain to prove that (A \ O%) P w(A\ O).
— 00

Applying the subadditivity of p with

A\0=<A\oi>u<fjm),
i=k



We infer then
n(A\OF) <1uM\®<uM\0@+ﬂ<URJ<uM\0b+§:M&) (4)
OCOk i=k i=k

For all 4, € N* i > j+2, d(R;, R;) > 0, and applying the subadditivity and the metric hypothesis it

follows:
> u(R) <> p(Rai) + > p(Raigr) < 2p (U Ri) < 2u(A) < 400
i=1 = 1=0 =1

As > p(R;) converges, the remainder tends to 0. From (4)) we have
i1
p(A\0) - Zu ) < u(A\ OF) < p(A\ 0)

W
—0

k—roo
Then p(A\ O%) —— p(A\0).
Passing to the limit in , we finally have:
p(A) = p(A\O) + u(AU0)
O is measurable then all open are measurable and we conclude that p is a Borel measure.
Conclusion in a metric space: p is a Borel measure <= p is a metric measure. [

Definition 3.9. We define the restriction of p to a set S C X as follows, for all A C X,
His(4) == u(AN S)

Theorem 3.10. Let p be a Borel reqular measure on R™. Suppose S C X is p-measurable and pu(S) < oc.
Then pys is a Radon measure.

Proof. Let v = ps. For each compact set K, v(K) < pu(S) < 4o00. Every y—measurable set A y—measurable
is v-measurable because A N S is the intersection of two measurable sets hence v is a Borel measure. with
the remark above.

Let us show that v is Borel regular. Since u is Borel regular, there exists a Borel set B such that S C B
and pu(S) = u(B) < 4+o00. Then, since S is g—measurable,

u(B) =p(BNS)+ (B CS)ie. u(B\S)=uB)—ulS)=0.
Let C' C X, using aain that S is y-measurable:

5(C) =p(C N B)
=u(CNBNS)+pu(CNB)\S)
ons <u(B\S)=0
=5(C)

Thus pp = ps. Let E be Borel set such that C NS C E and u(E) = p(CNS). Let D := EU (X \ S).
Since S and E are Borel sets, so is D. Moreover, C C (CNS)U (X \ S) C D. Finally, since DNS =ENA,

v(D) =pu(DNS)=uENS) <p(E)=pnCnS)=r(C)

We conclude that D C X is a Borel set such that C' C D and v(C) = v(D), therefore v is Borel regular. [



3.2 Weak-star convergence notions

Theorem 3.11. Let u, (ug)ren be Radon measures on X. The following statements are equivalent:
1. kl;n;() Jx fdpw = [ fdp for all f € Ce(X)

2. limsup pg(K) < u(K) for each compact set K € X and p(U) < likm inf pi (U) for each open set U C X.
—00

k— o0

3. klim uk(B) = u(B) for each bounded Borel set B C X with u(0B) = 0.
— 00

Definition 3.12. If u, (pr)ken verify those statements then we say that (g )ken converge weakly-* to p and
we denote it:

k=
Proof. 1. Assume (1) holds and fix e > 0. Let U C X be open, we first check p(U) < lklglfguk(U) we

choose any compact set K C U and take f € C.(X) such that 0 < f < 1,supp(f) C U, f =1 on K.

For instance f(x) := %, then

u(K) < / fdp=lim / fdw, < liminf 1, (U).
Thus by regularity of pu,

w(U) = sup{p(K), K compact, K C U} < liminf pu(U).
k—+o00

A similar argument gives the first part of (2) and it concludes (1) = (2).

2. Suppose now that (2) holds and let B C X is a bounded Borel set such that y(0B) = 0. Then

u(B) = p(B) <liminf ju,(B)

k— 400

<lim sup iz (B)
k—+o00

<u(B) = u(B).
Then (2) = (3)
3. To conclude, assume that (3) holds. By linearity of the integral we just need to prove (1) for f € C.f (X)

and f not the zero function, because it is similar for f € C; (X). Let ¢, > 0 such that supp(f) C B(0,7)
there is R > r such that u(9B(0, R)) = 0. It is possible because the function

g:[r2r] =R

z = u(B(0,z))
is monotonous then, it has a countable number of discontinuities thanks to Darboux—Froda’s theorem
(seef6]). Forr < z < 2r, g(z)—g(z~) = u(dB(0,z)) thanks to monotony properties from Property 3.6]

for graded countable Borel rings subfamilies of { B(0, z+¢)\ B(0, z) }o<. and {B(0, )\ B(0,z—€) }o<e<a-
Then there is R > r such that u(0B(0, R))) = 0.

We choose 0 =ty < t; < --- <ty such that tx = 2||f]|p=, 0 < t; —t;—1 <€ and p(f~1({t;})) =0 for
i=1,...,N. It is possible because f is continuous with compact support so f~1([0,¢x]) is a Borel set
and carry out a similar argument with the functions h, defined for each r > 0 as

hy:[r,r+¢€ =R
e u(f7 ([0, 2[).

10



We just have to replace r by ;1 each time we find t;. Set B; = f~*((t;_1,t]); then u(0B;) = 0 for
i > 2. Now we decompose the integral and minor (resp major) like stairs:

N
[ tam =3 [ sdwr [ s dm
X i—1 Y Bi 331\7/(;’
therefore
th (B < [ fduk<§jtzuk )+ taus(B(O, R)
and similarly
Ztl (B /fd,mzw )+t u(B(O, R)).

For each i € [|1, N|] :

N
Zti—l,uk(B ) —tiu(B Ztl 1 (e (Bs) — u(By)) + (ticy — t) u(By)
—0 <e
and
N
Ztiqu(B — tip (B th 1 ( — pk(Bi)) + (tiy — i) pa(Bi).
i=2 0 <
— <e

Therefore, Theorem 3), additivity of x on Borel sets and ¢; < € imply that

k— oo

hmsup‘ /X Fdpu — /X fdu‘geu(B(o,R)).

O

The notion of weak-* convergence is important. Usually it is better suited to obtain compactness.In our
case, we will use it to characterise our convergence of discrete measures sampled to a measure representing
a d-dimensional surface.

Definition 3.13 (Bounded Lipschitz distance). For u,v two Radon measure in X, the bounded Lipschitz
distance s defined by:

Blp,v) = Sup{‘/x fd(p—v)

The Lipschitz functions are crucial because the variations of the function is controlled by a linear variation
of the space. Then we can dominate the integral by the measure of sets with a certain diameter.

€ ColX.R), | flloe < 1,1 fllz < 1,}

4 Ahlfors regular measure
We recall that our aim is to estimate the density 6 of a given measure u = GHfIS relying on the associated

empirical measure puy. To this end, it is necessary to assume some additional regularity and instead of
requiring strong smoothness of the set S we rather transfer regularity assumption on the measure pu.

11



4.1 General properties

Definition 4.1 (Ahlfors regular measure). Let p be a Radon measure in R™, for d > 0, we say that p is a
d-Ahlfors regular measure if 3Cy > 0 such that Va € supp(u) = S, Vr €]0,1]:

ird < u(B(z,7)) < Cort.
Co

A first example of d-Ahlfors regular measure is the Hausdorff measure of dimension d restricted to a not
too bad d-dimensional measurable set like the sphere or the Koch snowflake. Our main concern is to rebuild
those objects with point clouds.

Definition 4.2. We define the d dimensional Hausdorff measure as follows: For each set A C R"

HY(A) = inf {Zdiam(Ei)d A C U E;, E; CR" and diam(FE;) < (5}

=20 ien i€N
Property 4.3. Let S C R™ be H? measurable set with H%(S) < +o0, then ’Hlds is:
1. An outer measure.
2. Borel regular.

3. A Radon measure.

4.2 Packing number of an Ahlfors regular measure

In this subsection we express an essential control over the number of balls with small diameter § needed to
cover a set A. Such estimates will be crucial in this proof of Theorem [5.10]

Lemma 4.4. Let § > 0 and A C R™. The packing number k := P(A,J), is the greatest number of disjoint
balls with center in A of radius 6 and V(A,d) is the smallest number of balls with radius 6 needed to cover
A. We have:

V(A,26) < P(A,6) <V(A,0/2)

Proof. e Let A CR™ Let B(z1,9),...,B(x,d) be disjoint balls with centers z1,...,x; € A.

Suppose that V(A,20) > k then Ule B(z;,20) does not cover A thus there exists x € A\Uf:1 B(z;,26).
Then B(x,0), B(x1,9),..., B(zk, ) are k+1 disjoint balls of radius § with center in A, that is impossible
by definition of k. We conclude that V(4,26) < P(A, ).

e Let k= P(A,d) and x4, ...xy as previously.

Let v = V(A,0/2) and y1,...,y, such that B(y1,0/2),...,B(yy,/2) cover A. Suppose that v < k,
the points z1,...,2; are in A thus there are two points x;, z; in the same ball B(y.,d/2) for some
z € {1,...v}. Then
s — 2] < i — yel| + |y —well <0
. And it is impossible because B(z;,d) N B(x;,0) = 0 meaning that ||z; — x;|| > . We conclude that
P(A0) =k <v=V(A4,4§/2).
O

Lemma 4.5. We define m(A,d) as the minimal number of sets of diameter smaller than 6 needed to form
a partition of A then:
V(A,0) <m(A,6) <V(A,d/2)

12



Proof. e We easily have V(A,d) < m(A, ) because a partition of A is also covering A.

k
o Let k =V(A4,6/2) and By,..., By balls of radius 6/2 such that A C |J B; . We take A; = AN By,
j=1

k—1
Ay = ANBy\ Ay,..., Ay = (AN Bi)\ UA; Then Ay,..., Ay form a partition of A with sets of
j=1

diameter smaller than 6.
O

Theorem 4.6. Let p be a Radon measure in R™, S = supp(u). Assume that there exists d > 0,Cy > 1 such
that Vx € S, V0 <r <1,
p(B(z,r)) > Cytr (5)

Then, for all bounded set B C R™

m(BNS,08) <44Co6~u(BY4).

Proof. Let k = P(BN S,d) and By,..., By be disjoint balls of radius ¢ and center in B NS. Then for
i=1,...,k since B; has center on S, (f]) gives

w(B;) > Cyted.

Therefore

Figure 2: §-Thickening view with the packing number

Then we deduce
P(BNS,8) =k < Cou(B%)s1

13



We conclude applying Lemma
m(BNS,8) <V(BNS,§/2) < P(BNS,8/4) < 49Co6~4u(B4).

O

5 Mean rates convergence of empirical measure toward an Ahlfors
regular measure

In this section we want to estimate the density bias of a surface S represented by a Radon measure in the form
w= 07—[?5 where 6 > 0 is the density bias. The main proof is adapted from the article [7]. Our adaptation rely
on a clever use of packing number for an Ahlfors regular measure that is a beautiful technique of Geometric
Measure Theory.

5.1 Statistical framework

Let (2, A, P) be a probability triplet that is respectively a set called the universe, a c—Algebra and a measure
P on A. We assume that our Radon measure y = GHIdS is a probability measure: | S GdH‘dS.

Definition 5.1 (Random Variable). For k € N*, a random variable X : Q — R* is a measurable function
relatively to the o-algebra (2, A) and (R, Bor(R¥)) . We say that X follows the law yu if for all T € Bor(RF) :

P(X € T) = u(T)
Remark 5.2. If k=1 then it is a real random variable.

Definition 5.3. Let X,Y two random variables in the same space. We say that X and Y are independent if
for all z,y € R*
P(X=2,Y=y)=PX =2)PY =vy)

Definition 5.4 (Expectation). A random variable X has an expectation E[X] if the following integral is
absolutely convergent:

E[X]:= . X (w)dP(w).

Definition 5.5 (Variance). A real random variable X has a variance Var(X) if X has an expectation and
the expression below is defined:
Var(X) :=E((X — E(X))?)

Property 5.6. 1. The expectation is linear

2. For X,Y two independent real random variables with variance and A € R we have
Var(X +\Y) = Var(X) + \*Var(Y)

Definition 5.7 (Empirical measure). Let N € N*, Xy,..., X be N random independent variables with the
same law p, the associated empirical measure puy is defined as:

1 N
UN = N;fﬁg

Remark 5.8. The empirical measure permits to sample a measure.

14



5.2 The mean speed convergence of empirical measure in terms of the bounded
Lipschitz distance

Lemma 5.9. [7] Let T C R™ be a Borel set and let Sj, j = 1,...,m be disjoint Borel sets with union T
then:

Z ol ] < (mu(T)/N)?

Proof. Let q,7 € [|1, N|] and w € €. Notice that

1 if Xqw)eT
0 otherwise

6Xq(w)(T) = {

hence,
BL6x,(D)] = [ o wendP(e) = PG €T) = u(T) ©)

Similarly
_ ] P(X;eT) if ¢=j
E | 6x,(T)ox,(T)] = { P(X, €T and X; € T) otherwise.

And because of the independence of the variables we have

E [ dx,(T)dx, (T)] = { &%L oi{her(iuzz'sg.

In particular,
Var(ox,(T)) = u(T) — u(T)*. (7)

Then we use the linearity of the expectation

Elpun (T NZE5X w(T),

Analogously with the independence of the variables X1, ..., Xy, we infer the independence of
Ox,(T),...,0x5(T). Thus by the Poperty and

N _ 2
Var(un(T)) = % ZVar(éxq(w)(T)) = w

Secondly we did it for every measurable set so that for the disjoints measurable sets (S;), we have for every
Jj€ll1,ml]

E [(un — 1)(55)*] = E [(1n)(S5)?] = 2(T)E [(un)(S))] + p(S5)* = Var(u(S;))
and thus

E {Z px - ] =3 Var(ux(s)))?
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With Cauchy-Schwarz inequality for the finite sum:

[N
[N

3 e = (85| <B| | Xlw = Yo ©)
Jj=1 J=1 j=1
=ym

And then we use again Cauchy-Schwartz inequality for the expectation together with (8) and (9)

Z pn — 1) (S| <(mu(T)/N)z (10)

O

The following theorem is adapted from [7] and gives the speed of convergence and the ratio between
the number of points and the scale of observation to obtain the convergence of the empirical measure to
the measure related to S even with a certain type of noise. More precisely, in [7], the author prove that
E[B(un, 1v)] tends to 0 with a speed of convergence at least N —4. In order to obtain pointwise convergence of
our density estimator as stated in Theorem we need a similar result but with an additional localization.
For B C R™ bounded open set, we define the localized bounded Lipschitz distance in B

Be(p,v) = sup { ’/X fd(p—v)

F € CUCR), 1 flloe < L, IIf1ls < 1, supp(f) B}.

Adapting proof of Theorem 3 in [7], we were able to obtain Theorem

Theorem 5.10. [7] Suppose that p is d-Ahlfors regular(see Deﬁm'tion for some real number d > 2 with
reqularity constant Cy > 0. Then, there exists an M = M(d, Cy) > 0 such that for all N € N* and T C R"
bounded open set,

E[Br (v, W] < MN9u(T™)  with yy = N™'& —— 0.
—+00

Proof. Let T C R™ be a bounded open set. For each positive integer r, we can write T as the disjoint union
of Borel sets, 57, j =1,...,m,, of diameter at most &, := 3-"*!, we know thanks to Theorem that we
can chose the partition so that

my < 49Che (B /%)

Given a positive integer N let € = N7 and let 0 < s < ¢ be integers such that:

37t <e< 3=t = &t

370 <eld=D/d < 3=t — ¢ (11)
Step 1:. Construction of nested partitions of T. for each integer s < r < t, we start with a partition
{8} }i=1,...m, of T. We define sets A;fu, j=1,...,mi_y, inductively on u = 0,...,t — s, as follows.

Let A;- = S’;. Let u € [|0,t — s — 1|] and assume that {A;fu}jzl,m’mtfu. Each Ay” intersects at least
one S~ for some ¢ > 1, and we choose such a ¢ = ¢(t — u,j) € [|1,m;_,1]] to classify the sets.
Then, for z € [|1,m¢—_y—1]] we define

Aet= ) Al (12)

Jiq(t—u,j)==

16



We can visualize AL"%~! as the tills capturing the set of diameter less than 3=+ intersecting possibly
up to some choice S;_,_1 . Then for each z, we have for diameters

. t—u—1 < . t—u u—t
diam(A} ) < ZmJax diam(A;™") + 3
>diam(Si—u,=)

Figure 3: Worst case

Thus by induction on u, the diameter of each A; is at most 3¢, = 37".

We check by induction that Each A7~ is the disjoint union of those Aj. The sets (S;);”:tl are disjoint
and using that
Vi€ [[1,me], Aj=5]

then for all j1,j2 € [|1,m¢]], j1 # jo we get
t t
A NAL =0

Let u € [|0,t — s — 1] and ju,j2 € [[1,my_y_1|]. Tf AL 0 AL 2 0 then using (T2), 321, 22 such
that q(t —u,z1) = j1, q(t — u,z2) = jo and AL“ N AL* #£ 0. Tt follows from the induction property
that z; = 22 we conclude that ¢(t — u, z1) = j1 = jo

We infer that, for each r = s+ 1,...,t, we have
my_1

Llas= 1] L] 4= ] A" (13)
Jj=1 q=1

q=1 j:q(t,5)=q

17



Step 2:.

Step 3:.

Figure 4: Tlustration of a step

For s <r < t, we introduce M, := Z;n;l |(un — 1) (A})[. The main idea of this proof is to link two
partitions of the set T: we start from the thinner partition to get a union-related rough one with less
pieces and slightly higher diameter. The reason is that the regularity of the distribution of mass gives
a nice control on M, in the sense that the mass is linked to a power of the diameter.

Applying Lemma [5.9] and Theorem [£.6] we have the following estimate:

1/2
2dco/ —d/2

E[M,] < (N~ u(T)m,)'/? < e PT)(T=)H? < 2‘103/2\/%5?‘1/2#@5”4)- (14)

- N1/2
Let f € BL(S,d),||f|ls < 1 For each r = s,...,t and j = 1,...,m, we choose z} € A7 and let
f(@5) =fj.

We introduce I, :=

i fi(un (A7) — ,u(A]T))‘ . Using that (A%)72, is a partition of T we got the
j=1

following estimate

\ [ atus - m' < zzj A/ F@)d(ux — (@)
<> [ F@) = £t fd(un — @)
J—lA;

<+ |y / (@) — 11 dlun — 1)(2)
I=ta || <diam(A?)<3e,

<Ii + 3et|un — u|(T)

18



Step 4:. We pass from the point x§ to x?fl to switch to the previous generation and then we use the
correspondence between each partition and the fact that for r =s+1,...,t,
1 . 1 1—
7 = F12L 1 < (I ldiam(A; 1) < 31 (15)

This inequality puts emphasis on the control of the variation of f from the generation r to r-1.

me—1

L={> > (=7 + 17w — m)(A))

=1 j:q(t,j)=q

me—1
1-t t—1 t
<MY Y (e — (A
a=1 j:q(t,j)=q
me—1
<M+ |3 £ o — (ALY
q=1
Iy 1

We conclude that
Iy < Ii_q + e M.

Using this method inductively thanks to the control from r=t down to r=s+1 and that , we obtain
t
Br(pn, i) < 3e(un(T) + (1) + I+ Y &M, (16)
r=s+1
Thus by (14), (6) and that I, < M, we have

2dCé/2 d/2 4 d~1/2 : 1 d/2+1 4
N1/2 6; / p’(TES/ )+ 2 C(O Z W‘e; /2+ ILL(TET/ )
r=s+1

E[Br(un, )] <6eipu(T) +

We use the Ahlfors regularity of p and remind that for 0 < s <r, 0 < ¢, < &4 hence
u(Tr /) < p(T5/1);

2d01/2 Tes/4 t
E[ﬁﬂmw)]é% e+ > e P 4 6e,u(T). (17)
r=s+1

Note that:
6;d/2+1 _ (37r+1)7d/2+1 — g-d/2+1 (3d/271)r

For d > 2, 3%/2=1 > 1, we estimate the geometric sum as follows:

t t
Z 5f/2+1 _3—d/2+1 Z (3d/271)r

r=s+1 r=s+1
_3—d/2+1 (34/2 1) Ht — (gd/271) i < g—d/2+1 (39/2-1)t+t
- 1 — 3d/2-1 = 3d/2-1 _q

— — d/2—1
<3d/2-1 (3d/2 Ht _ gd/2-1 ft/
- 3d/2-1 _ 1 3d/2-1 _ 1
t _
Z d/2+1 <£Ed/271.
r=s+1 ' _3d/271 -1 t
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Now we take and we deduce for d > 2

E[ﬂT(/qunu‘)] § N1/2

1/2 . _
21y (/) (Ed/2+ B
s 3d/2-1 _ 1

d/2—1

Thence there is a constant M > 0 depending only on d and Cj such that

p(T) ( ap
E[Br(pn, 1)) < M=Gi75— (55 2 te
Using
(T
E[Br(un, 1)) SMW
<MH(T8S/4) —d/2+1

N1/2

We remind that e = N~1/¢ then we have

N*%ﬁ*d/2+l — N*l/d

and consequently, using that pu(T) < u(T7),

Es

E[Br(un, )] <M - N~ p(TH)

1

<M - N~au(T7) since %S < =NTT =N

Conclusion for d > 2 there is M (Cy,d) > 0 such that

E[Br(uy, 1)) < MN~Y9u(T™) with yy = N™°@ ——— 0.

N—oc0

d/2—1
t

€ + en(T).

—2

) +erpu(T).

(E_d/QX% +6—d/2+1) +€M(T)

d—2

) + 6e,u(T).

O

Proposition 5.11. Assume that u is a 2-Ahlfors regular measure in R™ with reqularity cnstant Cy > 0.

Then there exists M > 0 such that for T C R™ open bounded set with diameter diam(T) < 1,

E[Br (v, p)) < MN~#[in(N~2)|u(T)

Proof. We follow the proof of Theorem introducing the following change in the definition of ¢ in .

Let 0 < o < 1 to be set later and let 0 < s <t such that

378 < e <3 = g

Note that for d > 2,0 = 9=2 was a suitable choice and proof of Theorem is unchanged up to estimate

d

@) e

t
Br(pn, 1) < 3ei(pun(T) + uw(T) + I+ Y &M,
r=s+1

First, we remark that Iy < ||f||ec - Ms and f € C.(R™ is 1-Lipschitz with supp C T implies that ||f||ec <

diam(T), therefore,

ElBr(un, )] < 6eepu(T) + diam(T) - E[M;] +

20
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Moreover, thanks to
1
Nz

1
T55/4
e 1( )

e, B[M,] <4Cy—e  p(T5/ e,

<4Cy

and then
! 1
Y & E[M,] <4Co|t — s|— u(T=*)
N2
r=s+1
1 e, /4 € ¢ Ine
St N72p(Te/%) andggi’) <:)lne—ln3§ln3<:)t§—ﬁ+l
n
SHn(N=2)|N 72 pu(T=/4),

Furthermore, reminding that e = NV ~% and ¢ > €%, we have

11
diam(T) - E[M,] <4Cg ~ e u(T=/*) - diam(T)
2

1
<4CZ '~ diam(T)u(T=/"),
<e'=*diam(T) - (diam(T) + €*)? by 2- Ahlfors regularity of p

. 2
<e'Tdiam(T) (dzam(T) + 1) .

60(

For N large enough, e = N~ 2 < diam(T) < 1 and it is possible to choose 0 < a < 1 such that diam(T) = €.
Then diam(T).E[M;] < ett*diam(T) = ediam(T)? < eu(T) again by 2-Ahlfors regularity. We eventually
conclude that

E[Sr (v, 0] S elinelu(T) = 3N~ Hn(N)p(T),
O
Remark 5.12. If we directly estimate E[Br(un, p)] with Iy < M, at the end of step 3 we would rather obtain
E[Br(un, 1)) < E[My] + 6e¢p(T)
And then by

1 _d
E[M,] S—r&, *u(T=/%)

~N L
2

< 1

~

€ (1)

1
2
SH(Te).

On the other hand, s <t has been chosen to ensure that

1 _4
E[M.] S—es * u(T/*)

~

5]\;1 (6_%>7
1 a2 es/4
S—re 7 T,

4
2

u(T=/")

Step 4 takes advantage of compensation effects at larger scale €5 rather than €, in order to gain the factor
N-1.
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6 Rectifiability

A first interesting result combining statistic and geometric measure theory gives a pointwise convergent
density estimator for regular enough measures. Such a result is stated in Theorem As we rely on
Theorem we naturally assume Ahlfors regularity of the measure p. Moreover, we require now some
”order 1”7 additional regularity and ask the measure p to be rectifiable as defined below.

6.1 Rectifiability and approximate tangent plane
We first recall some classical definitions and results on rectifiability.

Definition 6.1 (d-rectifiable set). A set S is d-rectifiable if there exists a countable family (f;)ien of Lipschitz

maps from R? to R™ such that
e (S\ U fi(Rd>> =0

€N

Remark 6.2. It means that the set S is H-almost included in a d-dimensional Lipschitz graphs. As Lipschitz
functions are a.e. differentiable, it is natural to try to define tangent planes a.e on rectifiable sets.

The following definitions can be found in [3]

Definition 6.3 (Rectifiable measures). Let u be a Radon measure in R™. We say that u is d-rectifiable if
there exist a d-rectifiable set S and a Borel function 6 : S — R, such that p = HHlds.

Now we want to analyse the local behaviour of our Radon measure p around = € R™, we use the rescaled
measures for r > 0:
por(B) == u(x +rB) for B € Bor(R")

We study then the behaviour of r‘dqu when r — 0

Definition 6.4 (Approximate tangent plane). Let p be a Radon measure and let x € R™. We say that u
has approzimate tangent space P € Gg,, with multiplicity 0 € Ry at z, if r‘d,uma locally weakly-x converge
to H”H‘dp in R™ as r — 04. That is:

i 0 [ o (U0 ) aun =0 [ owartt) o e o

7‘~>0+

The measure §Hd,|p related to the approximate tangent plan is a particular case of tangent measures as
well exposed in [9].

Definition 6.5 (Tangent measure). For « > 0,2 € R™, u a Radon measure the a-tangent measure set of 1
18:

T

Tana(u, ) = { st B 0 (e © <R1>N}

Definition 6.6 (d-dimensional density). Let p be a Radon measure in a R™. The lower and upper d-
dimensional densities of p at x € R™ are respectively

©%(u, z) = lim inf M

r;—0+ Ti
;>0
B .
©*4(u, z) = limsup wB(z,ri) (a;’ ri))
T'i—>%+ ri
>

Remark 6.7. Those densities express locally the mass behaviour around z. If they are equal we denote them
O%(u,x). There is a beautiful theorem of Marstrand proving that if they are equal then d is an integer.
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Theorem 6.8 (Rectifiable criterion for measures). Let u be a positive Radon measure in R™.

1. If p= 97-[|ds and S is d-rectifiable, then p admits an approximate tangent space with multiplicity 6(x)
for He-almost every x € S. In particular 0(z) = ©%(u,z) for H-almost every x € S.

2. If u is concentrated on a Borel set S and admits an approzimate tangent space with multiplicity 6(x) > 0
for p-almost every x € S, then S is d-rectifiable and p = 0Hs. In particular

3Tan(p, ) for p— a.e.x € @ = p is d-rectifiable.

Remark 6.9. The Cantor “four corners” is 1-Ahlfors regular but not 1-rectifiable, even worse it is, purely
unrectifiable. Properly speaking we cannot build a linear approximation around any points.

6.2 Pointwise convergent density estimator

We have now all the ingredients needed to state a pointwise convergence result: we are able to recover the
density 6 a.e. in S from the knowledge of the empirical measures py, N € N* assuming both d-rectifiability
and d-Ahlfors regularity of p = 9’H|dS.

Figure 5: Examples of non uniformly sampled point clouds
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Figure 6: Density bias effect on tangent approximation

For instance, we mention that in order to rebuild the tangent planes it is useful to find the density bias.
As the figure above illustrates, if one gives to all the points the same weight then the tangent planes will not
be consistent with the surface.

Theorem 6.10. Let d € N;d > 2 and let u be a d-Ahlfors regular and d-rectifiable measure p = G’H‘ds where
0 : S — RY is a Borel function such that [o0Hds(x) = 1. Let puy be the empirical measure associated

with p. Let n : R — Ry be a Lipschitz even function such that supp(n) C [—1,1] and ||n||pr < 1. Denote
¢y = dwg f::O n(r)r?=tdr where wqy = L4(B(0,1)) is the volume of the unite ball in RY. Then for Hi— a.e.

d—2)
c,i?;lv /]R K <|z 5 y> dp(r) — 0(y)’ (18)

_(
yeS, foralldy > N~ a2
0 as soon as Sy —0
N—+o0

E [ cnlad/n 7 <|x5_y|> dun () —9(y)H S Né;/d +

N —+oco

Proof.
Step 1: Let y € S and 0 < § < 1, then
<6 YL

(5,

We can therefore apply Theorem (5.10) to dn(—*) in T'= B(y,d) : 3M > 0 such that

/B(y,5) o (W) d(pn — p) ()

Then we use the d-Ahlfors regularity of

-

E

] SMu(B(y,0 +yn))N ™

<MCo(8+yn)'N~4

We recall that vy = N~ and we obtain

1 |z —y —d2vg 1 1a
— _ < 2 \d__—
E 5 /B(yﬁ)n( 3 >d(,uN u)(m)]_MCo(é—i—N )5d+1N
1 1 d
N~a N—d 2
=MCy 3 <1+ 5 -Nd)
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If we want that the expectation tends to 0 when N — 400, we have to choose a good § = §y depending
on N that will converge to 0 to ensure that

1 d 1
N—d 2 N~d

= - . 12
€N = max <1, N Nd) o —>N N

=

Nh EER N- -5
o If o~ Naz <1<«<= 4y > N aNaZ then ey < <N a2 —— 0.

on = N—+o0

) L2 _1 1,2 14l
e Otherwise, 6y < NN and ey = &2 N Nd _ N__ ¢ Therefore, ey —— 0 <=
ON ) 4t
N N N—+o0
-1+ 1 2 . _d—2
N o ¢ 0. Note that 6y < N~ - N& implies that 551\[“ < N“Z@D — >
On N—4o00
(d=2)(d+1)
a2

N—l+é N

2 2
= N~ a2. Choosing iy < N —% . N2 hence leads to a slower convergence of
EN.

Step 2: We now use the rectifiability of p implying that H? a.e. in S, p has an approximate tangent plane.
Let y € S be such a point, then (see Definition |6.4)

vweC®), 5 [ o5 duw) ot [ swanio)

6—0 TyS

In particular, 57 [5.7 (@) dp(x) P 0(y) nySn(\deHd(x). Moreover we integrate along the
spheres S(0,7),0 <r < 1:

1
/ (| dHe = / / (| A () dr
T,S r=0JzeS(0,r)

Y

= [ s

=0
1
:dwd/ n(ryrt—tdr = C,, because H(S(0,1)) = dL¥(B(0,1)).
0

We conclude the proof applying Step 1 and Step 2.

O

Remark 6.11. The convergence in is the result of a competition between two terms, it would be
important to quantify convergence of the second term in the right hand side of in order to optimize the
choice of 5 — 0. Uniform rectifiability of p might be a good assumption for this purpose.
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7 Introduction to varifold theory

In Theorem we have exposed a result allowing to recover the density 6 of a measure yu = H’H‘ds. Such a
result paves the way to the question of recovering the order 1 structure of S: {(z, T,,S) : © € S} that is exactly
the support of the so called ”varifold” V(S) naturally associated with S. Recovering the varifold V(S) is the
next step we intend to tackle. However we will restrict ourselves to introduce basic definitions on varifolds
in this last section.

Definition 7.1 (Grassmanian manifold). We denote Gy, = {vector subspaces of dimension d in R"} the
Grassmanian manifold of d-dimensional vector subspaces of R". For T, P € Gg4, we denote ll7,I1p the
associated orthogonal projectors and we consider the metric d(T, P) = |||Ily — I pl||| where ||| - ||| is operator
norm of linear endomorphisms of R™.

Definition 7.2 (General d-varifold). A d-varifold is a Radon measure on RN x G4,

Definition 7.3 (Mass). The mass of a general varifold V is the Radon measure defined by ||V]|(B) =
V(n=Y(B)) for every B C Q Borel set, with 7 : Q x Gq,, — Q defined by w(z,S) = .

A first example of varifold is a Dirac mass d,, p, in Rn x Gg4, for a given (zo, Py) € R™ x G4, more
generally a weighted sum of such Dirac masses that we will refer to as point cloud varifold

Definition 7.4 (Point cloud varifold). Given a finite set of points {z;}}X., C R™, masses (weights) {m;}, C
R% and directions {Pi}ﬁ\;l C Gg,n, we associate the d-varifold

N N
V= Zmié(xi,pi) and in this case ||V]| = Zmidzi.

=1 =1

Remark 7.5. P; can be any d-plane in Gg,,. If we sample a submanifold M, then {P;}X.; can be thought
as tangent planes Ty, M.

We can observe the point cloud varifold through its action on functions ¢ € C.(R™ x Gy,) as follows:

N
[ eV =3 motw. )
R"XGd,n i=1

Definition 7.6 (Rectifiable d-varifold). Let S be a d-rectifiable set in R™ and 6 be a Borel such that 0 > 0
'Hﬁg—almost everywhere. A rectifiable d-varifold V = v(S,0) in R™ is a the Radon measure V = G'Hiis X 0, 5
on R™ x Gy, of the form i.e.

/ oz, T)dV (z, T) = / b(, Ty S)0()dH (&) Vo € COR™ X Gan)
R"xGq,n S

where TS is the approximate tangent space at x which exists ’H‘dS —almost everywhere in S. The function 0
is called the multiplicity of the rectifiable varifold.

Varifolds are provided with a notion of generalized mean curvature relying on the so called first variation
(see [1]) that extends the classical notion of mean curvature in a distributional way. For the purpose of
defining the first variation of a d-varifold we introduce the following differential operators: let P € Gy, IIp
be the orthogonal projection onto P and (7i,...,74) be an orthonormal basis of P, let X = (X;,...,X,,) €
CH(R™,R™) be a vector field of class C1, ¢ € C*(R") and (e, ...,e,) be the canonical basis of R, then

n d
VPp =11p(Ve) and divpX = Z Mp(VX;)-e; = Z DX, 7.
=1

i=1

Now we can define the first variation.
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Definition 7.7 (First variation of a varifold). [1] The first variation of a d-varifold V in R™ is the distribution
of order 1

§V : CHR™ R™) — R

X — divp X (x)dV (z, P)
R™ XGd,n

If S C R" is a closed C? d-submanifold and V = ’H‘dS ® 07,5 is the smooth varifold associated with S
then
SV(X) = i divr, s X (z)dHs
Definition 7.8 (Generalized mean curvature). If 6V is an order 0 distribution then we can see it as a Radon
measure thanks to the Riesz theorem. Moreover the Radon Nikodym decomposition of §V related to the mass
[|V|| permits to decompose 8V as a vector field -3 HVII € LL _(||VI]) and a Radon measure (6V)s singular with

loc

respect to ||V|| as follows:

oV
oV = (@)[[VI] + (6V)s-
I
The vector field H := W is the generalized mean curvature vector. Note that for a varifold associated to

a C? closed manifold it coincides with the classical mean curvature.

The first variation is a way of catching the ”tangent space” variations. For example we can detect some
corners, borders and intersections in the shape S.

Example 7.9. Let V be the 1-varifold V in R? naturally associated to the corner [0,1] x {0}U{0} x [0, 1] with
the density 0((z,y)) =1+ x. We have a simple parametrization with the natural orthonormal basis (eq, e3).
The point (0,0) is an intersection and the density is more important on the abscissa azis. Let X € C1(R? R)
we have

bd td
oV (X) :/0 @X(tel) ~610((t,0))dt+/0 @X(teg) -e20((0,t))dt.
We integrate by parts and therefore
SV (X) =6((1,0))X((1,0)).e1 —0(0) X (0).eq +/0 X(t.el).el%e((t,0))dt+9((0, 1))X((0,1)).e2—60(0)X(0).eq

Then we do a second integration by part and replace the value of 6

oV = (5(170) -e1+ (5(071) ez —0g - (e2 +e1) + 61;"[\1[0,1]><{0}
—_———

border corner density impact
At first sight 0V seemed to be an order 1 distribution but here it is more regular:it is a 0 distribution.

We underline that the non constant density 6 induces a tangential contribution along the horizontal axis
in the first variation when we would expect 0 since the mean curvature of a straight line vanishes.
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Figure 7: 6-intersections

Remark 7.10. If we have an intersection composed of k € N* directions uy, . .., uy such that u;+---+ux =0
then we cannot see through the first variation because they balance, as in the case of a triple point junction.
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8 Conclusion and perspectives

In this project, we proved the mean convergence of empirical measures p towards an Ahlfors regular measure
w1 in terms of a localized bounded Lipschitz distance (Theorem adapting a proof from [7]. Building on
this result, we obtain a pointwisely convergent density estimator in Theorem We underline that we
work in a non-smooth framework, our regularity assumptions being Ahlfors regularity and rectifiability of
the measure pu.

Let us conclude with some perspectives: can we estimate H‘Cls thanks to the estimate on the pointwise
density? Moreover are there insightful choices of 7 regarding the numerical applications? Can we prove
estimates for other distances like Wasserstein distances (see [I1]) and Prokhorov distance? What about
estimating the varifold structure V = H‘dS x 07,5 from pn? Alongside, discrete equivalent of differential
operators like the Laplace Beltrami (see [I1]) are full of potential applications and accessible from the varifold
structure. In fact, those operators can deliver global features of our surface, for instance in view of classifying
them. And last but not least, how robust is our model considering that point clouds can be noised through
the sampling process?
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