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A FLEXIBLE APPROACH FOR NORMAL APPROXIMATION OF
GEOMETRIC AND TOPOLOGICAL STATISTICS

ZHAOYANG SHI, KRISHNAKUMAR BALASUBRAMANIAN, AND WOLFGANG POLONIK

ABSTRACT. We derive normal approximation results for a class of stabilizing functionals of
binomial or Poisson point process, that are not necessarily expressible as sums of certain
score functions. Our approach is based on a flexible notion of the add-one cost operator,
which helps one to deal with the second-order cost operator via suitably appropriate first-
order operators. We combine this flexible notion with the theory of strong stabilization to
establish our results. We illustrate the applicability of our results by establishing normal
approximation results for certain geometric and topological statistics arising frequently in
practice. Several existing results also emerge as special cases of our approach.

1. INTRODUCTION

Let (X, F) be a metric measure space equipped with a o-finite measure Q and a metric
d: X xX — [0,00). For s > 1, let Py denote the canonical Poisson process on X with
intensity measure A := sQ, and for Q a probability measure, let &, denote the binomial
process associated to Q. Let dg (Y, Z) denote the Kolmogorov distance between two random
variables Y, Z, i.e., dg(Y, Z) := sup,ep | P(Y <t) —P(Z < t)|. In this work, we study nor-
mal approximation results for real-valued functionals F,(P) and F),(&,) respectively of the
Poisson and the binomial point processes in the Kolmogorov metric under relatively flexible
assumptions on the functionals. In particular, motivated by geometric and topological sta-
tistics, we focus on the case when the functionals F, and F,, are not necessarily expressible
as sums of certain score functions, and on obtaining presumably optimal bounds in this case.

Our proof techniques are based on the widely-used concept of stabilization. Indeed, since
the use of stabilization concepts to establish central limit theorems for Poisson-based mini-
mal spanning tree in [KL96|, these concepts have been widely developed as a general tool to
establish normal approximation rates for various functionals of Poisson and Binomial point
process. We refer the interested reader to [PY01, Pen05, BY05, PY05, Sch10, LPS16, CS17,
LRP17] and reference therein for details. In particular, [LPS16] develops normal approxima-
tion bounds for a fairly general class of functions of Poisson processes by combining Malliavin-
Stein techniques [PSTU10, PR16], second-order Poincaré inequalities [Cha09, NPR09| and
stabilization concepts, and by using the iterated add-one cost operator, also called second
order cost operator. Considering the case of functionals expressible as a sum of exponen-
tially stabilizing score functions, [LRSY19] establishes user-friendly normal approximation
results based on [LPS16|. The work of [LRPY22] introduces bounds for general functionals
of Poisson process. Their method does not involve the hard-to-evaluate iterated add-one cost
operators but uses the add-one cost operator at two different scales, an approach pioneered
by [CS17| for the case of Poisson-based minimal spanning trees. However, their generality
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comes at the cost of sub-optimality — in general, the bounds based on [LRPY22| are sub-
optimal compared to those of [LPS16]. Furthermore, for the case of functionals that are
expressible as a sum of exponentially stabilizing score functions, the bounds of [LRPY?22]
necessarily lead to sub-optimal rates.

Hence, the following question remains: Can one obtain presumably optimal bounds for
general functionals that automatically result in presumably optimal bounds when specialized to
the case of functionals that can be expressed as sums of score functions. Following [LRSY19],
we use the term presumably optimal to refer to the case when the order of the normal
approximation is the same as that of a sum of i.i.d. random variables. In this work, we
answer this question in the affirmative for a class of functionals. Similar to [LRPY22|, our
approach is based on the idea of using the add-one cost operator at two scales. However, in
contrast to their work, we use it to directly simplify the evaluation of the iterated add-one
cost operators. When specialized to the case of sums of score functions, such an approach
recovers the presumably optimal results of [LRSY19|. To summarize, we make the following
contributions:

e In Definition 2.7, we introduce a flexible notion of the add-one cost operator with
a general set A, that allows to (relatively) easily evaluate computations with the
iterated add-one cost or second-order difference operators, for general functionals of
Poisson and binomial point process that are not necessarily a sum.

e In our main results, Theorems 3.1 and 3.2, we provide normal approximation results
for functionals of Poisson and binomial point processes respectively. In particular,
the functionals do not necessarily need to be expressible as sums of certain score
functions.

o We illustrate the applicability of our approach by deriving normal approximation re-
sults for several geometric and topological statistics. Specifically, in Theorem 4.1 and
4.2 we use our approach to derive normal approximation results for the total edge
length of k-Nearest Neighbor graph and weighted k-Nearest Neighbor graph based
Shannon entropy estimators. In Theorem 4.3, we derive results for Euler Charac-
teristic, which is an elementary statistics widely used in the field of topological data
analysis. Finally, we discuss the applicability of our approach for the minimal span-
ning tree problem in Theorem 4.4, by recovering existing results via our approach.

Organization. The rest of the paper is organized as follows. In Section 2, we introduce
the basics of point processes, stabilization concepts and required assumptions. In Section 3,
we present our main theorems and discuss relations to existing results. In Section 4, we
discuss applications of our results to geometric and topological statistics. The proofs are
provided in Section 5 and 6.

2. PRELIMINARIES

2.1. Point Process Basics. Let (X, F) be a measure space with a o-finite measure Q
and a metric d : X x X — [0,00). Let N be the set of o-finite counting measures on
X, which can be interpreted as point configurations in X. Thus, we treat the elements
from N as sets. The set N is equipped with the smallest o-field N such that the maps
ma: N — NU{0,00}, M — M(A) are measurable for all A € F; see [KK97| and [LP11].
A point process 1 is a random element in N. Denote by F(N) the class of all measurable
functions f : N — R, and by L°(X) := L%(X,F) the class of all real-valued, measurable
functions F on X. Note that, as F is the completion of o(n), each F € L°(X) can be
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written as F' = f(n) for some measurable function f € F(IN). Such a mapping f, called
a representative of F, is Q o n~'-a.s. uniquely defined. In order to simplify the discussion,
we make this convention: whenever a general function F' is introduced, we will select one
of its representatives and denote such a representative mapping by the same symbol F'.
Throughout this paper, we denote by L%(X) the space of all square-integrable functions F
of a point process n with EF?(n) < co. We mainly consider two different classes of point
processes: Poisson point process and binomial point process.

Definition 2.1 (Poisson Point Process). A Poisson point process with intensity measure \
is a point process P(A\) on X with the following two properties:

(1) VB € F, P(\)(B) is a Poisson random variable with parameter \(B).
(2) Vm € Ny and for any pairwise disjoint sets By, Bo, ..., B,, € F, we have that the
random variables P(A)(B1), P(A)(Bz), ..., P(A)(By) are independent.

Definition 2.2 (Binomial Point Process). Let P be a probability distribution and n be a
fized positive integer. Let X1, Xs, ..., X, be i.i.d. random variables sampled from P. The
binomial point process &, based on P and n is defined as &, :== ., dx,, where § is the Dirac
measure.

We now describe the setting for developing normal approximations of functionals of Poisson
and binomial point processes. For s > 1, let A := sQ be the intensity measure of Poisson
point process P(\) := P,. For the case when Q is the probability measure, let &, be the
binomial point process based on Q and n. Consider square-integrable functionals of these
two point processes, i.c., F(P;) 1= Fy(Ps) € Lp (X) and F(&,) := Fu(&,) € L (X). We then
seek upper bounds for the following two quantities:

i (Fsm) ~ER(P) N) Cad de <Fn<£n> —BR\(&) N) |
Var FS('PS) Var Fn(&t)

where NN is the standard normal random variable.

2.2. Stabilization. The notion of stabilization is widely used in deriving normal approxima-
tion rates for functionals of Poisson or binomial point processes [KL96, PY01, Pen05, PY05].
We start with introducing notions of stabilization for functionals which are not necessarily
representable as sums of sore functions.

Definition 2.3 (Add-one Cost Operator). Let F' be a measurable functional of a point process
n on (X, F). The family of Add-One Cost Operators, D = (D,)zex, are defined as

Do F(n) = F(nU{z}) — F(n).

Similarly, we can define a second-order cost operator (also called iterated add-one cost oper-
ator): for any x1,xs € X,

Dy, 2y F(n) i= F(nU {1, 22}) = F(nU{z1}) = F(nU{z2}) + F(n).

In addition, we define for any y € X,
Do F¥(n) := F(nU{y} U{z}) — F(n U {y}).

Clearly, when {y} = (), it degenerates into the add-one cost operator.



4 ZHAOYANG SHI, KRISHNAKUMAR BALASUBRAMANIAN, AND WOLFGANG POLONIK

Based on the add-one cost operator introduced above, we next introduce weak and strong
stabilization in the context of functionals F of the Poisson point process P,. Similar def-
initions hold automatically for the case of functionals F,, of the binomial Point Process &,

Definition 2.4 (Weak Stabilization). The functional F is said to be weakly stabilizing at
x € X, if and only if there exists a random variable A, such that for any sequence (Wp,)m>1
in F tending to X, as m — 0o, we have D, Fs(W,,) — A, almost surely.

Definition 2.5 (Strong Stabilization). The functional Fy is said to be strongly stabilizing at
x € X, if and only if there exists an almost surely finite random variable R, which is referred
to as the radius of stabilization, such that for all finite A C X\ B,(R,), with probability 1,

D, Fy((Ps N By(R,)) UA) = D, Fy(Py N By(Ry)),
where B.(R,) ={y € X:d(z,y) < R.}.

Clearly, strong stabilization implies weak stabilization. In some cases, the functionals Fj
and F, can be represented as a sum of the form

F(Ps) = Z fs(x, Py), and Fo(&) = Z fo(2, &), (2.1)
x€Ps z€&n

where fs, f,, are called score functions. In this case, there exists a useful notion of stabilization
based on the score functions. For simplicity, we still state the definition for functionals of
Poisson point process; the binomial case is defined similarly.

Definition 2.6 (Score-based Stabilization [LRSY19|). The score function fs is said to be
stabilizing at x € X, if and only if there exists an almost surely finite random variable R,
(the radius of stabilization) such that for all finite A C X\ B,(R,), we have

fs(x, (Ps N By(ry)) UA) = fo(x,Ps N By(rs)).

Informally speaking, the above definition posits that the value of the score function f, will
not be affected by the points outside the ball centered at x with radius R,. For discussing the
relation between strong stabilization and score-based stabilization, we present the following
simple result.

Proposition 2.1. Given any Fs =3 _p fs(y,Ps), we have for all v € X,
D,F(P,) = fu(z, PyU{z}) + > Dufily. Py). (2:2)

yEPs
Proof of Proposition 2.1. We have

D, Fy(Ps) = Fy(Ps U {x}) — Fs(Ps)
= Z fs(y,PSU{x}) - Z fs(yaps)

yEPsU{x} yEPs
= fu(z, P U {z}) + (Z foly, Peu{ah) = > fs<y,7>s>> (2.3)
yEPs yEPs
= fo(@, PsU{a}) + > Dufi(y, Py),
yEPs

which completes the proof. O
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Remark 2.1. We now make the following remarks.

(1) Strong stabilization focuses on the cost function of the functional F' while the score-
based stabilization is assumed on the score functions f. FEquation (2.3) reveals this
relationship. It plays an important role in Section 4.2 and its proof.

(2) Strong stabilization is more general than score-based stabilization in that strong stabi-
lization does not restrict the form of the functional to be expressible as a sum of scores.
Furthermore, the same functional might be expressible in multiple ways as sums of
scores. Depending on the representation, it might be easier or harder to compute the
radius of stabilization and also the moments of the score functions (which also play
a crucial role - see below). Strong stabilization, however, provides an approach to
directly work with the functional F itself.

The following example from the literature on Topological Data Analysis (TDA), further
illustrates the aforementioned remarks. Readers unfamiliar with the basics of TDA are
directed to the elementary definitions provided in Appendix A. We also refer to [EH10,
BCY18]| for more on the basics of TDA.

Example 2.1 (Euler Characteristic). Given a simplicial complex K, the Euler characteristic
1s defined as

X(K) = (—1)F {8},
k=0
where #{ Sy} is the number of simplices of dimension k.

Typically, the simplicial complex K, is taken to be the Vietoris-Rips complex (VR com-
plex) or the Cech complex, constructed over a point cloud sampled from binomial or Poisson
point processes &, or Py, respectively. In this case, we denote the simplicial complex as
K(&,) or K(Ps) to denote the dependency on the underlying point process explicitly. We
now discuss the stabilization properties of the above statistic. While it is possible to express
the Euler characteristic as a sum of certain score functions, it is not required to do so, as the
Euler characteristic is strongly stabilizing with radius of stabilization R, = 2r for the Cech
and the VR~complex; see [KRP21].

The following example, on the total edge length of a k-nearest neighbor graphs, is a
canonical example of a geometric statistic that satisfies score-based stabilization and strong
stabilization.

Example 2.2 (k-Nearest Neighbor (k-NN) Graphs). Consider a configuration of a Poisson
point process Ps, where here we represent Py by a random number of (conditionally) i.i.d.
points X;, i.e. Py = {Xi}zsl‘. For some k € N, and for every integer 1 < j < k, denote
by X, the j-nearest neighbor of X;, i.e. X;; is the jth closest point to X;. Furthermore, let
pji denote the distance between X;; and X;. Then, the (undirected) k-NN graph NGy(Ps)
1s the graph with the vertexr set V := Py and an edge x ~ y if y is some j-nearest neighbor
of X and (or) x is some j-nearest neighbor of y. For ¥ > 0, we define

1
Z §d(a:, y)?, if x,y are mutual k-nearest neighbors,

fo(z,Ps) =14 Y (2.4)
Z d(z,y)’, if z,y are not mutual k-nearest neighbors.

T~y
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The total edge length is defined as
Fo=> fiz,Py).

(EGPS

According to [LRSY19], the total edge length statistic satisfies score-based stabilization. Addi-
tionally, by the proof of [PYO01, Lemma 6.1|, we also have that it satisfies strong stabilization
with the radius of stabilization being R, = 4R, where R is defined in the following way: for
eacht > 0, construct siz disjoint equilateral triangles T;(t), 1 < j < 6, such that the origin is
a vertex of each triangle, such that each triangle has edge length t and such that T;(t) C T;(u)
whenever t < u. Then, define R to be the minimum t such that each triangle T;(t) contains
at least k + 1 points from Ps.

By definition, strong stabilization only focuses on the first-order add-one cost operator. In
order to deal with second-order cost operators, which are also crucial in obtaining our normal
approximation results, we introduce the following flexible notion of add-one cost operators.

Definition 2.7 (Flexible Add-One Cost). For any point process n in (X, F), any x € X and
a set A, € F (that may or may not depend on x), the flexible add-one cost operator for the
functional F is defined as

Dy F(Az) = Do F(Az)(n) i= Do F(n]a,) := F((n|Az) U{x}) — Fn]As),

where we denote by n|A, the restriction of the point process n to the set A, (see, for exam-
ple, [LRPY22]).

Informally speaking, we introduce the flexible add-one cost D,F(A,) by only observing
the point process in the ‘window’ A,. Obviously, if one sets A, = X, the flexible add-one cost
function degenerates into the classical add-one cost function in Definition 2.3. The following
proposition, whose proof is immediate by simply using the definition of the second-order
cost function, provides a way to deal with the second-order cost function by the flexible cost
function defined above.

Proposition 2.2. Under the setting of Definition 2.3 and 2.7, we have
Doy 0y F = (Do F — Dy F(A,)) + (D, F(A,) — Dy, F(A,)) + (Do, F(A,) — D, F).
Particularly, when A, =X, we have
Dy o, F =D, F* — D, F.

2.3. Assumptions. We now discuss the assumptions made in our work to obtain the normal
approximation results. On the measure Q, following [Pen07, PY05, Yukl5, LRSY19|, we
make the following assumption: There exist constants x > 0,w > 1 such that for » > 0 and
all v € X,

sy QB+ ) ~ QBL()

e—0t €

< rwr*™t, Q({z}) =0. (2.5)

For example, one can consider a measure Q on X, a full dimensional subset of R? with a
bounded density with respect to the Lebesgue measure, where one can choose x = sup f
and w = d. We also make the following tail-bound assumption on the radius of strong
stabilization.
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Assumption 2.1 (Decay of Radius of Stabilization). Under the setting of strong stabilization
and (2.5), we say the radius of stabilization R, decays exponentially if and only if there exist
constants cq, co,c3 > 0 such that for r > 0,

P(R, > r) < cje= 260,
If R, is based on a binomial process &,, then a similar decay holds with s replaced by n.

Yet another reason for why we refer to Definition 2.7 as “flexible” is that even when the
tail probability of the radius of stabilization R, is unknown for a specific functional, it might
be possible to pick A, “strategically” and use our approach to obtain normal approximation
bounds. We illustrate this point in Section 4.4 by using our approach to recover existing
results on normal approximation for the total edge length of the minimal spanning tree.

We next move on to the assumptions on the (flexible) add-one cost operator. Throughout
the paper, we assume that E [(D,F)?*X(dx) < co. Furthermore, we assume the following
K-exponential bound assumption.

Assumption 2.2 (K-exponential bound). We say the add-one cost function D, F satisfies
a K-exponential bound, where K is a measurable subset of X, if and only if for x,x* € X,
there exist constants ki, ko, k3 > 0 such that

P(DmF - 0) < kle—kzds(m,K)kS’ and P(DxF:v* 4 0) < kle_des(m’K)k37

where dy(-,-) := s/¥d(-,-) and d(z,K) = inf,cx d(x,y). Similarly, we can assume the above
for binomial point processes by changing s as n.

A similar assumption has been made in [LRSY19, Equations (2.8) and (2.9)] on the score
functions to capture functionals whose variances exhibit surface area order scaling. Here, we
make the assumption directly on the functional F', which captures a more general class of
functionals than that considered in [LRSY19].

Assumption 2.3 (Moment Condition). We say the functional Fy satisfies the moment con-

dition iof and only if there exists some p > 0 and H < oo such that
sup sup (E |D,F,|’ +E|D,F*|P) = H. (2.6)

s>1 zx*eX

If the Poisson process Ps s replaced by a binomial process &,, then the above suprema are
taken over n rather than s as well as the functional F is changed to F,.

Bounded moment conditions are commonly made to derive normal approximation results.
For related work in the context of stabilizing functionals of point process, see [LRSY19,
Equations (2.6) and (2.7)] and [LRPY22, Equations (1.5) and (1.8)]. While [LRSY19| con-
siders moment conditions on score functions, we directly deal with the functional F' so that
it fits a more general class.

3. MAIN RESULTS

We now present our two main results on the normal approximation of a certain class of
functionals of Poisson and binomial point process, Theorem 3.1 and 3.2 respectively, that
are not necessarily expressible as sums of score functions. We discuss several applications in
Section 4. Firstly, we introduce a general result for functionals of Poisson point process. We
remark that the following theorem does not leverage Assumptions 2.1, 2.2 and 2.3. However,
in Corollary 3.1 we present a refined results under the above mentioned set of assumptions.
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Theorem 3.1 (Normal Approximation for Functionals of Poisson Point Processes). Let F
be a functional of the Poisson point process P(N) with F € L3,y and E [(D,F)*A(dr) < co.
For any x,x1,29 € X, define

E|D,F — Do F(A)|* := bi(z, Ay),  E|[DF(A)[* := by(, Ay), (3.1)
and
E|D,, F*> — Dy F™ (A, )|* := bs(x1, 22, Ay, ), (3.2)
E|D,, F(A,,) — Dy, F|* := by(w1, 79, Ay, ),
E|D,, F™(Ay,) — Dy, F(A)|* := bs (w1, 29, Ay, ).

Then, there is an absolute constant C* > 0 such that

dK(Ij/\TEF ) C*Z%a

where
1 2 o ,
71/ = VarF(/ (;bj(xlvAm)Z ]Z:;bj(x%AwQ)Z
5 5 1
S by (s, w1, Ay ij(ggg,xQ,Am)%)A?’(d(xl,xQ,xg)))2,
j=3 Jj=3

[NIE

. V;F(/ib-(xg,xl, A,,) ibj(xg,,xg,Amg))\g(d(xl,@,xg))) ,
s i ValrF%/z:bei ™)
vy = IZ] 1(VarF VX /Zb x, A) % dx)) </ibj(x,Am)>\(dx)>

j=1

INE.

+ (Var F)%)

2 1

. ValrF</ij(a:,Ax))\(dx)>2,
5 5 )
VarF /Zb o1, A, %;bﬂ 1,3, A %+;b] T1, 2, Ay ) (d($1,$2))>2-

Remark 3.1. We make some remarks about the general Theorem 3.1 as follows.

(i) The above Theorem 3.1 generalizes [LPS16, Theorem 1.2| by introducing the flexible
cost function D, Fs(Ay).

(ii) Theorem 3.1 is valid for deriving normal approximation rates for general functionals
or stabilizing functionals not having a known tail probability bound; see Section 4.4.
When such tail bounds are known, a more refined result is available (see Corollary 3.1

below).

o~

Yo ‘=
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When we set A, = X and A = sQ, Assumptions 2.1, 2.2 and 2.3 could be leveraged to
give upper bounds for the following crucial probabilities that appear implicitly in the proof
of Theorem 3.1:

L(z) = P(D, F, # 0),
Jg(l'l, 113'2) = ]P)(|DSClFS - D:(:F:2| 7& O)a

resulting in the following corollary.

Corollary 3.1. Suppose F; € L%s and that Fy 1s strongly stabilizing with the radius of
stabilization R, decaying exponentially (Assumption 2.1). Further suppose its cost function
satisfies the K-exponential bound (Assumption 2.2) and the bounded moment condition for
p > 4 (Assumption 2.3). Then, there exists a constant Cy > 0 depending only on the
constants in (2.5) and (2.6) such that for s > 1,
1 5 3
2 4 2
dK <Fs - EFS’N) S OO @K,s + @K,s _ + GK,S + GK,S
v Var F, VarFy  (Var F,): (Var Fy)?

Y

where
(p=4) ( do(K) )
O,
O, = s/ - (M) ). (3.7)
X
Corollary 3.2. Under the conditions of Corollary 3.1, assume there exists a constant C' > 0
such that o
K,s
2 < C 3.8
ol VarF, = (3:8)
then there ezists a constant C} > 0 depending on C and (2.5)-(2.6) such that for s > 1,
F, —EF 1
dr | 2—2N ) < Cf——. 3.9
K ( v/ Var F ) = Y/ Var F, (3:9)

Next, we introduce the main theorem for binomial point process. The binomial version of
Theorem 3.1 is not immediately known. Indeed, for the Poisson case we leverage Theorem
5.1 for our proofs. However, due to the fact that there is no nice counterpart of the second-
order Poincaré¢ inequality (see [LPS16]) an analogue of Theorem 5.1 is not known for the
binomial case. On the other hand, we point out that it is possible to obtain a similar result
based on [LRP17, Theorem 5.1|, which serves as a counterpart of Theorem 5.1 for binomial
setting. Based on this approach, we now present our result for the Binomial setting.

Theorem 3.2 (Normal Approximation for Functionals of Binomial Point Process). Suppose

F, € Lgn and invoke the binomial version of assumptions in Corollary 5.1. Then, there

exists a constant Cy > 0 depending only on the constants in (2.5)-(2.6) such that for n > 2,
1 3

F, —EF, % n Okn | Oxn+ 6%,

dK( N) <Cp | oon 75 o

n_ d 3.10
VVarF,’ Var F), (Vaan)% - (Var F,)? 7 ( )

where
dn (ZB,K)

(=9 “s
Ok.n :In/e T ( 2 ) Q(dx).
X
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Remark 3.2. We now make the following remark on Theorem 3.2. Compared to the Poisson
case, the exponent of Ok ,, in the third component of the sum on the right hand side of (3.10)
is different. In essence, this difference can be traced back to a fundamental fact that there is
no nice counterpart of the second-order Poincaré inequality (see |LPS16]) for binomial case.
Instead, we use the approach taken in [LRSY19, Theorem 4.2| to prove Theorem 3.2.

Corollary 3.3. Under the conditions of Theorem 3.2, assume there exists a constant C' > 0

such that
GK,n

< A1
oot VarF, (311
then there ezists a constant Cf > 0 depending on C and (2.5)-(2.6) such that for n > 2,
F, — EF, 1
dg | ——=,N | < C}—re=. 3.12
K < v/ Var F, ) ~ VVarF, (312

Remark 3.3. We make the following remarks about the above results on both Poisson and
binomial cases.

(1) If K = X and Q(X) < oo or Q has a bounded density with respect to the Lebesgue

measure on a compact set, the conditions (3.8) and (3.11) can be simplified as

<(C 3.13
iglf VarF, = ' ( )

su <C,

(#i) Optimality: Following [LRSY19|, we refer to cases where the bounds in (3.9) and (3.12)
can be attained, as being presumably optimal. Indeed, Corollary 3.2 and 3.3 show that
if the variance of the statistics Fs, I, are bounded below by Ok s, O ,,, respectively,
a presumably optimal normal approximation rate is achieved. To give an intuition
on why the above situation is referred to as being presumably optimal, note that for
the case of sums of i.i.d random variables, non-trivial i.i.d. random variables can be
constructed that achieve the upper bounds of the form in (3.9) and (3.12). Formal
lower bounds on the optimality are available for the case of integer-valued statistics
in [Eng81] and |[PRR13|. Furthermore, in a recent work, |SY21]| established lower
bounds for a large class of statistics.

(3.14)

Comparison to related works. We now provide some comparisons to the related
work. Firstly, our proof techniques, similar to [LRSY19|, are based on several central ideas
proposed in [LPS16]. For the case of functionals that are expressible as sums of score func-
tions, [LRSY19] established presumably optimal bounds under the score-based stabilization
assumption, for both the binomial and Poisson cases. While they too use second-order cost
operators, our Theorem 3.1 and Theorem 3.2 handle a much larger class of functionals in
comparison (not necessarily as sums of scores). The work of [LRPY22| consider general
functionals (not necessarily sums) and work under strong stabilization assumption. How-
ever, they only consider the Poisson case. To get explicit bounds (e.g., their Corollary 1.5
and Proposition 1.12), they introduce a specific form of A, in their proofs and their over-
all approach results in sub-optimal rates in comparison to our results, Corollary 3.1, and
to [LRSY19| in the case when the functional is expressible as sums of scores. Our Theorem
3.1 generalizes [LPS16, Theorem 1.2| by introducing the flexible cost function D, Fy(A,) for
general functionals of Poisson point process. The work of [LRP17]| also consider normal
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approximations of general functions (not necessarily as sums). However, their approach is
only valid for the binomial case. Moreover, a further investigation of their main theorem
[LRP17, Theorem 4.2] reveals that instead of introducing stabilization notions, their normal
approximation bounds are obtained by computing some quantities (for example, 7,7" in
[LRP17, Section 4]), which are complicated to deal with for some functionals, e.g., Euler
characteristic; see [KRP21, Proof of Theorem 3.2].

Applying our main results. We conclude this section, with the following three-step
procedure illustrating how to apply our main theorems, Theorem 3.1 and Theorem 3.2.

e Step 1: Check if the functional F' is strongly stabilization (i.e., Definition 2.5), if the
tail probability of the radius of stabilization (Assumptions 2.1) could be computed,
and verify Assumption 2.2 on the cost functions.

— If the functional is not strongly stabilizing or no upper bound of the radius of
stabilization R, is known, consider the flexible cost functions D, F,(A,) with
appropriate choice of A, and apply Theorem 3.1.

e Step 2: Check bounded moment condition, i.e., Assumption 2.3.

e Step 3: In order to check for presumable optimality, one can seek to bound the
variance, i.e., (3.13) and (3.14).

If the above three steps are satisfied, apply Corollary 3.1 and Theorem 3.2 for the Poisson
and binomial settings respectively.

4. APPLICATIONS

In this section, we illustrate the applicability of our bounds in Theorem 3.1, Corollary 3.1
and Theorem 3.2 on several geometric and topological statistics.

4.1. Total Edge Length of k-Nearest Neighbor Graphs. Recall the definition of £-NN
Graphs in Example 2.2 and define the total edge length of a k-NN graph as:

FENN(P) = fula, Py), (4.1)
z€Ps

with f, as defined in (2.4). similarly, we define F*™N for an underlying binomial point
process.

Theorem 4.1. Assume there exists a constant ¢ > 0 such that, for r < diam(X) < oo,
in§fg Q(By(r)) = cr®. (4.2)
re

If there exists a constant C' > 0 such that

S
< .
W Var Py = 4

then there exists a constant Cy > 0 such that for s > 1,
Fk—NN ) — EFk—NN ;
dK<s (P,) — EF] <P>7N)§CO

1
VarFF-NN(P,) NE

And if there exists a constant C > 0 such that

n
< 4.4
" Ve = ¢ -
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then for n > 2,

Fr]f_NN(gn) B EFr]LC_NN(gn) L

Remark 4.1. We make the following remarks about the above result.

(i) Condition (4.2), is required in addition to the (2.5) for the k-NN statistic; see [LRSY19]
for details. Note that the total edge length of a k-NN graph (4.1) is expressible as a
sum of score functions. Hence, the results in [LRSY19| already provide presumably
optimal bounds. Our results above also recover the same bounds.

(i) Now we compare our results to [LRPY22| in the Poisson setting. Recall that similar
to our work, they considered general functionals (not necessarily expressible as sums
of scores). However, their generality comes at the cost of not having presumably
optimal bounds in the setting of the total edge length of a k-NN graph. Specifically,
[LRPY22, Proposition 1.12|, term \/b,/n with b, — oo implies that it has a slower
rate than 1/+/n. This highlights the benefit of our approach: despite its generality,
we still obtain presumably optimal bounds for this specific special case.

(iii) For the binomial setting, |[LRP17| obtained rates in the Kolmogorov metric for the
same statistic. However, as discussed in [LRSY19, Remark (i) below Theorem 3.1],
their results are sub-optimal and involve additional logarithmic factors, that we avoid.

(iv) When we consider X as a full-dimensional compact convex subset of R?, w = d, as
shown in [PYO01, Proof of Theorem 6.1]", the conditions (4.3) and (4.4) are satisfied.

4.2. Shannon Entropy. Given an i.i.d. sample X, X5, ..., X, from a density q on R?, the
differential (Shannon) entropy is defined as H(q) := —Ex.4log q(X) = — [5. q(x) log q(z)dz.
The nearest neighbor entropy estimate, also known as the Kozachenko Leonenko estimator,
was first proposed in [KL87| based on the 1-NN density estimator. A generalization of this
estimator based on k-NN density estimator is given by

n - 1 ‘/dpk )
n Z ¥ (k) ’
where py,; is the distance between X,- and its k-nearest neighbor among X1, X», ..., X,,, V; :=
72 /T(1+ 4) is the volume of a unit d-dimensional Euclidean ball, ¥(k) = —v + S0 s
the digamma function and ~ is the Euler-Mascheroni constant [PY13, BSY19].

The consistency and CLT for the above estimator in a manifold setting were shown in
[PY13] by stabilization theory. However, a non-trivial bias term arises for d > 4, rendering
the above estimator asymptotically inefficient (in the sense of [VAV00, page 367]). To have an
(asymptotically) unbiased and efficient estimator, the following weighted A-NN estimator was
proposed in [BSY19]. Defining ¢, as the binomial point process associated with X7, X5, ..., X,
the proposed estimator could be viewed as a functional of &, and is given by

SE w w n_l)Vdpz
FEP(&,) = Zf (X&) where  f(X;, &) == Zwa10g< 50 )

and w; are the weights (such that 7, w; = 1) that are chosen to cancel the dominant bias
term and make FSF asymptotically efficient. We now provide our normal approximation

1[PYOl] consider the case of ¥ = 1. However, a closer examination of the proof shows that it can be easily
extended for any ¢ > 0.
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results for the above estimator, based on a slightly modified set of assumptions considered
in [BSY19].

Theorem 4.2. Consider a density q supported on a compact set X C R? with respect to the
Lebesgue measure Q in R, Let A denote the class of all decreasing functions a : (0,00) —
[1,00) such that a(6) = 0(6~°) as § \, 0, for every e > 0. Fora € A, let g be m =[] — 1
times differentiable (for 5>0). For x € X, let rq(x) := (Sd%a(q(x)))_ﬁ and define:

g ()] 14 (y) — g™ ()] }

M, ap(x) = max{ max —-———, Ssup

t=tem  q(2) T yepgira@y  4(@)lly —z[F7m
where BS(r) := B, (r)\{z}. Let the density q also satisfy that following conditions:
lglloo <, sup Mg p(x) < a(d), ¥6 > 0.

wiq()>3

Define the class of weights as follows: for k € N, let

Wk = {weRk : zﬁzlwﬂ;’jﬁ’ =0, forl="1,.,[4, 3¢ w;=1w;=0, if j ¢ {ng,L%J,...Jc}}.
(4.5)

Then under the conditions of |[BSY19, Theorem 1|, that is, for any a > d, f > g and
for any two deterministic sequences of positive integers kg, = kg, ki, = ki with kg < ki,
ki/log’n — oo, ki = O(n™) and ki = o(n™), where, with 3* := B A1,

2 —d  4p* g d
7'1<min{ a_a p }, and 7'2::min{1 —1 1 },

Sa+3d 2a 48" +3d 1+ 9 28

as well as the assumption (4.2), there exits a constant Cy > 0 (independent of k,n) such that

FEE(gn) — H(q) k
o (k) <ol

for ki <k <kj.

Remark 4.2. We make the following remarks regarding the above result.

(i) Asymptotic limit theorems for estimators of the Shannon entropy have been obtained,
for ezample, in |[PY13|, [BSY19|. The result in [PY13| is a non-central limit theorem,
as their estimator suffers form bias in higher dimensions. The result in [BSY19],
1s a central limit theorem, which was established under the case that the density is
supported on R%. However, no normal convergence rate results were provided in the
above works. To our best knowledge, the above result, is the first normal convergence
rate result with the true center H(q).

(i1) It is also possible to obtain a similar result using the method in [LRSY19| since the
estimator FSP(E,) is expressible as a sum of score functions.

(iii) Furthermore, the result in Theorem /.2 is provided for the binomial case. The as-
ymptotic unbiasedness and efficiency of the weighted k-NN estimator of the Shannon
entropy based on Poisson point process is open, to the best of our knowledge.
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4.3. Euler Characteristic. Recall Example 2.1. Following the setting of [KRP21|, consider
a bounded density ¢ on [0,1]%. Let &, be a binomial point process associated with n i.i.d.
samples according to the density ¢ and let P, be a Poisson point process with intensity
measure nQ, where Q has a density ¢ with respect to the Lebesgue measure, i.e., we set
5 =n.

Construct the Cech complex or the Vietoris-Rips complex Kr(n%Pn), Kr(néfn), see Defi-
nition A.2 and A.3 based on the Poisson point process P,, and the binomial point process &,
respectively with r > 0 as the filtration time. Here, K, represents both complexes for simplic-
ity. The factor na corresponds to the thermodynamic/critical regime [GTT19, OT20, Tril7]
such that this is equivalent to the case nr¢ — r € (0, 00) with r,, as the filtration time. With
the above constriction, the Euler characteristic is given by

FYC(Py) o= X(Kn(niPy)) - and  FPO(&,) = (K (n1,))

where (K (n)) for a filtration K constructed from a point cloud sampled from a point process
7 is defined in Example 2.1.

Theorem 4.3. Under the above setting, for someT" > 0 such that 0 < r < T, there exists a
constant Cy > 0 such that forn > 1,

1
v

(FEC(%) — EFEC(P,)
dg

; N S CYO
VarFEC(P,)

And forn > 2,

EPO(6n) —EE(60) 1
ax ( VarFEC(&,) ’N> = CO\/E'

Remark 4.3. We make the following remarks about the above result.

(1) CLTs and functional limit theorem for Euler characteristic has been studied in [TO21]
by viewing Fuler characteristic as a process indexed by r. Normal approrimation
rate of Euler characteristic under binomial and Poisson sampling was obtained in
[KRP21]|, by computing certain geometric quantities appearing in the general result
in [LRP17|. Our flexible stabilization method has advantages of avoiding computing
several complicated geometric quantities (as done in [KRP21, Proof of Theorem 3.2] ).

(2) For the Poisson case, |[LRPY22| require a specific form of A, rendering their result
sub-optimal, i.e., the term /b, /n in [LRPY22, Proposition 1.12]|, leads to a slower
rate than 1/+/n that we obtain above.

(3) While Euler characteristic could also be expressible as a sum of score functions, one
could possibly leverage the results of [LRSY19| to derive normal convergence rate.
Our goal in this example is to demonstrate the flexibility of our general result.

All above applications consider stabilizing statistics when there are known tail bounds for
the radius of stabilization R,, i.e., quantities (3.5) to (3.6). Our Theorem 3.1, however, can
deal with the case when we do not have immediate bounds for those probabilities based on
the flexible cost function D, Fs(A,). We illustrate the above mentioned idea by the following
application concerning the minimal spanning tree.
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4.4. Edge length of the Minimal Spanning Tree. Consider a finite set V C R? (usually
it is embedded in an underlying graph G := (V, E)). A minimal spanning tree 7" of V is a
connected graph with the vertex set V. Define

M(V) := min > el
e is an edge of T

where the minimal is taken over all possible minimal spanning tree T of V. According
to [Pen05] and [CS17], the total edge length statistic M (V) does satisfy certain required
stabilization properties. However, to the best of our knowledge, there is no result on the
rates of stabilization including quantitative bound on the tail probability of the radius of
stabilization. This results in a major difficulty of deriving normal approximation rate for
M (V') by some classical methods like [LRSY19]. Our flexible stabilization method can yield
the following theorem by picking A, “strategically” to make use of some existing bounds.

Theorem 4.4. Following the Fuclidean setting in [LRPY22|, consider By as the unit hyper-
cube in R? centered at the origin and let B,, := nBy, n € N_. Given a homogeneous Poisson
process P()\) on R with intensity A\ > 0, let

Fg? (P(N) = M(P(A)|5,).
Then, there exist constants Cy > 0,1 > Dy > 0 and Dy > 0 not depending on n such that
FMST(P(N)) — EFAST(P(N)) v < {C’on‘Dl, ifd=2,

dx |
\/Var FEST(P(V)) Co(logn) ™22, ifd >3,

Remark 4.4. The normal approximation rate of the edge length statistic of the minimal
spanning tree has been derived previously in [CS17| and in [LRPY22| with similar results as
Theorem 4.4. However, [CS17]| only focused on the minimal spanning tree therefore it is hard
to generalize for other stabilizing functionals. [LRPY22| used the similar idea of introducing
the set A, but their bounds usually give sub-optimal normal convergence rates (for e.g., see
Remark 4.1 regarding the total edge length of k-nearest neighbor graphs in Section 4.1) than
ours due to the specific form of their set A, lacking flexibility.

5. PROOFS FOR SECTION 3

5.1. Proof of Theorem 3.1. We first prove our main theorem for Poisson case, Theorem
3.1, based on the flexible cost function D, F(A,). Without loss of generality, all the constant
C > 0 mentioned in this section refer to universal constants that might take different values
in each step. Our key tool for proving Theorem 3.1 is based on [LPS16, Theorem 1.2|, which
we restate below.

Theorem 5.1 ([LPS16]). Let F' be a measurable functional satisfying the following two
conditions:

EF(P(\)?<oo  and E / (D,F)2\(dz) < 0.

Let N be a standard normal random variable. Then,
6

F—-EF
dg | —=, N | < is
K(\/VarF ) ZV

i=1
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where
4 2 2\1 2 2y243 :
"= V. (E(DI1F> (szF) )Z(E(Dml,wsF) (DrzﬂﬂsF) )2)‘ (d(xlvx%x?i)) ’
ar F’
1 3
1= g ([ BDn P D PP 2,20 )
1
=——— [ E|D,F|’\(dx),
& (VarF)E/ IDFAd)
1 1 é
"= gy U~ EF) / Aldz),

ot

1 4
7'_VarF(/ (D,F) )\d:c)
1
= DxF
7T Nar F (/ !

Proof of Theorem 3.1. The idea is to use the above theorem, and to bound the first and
second order cost functions appearing in the quantities v;,7 = 1,...,6 by using our flexible
approach. To this end, we rewrite the first and second order cost functions as:

l\?\b—‘
N

5 (E(DaraaF))? +3E<Dm,x2F>4A2<d<x1,aa)))

and
Dml,ng (ststl Dﬂcst (A )) +(Dm3Ffl(Acc3) _stFS(Ax3)>+(D13FS(Am3> _D:r;sFS)'
We start with 3. By the fact that (a + b)? < 4(a® + b®) for any a > 0,b > 0, we have

(Vax FYys = [ BI(DE ~ DLF(AL)) + DLF(A)PAE)

< /4E|DxF— D,F(A,)[P\(dx) +/4E|DxF(Ax)|3)\(dx).
By Holder’s inequality and the assumptions in Theorem 3.1, we then have
E|D,F(A,)]* < (B|D,F(A)|)T177 < by(x, A,)1. (5.1)
Similarly,

[
—
o
)
~

E|D,F — D, F(A,)| < by(x, A,)7.
Therefore,

3

(Var F) 73<C/Zb x, Ay) 1\ (dx) :C’(VarF)%y3

Next, we turn to 4. According to [LPS16, Lemma 4.3|, we have

E(F —EF)* < max {256 ( / (E(DxF)4)%>\(dx))2 4 / E(D,F)*\(dz) + 2(VarF)2} :



NORMAL APPROXIMATION FOR GEOMETRIC AND TOPOLOGICAL STATISTICS 17
Consequently,

< [ED:F) );% (d) (4 (J(E(D,F) ) Ada))? + V2 ([ B(D,F)* Mdz))7 +2%(varF)%).

T4 s 2(Var )2

By calculations similar to 3, we have

/(( %dx<0/Zbg:A% ).

Similarly,

/(E(DF )EA( dx<C/beAZ z),

/ E(D,F,)'\(dz) < C / ij(x,Am)A(dx).

Combining all above, we have

e SRR (e avea)
+</;bj(:c,z4x))\(d:c)) (VarF)%) = C}.

Furthermore, by similar arguments on bounding ~s, it leads to

1

C 2 i ,
%< Vo F ( / ij(x,Ax)A(d@) = Ol
j=1

We next move on to bounding the remaining part: v, 72 and 74, that involve the second
order cost functions. Similarly to the first order cost function, we have

5
E(Dqy 0 F)* < CY i, 72, Ay). (5.3)

i=3

Using Cauchy-Schwarz inequality, we have
1

(E(Ds, F)A(Ds, F))2 < B(Dy, F))TE(Day F))F, (5.4)
1 1 1
(E(Dzyaa F)*(Day,0 F)*)2 < B(Dyy 0 F) )T E(Diy 0y F)*) 1. (5.5)
With all results above, according to (5.1) to (5.5), we give an upper bound for ~; in a similar

way by Holder’s inequality:

2
4! VarF(/(Zb xla T1 4;bj 1'2,

ij(x37x17A.’E3)
j=3

J:-\»—A

Al
[y
=
«w
3
w2
N
SN—
Al
N——
>~
w
—~
=
=
8
o
3
)
-
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Similarly, we have

5 3
72 = V F (/Zb 1'3,1'1, T3 Zb] 1'3,1'2, T3 Ag(d(l'l,l'g,xg))>

]:

[SIE

25: (21, T, Ag,) A?(d(xl,m)))

R
|
=
=]
S|
VR
<.
vgl

S
&

=
I

3

S~—
NI
S

’@
=
s
5’
m|>—-

Combining the obtained bounds above for ~;, 1 < i < 6, we complete the proof. O

5.2. Proof of Corollary 3.1. Without loss of generality, we assume ¢; = ky := C1, ¢ =
ko := Cy and c3 = k3 := C5. In Theorem 3.1, we set A, = X and A\ = sQ. Then, we can set

bi(z, Az) =0,
b3(1, 22, Azy) = 0,
by(x1, 212, Agy) = 0.
According to Assumption 2.3, by Holder’s inequality, we have:
by(z,X) := E|D,F,|* < E|D,F,|'P(D,F, # 0)"» < CP(D,F, # 0)" "7,
and
bs(w1, 32, X) i= B|Dyy F2? = Dy Fif* < B| Dy, 2 — Doy FyPP(|Dy, F2* = Dy Fy| #0)'75
< CP(|Dyy F* = Doy Fy| #0)' 7.
Define

b= s /X P(D,F, +0)"% Q(dz),

p—4
’gbs(l'l,l’g) = ]P)(|Dx1Fx2 Dx1F5| 7& O) i |

With all b;, 1 < i < 5, given above, we will bound all v/, 1 <4 < 6 in Theorem 3.1. We
again start with ~4:

og\
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< 0o

For ~}, we have

o fz?:lgﬂ'/gé;)z ((/ibj (2, A)E( d:c))

7j=1
i

/ij(x A )\ (dx)

J=1

Respectively,

(G ) ~(c fronrar )

< Col

and

J:-\O«

Q(dx)

/beAZ 7) = /XIP’(DQCFS%O)i

< C¢s.

19

(5.6)

From the above calculations, we see that the exponent (p — 4)/2p is set so that indeed ¢,
provides an upper bound for all the terms appearing in the right hand of (5.6). Hence, we

have

3 5
, ¢35 + o5 ¢,
<C + = | .
= <(Var E)?  (Var Fs)g)

For terms that include b;, 3 < 7 <5, we have

2

l 1

’)/1 VarF (/(Zb r1, A x1 4;[7] Ty, A mz 4
5 5

> bi(ws, w1, Ag)T Y by(as, o, Axg)%) N (d(z1, s, 933)))

j=3 7j=3

p—4
< P(|D,, F* — D, F, o
_CVMFS(/}@(Q =D £0)

(SIS

IP>(|l)902Fsm3 Dw2F‘ 3&0) )Qs( (xlvx?vx:i)))

[NIES
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Vjp \// /ws 1, T3) dx2)> Qday).

Similarly,
1
5 5 5
%= </Z (3, 21, Ay Zby 3,2, As, ) S(d($1,$2,$3)))
=3 ]:3
3
S2 p—4
< |D501F’x2 DZ'IF5|7£O)T
1
2
P(|DmF53 D:czF| 7é O) )@3( ($1>$2ax3))>
%
VarF \// /ws x17x2 dx2)) Q(dl’l)
and

1
2

[

2 5 5
/ 1 1 N
6= Var Fj </;bﬁ(z1"4x1)2 ;b i (21, T2, Ay, )? Z (71,72, Ag)) 2(d(:)§'1,l’2)))

p—4
< x3 2p
o ( / P Dy, F7 — Doy Fy| £ 0)%
1

(Do, F2? = Doy #0)'5 @ (d(w1,2)) )

[NIE

s
Var F,

< CVaiFs \//X2 Vs(@1, 22)*Q*(d(1, 22)).

Therefore, combining all bounds for v/, 1 <1 < 6, we have by Theorem 3.1,

<C

([ BUDarz = Dokl £0)% @aton o)

F,—EF,
dx <W’N) < C(01 + 0y + 03), (5.7)
where
0 = VaiF \/ 2¢5(I1,$2)2Q2(d(931>$2))> (5.8)
0y = Va:F \/ / / b1, 22) d:cg)) Q(dxy), (5.9)
O = (¢S> s (bs +¢s
3 =

Var Fy  (Var Fs)% (Var Fy)?
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We next proceed to obtain refined bounds for ¢; and 1s(x1,x2). Before proceeding, we
recall the following definitions from (3.5) to (3.6):

I(z) = P(D,F, #0),
Js(x1,22) = P(| Dy, Fs — D FT?| #0).

Lemma 5.1. Assume that all conditions in Corollary 3.1 hold, and recall that R, denotes
the radius of stabilization. Then,

by < Cs / Ol % 0 g,
X

and
Ys(1,2) < Ce=Caliy ds(@1,22)3
Proof of Lemma 5.1. Based on the Assumptions 2.1 and 2.2, we immediately obtain
I,(z) < Cye G @R
Js(l'l, 1’2) S Cle—CQ max{ds(z1,22),ds(x1,K),ds(z2,K)} €3 ‘

Therefore, we have
¢s < Cs / e~ LD O )
X
Similarly, we obtain the stated upper bound for v4(xy, z5). O
Lemma 5.2. Suppose the condition (2.5) holds. Then, for any x € X and r > 0, we have
Q(By(r)) < krv.

Proof of Lemma 5.2. For any = € X fixed, consider Q(r) := Q(B,(r)),r > 0 as an increas-
ing function of r. According to Lebesgue’s theorem for the differentiability of monotone
functions, the derivative @)'(r) exists almost everywhere and then with the condition (2.5),

Q(B.(r)) — Q(B.(0)) < / Q' (u)du < / kwu Ydu = krv.
0 0
Note that Q(B,(0)) = 0. Therefore, we obtain the desired result. O

Lemma 5.3. Suppose the condition (2.5) holds. For any x € X, r > 0 and o > 0, there
exists a constant C > 0 such that

e @ C ——a st/wp)C
/ LeDTQ(dy) < (s,
X\Bz(r) §

Proof of Lemma 5.3. Let {r,}>>, be an increasing sequence satisfying

ri=r, lim 7, = oo, and lim sup |r, —r,_1| = 0.
n—oo n—oo TLZ2

Then,

e—ads(m y) e l/wT" 1) Q(Bm (Tn)\Bm(Tn—1>)
/X;\Bx (r) Z

n=2
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—a(sl/“’rnfl)c

e * kwr 1 (Th — The1)

IA
10

_ 1/w,)\C3 _
e~ W e ou  du,

Therefore, it suffices to show
o
C(s,r) = 563(31/%)03/ e olst w9, w=1 g
T

is bounded on © := {(s,7) : s > 1,7 > 0}. Since ((s,r) is a continuous function, then we
only need to show

li < 00.
(s,r%r—{la@C(S’ T) o

Note that
Moreover, let
with

Then,

Consequently, noting

a 2«
———=—a<0
2 3 “=
we have
li <
(s,r%r—{l@@C(S’ T) o0
giving us the desired result. U

Lemma 5.4. For any s > 1, r >0 and B > 0, there exists a constant C > 0 such that

sroe PN < Cema Bt

Proof of Lemma 5.4. Let
[i(s, ) = sroe 2PN
It suffices to prove

sup pu(s,r) < oo.
s>1,r>0

Similar to ((s,r) in Lemma 5.3, we only need to show
Ii <
(o Jm il ) < o0,

where © := {(s,7) : s > 1,7 > 0}. We note that the above claim follows by calculations
similar to that in the proof of Lemma 5.3 and the fact that —5/2 < 0, thus providing the
desired result. U
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Before proceeding, we recall the definition of Ok ¢ from (3.7) for convenience:
(p—4) ( ds (x,K) \ %
g AN ey e ANl ke
Ok,s = S/e e ( 2 ) Q(dx).
X
Note that by Lemma 5.1, we also have that ¢; < COk, for a constant C' > 0.

Lemma 5.5. Suppose the conditions in Corollary 3.1 hold. Then, there exists a constant
C > 0 such that
s7 | (a1, 22)°Q%(d(21, 12)) < COs.

X2

Proof of Lemma 5.5. Without loss of generality, we assume ds(x1,K) > ds(z2, K). Similar
reasoning can be used for the other case. According to Lemma 5.1,

(s y) < ClemC2 5t malds(@1,22) o (@1, K} |
Let
Lmz,s = 8/¢3($1,$2)2@(d$1).
X

It suffices to show there exists a constant C' > 0 such that

C
_c,p=4 ds(zg,K)\ >3
Ly,. < Ce 5 (MF9)

Let r == %d(flfg,K) and note the fact that max{z,y} > z, max{z,y} > y for any x,y, then

Ly s < CS/ 6_021)2_?max{ds(ml’M)’ds(ml’K)}cg@(dm)
X

< C's/ e @ p2;’4d5(x1’K)CsQ(d:c1) + C's/ e @ p2;4d5(x1’x2)03(@(d:c1)
Bay (1)

K\ Bazy ()
223(71A7+‘(1L2.

By the triangle inequality, 2r < d(z3,K) < d(z1,72) + d(x1,K), then when d(zq, 1) < 7,
d(z1,K) > r. Therefore, according to Lemma 5.2 and lemma 5.4, there exists a constant
C > 0 such that

—4 w —4 w —4 w
L, < S/ 6_021227(51/ T)CSQ(dl’l) < Sﬁrwe—@%(sl/ 7)C3 < 06—021’47(81/ T’)CS.
1312(r)

According to Lemma 5.3, there exists a constant C' > 0 such that
Ly <s- ge_CQPT?(Sl/wT)CS = 06_021)4_?(31/“}003.
s

Then,

4 C3 4 p—4 (ds(z9.,K)\ O3
Lm2 s S 06—021’47(81/“’7“) =Ce C2 4p ( 2 )

Y

giving us the desired result. U

Lemma 5.6. Suppose the conditions in Corollary 3.1 hold. Then, there exists a constant
C > 0 such that

3 / ( / ws<x1,x2>@<dx2>)2@<dx1> < COx.,
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Proof of Lemma 5.6. We can prove this lemma in a similar way as Lemma 5.5. Let

L;Ls = s/ws(xl,@)(@(dxz)_
X
Similar to L,, s, one can show there exists a constant C' > 0 such that

_op—d(ds(zy K)\©3
I, <ce s (M)

Therefore,

“[(/ %(xl,xz)@(da:z))z@(dxl) ~[(s] @bs(asl,@)@(d@))z@(dﬂ)

< s [ o)
< C’@Ki.
O
With the above ingredients in place, we are finally in a position to prove Corollary 3.1.

Proof of Corollary 3.1. Recall the definition of 6;, 65 and 5 respectively in (5.8), (5.9) and
(5.10). According to Lemma 5.1, Lemma 5.5 and Lemma 5.6, there exists a constant C' > 0
such that

(@K S)% (@K S)%
< : < : < .
b0 Var F, ’ < C Var F, ’ %s < COx,s
Therefore, according to (5.7), we complete the proof. O

5.3. Proof of Theorem 3.2. The proof of the Poisson case applies mutatis mutandis to the
binomial case. We now highlight the main changes. First, recall that we do not have a similar
result like Theorem 3.1 for Poisson case due to the fact that there is no nice counterpart
of the second order Poincaré¢ inequality (see [LPS16]|). Hence, Theorem 3.2 cannot follow
from Theorem 3.1. Instead, we use [LRSY19, Theorem 4.2] that provides an auxiliary result
for the binomial case. While [LRSY19] provided a general result for marked binomial point
process, we state the following result for the unmarked binomial point process.

Theorem 5.2 (|[LRSY19]). Let n > 3 and let F' be a functional of a binomial point process
N, with BF(£,)% < oo. Assume that there are constants ¢, p € (0,00) such that

E|D,F (& UA) P <c¢, Q—ae,zeXACX, Al <2
Then, there is a constant C := C(c, p) € (0,00) such that

F—EF
dig | —=,N | < O(S] + S, + S%),
K(\/m )— (1 2 3)

with
L, :=n / P(DyF(&-1) # 0)55%Q(dx),
X

dn(w )= oup B(DewF(Euamiu) 7 0)57,
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St = 1o F\/ [ a2 @z, 2),
So 1= VarF\// /@D’ x, 1) dx)) Q(dx),
g = L P, T T L2 (5.11)

VarF + (VarF) : (Var F)?

Remark 5.1. The exponent of I, in the third component of the sum on the right hand side
of (5.11) s different than that of Poisson case, due to the fact that it is not derived by
the counterpart of the second order Poincaré inequality. In fact, it is obtained by [LRSY19,
Theorem 4.3].

Now, based on Theorem 5.2, we start to prove Theorem 3.2.

Proof of Theorem 3.2. The proof of the binomial point process is similar to that of the
Poisson case, based on Theorem 5.2 for binomial case. We treat Theorem 5.2 for binomial
as a counterpart of (5.7) for Poisson noting D, ./ F, = DxF;f’ — D, F,,. Starting with this,
one can follow the same procedure to get the required counterparts of Lemma 5.1 to Lemma
5.6 by changing s as n. This provides the desired result. U

6. PROOFS FOR SECTION 4
6.1. Total Edge Length of k-NN.

Proof of Theorem 4.1. We begin with the Poisson point process case and consider the statis-
tic FFNN(P,) =3, cp. fs(z, Ps), with f; as defined in (2.4).

Step 1: From Example 2.2, FFNN(P,) is a strongly stabilizing functional with the radius of
stabilization R, = 4R, with R being defined as follows: for each ¢ > 0, construct six disjoint
equilateral triangles T;(t), 1 < j < 6, such that the origin is a vertex of each triangle, such
that each triangle has edge length ¢ and such that 7}(¢t) C Tj(u) whenever ¢ < u. Then,
define R to be the minimum ¢ such that each triangle Tj(¢) contains at least k£ + 1 points
from P,. Consequently, we have

P(R > r) <P (P, (U_,T;(r)) < 6k)) <P (735 (Bx (r\/§/2>) < 6k> ,

where P, (Bx (r\/g / 2)) follows Poisson distribution with parameter sQ (Bx (7’\/3 / 2)) Ac-
cording to the assumption (4.2) and a Chernoff bound for Poisson tail, [Pen03, Lemma 1.2],
we have that there exits a constant ¢ > 0 such that

rwense (39 )
(oo () ) <)

< 6ke™.
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This implies the radius of stabilization R, = 4R decays exponentially. Furthermore, we set
K = X for the K—exponential bound.

Step 2: As for the bounded moment condition, according to [LRSY19, Lemma 5.5, for
some p > 4, the bounded moment condition holds.

Step 3: As for the variance condition, by the assumption (4.3), it is satisfied.

Therefore, according to Corollary 3.2, we end the proof for the Poisson case. For the
binomial case, it is similar to the Poisson case by considering a Chernoff bound for the

binomial distribution [Pen03, Lemma 1.1] and [LRSY19, Lemma 5.6|. O

6.2. Shannon Entropy Estimation.

Proof of Theorem 4.2. We start by replacing the biased center EFSE(,) by the true param-
eter H(q). By triangle inequality, we have that

i (FS’E(fn) — H(g) N) a0 (FS’E(fn) — BE(E) N)

Var FSB(¢,,) Var FSE(E,)
::‘,dl
vy [BE&) — Hg) FP(&) — BEF(E)
S\ NVarEE(g) T /Var FRGE,) )

~
= dg

We first apply Corollary 3.3 to bound d;, using the three step approach.

Step 1: Similar to the total edge length of k-NN, following the proof of [PY01, Lemma
6.1], F5E(¢,) is strongly stabilizing with the radius of stabilization R, decaying exponentially
and we take K = X.

Step 2: As for the moment condition, again, by [LRSY19, Lemma 5.6|, the bounded
moment condition holds for p > 4.

Step 3: For the variance, note that for d;, we have

() — BES™(6) a nFSP(6) — B (nFSP (&)
Var F3(,) VVar (nFRP(E,))

Y

where £ means equal in distribution. Therefore, we can consider the variance condition for
the nF>%(&,) instead. According to [BSY19, Lemma 7], there exits a constant C' > 0 such
that for k§ < k < k7,
n
s <C. 6.1
D Var &) oy
By Corollary 3.3, we immediately have that d; < Cj(k, p)/+/n. Since k also diverges as n
goes to 0o, it is necessary to calculate the constant C{(k,p) more explicitly. Therefore, we
derive the following lemma. Note that the following lemma is a refined version of Theorem

5.2 as it reveals how the constant C{(k, p) is related to the constant p and the functional F
thus k.

Lemma 6.1. Assume there are constants ¢ > 0,pg > 0 such that

E|DyF(Eno1-ja) UA) [P0 < ¢ |A] < 2.



NORMAL APPROXIMATION FOR GEOMETRIC AND TOPOLOGICAL STATISTICS 27

Then, there exists some constant C' not depending on n nor F' such that

F—EF
d N ) < CO(S; 4 Sy + S5+ Sy + Ss),
K(\/W ) (1 2 3 4 5)

where
2 n
.— pdtp / 2 /
Sl =cC OV&I‘F\/ zwn(xvx)(@ (d(.flf,x)),
— pd+p /
Sy i=c OVarF\// /¢n x, ) Q(dx! )) Q(dz),
2 /T
— cTFp
53 i=c OVarF
F% 1 Fé
Sy = (\/gmax 4\/704“’0 — Vet — 41
(Var F)z (Var F)z
= s ) 4+3 r I 4;‘ n
™o ™o ™o ,
ni(Var F)z (Var F) (Var F)?
Ss _C4+3p0 L 3
(Var I')2
Here,

L, i=n /X (D, F(£,-1) # 0)F5w Q(dx),

Un(z,a') == sup P(DyoF(§no2-ja) U A) # 0)F20.

ACX:|A[<1

The proof of Lemma 6.1 follows in a straightforward manner by [LRSY19, Proof of The-
orem 4.2]. Now, we proceed to calculate moment bounds to see how k is related to the

constant C. Let
(n— l)Vdp] p
Z w; log —0 |

Following [LRSY19, Lemma 5.6|, by Jensen’s inequality, for p =4 + pg, po > 0,
E|Dy FP (€1 U A) [P0
4+po

=E G (¥, &nm1—ja) U {y} UA) + Z DyGi(, &n1-)a))

TEL, 14| UA

< ARGy, Eurojag U {y} UA) M0 4 470 "EID, Gl G|

€A

143t Z E|DyCe (2, &nm1—ja) |70

TEL, 1|4
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Then, following [LRSY19, Proof of Lemma 5.6], the constant ¢ in Lemma 6.1 satisfies

4+pg 4
+ + + 442
c < 43%Poc, 4 43Poc, 4 45 2”00 PO k¥ 2p0

where A < B means there is a constant C' > 0 such that A < C'B. Note that according
to the definition of weights (4.5), there only exist finitely many terms in the sum of (; and

according to [SP16, Section 3.2,
1 (n— 1)‘/dpg,i
°8 eVt

cp = E|DyCe(x, &mrya)) |7 < o0

4+po

Ca = E|CGe(y, &nm1—a) U {y} UA) [P < lw||SE < 00,

and similarly,

Then,
c < kJTO?%),
and by [LRSY19, Theorem 4.3] and [LRP17, Theorem 5.1|, the constant C' in Lemma 6.1

does not depend on either n or k.
Therefore, according to Corollary 3.3 and Lemma 6.1,

1 1 4 k
dy S 7 X c4+Po < %M“Po)(“?m) < \/; (6.2)
Next, we focus on do, which is related to the bias, EF>F(&,) — H(q). Let
SE SE _ W pSE
SR “BERE) o Hlg) ~EFSR(E)
Var F3F(&,) Var F3F(&n)

hY =

Then we have

b= d <F5E<€n> ~H() FS(E) - EFSE<£n>>

. (FSE(gn) ~Hlg) _ t) " (FSE(&J ~EFRT(E) t) ‘

= sup

teR Var FSE(E,,) Var FSE(E,)
= sup |P(h" < t+ Ah) —P(h* < t)|

teR
< 2dy +sup |P(t + Ah) — ()]

teR

sa(o((2) -3

< 2d) + 1 — e~ ARV TIARN
< dy + |Ahl,

where ® is the c.d.f. of the standard normal distribution and actually, we applied a tight
bound for standard normal distribution function according to [MJ13|. Therefore,

K < Ver I T, ,N) < max{d, |Ah|}.
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The bias of FSE(&,) satisfies the following bound according to [BSY19, Corollary 4]: for
every € > 0,

2(1$J+1) 3

sup |EfHY — H(f)| = O | max <%)a+d_e, <E) ' ,(E)d : (6.3)

fE]'—d,g n n

Note that & > d and 8 > ¢. With (6.1) and (6.3) , by elementary algebraic manipulation
we have that

1 1
k\Z% _ k2
|AR| S 03 x (_) <=, (6.4)
n n
Comparing (6.2) and (6.4), we obtain the desired result.
U

6.3. Euler Characteristic.

Proof of Theorem 4.53. We follow the 3-step procedure.

Step 1: According to Example 2.1, the Euler characteristic is strongly stabilizing with the
radius of stabilization R, = 2r. Clearly, as a constant, R, can be bounded exponentially as
one can choose ¢; large enough and cs, c3 > 0 such that for 0 <t < 2r,

1 < ¢/ 0, (6.5)

The similar argument also holds for Poisson case. Also, we take K = [0, 1]<.
Step 2: Moreover, for the bounded moment condition, note that for p > 4, there exists a
constant C(d,T) > 0 such that

sup  E|D,F(&)|" <E

n>0,z€(0,1]¢

> #lo € K, (nh(6 U en) (66)
=0

P
o is an (-simplex intersecting with {x}}

p

L ¢
(IP’ (le € B, (n‘ﬂ)))
(=0 {j1,je}C{1,2,.m}

S @ (C@.T)lallr) ’

" (C(d,T oordgp
<[3> (Cte. Dialar

d
ADlloor VP < o

(]
(]

IA

¢

Ql

<(eC

Also, by [YSA17, Lemma 4.1] and [KRP21, Proof of Lemma 4.2],

sup  E|FFC(P,)P < .
n>0,z€[0,1]¢

Moreover, consider

Do FYO(&,)" = x (Kr (n

-

(€U ey u{e))) = x (K (nic.))
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#x (K (nt6)) = x (i (né& U ) ).
and following a similar argument like (6.6), we have

sup E| D, F7% (&) [P < oo.
n>0,2€[0,1]4,2*€[0,1]¢
The bounded moment condition is satisfied and similar arguments can be utilized to show
for Poisson case.
Step 3: According to [PYO01, Theorem 2.1] and [KRP21, proposition 4.6|, there exists a
constant C' > 0 such that

n
sup <C,

n>0 Var ch(fn)

and it also holds for Poisson case.
Therefore, according to Corollary 3.2 and Corollary 3.3, we complete the proof. U

6.4. Edge Length Statistic of the Minimum Spanning Tree.

Proof of Theorem 4.4. According to [Pen05, Theorem 3.3|, the total edge length M (V') of
the minimal spanning tree satisfies the strong stabilization with a radius of stabilization R,

almost surely finite. Without knowing the tail probability of R,, we need to use Theorem
3.1. Set

A:c1 = Bn N {1’1 + nO‘Bo},

where 0 < a < 1 and {z + A} = {z +y :y € A} for any set A. According to [LRPY22,
Proposition 3.7|, for any ¢y > 0 and = € B,, there exists a constant C, > 0 independent of
n, x such that uniformly

E|D,FEPT(P(N)|® < Cy. (6.7)

The same bound also holds for D, Fj™>"
As for the second order cost, according to [LRPY22, Proposition 3.11|% for any ¢y > 1,
there exist constants Ey > 0, E; > 0, E5 > 0 such that for any z; € B,, with d(z,0B,) > n®,

En 5, ifd=2,

6.8
Ey(logn)™2, ifd > 3. (68)

E|Dy, Fp, " (Asy) — Do i (P(N))|™ < {

The same bound also holds for Dmng;MST. On the other hand, the variance bound is directly
from [LRPY?22, Propostion 3.9]: there exists a constant ¢ > 0,

Var F3°T(P(N) > ¢|By| < n?,

Then, plugging these two bounds (6.7) and (6.8) in Theorem 3.1, we get that there exist
constants Chrt > 0 and Cgecong > 0 such that,

2This proposition is provided for gy = 1. However, a closer examination of the proof reveals that it can
be extended to any gy > 1 in a straightforward manner.
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and for x5 € B, d(x3,0B,) > n® and d(z1,x3) > n®,

ib( 4, < [2ET ifd=2,
i\T3, L1, Agg )t
JATS T S 2Ey(logn)~P2, ifd >3,

J=3

and for other (z1,z3) € B,, X B,, the points near the boundary of B,,, similar to [LRPY22,
proof of Proposition 3.11|, we just apply uniform moment bounds for the flexible cost func-
tions and get

N

S C’second .

5
Z bj(flfg, €, A:Bg)

=3
Therefore, by the fact that
{(z,y) € B>: A, N B, N A, # 0} < n'n™,

then we have,

da

& Z Csecond + 2E07’L_E1, ifd= 2’
2
NS
nz .
d Csecond + 2E0(10g n) , ifd > 3.
n2

Similarly, one can derive

da

& Z C'second + 2E0n_E1, ifd= 2’
2
%<
n2 .
d Csecond + 2E(](10g n) , if d > 3,
nz

and

Var Var Vo S

S
[N =

and

da

%Osecond + 2E0n_E1, if d = 2,

/ n2
/76 5 da

B2 Clecond + 2Eo(logn) =22, if d > 3,

n2

Therefore, we complete the proof by invoking Theorem 3.1. U
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APPENDIX A. BACKGROUND ON TDA

Definition A.1 (Simplicial Complexes). An abstract simplicial complex over a (finite) ver-
tex set A, :={ay,...,a,} is a collection S of subsets of A, with the properties that

(i) {a;} € S;i=1,...,n,

(ii) o € S and T C o implies that T € S.

Every T C o is called a face of 0. Every o € S with |o| =0+ 1,¢ > 0, is called ¢-simplex.

Note that the vertices do not necessarily have to be elements of a Euclidean space. If they
are (affinely independent) elements of R?, one can think of every simplex of order £ < d as a
convex hull of /+1 (affinely independent) vertices, so that O-simplices are points, 1-simplices
are lines, 2-simplices are triangles, etc. The following two types of simplicial complexes, the
Vietoris-Rips complex (VR complex) and the Cech complex, are widely used in TDA.
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Definition A.2 (VR Complex). Following the definition A.1, let the vertex set A, be in
a metric space with the metric d. Then, the VR complex VR.(A,) for a given postive real
number r > 0 is a collection of simplices, where a simplex o € VR,.(A,,) if and only if for
any pair of vertices a;,a; € o, d(a;,a;) <r.

Definition A.3 (Cech Complex). Following the definition A.1, let the vertex set A, be in
a metric space with the metric d. Then, the Cech complex C.(A,,) for a given postive real
number r > 0 is a collection of simplices, where a simplex o := {a;}ic; € Cr(A,,) for some

I c{1,2,....,n} if and only if for Z'QIB[“ (5) # 0.

Definition A.4 (Filtrations). A filtration S of a simplicial complex S is a nested sequence of
simplicial complezes() = Sy C S; C --- C Sy =S, where S; = S;_1Uo;,i =1,...,1 for some
o; € S. A filtration is thus equivalent to an ordering of the simplices in the complex. Usually,
a filtration is given in form of a filtration function ¢ : S — R that assigns a real value V(o)
to each simplex o € S. The filtration itself is then defined via S(r) = {o € S : (o) < r}.
Note that while r is a continuous parameter, there are only finitely many values of r at
which the complex is changing for a simplex over a finite set of vertices as considered here.
Additionally, the parameter r here is called as the filtration parameter or the filtration time.

Remark A.1. The real number r in Definition A.2 and A.3 is called the filtration parame-
ter/time for the VR complex and the Cech complex respectively.
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