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STATISTICS OF GEOMETRIC RANDOM SIMPLICIAL
COMPLEXES

E. FERRAZ AND A. VERGNE

ABSTRACT. Given a Poisson process on a d-dimensional torus, its random
geometric simplicial complex is the complex whose vertices are the points of
the Poisson process and simplices are given by the Cech complex associated
to the coverage of each point. We compute explicitly the variance of num-
ber of k-simplices as well as the variance of the Euler’s characteristic. The
solution strategy used to compute the second moment can be used to com-
pute analytically the third moment and allows to stablish a conjecture for the
nth moment. We apply concentration inequalities on the results of homology
and the moments of the Euler’s characteristics to find bounds for the for the
coverage probability

1. MOTIVATION

As technology goes on [1, 2, 3], one can expect a wide expansion of the so-called
sensor networks. Such networks represent the next evolutionary step in building,
utilities, industrial, home, agriculture, defense and many other contexts [4].

These networks are built upon a multitude of small and cheap sensors which are
devices with limited transmission capabilities and power. Each sensor monitors a
region around itself by measuring some environmental quantities (e.g., temperature,
humidity), detecting intrusion, etc, and broadcasts its collected informations to
other sensors or to a central node. The question of whether information can be
shared among the whole network often is of crucial importance.

Many researches have recently been dedicated to this problem considering a
variety of situations. It is possible to categorize three main scenarios: those where
it is possible to choose the position of each sensor, those where sensors are arbitrarily
deployed in the target region with the control of a central station and those where
the sensor locations are random in a decentralized system.

The problem of the first scenario is that, in many cases, placing the sensors is
impossible or implies a high cost. Sometimes this impossibility comes from the fact
that the cost of placing each sensor is too large and sometimes the network has an
inherent random behavior (like in the ad hoc case, where users move). In addition,
this policy cannot take into account the configuration of the network in the case of
failure of some sensor.

The drawback of the second scenario is a higher unity cost of sensors, since each
one has to communicate with the central station. Besides, the central station itself
increases the cost of the whole system. Moreover, if sensors are supposed to know
their positions, an absolute positioning system has to be included in each sensor,
making their hardware even more complex and then more expensive.

It is thus important to investigate the third scenario: randomly located sensors,
no central station. Actually, if we can predict some characteristics of the topology
of a random network, the number of sensors (or, as well, the power supply of
them) can be a priori determined such that a given network may operate with high
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FIGURE 1. a) Sensors and their coverage; b) simplicial complex
representation when sensors are monitoring the region; ¢) simplicial
complex representation when sensors are communicating amoung
them.

probability. For instance, we can choose the mean number of sensors such that,
if they are randomly deployed, there is more than 99% of probability the target
region to be completely covered.

Usually, sensors are deployed in the plane or in the ambient space, thus math-
ematically speaking, one has to deal with configurations in R?, R3 or a mainfold.
The recent works of Ghrist and his collaborators [5, 6] show how, in any dimension,
algebraic topology can be used to compute the coverage of a given configuration
of sensors. Trying to pursue their work for random settings, [7] has completely
solved this problem in one dimension, without using, however, the sofisticated tools
of algebraic topology. Due the fact that we cannot order the points in R?, it is
not possible to find as much results as found for the one-dimensional case, but the
results in this work holds for any dimension d.

The principal idea of the problem is that each sensor can control some environ-
mental information (such as temperature, pression, presence of an intruder, etc)
around them. The homology of the coverage of this network, as shown in [5], can
be represented by a simplicial complex. A simplicial complex is a generalization of
a graph, so, while we represent a graph with points and edges, a simplicial complex
can be represented by points, edges, filled triangles, filled tetraedrons and so on.
Almost all the work considers the radius of monitoring € but a different interpreta-
tion can be done if the sensors are communicating amoung them. In this case, we
suppose that sensors have a power suply allowing them to transmit theirs ID’s and,
at the same time, sensors have receivers which can identify the transmitted ID’s
of other sensors above a threshold power. The sensors, knowing mutually the ID’s
of the close neighbors, are considered connected, creating an information network.
The problem remains analogous as the previous one, except that we substitute the
coverage radius € by a communication one of €¢/2. We can see examples of sim-
plicial complexes representations given by sensors communicating amoung them or
monitoring a region in Fig. 1.

In this work we consider that sensors are points of a Poisson point processus. This
assumption reflects the fact that, due the lack of control of the sensors positioning,
only a random fraction of the availables sensors will actually lie in the target region
or some sensors may shut down by running out of energy, moreover, the position of
each sensor, a priori, does not interact with the positions other sensors. Instead of
using the Euclidean norm, we use the maximum norm along this paper. We consider
this for three reasons: this norm represents a superior and an inferior limits for the
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FIGURE 2. Ilustration of the coverage of a point and the region
where points can lie, in the 2 dimensional case

euclidean norm (we can inscribe and circunscribe a circle with two squares); due to
the random interactions with the environment (causing shadowing and fading), even
the euclidean norm cannot capture with precision the real behavior of this kind of
sensor networks, so we choose the norm that allows us to simplify the calculations;
using the maximum norm, the Cech complex become equal to the Rips-Vietoris
complexes, which allows us to apply directly some results of the algebraic topology.
Finally, we assume that sensors lie over d-torus. We justify this choice for three
reasons: it avoids the border effects, it helps to determine weather or not a sensor
network in the d-box is completely covered and if € is small compared to a, the
calculations for all parameters in the d-torus are a good approximation for the
[0,a]? box. The coverage of a point and the region where points can lie in are
illustrated in Fig. 1, representing the case where a point is deployed over a plan.

One of the main results of this paper is the explicit expression for the variance of
the number of k-simplices, Vi, the covariance between Nj and N; and the variance
of the Eulers’s characteristic, x, in such complex, which allows us to apply concen-
trations inequalities. For d > 2, x is expressed by a power serie and if d = 1, it is
possible to find its closed-form expression. A complex closed-form expression for
the third order central moment of Ny is explicitely calculated and using the same
strategy solution of this case, it is possible to find an expression that allows the
computation of the moments of any order of the number of simplices.

The paper is organized in the following way: Section 2 presents the preliminaires
of the topological tools used in the paper as well as the tools used from the Malliavin
calculus; the calculations of the second order moments as well an application of the
concentration inequlities are presented in the Section 3; in section 4, we present
generalization of the procedure to find the second order moments allowing the
computation of the n-th moment of the number of k-simplices.

2. ALGEBRAIC TOPOLOGY

For further reading on topology, see [9, 10, 11]. Graphs can be generalized
to more generic topological objects known as simplicial complexes. While graphs
model binary relations, simplicial complexes represent higher order relations. Given

a set of points V, a k-simplex is an unordered subset {vg, v1, - -+, vy} wherev; € V
and v; # v; for all ¢ # j. The faces of the k-simplex {vg, v1, -+, v} are defined as
all the (k — 1)-simplices of the form {vo, -+, vj_1, Vj41, - -+, ve} with 0 < j < k.

A simplicial complex is a collection of simplices which is closed with respect to the
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inclusion of faces, i.e., if {vg, v1, - -+, vg} is a k-simplex then all its faces are in the
set of (k — 1)-simplices.

Given U = (U,, v € T) a collection of open sets, the Cech complex of U de-
noted by C(U), is the abstract simplicial complex whose k-simplices correspond
to (k 4+ 1)-tuples of distinct elements of U that have non empty intersection, so
{vo, v1, +-+, vk} is a k-simplex if and only if ﬂi‘c:o Uy, # 0.

One can define an orientation for a simplicial complex by defining an order on
vertices. A change in the orientation corresponds to a change in the sign of the
coeflicient as

[U07"'an7"'ana"'avk]:_[UOa"'avj7"'avi7"'avk‘]'

For each integer k, Cy(X) is the vector space spanned by the set of oriented k-
simplices of X. The boundary map 0, is defined to be the linear transformations

Ok : Cy — Cik_1 which acts on basis elements [vg, - -, v] via
k
ak[”o; Ty ’Uk] = Z(*l)k[’L)Ov oty Vi1, Vi1, o0y ’Uk].
i=0

Examples of such operations are given in Fig. 3.

” ,
vy vy R
V2 - o Y- (e
vy s v 5
b
l/\. °

Yo U2 Yo

00 V2 Vo ) Filled Empty

SO+

Hon v, s

a g
[vo, v1, v2] = [v1,v2] — [vo, V2] [0, 01,0, 03] oo, on, 55

|
~[vo, v2, 3]
. |
[vo, v1] + [v1, v2] i> [va] — [vo] +[vo, v1] ~[v0, 01, 03]

FIGURE 3. Examples of boundary maps. From left to right. An
application over 1-simplices. Over a 2-simplex. Over a 3-simplex,
turning a filled tetrahedron to an empty one.

This map gives rise to a chain complex: a sequence of vector spaces and linear
transformations

D2 O () 2 (X)) 25 O (X - 22 01 (X) 25 ().
A standard result then asserts that for any integer k,
8k o (9k+1 =0.

If one defines
Zk = ker&k and Bk = im@kH,
this induces that By C Zj.

Cr+1 Ck Cr—1

N

T
0B
7

FIGURE 4. A chain complex showing the sets C, Z; and By.
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The k-dimensional homology of X, denoted Hy(X) is the quotient vector space,
_ Z(X)
Bi(X)
and the k-th Betti number of X is its dimension:
By = dim Hy, = dim Zj, — dim By.
Let s be the number of k-simplices in a simplicial complex X. The well known

topological invariant named Euler characteristic for X, denoted by x(X), is an
integer defined by:

Hy(X)

X(X) =S (=18,
i=0
A well known theorem states that this is also given by:
X(X) =Y (=1)'s;
i=0

The simplicial complexes we consider are of a special type. They can be considered
as a generalization of geometric random graphs.

Definition 1. Given w a finite set of points on the torus. For € > 0, we define
U(w) = {Ba_(v,€),v € w} and Cc(w) = CU(w)), where By (x,r) = {y €
@ 1z = ylleo <7}

Theorem 1. Suppose € < a/4. Then C(w) has the same homotopy type as Ue(w).
In particular they have the same Betti numbers.

Proof. This will follow from the so-called nerve lemma of Leray, as stated in [12,
Theorem 7.26] or [13, Theorem 10.7]. One only needs to check that any non-empty
intersection of sets By__ (v, €) is contractible.

Consider such a non-empty intersection, and let = be a point contained in it.
Then, since € < a/4, the ball By__(x, 4¢) can be identified with a cube in the Eu-
clidean space. Then each By__ (v, €) containing x is contained in By__ (z, 4€), hence
also becomes a cube with this identification, hence convex. Then the intersection
of these convex sets is convex, hence contractible. (I

Definition 2. Let w be a finite set of points in T§. For any e > 0, the Rips-
Vietoris complezx of w, Re(w), is the abstract complex whose k-simplices correspond
to unordered (k + 1)-tuples of points in w which are pairwise within distance less
than € of each other.

Lemma 2. For the torus T¢ equipped with the product distance do, R.(w) has the
homotopy type of the Cech complex Coc(w)

The proof is given in [5] in a slightly different context, but it is easy to check
that it works here as well. It must be pointed out that Cech and Rips-Vietoris
simplicial complexes can be defined similarly for any distance on T¢ but it is only
for the product distance that the homotopy type of both complexes coincides.

By Lemma 2, k points are forming a (k — 1)-simplex whenever they are two-

by-two closer than 2e from each other. We define along the paper h(vy,---,vg)
as
h(vi,---,v) = hg(vr,---,08)
= II tiw-vi<za
1<i<j<k

which determines if a set of k distinct ordered points generates a (k — 1)-simplex.
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Proposition 3. Let w € T¢ be a set of points, generating the simplicial complex
Ce(w). Then, if i > d, Bi(w) = 0.

Proof. By Theorem 1, C.(w) has the same homology as U.(w). But U.(w) is an
open manifold of dimension d, so its Betti numbers (;(w) vanish for ¢ > d, see for
example [14, Theorem 22.24]. O

Proposition 4. Let w € T¢ be a set of points, generating the simplicial complex
Cc(w). There are only two possible values for the d-th Betti number of Cc(w):

1) Ba=0, or
i) Ba=1.
If the second holds, then we also have x(Ce(w)) = 0.

Proof. By Theorem 1, C.(w) has the same homology as U (w). Now, U.(w) is an
open submanifold of the torus, so there are only two possibilities:

i) U.(w) is a strict open submanifold, hence non-compact

i) U (w) =T,
In the first case, G4(w) = 0 by [14, Corollary 22.25]. In the second case C.(w) has
same homology as the torus, hence G4(w) = 1 and x(w) = 0. O

2.1. Application to sensor networks. We now interpret the topological prop-
erties of simplicial complexes in terms of connectivity and coverage. In terms of
coverage in a network, a 0-simplex represents a single sensor and the existence of
a k-simplex means that the (k 4+ 1) points of this simplex are covering the convex
hull containing those points. We can see in Figure 1, examples of some simplices
and their interpretation in terms of sensor networks.

In a very intuitive fashion, the number of k-simplices itself shows some tendency
in the network: if in two networks with identical number of sensors, one of them has
more 1-simplices than the other, this first one has a tendency to be more connected;
by the same reason, if a network has more 2-simplices than another one, the region
on the first case tends to be more strongly covered.

In a more sophisticated way, Theorem 1 formalizes that, in order to determine
coverage of sensors, it suffices interpret them as Cech complexes. Unfortunately, a
moment of thought shows that constructing the Cech complex cannot be done by
pairwise only communications between sensors. Thus, the only complex that can
be computed this way is the Rips-Vietoris complex.

An interpretation to Euler characteristic is given by Proposition 4, where we see
that x = 0 is a necessary condition to have a complete coverage of the torus, and
B4 = 1 is a necessary and sufficient condition. This could in turn translate into
conditions for coverage in [0,a]? when considered as embedded in Euclidean space
(i.e., not as a torus), but then one needs to be careful about border effects. For
example, one can say that 34 = 1 is a sufficient condition for coverage of [e, a — €]?.

3. STOCHASTIC MODEL

3.1. Poisson point process. To characterize the randomness of the system, we
consider that the set of points is represented by a Poisson point process w with
intensity A in a Polish space Y. The space of configurations on Y, is the set of
locally finite simple point measures (cf [15]):

QY = {w = Z(S(xk) C (z)iEh CY, neNU {oo}} )
k=0

where d(x) denotes the Dirac measure at z € Y. Simple measure means that
w({z}) <1for any x € Y. Locally finite means that w(K) < oo for any compact K
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Sensor network coverage Cech complex representation

®
U1
*r—0
U1 V2
v (%)
v V2

1

U3
| ;

U3

V2

V4 é U3

U1
TABLE 1. Topological representation of the coverage of a sensor
network. Each node v represents a sensor. From top to bottom,

the highest order simplex is a vertex, an edge, a triangle, three
edges, a tetrahedron.

of Y. Tt is often convenient to identify an element w of Q¥ with the set corresponding
to its support, i.e., >.;_, 8(z)) is identified with the unordered set {z1, ---, ,}.
For A € B(Y'), we have d(x)(A) = 1[5, ca], SO

w(A) = Z 1€ :/ dw(z),

TpEW A

counts the number of atoms in A. The configuration space Q¥ is endowed with the
vague topology and its associated o-algebra denoted by FY. Since w is a Poisson
point process of intensity \:

i) For any A, w(A) is a random variable of parameter AS(4), i.e.,

Pw(A) =k) = e—AS(A)w.

ii) For A’ € B(Y), for any disjoints A, A’, the random variables w(A4) and w(A’)
are independent.
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Define A, = {(z1,---,2n) € Y™ | 2; # x;,Vi # j}. Let f(x1,---,2,) be a
measurable function and let F'(w) be a random variable given by

F(W): Z f(l'l, ,xn):/ f(:Cl,... ;:I"n) dW(:Cl) dW(:Cn)7
z;EwNA1<i<n ANA,
wit; if i#j

A well known property of the Poisson point processes [16] states that

Eu[F@) = [ floa, oo o) dA(o) - dAn).
A
A real function f : Y™ — R is called symmetric if

f(-ra(l)a T xa(n)) = f(xla M) -Tn)
for all permutations o of &,.The space of symmetric square integrable random
variables is denoted by L?(\)°". For f € L?(\)°", the multiple Poisson stochastic
integral I,,(f,) is then defined as

In(fn)(w) = N fo(@y, - an)(dw(zr) — dA(z1)) - (dw(zn) — dA(zn)).
If f, € L2*(\)°" and gy, € L?(\)°™, the isometry formula
(1) Ex L (fn)Im(gm)] = n!l[m:n] <fna9m>L2(/\)°”

holds true (see [15]). Furthermore, we have:

Theorem 5. Every random variable F € L?(QY, P) admits a (unique) Wiener-
Poisson decomposition of the type

F=E\[F]+ Y I(fn),

where the series converges in L?(P) and, for each n > 1, the kernel f,, is an element
of L>(\)°™. Moreover, we have the isometry

o0

(2) 1E = Ex [F] I Z2apen = D ol full o, yon-

n=1
For f, € L2(\)°™ and g, € L2()\)°™, we define f,, ®} gm, 0 <1 < k, to be the
function:
(3) (yl+1a"'7yn;zk+17"' a:L'nL)'—>

/L fn(ylv ;yn)gm(yl, yYky Lh41y " 7:C’m) d)\(yl) dA(yl)
Y

We denote by f,, ofC gm the symmetrization in n +m — k — [ variables of f, ®§C Gms
0 <[ < k. This leads us to the next proposition, shown in [15]:

Proposition 6. For f, € L*(\)°" and g, € L*(\)°™, we have
2(nAm)

In(fn)lm(gm): Z Inerfs(hn,m,s);
s=0

n\ [(m ) -
hnms: ! . . . n . m
D YL O () A Y

$<2i<2(sAnAm)
belongs to L2(\)°"t™m=% 0 < s < 2(m An).

In what follows, given f € L#(A)°? (¢ > 2) and t € Y, we denote by f(x,t) the
function on Y97 given by (21, -+ ,xq—1) — f(x1,-*+ ,2q—1,1).

where
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Definition 3. Let Dom D be the the set of random variables F' € L*(P) admitting
a chaotic decomposition such that

o0
> qq!llfall* < oo
n=1

Let D be defined by
D : DomD — L*(QY x Y, P x \)
F=E\[F]+ Y L(fa) — DiF = > nly_1(fal,1)).
n>1 n>1
It is known, cf. [17], that we also have
D:F(w) = F(wU{t}) — F(w), dP x dt a.e..

Definition 4. The Ornstein-Uhlenbeck operator L is given by
LF ==Y nlu(fa),
n=1

whenever F € Dom L, given by those F € L>P such that their chaotic expansion
verifies

o
> P fall? < o0

n=1

Note that Ey [LF] = 0, by definition and (1).
Definition 5. For F € L?(P) such that Ey [F] =0, we may define L=* by

o0

L7 FP=->" %In(fn).

n=1

Combining Stein’s method and Malliavin calculus yields the following theorem,
see [8]:

Theorem 7. Let F € Dom D be such that Ey [F] =0 and Var(F) = 1. Then,
dw (F, N'(0,1)) < By H1 - / [D,F x D,L"'F] d)\(t)H
Y

n / E, [|DtF|2 \DthlFu dA(L).
Y
Another result from the Malliavin calculus used in this work is the following one,
quoted from [15]:

Theorem 8. Let F € Dom D be such that DF < K, a.s., for some K > 0 and
HDFHL“(Q,LZ(Y)) < 00. Then

T K
4 P(F—-E,\|[F|>=x Sexp(—lo <1+ >)
@ ( ) ) 2K & ||DF||L°°(Q,L2(Y))

Proposition 9. Let X a compact subset of R? and consider the map 7 : X —Y
as x; = ky; forx; € X, y; € Y and k a positive real constant. Denote by T.w the
image measure of w by T, i.e., 7. : QX — QY maps

w:ié(xi) to T*ié(klri).
i=1 i=1

The application 7. : QX — QY maps the Poisson measure A on Q¥ to the Poisson
measure A, = \k% on QY. Moreover, if ¢, is the distance in Y such that two
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points will be connected, the homology of the two simplicial complexes Ce(w)we'ﬂ‘[ﬁ]

and C, (T*W>T*WGT:[1 . are the same for any k if Ay = N\/k? and e, = ke.

Proof. A slightly changing on Propositions 6.1.7 and 6.1.8 of [15] is enough to show
that 7, maps the Poisson measure A\ on 0¥ to the Poisson measure \, = )\/kd on
QY. Then, it suffices to realize that for z; € X and for y; € Y:

h(z1,---,zK) = H L(jjzi—ajll<2€]
1<i<j<k
= H L) kws—kas || <2ke]
1<i<j<k
hence
h(yl; T ayk) = H 1[||y-;7yj||<26,-]5
1<i<j<k
which concludes the proof. [l

4. SECOND ORDER MOMENTS

4.1. Number of k-simplices. We use all the definitions of the previous section..
The number of (k — 1)-simplices can be counted by the expression:

G) Ne= Y. h(vl"k'!' k) _ /M h(vlv'k/:!' ’—vk)dw(l'l).-~dW(Z'k)

Vi,..., Vg EW

viFv; if i#j

Lemma 10. We can rewrite Ny as

k
1 k ,
N=—§ Ne—ir h(z,..., dei... deg_; | .
k k' =0 (Z) (/(’]I‘gy ($1 wk) T1 k )

Proof. We have that

/ h(zy, - ,2r)(dw(zr) = A daq) ... (dw(z;) — A da)\ dagqq ... A dag
Ak

=Y (—1) (;) / ) h(z1, - o) dw(zr) ... dw(xj)X dejeq ... A dog.
=0 A

Thus, after some algebrism with the binomial factors, we have
1 Gn (B =, (i
i Z ; Z(fl) i) | h(zi, -, or) dw(z1) ... dw(zj)A dzjpr ... A dag
i=0 j=0
= k!/ h(zq, - ,2g) dw(zq) ... dw(xg) = Ng,
Ak
concluding the proof. (I

Definition 6. Let C; and Co be two simplices with common vertices. For L €
P({1,2}), let us denote my, the number of vertices belonging exactly to the list L of
simplices.

Then M = mys + mq + my is the total number of vertices and Jo represents the
integral on these two simplices:

J2(m12,m1,ma) =/ / Rimistmy Pmastms d21 ... dTar.
Amiz2+my J Amiz2+ma

with x1,--- ,xp being the M vertices.
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T T L
e : 1
|

TmMm e Tmiztm, +1

FIGURE 5. Example of relative positions of the points

Lemma 11. For d=1 and ¢ = 1/2, we have
2m1m2

6 = .
(6) J2(ma2,m1, me) = maz +mq +m2+m12+1

Proof. Let us split the integration domain of J5 in two domains S; and Ss corre-
sponding to the cases:

(1) All the vertices are connected with each other, thus there is only one sim-
plex. The integral on S; is simply the number of points in the simplex:
M = mq2 +mq + mo.

(2) There are at least two vertices at distance d > 1, which leads to two
simplices. By symetry we can choose to order the mjy vertices for each
L € P({1,2}) from lowest to greatest or the opposite and choose which
simplex is on which side of the axis. Thus we have the integral on Sy equal
to 2mys!my!mso! A, with A an integral whose calculation is detailed below.

We choose to enumerate the vertices of the simplexes such that:

® Iy, -, Ty, are the mjs common vertices.
® Titls s Tmig+m, are the my vertices of only C;.
® Ty, tmitl, L are the mo vertices of only Co.

Without loss of generality we can choose the origin to be x1. The vertices are now
order as described in Fig. 5:

ngmlz §$m1271 S"'S.TQSI,
1 <2 =1 < Tmppt+1 S Timgp+2 <" < Tngptmy < Tgp1 + 1

Tmistl < Tmpptma+1 — 1L <2y STpo1 000 S Ty iy +1 < 1

Let us denote J, (f)(z) = [ f(u) du then we write the composition J? (Hz) =

f; fau f(v) dv du. We also denote m = mq2 + 1 and n = myz + my + 1, then we
have:

1 0 1
A= [a e [ A @) [ ATV ) @) dogdo, des,
0 To—

1
We easily find that:

mio—2
mig— &€
T W) =
mi—1 1
~Ton W) = gy
e 1
I 1) (@) =
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Thus we have:

1 1 0
A = o2 2/ — Xy Ay, dx
(m1z — 2)1(my — 1)l(mg — 1)1 /0 2 S ?
B 1
(my — D)(mag — 1)(m2 + 1)V
concluding the proof. (I

Theorem 12. Let € < a/6. Then, the covariance between the number of (k —1)-
simplices, Ny, and the number of (I — 1)-simplices, Ny, for 1l <k is given by

(7) CO’U,\ [Nk,Nl]
-1

[ a o ik =141\
- e (5) (i T

Proof. We want to evaluate Ey [(N; — Ey [Ng])(N; — Ex [NV;])]. By Lemma 10, this
can be written as

E,

B (penon g ()rnon)

i=1

where
fj":/ h(vi, -+ o) dog ... dvg—;.
(Td)7

Using the isometry formula, given by Eq. (1), we have

Covy [Ng, N)] = o Z ( ) ( ))\k-i-l 5B, (1 (f5) 1 (/)]
- ka( )()Akﬂ PAFE Y Lo oyes

-1

1 k—1+2i/ pk l
®) - Zi!(k—lJri)!(l—i)!)\ P aoyea-o-
=0

Hence, we are reduced to compute

(FF I L2 onew :/ (/ h(vi, - v) dvjpr ... do
(Td)J (Td)t=d

/d . h(vi, -+, vk) dvjgr ... dvk> Adur .. A doy.
(Td)k—d

Since a > ¢/6,the integration region is convex (see Fig. 6) and we have

(FFFD L2 o0 :/ A dvl/ h(0,v2,- -+, vk)
[0,a]¢ ([0,a]¢)k=1

X (0,9, ,vj, V], ,vl/fj) dvllfj coo dvy dvg ... dvjpa A doj.. X dos.
Moreover, if v; = (uj1,-+ ,u;q4) and v; = (uj;,- - ,u; 4) and we proceed to the
following substitutions:
2ex; if 2 <1<y,
uin = 2eyp—; ifj+1<1<k,

u;l = 2z if 1 <i <1 —j,

£
=
|
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a) b)

FIGURE 6. a) Maximum cover in T, and € = a/6. The red region
shows the cover of a point vy, the blue region is the cover of v,
and the greer region is the cover of v2. b) Maximum cover in the
same conditions of a) when ¢ = a/5. In this case, we the three
covers intersect each other pairwise, but there is no intersection of
the three covers.

This results in a Jacobian (2¢)¥+=21~1 and we recognize the integral to be exactely
J2(j,k — 3,1 — j) as defined in Definition 6. Thus, we have:

(R L2 ger = Na? (26271 (T (g, ke — 4,1 — 4))"

Finally, using Eq. (6) and Eq. (8) gives the result. O

Remark. We remark that the possibility of writing Var(Ny) as Eq. (7) is due the
fact that we use the maximum norm. This simplifies the calculations since we can
treat each component individually. However, considering the Euclidean norm it
is still possible to find analytically a closed-form expression for Var(Ny), but its
calculation involves nasty integrals and a generic term cannot be found. When we
consider the Rips-Vietoris complex in T2, the variance of the number of 1-simplices
and 2-simplices are given by:

ValNo] = (o) (Sare)? + 2 (are)?),

and

vii= (5)" (@0 (o ) v (5 -5 -75)

4.2. Euler’s characteristic. Since we have an expression for the variance of the
number of k-simplices, it is possible to calculate one for the Euler characteristic.

Theorem 13. Let € < a/6. Then, the variance of the Euler characteristic in a d
torus 1s:

Vild = ()" Yoy,

n=1
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where
i_ Y ’ (1) 2= =)\
ClD DI LB DR e J)(n—l)(l+3—n)< - 1+i+j—n)

J=[(nr1)/2) | i=n—jt1
2\ 4]
B 1 et 2(n — 5)?
(n—5)12(25 — n)! 1+2j—n

Proof. The variance of y is given by:

Vil = Ex[(x-E\[x])’] =Ex <§: 1N — i 1)*Ex [N )

k=1 k=1

= E, (i(—l)k(Nk—EA[NkO

k=1

- E, ii 1)"7(N; — Ex [Ni])(N; — Ex [N,])

z:l j=1
We remark that NV; < , , so there is a constant ¢ such that
E ZZ|N E\ [Ni])(N; — Ex [N;])] <i§: NN < cEy [eM]) < o0
A N A < TS
i=1j=1 i=1j=1

Thus the alternating serie converges absolutely allowing us to exchange the mean
with the sums and we can write

Vilxl = Z(*l)i Z(*l)jCOVA [Ni, Nj] .
i=1 j=1
The result follows by Eq. (7) and some tedious but straightforward algebra. ]
Lemma 14. Let n be a positive integer, then

(0 ((55)-G2) -

Jj=1

Proof. We first simplify the expression:

SO050) 65252007

j=1

Then, applying hypergeometric functions, we solve the sum:

BE0)(,)- o

j=1

O

Theorem 15. In one dimension, the expression of the variance of the Euler char-
acteristic is:

Vilx]=a ()\672/\6 - 4)\26674/\6) .
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Proof. If d =1, according to Theorem 13:
a o]
_ 1 n
(9) VA [X] - % Zl Cn(2>\€) )
n—

and we define

RN J (=1)i*in B n
An = Z 1 {2 Z (n—N(n-—)GE+75—n)! (nj)!2(2jn)!] '

j:[_";l t=n—j+1

and 3, = ¢} — . It is well known that

o) o)

using Stiffel’s relation, we obtain:

o= oy () ()]

o ;] 065006 -2 ()]
G)(C5)- (L5t e ()]

1 n
(10) = (n—1)! 2.
The identity (7;) = (") allows us to write that

=[=£]
n—j

Zn: (2(1)”)<7.L) = Z; (7;) — 97 n odd,

. j=l(n+1)/2] J )
j—[(;)/21(2(1)n)<§) - <nT/LQ> * Z - (?) =-2"+ <n72)’ n even.

Since (fl:i) =0forj< {"TH], we have

2 OG- G5 -2 02D -650)

for n odd and

£ 0050

(=) (02 -(50)

for n even. According to Lemma 14, we get:

Z" -1 j—1
n—jJ— n—
=Tn/2 ! ’
n
1— :
(n/2)’ n even

> O5)-Co)

i=[(n+1)/2]

15



16 E. FERRAZ AND A. VERGNE

Then, we substitute these two last expressions in Eq. (10) to obtain

(=291 nz1)

O‘n:(flyl (n_1)| )

and thus

oo
E anz” = —ze " + 2xe T,
1=0

Proceeding along the same line, 3, is given by

_ L ()= (- )
oo j—l_;“"l 2i:r;+1 (n_-j)'(n_l)'(l‘i‘]—n—f—l)'

2(n — j)?
(n—5)22j—n+1)

_ w (5242715 215
= (=1 < (n—1)! (i—2)!)’

and again we can simplify the power serie Z;’io Bnx™:
o]
Z Bna™ = 2ze™" — 2(z + 2?)e ™",
i=0

Then, substituting a,, and 3, in Eq. (9) yields the result. O

Indeed, Corollary 15 suggests the possibility of finding a simple expression for
variance of the Euler’s characteristic in higher dimensions. Applying it for d = 2,
we have a sum in a squared term given by:

. AN 2 . . ) N
2(n—1)(n— dn(n —1)(n — 2(n—1)(n —
py 2= =N o An(n—dn—g) (20—
14+2+j5—n 1+1+5—n 1+1+5—n
With respect to the case in one dimension, no extra knowledge is needed to simplify
the first two terms, and, if # = \(2¢)?, they are given respectively by:

a2
(2—6) (—z+2)e ™ +2(x — 22%)e™ ")
and

a 2 o2\ —=x _ 2\ —2z

5 (4(z — 2*)e™ " + 4(—z + 22%)e ") .

€

Unfortunately, we are not able to find a way to express the third term without an
infinite serie. This holds for any dimension: we can always find a closed-form for
the terms depending on n? and n?~!, but we cannot go any further.

Theorem 16. We have Dx < 2 and || Dx| p~q,r2(ra)) < o0 and

P(x — ¥ > ) < exp <§10g <1+%‘TM)>

Proof. In two dimensions, the Euler characteristic is:

X = Bo — B + Bo.

Therefore we can bound Dy by the variation of fy — 1 added to the variation of
B2 when we add a vertex to a simplicial complex.

If we add a vertex on the torus, either the vertex is isolated or not. In the first
case, it forms a new connected component incrementing 3y by 1, and the number
of holes that is 3; is the same. Otherwise, as there is no new connected component,
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B is the same, but the new vertex can at most fill a hole incrementing (3; by 1.
Therefore, the variation of By — (31 is at most 1.

Now, let us look at the variation of 85 when we add a vertex to a simplicial
complex. According to Proposition 3 is at most 1, showing that Dy < 2. Then, we
use Eq. (4) to complete the proof. O

5. NTH ORDER MOMENTS

For this section, without loss of generality, using Proposition 9, we can choose
k=1/2¢,50 A\r = M(2€)%, €, = 1/2 and ak = a/2e.

We are interested in the central moment, so we introduce the following notation
for the centralized number of (k — 1)-simplices: N = Np — Ng.

Finally, let us denote that (;) =0assoonasi<0orj<O0ori—j<O0fori
and j integers.

Definition 7. We extend the Definition 6 used in the second order moments cal-
culations.
Let C1, Co and C3 be three simplices with common vertices. For L € P({1,2,3}),
let us denote my, the number of vertices belonging exactly to the list L of simplices.
Then M = mqy23 + mi2 + mi3 + maz + mq + mao + mg is the total number of
vertices and [Js represents the integral on these three simplices:

._73 :/ / / hpththg d$1 dxM
APr1 JAP2 JAP3

with p; being the number of vertices of simplex C; for i = 1,--- 3, for instance
P1 = Mio3 + mia +mi3 + mq, and x1,--- ,xpr being the M wvertices.

Definition 8. We denote J3(i, j, s,t) the integral defined above such that

.m123:2t*’i*j+5\/0
e Mmip=i+tj—s—tV0
om13:i—t\/0

® mo3=75—1tVO0
.mlik*’b\/o

e my=k—35VO0

e m3=k—sVDO0.

Theorem 17. The third moment of the number of (k — 1)-simplices is given by:
v, i AR\ (RN (RN (0 (7 " N
E[N}: A\3k—i—jy| b
A | Nk Z_J_Zst iJ\G)\s)\t)\t)\i+i—s—t J3(i,7,8,t)
with s > |i — j|.

Proof. The chaos decomposition of the number of (k — 1)-simplices is as shown in
lemma 10:

N =L(f) +-+ I(fr) = ijfi(fi),
with .
filzy, -, x) = <’;> /h(:cl,--- )N T day L dag
And

L(f) :/fi(dw(:cl)— A1) ... (dw(a) — dA(@)).
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Then, we define g; jitj—s = Zf”[fjmf]] () )(Zﬂ o) fiot™" f; and using the
chaos expansion (cf Proposition 6):

Nks = (Li(f)+ -+ Ie(fr)?

k k
SO LU | Ti(f) + - + Te(fx)

i=1 j=1
k i+J

Z Z gw,H-J s)(ll(f1)+"'+lk(fk))

4,7=1 s=|i—j|
i+J

Z ST L(gigisi—s)Ti(f)-

1,5,1=1 s=[i—j|

When taking the expectation of Nj, we use the isometry formula in Eq. (1). De-
noting u =1 + j — s, we obtain:

k i+JjNk
~ 3
E)\ |:Nk :| = E E g’Lj’U. (fs)

©,j=1 s=|i—j|V1

k i+jNk

= § § /gz]ufs)\ dzy ... dxs
4,j=1 s=li—j|V1
k i+jAk  uAiNng

> 2 ZW()()(tt)/<fio§ffj>fsdx1...dx

i.=1 s=|i—j|V1t=[ %]

Then we recognize the integral defined in Definition 8:

k i+ink  wAiAg

mw]=x 2 300000

1,5,=1 s=|i—j|V1t=[3]
jS(iajasvt)‘

Finally, relaxing the boundaries on the sums conclude the proof. [
Definition 9. Let Cy,---,C, be n simplices with common vertices. For L €
P{1,---,n}), let us denote my, the number of vertices belonging exactly to the
list L of simplices.

Then M = ZLeP({L___ n}) ML is the total number of vertices and [T, represents
the integral on these n simplices:

:/ / hp1---hpn dry ... dry
AP1 APn

with p; being the number of vertices of simplex C; fori=1,---.,n, and x1,--+ , T
being the M wvertices.

Theorem 18. The expression of the nth power of the number of (k — 1)-simplices
s given by:

w =% % % ()00

15 ytn S1, Sn—2 t1, - tn—2
Io(ojeafi) b(0jeati;)-
With for j € {1,--- ,n —2}:
L4 1§7’17 ;ingk;
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sj = |mj1 —mjoal,

mja =izj—1 if 1 <j<|5] and sy n))—1 otherwise,
mj2 =iz if 1 <j<[5] and sy n)) otherwise,

Uj = Mj1 + Mj2 — S5,

Ac{l,--- n},

If n is even, then a = sp,_3 and b = s,,_2,

If n is odd, then a = s,—o and b = 1i,.

Proof. The decomposition of the centralized number of (k — 1)-simplices is:
Ni=nL(f1)+ -+ Iu(fi) = ZI fi)-
Now, we raise Ny, to the nth power:

k} n
N, = <Zli(fi)> .

First, we consider the case where n is even, we can group the factors by 2

k k
Nk - (ZIM fn Z 12(fi2)> Z Iinfl(fin71> Z Izn(fln)

11 1 -2: ’L'n71:1 ’anl

We then use the chaos expansion of Proposition 6:

2(inj) N /-
1\ (7 t o

Hn = 3t X o) (5 ) s

s=0 s<2t<2(sAIAJ)
it+j i\ [ ¢ o
-2 L 2 ﬂ(t) <t> <i+ '—s—t)fi oy
s=li—j] i j—s<2<2(i4j—8) AIAS) J
Let us denote g = t!(; )( )(zﬂ ) fio o777t 550 we can re-write, relaxing the

boundaries on the sums:

LUL(F) = Y. > I(gs).

s>li—j| t
Thus, we have:
k k
NI? = Z Z 2151(951)"' Z Z Z Sn/2 gén/z
i1,42=1 81> iy —ia| t1 in—1,in=15, /5> |in_1—in|tn/2

We go on grouping terms by 2 until we only have a product of 2 chaos left: First we
made n/2 chaos expansions, leading to n/2 sums with indexes s;, j =1,--- ,n/2.
To reduce the number of chaos to 2, we have to make other chaos expansions. For
Jj = 5 + 1, the sum indexed by s; represents the expansion of the chaos indexed
s9(j—n)—1 and Sy(j_n)_;. We have 2 chaos remaining when j = 2(j — §) + 2, i.e.
when j =n — 2.

Moreover, there are as much sums indexed with ¢; as with s;, that is n—2. Thus
we can write:

NI? = Z Z Z Isn o (P55 )55 (Ps,_s),

1, 4in=L181,""Sp—2t1, _
With s; > |mj71 —myo| for j € {1,---,n — 2} if we denote:

® Mj1 = ’L'ijl if 1 S ] S % and Sg(j_%)_l otherwise,
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® myo =19 if 1 <j < 7 and sy(;_=z) otherwise.

Then, denoting u; = m;1 +mj2 — s; and A the subset of {1,---,n} such that if
j € A then the chaos i; is expanded in the chaos s,_3, we have:

I, 4 (Qﬁsnfs )Isn,72 (¢Sn72) =

n—2

m-71 m'12 t;
Lo (") (") (L2 ) | Beeseaid e toseati)
j=1 J J J J

The notation ojec f;; represents the product defined in Eq. (3) of the functions
fi; for j € A, but whom variables depend on all the i1, ,ip, 81, ,8,—2, and
t1,- ,tn—2.

Now, if n is odd, we consider n — 1 which is even, therefore we have:

NI? = Z Z Z Lo, (b5, i) s, 5 (D5, Z L, (fi,)

i1, yin—1=181,"" ,Sn—3t1," ,tn—3 in=1
= E E E Lo, (s, )1, (fi,),
i1, in =181, ,8n—2 11, tn_2
with s; > |mj;1 — mjo| for j € {1,--- ,n — 2} using the same notations for n — 1

instead of n:
o my1 =igj_1if 1 <5< "T_l and So(j—nsly_1 otherwise,
® mja =iy if 1 <j <251 and So(j—n=1 otherwise.
2

And with U; = mj 1+ mjo — Sj,

m;, mjo t;
Ién 2 ¢sn 2 H tj '( ! ) ( t]' ) (u Jt_) Isn,—Q (Oj€{1,~~~,n71}fij)a
J J J

concluding the proof. O

Theorem 19. The expression of the nth moment of the number of (k—1)-simplices
is given by:

m[i]- Y 2 e ([De(f)

1500 y0n 81, 3 Sn—3 E1, ", tn—2

n—2

miq m; o t; . .
(") (5 (7)) oot o)
j=1 J J J J

With for j € {1,--- ,n —2}:

e ifj<n—3,s;>|mj1—mya,

mja =izj—1 if 1 <j<[5] and sy n))—1 otherwise,
mj2 =iz if 1 <j < |[5] and sy n)) otherwise,
mj3 =355 if 1 <j<n—3 and s,_3 otherwise,

Uj =mj,1 + Mj2 — M3,

If n is even, then ¢ = s,—3 and

Sp—3 > [Mp_21 — Mp_22|V |Mp_31 — Mmy_32],

o Ifn is odd, then ¢ =iy and in, > |Mp_21 — Mp_22|.
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Proof. The expression of the nth power of the number of (k — 1)-simplices is given
in Eq. (11):

n—2
~ mj1\ (M2 t;
Ny = 1 ’ ’
-y oy (e,
11, ytn=181,"",Sn—2t1, " ,tn_2 Jj=1 J J J J
Lo(ojeafi ) lb(0jcafi;)-
If n is even, we have:
n—2 M M t.
N" _ il J,1 7,2 J
= >y s (e ()
i1, i =181, ,8p—2t1, ,tn_2 \ j=1 J J J J
I, s(ojeafi) s, »(0jcafi;)-

So let us focus on the only part of the equation which is likely to change when we
take the expected value, that we will denote:

K = Z Z ISnfa (OjGAfij)ISn72(oj€Afij)'
Sn—3 Sn—2

We then use the property of Eq. (1) and recognize the integral from Definition 9:

n
i [k . )
Ek [K] = Z H)‘k K (’L) Asnizjn(lla"' stny S1, 00 asn—3;tla"' atn—2)
sSn_z \j=1 J
- Z)\nk-i-sn 3 H)\ 7I]( ) jn(lla"' ainasla"' asn—?ntla"' atn—Q)a
Sn—3

with s,-3 > |mp_21 — mn—2,2| V |mp—31 — Mp_32|
Then for n odd we directly write:

K = Z Z Iin(ojeffij)lsn—z(ojeffij);

in Spn—2

Ex [KI] = Z)\"HZ” H)\_” (z) Tn (i1, yin, 81,0+, 8n_3,t1, ,ln_2),
in j=1 J

with 4, € {|mn,271 — mn,212| V1, k}
The binomials with the i; allow us to relax the boundaries on the sums on i;,
concluding the proof. O
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