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Line-of-sight Cox percolation on Poisson-Delaunay triangulation
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Abstract

In this work, percolation properties of device-to-device (D2D) networks in urban en-
vironments are investigated. The street system is modeled by a Poisson-Delaunay trian-
gulation (PDT). Users are of two types: given either by a Cox process supported by the
edges of the PDT or by a Bernoulli process on the vertices of the PDT (i.e. on streets
and at crossroads). Percolation of the resulting connectivity graph G, » , is interpreted
as long-range connection in the D2D network. According to the parameters p, A\, r of the
model, we state several percolation regimes in Theorem 1 (see also Fig. 3). This work
completes and specifies results of Le Gall et al [23]. To do it, we take advantage of a
percolation tool, inspired by enhancement techniques, used to our knowledge for the first
time in the context of communication networks.
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1 Introduction

1.1 State of the art

Due to the recent explosion of the number of connected devices and the emergence of new and
high data rate services (as for instance video sharing, online gaming and internet browsing),
cellular networks, i.e. telecommunication networks where the link between devices is wireless,
have to be reconsidered. For this purpose, one of the main technologies investigated in the
literature for about twenty years is device-to-device (D2D): see [1] for a survey. D2D
communication in cellular networks is defined as a direct and short-range communication
between two mobile users without the need for the signal to be rooted through extra network
structure (as a base station). Hence, a D2D communication between two devices far away
from each other remains possible via a chain of consecutive D2D links where some devices
located between the transmitter and the receiver intervene and relay the signal. This is why
long-range connection in D2D networks can be naturally interpreted as a percolation problem.

The basic model to study D2D networks is the Poisson Boolean model or Gilbert’s model
in which random discs are scattered uniformly and independently in the plane R2. See [12]
for the seminal article of Gilbert and [25] for a modern reference on continuum percolation
theory. Later, more realistic approaches for D2D networks have been developed. Let us men-
tion the SINR graph [8] taking into account the interferences creating by devices located at
proximity to the transmitter-receiver pair. Besides, in real-world networks in urban areas,
devices— we will also talk about users —cannot be located anywhere but rather on a street
system. Let us notice that the use of random tesselations to model street systems has already
been considered and validated [13, 27]. A doubly stochastic Poisson Boolean model whose
centers of discs are supported by a random tesselation is a Cox process. Percolation of such
Cox processes have been recently investigated in [18, 20] and especially in the context of D2D
networks [22, 23].

These last references, corresponding to the Le Gall thesis work, constitutes the starting
point of the present study. Our goal is to complete and specify the percolation regimes stated
in [23].

1.2 Our model: the connectivity graph G, ,

Urban media. Let us consider a marked Poisson Point Process (PPP) X on R? with intensity
dx and independent marks in [0, 1] x RY with distribution 2([0,1])® (Exp(1))®N, where dx,
U([0,1]) and Exp(1) resp. denote the Lebesgue measure on R?, the uniform distribution on
[0,1] and the exponential distribution with rate 1. We refer to the book by Last and Penrose
[21] for background on Poisson point processes. Let X be the projection of X onto its first
ordinate R2. We can thus write

X = {(w, Vx, (gr,k)kzl) 1 xr e X}

where (Vz, (€ k)k>1)s is a family of elements of [0, 1] x RY. The process X is a homogeneous
PPP on R? with intensity 1 (w.r.t. the Lebesgue measure dx).

Let T be the Poisson Delaunay Triangulation (PDT) built from the process X. Precisely,
T is the (undirected) graph whose vertex set is given by the points of X and whose edge set



is defined as follows: for z, 2’ € X, {x, 2’} is an edge of T if there exists a circle going through
x and 2’ and having no points of X in its interior. With an abuse of notation, we also denote
by T the subset of R? defined as the union of segments [z, 2] where {z, '} are edges of the
PDT.

The Delaunay triangulation T modelizes the urban media (or the random environment)
on which lies the D2D network. Edges and vertices (i.e. elements of X) of T are resp. inter-
preted as streets and crossroads.

Users. There are two kinds of users. For p € [0, 1], we set
X, ={zeX:V, <p}

which can be viewed as a Bernoulli site percolation process with parameter p performed on
X. When V, < p, we say that there is a user at crossroad x or that the vertex z € X is open
(and closed in the alternative case).

Let Y be a marked Cox process on R? with intensity measure AA and independent marks
in Ry with distribution £xp(1l), where \ is a positive parameter and A denotes the one-
dimensional Hausdorff (random) measure associated to the Delaunay triangulation T. Let Y
be the projection of Y onto its first ordinate R?:

Y:{(y,gy):er}.

This means that conditionally on X, the point process Y is a marked PPP with intensity A
on T. Le. the number of points of Y in a given segment of T with length ¢ is a Poisson r.v.
with mean Al. The process Y represents users on streets.

Furthermore we assume that, conditionally on X, the process Y is independent from the
collection (Vy, (&g k)k>1)zex-

Random connection radii. Let ||-|| be the Euclidean distance. In order to take into account
physical obstacles in the urban media (as buildings), we forbid connections between users on
different streets, i.e. only line-of-sight (LOS) connections are considered here. Hence, two
users (on streets) y,y’ € Y are connected iff they belong to the same street and

r

ly =o'l < 5 (& +&y)

where r is a positive parameter called the connection radius.

Due to the LOS constraint, users at crossroads (i.e. elements of X,,) then appear to be
crucial to ensure the signal propagation from street to street. This is why we also think about
them as relays. Their presence can also be interpreted as scattering and reflection effects
occurring in LOS communications. Let x € X, be one of them. It deploys independent

connection ranges

7,,/ ,,,/

55:10,1’ s ggx,deg(;t)

along its incident edges, where deg(z) is the degree of z in T and ' > 0 is a constant
parameter. See the top side of Fig. 1. Precisely, we label edges incident to z from 1 to deg(x)



in the counterclockwise sense and starting from the semi-line [z, z + (1,0)). Any user y € Y
located on the i-th incident edge to x, with i < deg(x), is connected to x iff

r! r
o~ oll < Sbui+ 58y

Let 2/ € X be the neighbor of x in T linked by the i-th incident edge to x. Assume that
z’ € X, and say that {z,2'} is the j-th incident edge to 2/, with j < deg(z’). In this case,
x,x’ are connected iff

/
r
|z —2'|| < 5(59571- + Ex/,j) .

In order to simplify the exposition, we fix from now on
r'=2r
but we claim that all our results hold for any parameter ' > 2r. See discussion in Section 5.

When two users u,u’ € X, UY are connected (whatever their types), we write u ~ .
This necessarily means that they are on the same street (including both crossroads). The
connectivity graph Gp x, is the undirected graph (X, UY, E) whose edge set E is made up
with pairs {u,u'} of connected users. As before, we still use the symbol Gy, 5, to refer to the
subset of T defined as the union of segments [u, u’] where u ~ u/. See the bottom side of Fig.
1 for a simulation.

1.3 Percolation in G, ,,

We say that percolation occurs in G, » ,- or that the connectivity graph G,  , percolates when
it contains an unbounded cluster. To describe this phenomenon, we need some notations. For
any ,y € Gp \r, we write x <> y in G 5, (or merely « < y if there is no ambiguity) if there
exists a continuous path v : [0,1] — R? satisfying v([0,1]) C G, starting from v(0) = z
and going to (1) = y. This notion is naturally extended to subsets A, B of R?: we write
A & Bin G, 5, if there exists (z,y) € A x B such that z <+ y in G, 5 ,. For any real a > 0
and z € R?, let us set By(2) := 2z + [~a/2,a/2]? and S,(z) := 0B4(z) its frontier. When
z =0, let us merely write B, := B,(0) and S, := S,(0). Hence, G, », percolates if the event

Perco := U {u < oo}
ueEXpUY

occurs where {u <> 0o} 1= Ng>o{u <> Sa(u)}.

Because our model is ergodic w.r.t. translations of R?, the event Perco satisfies a 0-1
law whatever the parameters p, A, r: ]P(Perco in gpm) € {0,1}. See Chapter 2.1 of [25] for
details. Let us now introduce the percolation threshold A.(p,r) defined as

Ae(p,7) :=1inf {A > 0: P(Perco in G, ,) =1} € [0,00] (1)

indicating from which intensity of the Cox process Y, the graph G, » , percolates. Precisely,
A < Ac(p,r) implies that G, 5, a.s. admits only finite clusters while A > A.(p,r) implies the
a.s. existence of an unbounded cluster in G, 5 ,..



Figure 1: On top is depicted a user at crossroad z € X, (the black point) and its four
neighbors in the Delaunay triangulation T. The four connection ranges %/59;,1, el %/5174 are
represented with bold lines. On this example, %5}6,4 is larger than the distance ||z — /||, but
the corresponding excess does not matter in our model: this is why the bold line is stopped
at x’/. Hence, 2/~ if it is open —will be automatically connected to x, as well as all users on

the street [x,2]. Below, a simulation of the connectivity graph (in blue) G, », in the box
[—60, 60] x [~30,30] with ' = 27 = 1.8, A= 1 and p = 0.7.

Let us point out that, by standard coupling arguments, the probability IP’(Perco in G, )\m)
is a non-decreasing function w.r.t. to each of parameters p, \,r. As a consequence, the per-
colation threshold A.(p,r) is a non-increasing function w.r.t. p and r.

Our goal here is to identify whether the connectivity graph G, ), percolates or not ac-
cording to parameters p, A\, r. The current work has been initially motivated by Le Gall et al
[23] that we describe in the next section.



1.4 The starting point of our work: Le Gall et al [23]

Their model. In [23], Le Gall and his co-authors introduced a model for D2D networks
which is very similar to our connectivity graph G, » . Actually there are only two differences
between their model and ours.

The first difference consists in the fact that their D2D network is based on a Voronoi
tesselation instead of a Delaunay triangulation. Precisely, a Voronoi tesselation, built
from a PPP with intensity 1, provides the urban media in which the streets are the edges
delimiting the Voronoi cells and the crossroads are the locations where streets meet.

Users are defined in the same way. Users at crossroads are generated by a Bernoulli site
percolation process with parameter p, that we still denote by X,,. Users on streets are given
by a Cox process on R?, with intensity measure AA where A is still the one-dimensional
Hausdorff measure associated to the Voronoi tesselation. The process of users on streets is
again denoted by Y.

The second difference between the model of [23] and ours lies in the connection rule
which is deterministic for Le Gall et al while it is random for our model (see Section
1.2). In [23], two users u,u’ € X, UY are connected iff they belong to the same street (LOS
constraint) and |lu — u/|| < r.

Finally, we keep the same notations for the connectivity graph G, » ., the percolation event
Perco and the critical intensity A.(p,r).

Their results. Results of [23] can be described using a phase diagram— see Fig. 2 —in which,
for any values of parameters r (in abscissa) and p (in ordinate), the critical intensity A.(p, r)
is determined; null, infinite or non-trivial (i.e. in RY).

1 ‘
P
0 < Ae < ©
I?
p*
i I ?
>\C: = oo
0 H
0 1"* ™ o0

Figure 2: Between the two dotted lines is the non-trivial regime corresponding to a non-trivial
critical intensity. In this regime, the intensity A of users on streets really matters to determine
if percolation occurs or not. This phase diagram presents three uncertain regions marked by
the roman symbols I, II and III.

Le Gall et al exhibit a threshold p* € (0,1) such that, for any p < p*, the graph G, 0 o a.s.



does not percolate. Remark that, in this graph, if both extremities of a street are in X,,, they
are automatically connected since r = co. Henceforth, adding users on streets cannot help to
percolate: for any A > 0, G, \ ~c does not percolate either meaning that A.(p,o0) = oco. By
monotonicity, A.(p, ) = oo for any p < p* and any r. Roughly speaking, below the horizontal
line p = p*, there is never percolation.

In [23], the authors mention an hypothetical region— denoted by the symbol I in Fig. 2
—that they conjecture not to exist and corresponding to the overlapping of the permanantly
suberitical regime {(r,p) : Ac(r,p) = oo} above the line p = p*. This suspicious region I
corresponds to couples (7, p) for which Gy, 0 percolates but not G, 5, whatever the value of
A (even large).

Now let us introduce the following percolation threshold: for any r,

pe(r) :==inf {p > 0: P(Perco in Gpo,) =1} A 1. (2)

The curve r — p.(r) is represented in bold in Fig. 2. It is non-increasing by monotonicity and
may admit discontinuity points. It is proved in [23] that this curve leaves the horizontal line
p = 1 at some non-trivial 7*. By definition, given r and p > p.(r), the graph G, ¢, percolates
a.s. meaning that A\.(r,p) = 0. For such couple (r,p), the graph G, » , always percolate (for
any value of \). Again, an hypothetical region appears corresponding to the overlapping of
the permanently supercritical regime {(r,p) : A¢(r,p) = 0} below the curve {(r,p) : p = pc(r)}
and denoted by the symbol II in Fig. 2. This suspicious region II, conjectured in [23] to not
exist, corresponds to couples (r, p) for which Gy, does not percolate a.s. but, for any (small)
A > 0, the graph G, ), percolates.

Finally, let us quote a third uncertain region in the phase diagram depicted in Fig. 2 by
the symbol III and corresponding to the limit of p.(r) when r — oo: it is necessarily larger
than p* but possibly equal to it.

In the current paper, about our connectivity graph G,, » , defined in Section 1.2, we specify
the phase diagram obtained in [23] and represented in Fig. 2 in the three following directions.
We prove that

(1) the region I does not exist;
(73) the region II is reduced (at most) to the curve {(r,p) : p = p.(r)};
(7i7) the region III is cleaned; when r — 0o, p.(r) tends to 1/2 (which will be our p*).

These three improvements are presented in the next section (Theorem 1).
However, the price to pay to get these results is to modify the original model studied in
[23] by Le Gall and his co-authors. We justify these modifications in Section 1.6

1.5 Our results: a precise phase diagram

Theorem 1. Using the notations of Section 1.2, the following statements hold.

1. If r € [0,00] and p € [0,1/2] then A\.(p,r) = co. If r € (0,00] and p € (1/2,1] then
Ae(p, ) < 00. In particular, the permanently subcritical regime is identified:

{(r,p) : Ac(r, p) = 00} = [0,00] x [0,1/2] .



2. Let us set r* :=sup{r > 0:p.(r) =1}. Then 0 < r* < o0.
3. The sequence (pc(r))r>0 is non-increasing and tends to 1/2 as r — oo.
4. The permanently supercritical regime {(r,p) : Ac(p,r) = 0} is equal to
{(r,p): " <r <oo and p > pc(r)}
up to possible additional points lying on the curve {(r,p) : p = pe(r)}.

Let us comment Theorem 1 and explain how the phase diagram represented in Fig. 3 is
obtained.

Let us first focus on the connectivity graph G, 0. with an infinite connection radius
r = oo (in this case, users on streets are irrelevant and we take A = 0). This graph exactly
corresponds to the Voronoi percolation model on X since two open crossroads which are
both extremities of the same edge of T, are automatically linked in G, 9~ regardless of the
distance between them. This model has been widely studied [3, 9]: the critical probability for
this model is known to be 1/2 with no percolation at the critical point. This justifies the first
part of Item 1: there is no percolation when p < 1/2 because of the lack of users at crossroads
(or relays), whatever the parameters r, A\. In other words A\.(p,r) = co. The second part of
Item 1, that is A.(p,r) < oo whenever p > 1/2 and r > 0, means that for such values of p,r,
the connectivity graph G, », percolates for sufficiently large intensity A. W.r.t. results of [23]
recalled in Section 1.4, we prove the conjecture, namely the hypothetical region I does not
exist in our context.

The threshold p.(r) is defined in our context as in [23], see (2). Thanks to the monotonicity
property of ]P’(Perco in gp,oyr) w.r.t. r, the application r — p.(r) is non-increasing and starts
at p.(0) = 1 since P(Perco in 91,070) = 0. It forks from the horizontal line p = 1 at r* =
sup{r > 0 : p.(r) = 1} € (0,00) by Item 2 and tends (from above) to 1/2 as r tends to
infinity by Item 3. Also, Items 2 and 3 allow proving that the permanently supercritical
regime {(r,p) : Ae(p, ) = 0} is non-empty. This regime will be specified by Item 4.

Item 4 asserts that the permanently supercritical regime does not overflow below the
curve {(r,p) : p = pc(r)}. In particular, we prove that the hypothetical region II mentioned
in [23] and recalled in Section 1.4, made up with couples (7, p) for which the graph G,  , does
not percolate at A = 0 but percolates whenever A > 0, is necessarily included in the curve
{(r,p) : p = pc(r)} and then has an empty interior.

To complete the previous results, we state crucial information describing the connectivity
of the network: when percolation occurs, the unbounded cluster is a.s. unique.

Theorem 2. For any set of parameters (p, A\,r), there is at most one unbounded cluster in
the connectivity graph G », with probability 1.

1.6 Why do we change the model?

In order to clean the blurred regions present in the phase diagram of [23] and recalled in Fig.
2, we have made two modifications. The first one concerns the urban media. In [23], the street
system is given by the edges delimiting the Voronoi cells and the set of relays is provided by
a Bernoulli site percolation process performed on crossroads of such street system. However,
this model behaves badly w.r.t. percolation properties: in a (say large) box, the absence of



0< Ae < o0
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0 ™ ™ oo

Figure 3: Here is the phase diagram corresponding to Theorem 1. W.r.t. the phase diagram of
[23] and recalled in Fig. 2, three blurred regions have been removed: the hypothetical region I
does not exist, the hypothetical region II- if it exists —is reduced to the curve {(r,p) : p = p.(r)}
and p.(r) tends to 1/2 as r tends to co. Remark that both opposite regimes, namely the
permanently subcritical and supercritical ones, become very close from each other as r — oo.

horizontally crossing open paths does not imply the presence of a vertically crossing closed
one. See the left hand side of Fig. 4. Mainly for this reason, this percolation model has not
been intensively studied and very few percolation results are known about it.

Conversely, the Bernoulli site percolation model performed on the vertices of the Delaunay
triangulation T is much more understood (especially in dimension 2); see [3, 9]. It is self-
dual (the critical probability is 1/2), it satisfies the FKG inequality and its phase transition is
sharp. This last (and deep) property is used to prove that the probability for the graph G, o oo
of containing a cycle in Bs, surrounding B,, (event denoted by the event C, 0. in Section
2.2) tends to 1 as n — oo whenever p > 1/2. This important feature allows us to prove that
region I does not exist in our context, and lead to Item 1. In comparison, the same fact also
holds for the site percolation on crossroads of the street system used in [23] but only for p
close to 1.

Stating that p.(r) tends to 1/2 (Item 3.) and then clarifying what happens when r — oo,
is based on similar arguments.

Dealing with the hypothetical region II has required much more investigations. The start-
ing point is to assume by absurd that the region II is fat. Hence, one could find some r and
p < pe(r) such that G, o, does not percolate while G, ), percolates for any (small) A > 0.
If we were able to prove that G.(, admits a sharp transition at p.(r) then we could prove
that P(Sy <> S10a in Gp ) < € for A > 0 small enough. Thus a multi-scale argument due to
Gouéré [14] then allows to show that G, 5, does not percolate which is in contradiction with
our initial (absurd) assumption. Our first attempt to get sharp transition has consisted in
applying the powerful method of Duminil-Copin et al. [9, 10] based on the OSSS inequality.
However, the event {S1 < S, in G, ) being not FKG-increasing (i.e. w.r.t. the partial order
corresponding to the FKG inequality, see the right hand side of Fig. 4 for an explanation of
this annoying fact), we could not carry out this strategy. To be complete, let us point out



Figure 4: To the left: for the site percolation model on crossroads of a Voronoi tesselation, it
is possible that no horizontally crossing open paths nor vertically crossing closed ones occur.
To the right: focus only on z,y, 2z € X, 2z’ will be added further. Initially, there is no Poisson
points in the circumscribed circle C to x,y, z so the triangle defined by these three vertices
is present in the Delaunay triangulation T. z,y (black points) are open, i.e. in X,, while z
(white point) is closed. In G, ,, z and y are connected since ||z — y|| < r. Now, let us add
a black point (namely 2’ € X,)) inside C but at distance from y larger than r. The Delaunay
triangulation changes (new edges are red): the adding of 2’ destroyes the edge {x,y} and new
triangles appear (zz'z and zz'y). If z and y were linked in G, o, only through their common
edge, they are no longer linked in G, o, after adding 2’ € X,.

here that a recent approach [19] for Cox percolation asserts that the strategy of [9, 10] may
apply without using the FKG inequality, but under Conditions (a)-(b) in Section 2.2 of [19]
which are both false in our context. A second attempt was to use an alternative approach
for sharp transition [11], thus applied by Ziesche [29] in a continuum context, but the spatial
dependencies generated by the Delaunay triangulation makes this strategy inapplicable in our
context.

Let us modify our absurd assumption as follows: assume that there exists (r,p) and € > 0
(small) such that G, ,1. does not percolate while G, , percolates for any (small) A > 0.
Our strategy consists now in proving that, in terms of percolation, a small increase of the user
intensity (from 0 to A) can be compensated by a small increase of the connection radius (from
r to r 4 ¢), then leading to a contradiction. Such ideas have been developed in the context of
enhancement (see for instance [16, 26, 7]). To do it, let us set O, (7, A) := P(S1 +> Sy in Gpo,r).
Introducing notion of pivotal edges, it is possible to give a rigorous sense to partial derivatives
0r0y,(r,0) and 00, (r,0). When the connection rule between two users is deterministic as
in [23] (i.e. u ~ ' iff LOS and ||u — /|| < r), computations give 9,0, (r,0) = 0 while
Ox0,,(r,0) > 0 so that it is impossible to compensate a small increase of parameter A by a
small increase of parameter r.

The fact that 0,0, (r,0) = 0 is due to the rigid character of the deterministic connection
rule of [23]. This is the reason why we replace this deterministic rule with a random one
involving a distribution with an unbounded support: see Section 1.2 for details. Thanks
to this new connection rule, we are able in Section 3 to compute and compare the partial
derivatives 0,0, (r, A) and 0,0, (r, A\) and then to carry out this strategy in order to state that
the region II cannot be fat.

The choice of an exponential distribution is certainly not the only one that works. This
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will be discussed in Section 5. Besides, the fact to use independent exponential r.v.’s along
different incident edges at a given vertex x € X, allows to directly apply Russo’s formula and
then to give sense to partial derivatives 0,.6,, and 0)0,,. However, with more work, it is could
be possible to use the same r.v. along all incident edges ( see the discussion in Section 5).
Finally we think that this strategy of comparing partial derivatives to establish compen-
sations between small variations of certain parameters of the model should turn out to be
promising for many models (with several parameters) of telecommunication networks.

The rest of paper is organized as follows. Section 2 is devoted to the first three items of
Theorem 1. The fourth one which needs to introduce pivotal edges (Definition 1), is proved
in Section 3. Section 4 states the uniqueness of the unbounded cluster when it exits, i.e. the
proof of Theorem 2. The paper ends with a discussion on possible improvements.

2 Proof of Theorem 1, Items 1-3

2.1 Stabilization

Recall that T is the Delaunay triangulation generated by the PPP X. A key point about
Delaunay triangulation is the following: any triangle T" of T is not sensitive to process re-
sampling X outside its circumscribed circle C. One sometimes says that the circle C (or its
associated disk) stabilizes the triangle T'. This basic remark drives the next definition.

For any bounded Borel set A, we define the stabilization radius of A, denoted by R(A), as
the infimum p > 0 such that A® B(0, p) contains all the circumscribed circles to the triangles
of T overlapping A. Hence, the Delaunay triangulation restricted to A and its one-dimensional
Hausdorff random measure, i.e. Ag(-) := A(AN-), only depend on the PPP X restricted to
A & B(0, p) whenever R(A) < p. For more details about stabilization, the reader may refer
to [18], Definition 2.3 and Example 3.1 (applied to a Poisson Voronoi tesselation).

In the current work, we only use both elementary properties of stabilization radii stated
in Lemmas 1 and 2 below.

Lemma 1. There exist constants C,c > 0 such that, for any n,
P(R(By) >n) < Ce " . (3)

Proof. The event R(B,) > n means that there exists a (random) disk with radius n overlap-
ping the set B,, and empty of Poisson points. This forces at least one the @);’s to be empty of
Poisson points where @1, ..., Qg are congruent squares with size n/4 covering By, (i.e. each
Q; is a translated of B,,/4). Henceforth,

82
P(R(By) >n) <> P(XNQ; =0) < 82 /4
=1

from which (3) follows. O]

This next result is an independence property satisfied by the connectivity graph G,  , on
subsets far enough from each other and provided their stabilization radii are well controlled.
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Lemma 2. Let m > 0 be an integer and p > 0 be a real number. Let us consider some
Borel sets A, ..., Am such that d(A;, Aj) > 2p, for 1 < i # j < m, and any family of
positive, bounded 1.v.’s X1,...,Xm where each x; is measurable w.r.t. G, \, N A;, i.e. w.r.t.
(Aa,, Xp N A;, Y NA;). Then, the following equality holds:

m

E[ﬁXz‘]lR(AiKp} = HE[Xi]lR(AiKﬂ} :

=1 =1

Proof. First, we use that conditionally to X the processes X, and Y restricted to disjoint
sets— the A;’s —provides independent r.v.’s:

E[f{lxz»\x} :-ﬁlE[mX] .

By construction of R(4;), the r.v. Tp4,)<, [Xi ‘ X] only depends on the PPP X through the
set A; @ B(0, p). Since the A;’s are at dlstance 2p (at least) from each other, the independence
property of the PPP X allows us to write:

E[ﬁXiﬂR(Ai)<p:| = E|lgu,)<,E [HM‘XH
i=1

[T t- o Bl X]|

=1

Il
=

[
[

Tre XZ\XH

I
::13
=

.
I

]
b

o
iy
:U

[
s
&

@
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2.2 Proof of Item 1

In the previous section, we have explained that the connectivity graph G, o~ coincides with
the (independent) site percolation process on the Delaunay triangulation T, also known in
the literature as the Voronoi percolation model (in which any Voronoi cell is colored black
when its center is open). Since [3, 9], it is known that this model does not percolate with
probability 1 for any p € [0,1/2]. Hence, this prevents G, » » to percolate whatever the values
of \,r (while p € [0,1/2]), i.e. Ac(p,7) = 00.

In the following, our goal is to prove that A.(p, r) < oo for any given p > 1/2 and r € (0, o0].
Hence, let us pick such parameters p > 1/2 and r € (0, oo]: it suffices to prove that percolation
occurs for G,y when A is large enough. Our strategy consists in discretizing our model and
comparing it to a supercritical site percolation process. Such a renormalization argument is
classic in Percolation theory and used in particular in [22].

To do it, let us consider for any z € Z? the events

12



e D,(z):={R(B3s,(nz)) < n} where the stabilization radii are defined in Section 2.1;

e Cp (%) interpreted as 'G5, contains a cycle included in Bs,(nz) and surrounding
By (nz)’. See Fig. 5.

By planarity of the PDT T, C,, (%) is also characterized by its complementary event, i.e.
there is a continuous path joining S, (nz) to Sz,(nz) in T\Gp z .

3n

Figure 5: The event C,, ) »(0), merely denoted by C,, xr, relative to Bs,, is depicted.

A site z € Z? is said n-good if the event D,,(z) N Cya(2) occurs. Thus, we consider the
site percolation process {(y . : 2z € 72} defined by

Gz =1 g n-good -

The discrete random field {(, . : z € Z?} is stationary w.r.t. translations of Z? and its
percolation (on Z2, for the supremum metric || - ||) clearly implies that of the connectivity
graph G, .. Indeed, given two n-good sites z,2’ € Z* with ||z — 2/||cc = 1, their circles
in G, », whose existence is ensured by Cy, »,(z) and C,, x, (2), necessarily overlap. In other
words, an unbounded connected component of n-good sites provides an unbounded connected
component in Gy, » .

Henceforth, it is enough to prove that {¢,. : z € Z?} percolates for p > 1/2, r € (0, 00
and A is large enough. In this objective, the two following ingredients, namely Lemmas 3 and
4, will allow us to compare {¢, . : z € 72} to a supercritical site percolation process.

Lemma 3. W.r.t. the supremum metric || - ||oo, the discrete random field {C, . : z € Z*} is
4-dependent.

The role of the event D, (z) is to make local the notion of n-goodness.

Proof. Let us prove that for any finite collection of sites 21, ..., z, € Z? with ||z; — Zj|loo > 4,
Vi # j, ther.v.’s (n 2y - - - 5 G,z are mutually independent. Set A; := Bsy,(nz;). The inequality
|zi — zj]|looc > 5 means that d(A;, Aj) > 2n. We can then apply Lemma 2 with the r.v.

Xi = 1p, z)ncp ()

measurable w.r.t. G,y N A;, to conclude. ]
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Lemma 4. The following limit holds:

lim lim P(0 is n-good) =1 .

n—00 A\—00

Before proving Lemma 4, we first conclude the proof of Theorem 1, Item 1. The stochastic
domination result of Liggett et al [24, Theorem 0.0] asserts that the 4-dependent random field
{2 € 72} is stochastically dominated from below by an independent Bernoulli site
percolation process Oy, , for any pg € (0,1), provided n, A are large enough (depending on py).
If the parameter py < 1 is chosen (large enough) so that ©,, a.s. percolates then the same
holds for {¢, . : z € 72} by stochastic domination. This finally implies the percolation of the
connectivity graph G, » .

Proof. (of Lemma 4) Recall that p > 1/2 and r € (0, 00]. Since P(R(B,,) <n) — 1 asn — o0
by (3) then the same holds for P(D,,) = P(R(Bsy,) < n). In addition, according to [3, Section
8], P(Cr,0,00) also tends to 1 as n — oo it is crucially used here that p > 1/2. We then get:

lim P(Dy N Crgoo) =1 . (4)

n—00

Let us now introduce the event U, ) according to which any edge {z,y} of the PDT T
with z,y € X, N Bs,, is covered by users:

Up ) = {for any edge {z,y} of T with z,y € X, N Bs,, then [z,y] C gmr} )

Lemma 5 below says that, for any given n, the conditional probability P(U, \|X,X,) a.s.
converges to 1 as A — oo. Thus the Lebesgue theorem gives

PUp) =E[PU X, Xp)] — 1 as XA — o0 .
Combining with (4), we then obtain that

lim lim P(Dn N Cn,O,oo ﬂun)\) =1.

n—00 A\—00

Under the event U, \, any path of G, ¢ o included in Bs, is still a path of G, 5 . This means
that Cn,O,oo ﬂum,\ C Cn,)\ﬂa and

P(Dy, N Cro,00 NUp ) <P(Dy,NCya ) =P(0 is n-good)
from which the searched result follows. O

Lemma 5. For any p,r,n > 0,
a.s. lim P(U, x| X,X,) =1
A—00

Proof. We work conditionally to the urban media and the process of users at crossroads, i.e.
X and X,,. Let us first write

P(qu,A | X, Xp) < Z P(lz,y]  Gpar [ X, X)
{z,y}€FE
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where E denotes the set of edges {z,y} of the Delaunay triangulation T such that z,y €
X, N Bs,. Since F is a.s. finite it suffices to show that each term of the above sum a.s. tends
to 0 as A — oo. Let {x,y} be one of them: only its length, say ¢, really matters (where
¢ < 3+/2n since z,y € Bay,).

Let us consider a sequence (Uy)r>1 of i.i.d. r.v.’s uniformly distributed on [0,¢] and a
second sequence (&)x>1 of 1.i.d. r.v.’s with law the exponential distribution with rate 1, also
independent with the (Uy). With probability 1, at least one of the (&), say &,, satisfies
5€k, > L. This implies that a.s.

[0, ¢ [Uko + g&m] cU [Uki ggk} .

E>1
We can then conclude that, a.s. on X, X,
r
1 = 1 —
Jim P04 U v 56])
k<K

= lim P X, X
)\i)HC}O ([$7y] C gp)\,?“ 9 p)

from which the searched result follows. O

2.3 Proof of Item 3

In this section, we prove that (p.(r))r>0 tends to 1/2 as r — oco. By definition of the critical
threshold p.(r), it is sufficient to state that for any p > %, but thought as close to 1/2, there
exists r large enough such that the connectivity graph G, o, percolates (i.e. without the help
of users on streets), implying that A\.(p,r) = 0.
The proof mainly follows the same lines as the one of Item 1 in Section 2.2 with the only
difference that Lemma 4 has to be replaced with
lim lim P(0 is n-good) =1 (5)
n—o0 r—0o0
where the definition of n-goodness is almost the same; z € Z2? is n-good iff the event
Dy (2)NCpo,r(2) holds. Combining (5) with Lemma 3, we can once again apply the stochastic
domination result of Liggett et al [24, Theorem 0.0] stating that the 4-dependent random field
{Cn::2€ Z2}, with . =1, g n-good percolates a.s. which implies that G, o, percolates
too.
In order to prove (5), we introduce the event

Vi 1= {for any edge {x,y} of T with z,y € X, N By, then [z,y] C gp,o,r} .

On V, ., for any edge {z,y} of T included in B3, both users z,y € X,, at the extremities are
connected without the help of any other user. Thus we will prove a similar result to Lemma
5: for any n, a.s.
lim P(V,,r | X, X)) =1. (6)
r—r00

On the one hand, (6) implies that P(V,,,) — 1 as r — oo by the Lebesgue theorem and, on
the other hand, we still have that P(D;,, N Cy0,00) = 1 as n — oo (see Section 2.2). We can
then conclude:

IP)(O is n‘gOOd) = P(Dn N Cn,O,r) > P(Dn N Cn,O,oo N Vnm)
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which tends to 1 as n,r — oco.
It then remains to prove (6). We proceed as in the proof of Lemma 5:

]P)(VE,T‘ ‘ X7 Xp) S Z ]P([$, y] §Z gpvoﬂ’ ’X’ Xp)
{z,y}€F

where F still denotes the set of edges {z,y} of the Delaunay triangulation T such that
z,y € X, N Bz,. Since E is a.s. finite it suffices to show that each conditional probability
P([z,y] ¢ GporX,X,) tends to 0 as 7 — oco. Let {x,y} be an edge of E: only its length ¢
(smaller than 3v/2n) really matters. Now, using an exponential r.v. £ with rate 1,

P([z,y] ¢ Gpor| X, X,) < IP’(%S <3v2n) = 0
as r — oo (for a fixed n). This proves (6).

2.4 Proof of Item 2

Recall that (p.(r))r>0 is a non-increasing sequence and r* is defined as the value at which it
forks from the horizontal line p = 1:

r* =sup{r > 0:p.(r) =1} € [0,00] .
The finiteness of r* is given by Theorem 1, Item 3 since (p.(r)),>0 tends to 1/2 as r — oc.

It then remains to prove that r* > 0. To do it, let us prove the existence of a small r > 0
such that the connectivity graph Gio,— in which there is no users on streets but all cross-
roads are open —does not percolate with probability 1, meaning that p.(r) = 1 and then r* > r.

Comparison to the random set of grains X,/,. Given z € X, we define the grain
Star(z,r) as follows. Let y1,. .., Ydeg(x) De the neighbors of z in the Delaunay triangulation,
numbered in the counterclockwise sense and from the semi-line [z, + (1,0)). Recall that
5&z k is the range of connection from x along the segment [z, y;]. Hence, we set

() =4 " + 5Ep AT i 56,4 < [ys — ]
Yk otherwise.

Thus the linear piecewise closed curve joining the extremities y1 (), y2(7), . - ., Ydeg(x) (¥) and
at last y1(z) delimits a compact set, denoted by Star(x,r). Remark that the grains Star(-,r)
are dependent from each other (through the Delaunay triangulation) and are decreasing with
r (in the sense of inclusion). Besides, the connectivity graph G o, is included in the random
set
¥ = U Star(z, r)
zeX

so that it is sufficient to prove that 3/, does not percolate for n large enough.

In this goal, we are going to apply the same strategy as in Sections 2.2 and 2.3. For any
z € 72, let us define the event C,(2) as follows: there exists a continuous path in the plane
included in Bs,(nz) but surrounding By, (nz), and avoiding the set %;/,. As before, we say
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that z is n-good if D, (z) NC,(z) occurs where D,,(z) still denotes the event { R(Bs,,(nz)) < n}
and we set G, =1, 4 n-good- Because the percolation of the stationary, discrete random
field {(,.. : z € Z*} (w.r.t. the supremum metric || - ||») implies the absence of percolation

for ¥y /,, we are now studying the process {(, . : 2z € 72}.

Percolation of the process {(, , : z € Z?}. Let z € Z?. Assume that the grain Star(x, 1/n),
with x € X, overlaps Bs,(nz) and then is possibly relevant for the occurrence of the event
Cn(z). Precisely we assume that the subset S of Star(z,1/n), delimited by x,y;(x), yit1(z),
with i < deg(x), overlaps Bs,(nz). By construction, S is included in the Delaunay triangle
made up with Poisson points z,y;, yi+1, say T. The triangle T' overlaps Bs,(nz) and, under
the event D,,(2) = {R(Bsy(nz)) < n}, it only depends on the PPP X inside Bs,,(nz)® B(0,n).
So, using the same proof as that of Lemma 3 (itself using Lemma 2), we get that the random
field {C,.. : 2z € Z?} is 4-dependent w.r.t. the supremum metric || - || oo

It is worth pointing out here that, under D, (z), the subset S of Star(z, 1/n) is stabilized by
the PPP inside B3, (nz)® B(0,n), but not the whole grain Star(x,1/n). Indeed, it is possible
that Star(x,1/n) contains a very large subset, say delimited by x,y;(z), y;+1(z), avoiding
Bsy,(nz) and exceeding from Bs,(nz) @ B(0,n). This justifies the use of grains Star(z,1/n)
instead of (larger) balls B(x, 5-L,) where Ly := max;<k<deg(x) Ex,k-

Henceforth, {(,. : 2z € 72} being 4-dependent, it is sufficient to prove that

lim P(0 is n-good) = 1 (7)
n—oo

and to apply once again the stochastic domination result of Liggett et al [24, Theorem 0.0]
to establish that the site percolation process {( . : z € 72} percolates, which concludes the
proof of Theorem 1, Item 2.

Since P(D,,) tends to 1 by Lemma 1, we have to show that the probability of C,, := C,(0)
also tends to 1 in order to get (7):

Lemma 6. The probability of the event C,, tends to 1 as n tends to infinity.

Proof. The event CEL means the existence of a path in X, /, joining S, to S3,. By translation
invariance, this gives
P(CE) < 4n x P(Sy ¢+ S, in $1,)

so that it suffices to prove that P(S1 <> S, in ¥y/,) is a o(1/n). Let us restrict the random
set Y/, to grains centered at Poisson points in A, := B, ® B(0,n):
SinlAn] = ) Star(z,1/n)
reXNAn

(in which grains Star(z, 1/n) are still constructed from the whole Delaunay triangulation T).
Then, by Lemma 1,

IN

P(S1 «+ Sy in Xy ,,) P(R(Bn) > n) +P(S1 < Sy in Ty, [An])

P(S1 > Sp in 31/, [An]) 4+ 0(1/n) .

It is well known that the maximal degree in the Delaunay triangulation T among vertices
inside A,, is smaller than C'log(n) with probability tending to 1 exponentially fast. See for
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instance Bonnet and Chenavier [4]. We then get that the probability P(S; <> Sy, in ¥y ,) is
smaller than
P({S < Spin SyufAa} 0 () {deg(z) < Clog(n)}) (8)
zeXNA,
up to a term o(1/n). When deg(z) < Clog(n), the grain Star(z,1/n) is included in the ball
B(x, Ly,,) where
S ma &
" op 1§k§cf§g(n) ok
and whose distribution satisfies Lemma 6 stated below. Henceforth the probability (8) is
smaller than P(S; <+ S,, in Bool(n)) where Bool(n) denotes the Poisson Boolean model defined
by
Bool(n) := | J B(x, Lns)
zeX
in which the r.v.’s (L, »)zcx are i.i.d. copies of Ly,.
To sum up,

P(S; < Sy, in El/n) =P(S; < Sy in Bool(n)) + o(1/n) .

The expected volume of each ball in Bool(n) is 7E[L2]. It is well known (since Hall
[17]) that the cluster of B; in Bool(n) (and the number of balls that this cluster contains)
is stochastically dominated by a Galton-Watson tree whose the mean number of children is
of order E[L2]. Since this expectation can be made as small as we want as n — oo (Lemma
7), the dominating Galton-Watson tree will be subcritical for n large enough. In this case,
its total progeny (i.e. its total number of elements) admits an exponential tail decay (see the
end of the first chapter in [2]). So the same holds for the number of elements belonging to the
cluster of Sy in Bool(n). Combining with the fact that the r.v. L, admits also an exponential
tail decay (Lemma 7), we conclude that P(S; <+ S, in Bool(n)) converges to 0 exponentially
fast. This achieves the proof of Lemma 6. O

It then remains to show:

Lemma 7. For any integer n > 0 and any real number t > 0,

P(L, >t) < Clog(n)e 2™ and lim E[Li] =0.

n—oo

Proof. By definition of the r.v. L,, we can write

1 o\ 1 (] o2ty [Clog(n)]
P(L, > 1) =1 P(kgglﬁg(n)gk_%t) 1 (1—e2")

where [-| denotes the integer part and (&)r>1 is a sequence of i.i.d. exponential r.v.’s with
rate 1. Thus, using the inequality log(l — u) < —u valid for any u € [0,1), we obtain the
searched inequality for P(L,, > t). Moreover,

) o !
E[L2] = 2/ tP(Ly > t) dt < 2Clog(n)/ te™*""dt < 02052’(71)
0 0

which tends to 0 as n — oo. O
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Let us notice that the proof of Theorem 1, Item 2 should be significantly simpler if two
given users z,y € X;UY (recall that p = 1 here) on the same edge were connected iff |z —y| <
r as in [22, 23]. Indeed, in this case, the connectivity graph Gi o, could be immediately
compared to a Poisson Boolean model with deterministic radius r that it suffices to choose
small enough to conclude.

3 Proof of Theorem 1, Item 4

In this section, we prove Item 4 claiming that the hypothetical region II does not exist outside
the curve r — p.(r), what is equivalent to say that its interior is empty. As sketched in the
introduction, such result is obtained by comparing in some sense the partial derivatives w.r.t.
parameters r and A of the probability P(S1 <+ oo in G,, 5 ) that an infinite component in Gy, 5 ,
exists and intersects the ball S7. In fact, for the sake of simplicity, we deal in this section with
a slightly modified model, namely the graph only made of the streets of the PDT T which are
entirely contained in G, 5 ,. We denote it by gp)\,r' The operation performed to get Qp)\,r
from G 5, is a pruning, unable to break—if it exists—an infinite component. So the exact
values of P(S] +» oo in §p7,\,r) may differ from P(S; <+ oo in G, ) ), but both are either null
or strictly positive at once. Otherwise said:

P(S; <> 00 in G, ) = 0 if and only if P(S; ¢+ 0o in G, 5,) = 0.
Our strategy now essentially rests on the following lemma, stating the heralded comparison,
for finite approximations of the event {S7 <+ oo}:

Proposition 1. Let (p,A,r) € (1/2,1] x [0,+00) x (0,+00) and n > 1 an integer. We
set Op(\, 1) =P(S1 <> Sp in Gy ar). The partial derivatives 00, and 0,0, ezists and are
positive. For some continuous map C : (0,400) — (0,400) independent of n, as well as of p

and X, it holds that:
9,0, < C(r)e’® 9,0,. (9)

Directional differentiability of ©,, and the positivity assertion will be the subject of a
specific proposition below. The inequality (9) is enough to get Item 4.

Proof of Item 4. A nonempty interior means that for some r1 < ry and p < pc(r), we
have P(S1 <» co in Gp ¢, ) > 0 for any € > 0, while P(S; <> oo in Gp0,r,) = 0. The finite-
increments formula however ensures that

0,(0,72) — Opn(e,r1) = (ro —71) - 0 OR(N*, 1) — € - O\On(\*, "),

for some couple (A*,7*) € [0, €] X [r1,r2]. Proposition 1 then implies that:

re€lr1,re]

0,(0,72) — Op(e,7m1) > <7‘2 —r1 —ee? sup C(’I“)) < 0rOp (A*,17).

Since 0,0,, > 0, we obtain ©,,(0,72) —O,(€,71) > 0 as € is small enough. By letting n — 400,
it leads to a contradiction:

0=P(S; <> 0 in Qp,O,rz) = lim 0,(0,r2) > lim ©,(er) =P(S; <> oo in Qp@nl) >0,

li
n—-+o0o n—-+o0o

which completes the proof. O
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3.1 Proof of Proposition 1

Proving Proposition 1 requires two ingredients. First, a thorough study of a finite one-
dimensional Boolean model, in which we show that the partial derivatives of the probability
to fully cover the segment satisfy an inequality akin to (9). The second piece is made of
Russo’s type formulas which relate 0,0,, and 9,0, to the set of edges in the PDT, being
pivotal for the occurrence of the event {S; <» S,}. We detail the arguments in the two para-
graphs below and explain how the whole yields Proposition 1.

A finite one-dimensional Boolean model. Let ¢/ > 0 and N a natural number. We
set (Ug)o<k<n+1 a finite sequence of points such that:

e the first one Uy is the left extremity of the segment [0, ¢], that is 0;

e the N next ones Uj,..., Uy are uniformly and independently drawn on the same seg-
ment;

e finally, the last one Uy is the right extremity, that is 4.

Attach to them N +2 i.i.d. random variables €y, ..., E N1 with common distribution Exp(1).
Our Boolean model is then defined as follows.

e Every internal point 1 < k < N is assumed to cover the area centered at it and of
radius R} := 5€;, that is the segment [I7, S7] := [U; — R}, U; + R}J;

e the expected range of boundary points is doubled, so that we respectively have
[ 6786] = [—1"50,1"80] = [_ SaRS]

and
[I}"V_H, S?\H—l] =l —r€Eny1,l+rEN] = [0 — R?V—&—lv ¢+ R?\H-l]-

We are interested in the probability
p(t A7) =P (0,4 € UNGT, 5]) (10)

that the surface covered by points includes the segment [0, £], in the case where N is a Poisson
random variable of parameter A/, independently drawn from the locations of points and their
range. It is indeed equal, conditionally on the realization of X,,, to the probability that Qn A
entirely contains a given street of length ¢, a quantity that will appear as critical in the next
paragraph. We present now a crucial result on the way taking us to Proposition 1:

Proposition 2. The partial derivative O\p and O,p both exist and are positive. Also, for
any r >0 and A > 0:

max { sup p(l, \,7), sup d,.p(¥, )\,r)} < 400 (11)
>0 >0

Finally, for some continuous map C : (0,400) +— (0,400) independent of ¢ and X, it holds
that:

op < C(r)e’* 0,p. (12)
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The proof merely consists of an in-depth but elementary analysis of the function p, that
we postpone to Section 3.2. Developments outlined there are not helpful to derive Proposi-
tion 1, statements (11) and (12) being all we need at this stage for such purpose. They are
rather aimed at readers eager to fully grasp the underlying reasons of some hypothesis made
in our model—random and exponentially-distributed ranges, with a higher mean for users at
crossroads—and how the latter could be relaxed. Recall for instance, as said in the introduc-
tion, that all our results remain true by setting the connection radius of relays at more than
twice that of users on streets; in this section, by more than doubling the mean area that cover
boundary points, compared to the internal ones. See Section 5 about the other conjectures.

Russo’s formulas. In this paragraph, we work with a more convenient representation of the
graph Gp » . Let (Uy /)y cr be a sequence of i.i.d. random variables, uniformly distributed
on [0,1]. Label as open the edges {z, 2’} of the PDT T which obey two conditions:

1. the crossroads z, 2’ flanking it both belong to X,;
2. the companion random variable U, . satisfies the inequality U, ,» < p(||lz — /||, 7, A).

We claim that the graph built from the open edges of T, denoted by EP,)\ﬂW is distributed
as gp7>‘77n:

- (d) ~
Gpar = Gpar (13)
Such alternative representation allows us to make rigorous the key notion of pivotal edge:

Definition 1. An edge {z,2'} of T is said to be pivotal for the event {S1 > Sy} if the latter
occurs in Gy, U (z,2'), but does not in Gy, \(x,2').

Note that a pivotal edge necessarily intersects the box B,,. Their total number is hence
almost surely finite, and even integrable given the exponential decay of the stabilization
radius R(By,) in PDT. See Lemma 1.

A Russo-type formula affirms that the local growth rate of an event’s probability is all
the more greater as the number of edges being pivotal for it is high. This is exactly what we
observe for ©,,:

Proposition 3. For any triplet (p, \,r), we have:

8)\@n =K Z (8)\p)(H.7}—$/H,)\,?“)] and are)n :E[ Z (arp)(Hx_x/Ha)‘vr) .

{z,2'} pivotal {z,z'} pivotal

Proof of Proposition 3. The demonstration is quite standard and is the same for both equal-
ities. We focus on the first one. It essentially stems from a quenched version of the Russo’s
formula. For any h > 0, set

Ah@LX’Xp ()\, T‘) = P(Sl A4 Sn in ap,)\-o-h,r’X, Xp) — P(Sl <~ Sn in Ep,)\,r|X7 Xp).
Then, almost surely:

X, Xp r
tm 2O S ) (e — )l A ). (14)

h—0+ h

{z,z’} pivotal
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The difference Ah@LX X (A, 7) is indeed equal to the probability that the event {S; <> S}
occurs in §p7 A+h,r, but does not in §p7 A, conditionally on X and X,,. This happens only if
at least one edge {x, 2’} of the PDT has been opened by increasing the parameter \ to A+ h,
meaning that

p(lz — 2|, \,r) <Uyp < p(|lz — 2|, N+ hy7).

As h — 0T, because of the mutual independence between the random variables U, , there
cannot be more than one such edge. So there is exactly one, which is furthermore pivotal
since its opening goes with the occurrence of {S; <> S, }. Rephrased in mathematical terms:

O = > P(p(lr =@l A1) <Usw <p(lz =l A+R7)) 4+ ofh)
{z,x’'} pivotal
= > [pllz=alA+hr) —plle =2l An)] +  ofh).
{z,x'} pivotal

Thus the pointwise limit (14). Finally, we use Lebesgue’s theorem for upgrading the latter
to the expected Russo’s formula, thanks to the following domination, which is true for some
constant K = K, > 0 provided by (11):

S @)z~ o'l A ) < K x # pivotal cdges,
{x,z’} pivotal

where # pivotal edges is an integrable random variable as explained earlier. ]

Proof of Proposition 1. Once we have in hand Propositions 2 and 3, the proof of Propo-
sition 1 is immediate. Indeed:

= _ /
ZOn, = El > (@)l leM)]
L {x,z’'} pivotal
< El Y oweT@p) eI,
Prop. 2 L {z,z’'} pivotal

for some continuous map C' : (0,+00) — (0,+00). Hence:

Ar Ar
00, < Cre% xE| Y <arp><rx—x’\,x,r>] =, COeT o0,

{z,z’} pivotal

as it has been heralded.

3.2 Proof of Proposition 2

This section is devoted to prove Proposition 2, which enumerates several properties of the
function p defined by (10). We focus, more specifically, on its partial derivatives w.r.t. vari-
ables A and r. All the arguments used in the demonstration are nothing but basic analysis.
We start by merely establishing the existence of dy\p and 9,p. Amenable expressions are
derived at once, as well as their positivity.
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Existence, positivity and expression of dyp. Let h > 0. Given the superposition
property of the Poisson distribution, the difference p(¢, A + h,7) — p(¢, A, r) can be rewritten
as follows:

P(6A+hyr) = p(6, A ) =P (10,4 € BT, 87 [0, € (U5, 871) U (UL T, 850))

where N is a Poisson random variable of parameter h¢, independent of N, while U?Ll[ig, Sg]
is the surface spanned by N additional points, drawn on the segment [0, 4] in the same way as
the N former ones, and independently of them. Otherwise said, by increasing the intensity A,
we give birth to new points, what provides a chance to get rid of existing blank zones. As h —
0, the probability to see arising more than two is however of order o(h), so that:

p(Ea )‘ + h7 ’f') - p(ﬁ, Av T)
= e x P ([0, 2 UNG', 8715 [0, € (U5, 83)) U K, 811) + olh).
=P(N=1)

The partial derivative d\p thus exists for any triplet (¢, \,r) and:

Bt A7) = £ P (10,6 ¢ UNGT, S7]: (0,4 € (UNE' T, si1) urr,s7]) . (15)
with [I",S"] := [U—R, U+R|] the interval that a point U, uniformly drawn on [0, ¢], typically
covers as its range R := $& is exponentially distributed with mean /2. Positivity of (15) is
trivial.

Existence, positivity and expression of J,.p. By increasing r, we do not act this time
on the number N of points drawn on the segment. We rather enlarge the area that they
respectively span. The expression of the increment p(¢, A\, 7+ h) —p(¢, A\, ) as the probability
of some event is then for any h > 0:

P\ +h) —p(l\r) =P ([o, 0 ¢ UNEITE, ST (0,4 € UNH T s§+h]) . (16)

A hole in the coverage is necessarily of the form (Sg, Ig), where 0 < i # j < N+ 1 are such

that S] < I} and <S;, I;) N[I},S}] = 0 for any k ¢ {7, j}. Filling it by stretching extremities
of intervals entails the existence of some other 0 < m # ¢ < N + 1 satisfying both S], <
Si < I; <Ij and Ig*h <8I < Ig < Srm+h. In particular, we have ‘Ig — S’"m’ < %(Em + &), or

equivalently:

U,-U U,-U
E E 21 T o4 .
m &g € [ “h T r—h
The probability of such event is of order h as h — 0. That of the whole picture just described

is a O(h?) as m # i or q # j, because the random variables Uy, ..., Uny1, €0, ..., ENy1 are
mutually independent, conditionally on IN. This is all the more true as several distinct holes
coexist.

Return now to a framework where the number of points spread over [0, £] is a deterministic
integer N > 0. We introduce two key functions. For any 0 <i# j < N+ 1and any 0 < z <
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y < £, we set
N-+1
O (z,y) =P (Vk ¢ {i,5}, .S N [S). 1] =0) = [[ P(T.SiIn[2.y) =0).  (17)
k=0
k#i,j

We also define:
R () =P (¥h ¢ 3,3}, [, S3 N [SILT) = 0; S} < T, 7 < s7+)

1, Ay
= E | (S}, I))ls;cry gy pron] - (18)
i =%y

Therefore, given (16) and what has been said about holes, we derive that:

pilLAT+h) —pLAr)=E| > RY(h)+o(h)]. (19)
0<i#j<N+1

The existence of 9,p then results from successive applications of Lebesgue’s theorems. Fix 1 <
i #j < N, two internal points. Let si and i} be the joint density of (S}, R]) and (I}, R})
respectively. It holds that:

Ri\;r(h) = /[O " P (u, x)si (u, v)ij (2, y)Du<a Lyt 2v>a—2yLory<e du dv dz dy

ut (v+y)
= / . du dv dy sj (u, v)Lypy<s (/ ®(u, )ij(z,y) d:z:) .
(0,4] u

Since @,f?;-’r is bounded, the Lebesgue’s dominated convergence theorem, coupled with the

Lebesgue differentiation theorem, implies that Rivjr(h) has a finite limit as h — 0:

9%5\27“ := lim h—lRZNJ;T(h) = 1/ (v +y) @ (u, w)s; (u, v)i} (u, y) Lyiy<e du dv dy. (20)
’ h—0 ’ ™ Jo,03

Note that the value of the above quantity does not vary with the pair ¢ # j, so is constantly
equal to f)‘iJlVQT In cases where either ¢ or j is a boundary point, the associated joint density
degenerates, because Sj = Ry and Iy | = ¢ — R/, . This a however a false problem. Based
on similar arguments, the limit (20) still exists. The integral representation must be modified,
though. For ¢ = 0 and 1 < j < N—that is a mixed situation with one boundary point and
one internal point, we get in the same vein that:

T 1 T T
W=, B0 0 )y du dy (21)

r
with s” the density of Sj. Like (20), the latter formula does not depend on j, meaning
that %é\;’-r = 9‘{(])\7[ i for every j. Furthermore, given the model is invariant in distribution
after reflecting points over the vertical line x = 1/2, it does not change anything by taking
instead i = N+ 1 and 1 < j < N. Finally, when ¢ = 0 and j = N 4+ 1—both are an extremity
of the segment [0, ¢], we obtain that

¢ "(w)i"(u) du
Aw@wwﬁ()()d, (22)

r

N,T R
mo,NH =
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with i" the density of I’y ;. From now on, considering the observations just made, we simply

write iRévr for b € {0, 1,2}, rather than %fvjr as b boundary points are among ¢ and j. From
all the foregoing, we deduce the almost sure convergence:

.1 N, N, N, N, N,

lim - Yoo RyT= > R =2 HANRYT + N(N - DRp. (23)
0<i#j<N+1 0<izj<N+1

To complete the proof, we need a suitable domination of the limit, by some integrable ran-

dom variable. For this purpose, we remark that the function ® is the only term involved

in the integrals (20), (21) or (22), which does depend on N. It can trivially be upper
bounded by one, as the probability of an event—see (17). Hence, for any N > 0, we

have max {%év’r, f)fi]lV’T, ERQM} < K, where K = Ky, is the largest element among:

{f /0Z §" (w)i" () du, % / ()5 (1) Tyl

r
1 .
r/[ . (v 4+ y)st(u, v)is(u, y)Lypy<e du dv dy}.
0

It follows that almost surely:
2R + ANRY” + N(N — DRY < K x (N(N — 1) + 4N +2),

namely the kind of domination that we were hoping for. By invoking the Lebesgue’s dominated
convergence theorem, we conclude from (19) and (23) that

O,p(l, A7) = E [2985 + ANRN" 4+ N(N — 1)9%0N”] , (24)
which puts an end to the demonstration of the existence and positivity of J,p.

Boundedness and comparison of the partial derivatives. We eventually deal with the
proof of (11) and (12). The formula (15) relates dyp to the probability of observing blank
zones, vanishing after they are absorbed by the range of a newborn point. We aim to get
a more tractable expression that mimicks (24)—here it will be an upper bound actually—
by using again our analysis of discontinuities in the coverage. As argued in the first lines

of the previous paragraph, we know indeed that a hole is an interval of the form (S:,I;)

with 0 < i # j < N+ 1, such that S} < I/ and (s;,I;) N[, 80) = 0 for every k ¢ {i,j}.
Then, set for any 0 <z <y < £:

U(z,y) =P([z,y] C[I",87]). (25)

Recall that [I",S"] is the interval that covers a point which is uniformly drawn and whose
the range is exponentially distributed with mean /2. The function ¥ measures the chance
that it fully contains some given area. Let now N > 0 be the deterministic number of points
spread on the segment [0, ¢]. On the model of (18), we define for any 0 <17 # j < N + 1:

e =P (Vk ¢ {i,5}, [}, SpIN[S), 1] =0; S} <Tj; (S},1j) C [I",8")
—E |®(S}.I}) ¥ (S}, 1)) Is<x | (26)
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namely the probability that the hole (S;, I;) is filled after a new point has arisen. As it has

already been remarked earlier for the %f};?r—see (20), the latter only depends in fact on how

many boundary points we count, say b € {0, 1,2}, among i and j. So we likewise choose to
N,r N,r . . . .

7 as £ in such case. Since there exists at least one hole in a sparse coverage,

abbreviate £
an union bound argument applied to (15) implies that:

ap AT <IxE| Y &Nl =ixE [2»:21‘“’ +ANENT L N(N — 1)201""‘] . (27)
0<i£j<N+1

which is the upper bound that we were looking for. Statements (11) and (12) then result from
a comparison between Sév’r and %év’r that we detail in the following proposition:

Proposition 4. Set Wy, =1 — g, (1 — 6_272). Let b € {0,1,2}. There exists three func-
tions (Gy, Hy, K), all positive, continuous and bounded on (0,400), such that:
N,r — — N,
08" < WNTERGY(0) < WS PTHY (0) < R < K (0), (28)
for any N > 0. Furthermore, the first two satisfy:
Gy() < Cy(r)Hy (0), (29)
for some continuous map Cy : (0, +00) — (0, +00) independent of £.

The proof of Proposition 4 is postponed to the next paragraph. We first show how to
complete that of Proposition 2, and start with (12). The leftmost inequality in (28), coupled
with (27), ensures that:

OAp(L, A, 1) < 2GH(OE [WN] + 4G} (O [NWQ‘P] L GHOE [N (N — 1) NWN-2
= 2G5(0)MWer=1) 4 4G (AN Wer=1) 1 Gr () 222N (Wer=1), (30)
We use in the last line that the generating function of a Poisson distribution of parameter \¢

is t — eM(=1 | In exactly the same way, we derive this time from (24) and from the second
rightmost inequality that:

215 ()M (Wer=1) g fr (o) aeeMWear=1) 4 g () a22eM(Wer=1) < 9 p(e, A\, 7). (31)
It directly follows from (30), (31) and (29) that:
M (Wear—Wer) o hpl, N\ 1) < C(r)opl, A\, 1),

for C':= max {Cyp, C1,C2}. The map C' is continuous given that the Cy all are. This is enough
to get (12) since Wy o, — Wy, > —r/2(. Finally, we deduce the boundedness assertion (11)
from (24) and the rightmost inequality in (28). Indeed, we have:

opl, A1) < <mgxxsgp K,:(E)) x(E2+4N+N(N-1)]).

The right hand side above is finite because the functions K are said to be bounded. So is
then ¢ — 0,p(¢, A,r). The comparison (12) allows us to extend the result to £ — O\p(¢, A, r)
at once, which yields the expected conclusion.
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3.3 Proof of Proposition 4: cases investigation.

Three situations arise in Proposition 4, depending on the number of boundary points which are
involved in the definition of the quantities ng’r and %gjr, those that we aim to compare. We
start the demonstration with some preliminary observations. They will constitute a common
guideline for the analysis of each case.

First, we provide an exact formula for the probability that the surface covered by a point

uniformly drawn on [0, /] does not interset some given interval:

Lemma 8 (Blank zone). Set for any 0 <z <y < {:

p(z,y) =P ([I",8"TN[z,y] = 0).
Then:
1 T _ot-y  _2
90(3579):?(5—(31—95)—5(2—6QTy—e ’")) (32)
When the point is rather stuck at an extremity of the segment, endowed with a doubled
expected range, the above formula is simpler:

P(-R,R|N[z,y]=0)=1—-eF and P({-R(+RIN[z,yl=0)=1—e"+. (33)
Distributions of I" and S" being explicit, the proof of Lemma 8 consists of the easy
computation of an integral, whose details are left to the reader. Since not overlapping an
interval is harder than a single point, it is always true that ¢(z,y) < ¢(x,z). Furthermore,
on the main diagonal, the function ¢ admits both lower and upper bounds:

Corollary 1. Let Wy, be defined as in Proposition (4). For any 0 < x < {, we have Wy o, <
o(x,x) < Wy,

Here also we do not write the details of the elementary demonstration. Note that W), is
even a global upper bound for ¢, given the remark made just above. As ¢ — 0, it turns out
that:

Wiy ~ lfr. (34)

It implies that ¢ is of linear order w.r.t. ¢ in the small length regime. Corollary 1 will be
useful to control the function ®, which appears in the definitions of Sév’r and %év’r. There is
indeed an obvious connection with . See (17). For any N >0 and 0 <i # j < N 4 1:

oV (ry) = (1 F) o (1o )T gV (35)
where b is as usual the number of boundary points among ¢ and j. The first two terms in the
above product come from (33). They correspond to the (potential) contribution of boundary
points.

We continue with a second lemma. This time is computed the probability to fully cover
some fixed interval:

Lemma 9 (Filling a hole). Recall the definition (25) of W. For any 0 < x <y < {:

U(z,y) = & (Ze_y:z — 6_227 — 6_27?> ) (36)
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The proof is once again skipped as it rests on basic analysis. We are now in good position
to define the maps (G, H, K}) of Proposition 4. From (26) and (36), we deduce an upper

bound on £ - 22;?74, valid for any 0 <i# j < N 4+ 1:

N,r
b-L;

17 —s7? £—87 21"
e g . E |:@(S;H’I§) <2€— J s —_ 6_2 r — e_'rj> ]IS:<I§:|

17 —s7
<r-E [é(SLI’;)e‘ = ILS{<I;:| :
When 1 < j < N (and 0 < b < 1), it holds that I; is distributed as ¢ — Sg, due to the reflection
symmetry over the vertical line x = 1/2. The last inequality can then be rephrased in the
more convenient way:

N,r £ SZ”—S;
t- £ <rerE [@(Sg,lg)erﬂsprsgd] .
We get from (35) that:
2-b 4 Si+8]
T Wi (1—emt) T re TR [e — ]18§+s;:<4 : (37)

by using that 1—e™* < 1 —e~rforz € [0, 4] and also that W, globally dominates ¢ according
to Corollary 1. It invites us to set:

r

¢ £\ 2-b Si+S
Gy(l) :=re r (1 — e*?) E [6 o ]IS{+S§<£] ) (38)

for 0 <b < 1. When j = N + 1, given Iy, | = { — Ry, the same exact reasoning leads to:

¢ |: RO+RY 11
e

Gy(0) = retE e 7 nR5+R;M<g] | (39)

Such work can equally be done with Hy and K, which respectively minorizes and ma-
jorizes Ri. On a case-by-case basis because the integral representation of the latter depends
on the value of b. See (20), (21) and (22). We rely on the following inequalities:

_ 2\ Log{i,j} _t=e\ Inpig(igy _
(1—6 r) ! x(l—e v ) ! XWZJ\QT2+5§<I>Z]-V]7T(:E,3/)§1,

the first being a consequence of Corollary 1. Hence, we define for b = 2:

14

Hj(0) = K3(0) = - /[0 ) 8" (w)i" (u) du. (40)

It must be reminded that s" and i" denote the densities of S and Iy | | respectively. For b = 1:

1 _tou vl
H{(l) = /[042 (1 —e ) (u+y)s" (w)if (u, y)Lyyy<e du dy (41)

r
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and

1 .
KT(0) =+ /{0 g]z(u )8 (W) (uy ) Lusy<e du dy, (42)

r

with if the joint density of (I}, Rf). Finally, for b = 0:

1 —u u or
Hy(0) = / (v+y) (1 —e ) (1 - e_?) st (u, v)is(u, y)Lyyy<e du dv dy (43)
r [0,6]3

and

Ky(l) = ;L"/[o 613(1) + )81 (u, v)iy(u, y) Lyyy<e du dv dy, (44)
where s} designates the joint density of (ST, R') and i} that of (I5, R%). The maps involved in
Proposition 4 are now explicit. We have to establish their continuity, their boundedness and
the inequality (29) in every case. A common strategy is employed. Continuity either results
from a direct computation of the integrals, or from a standard application of the Lebesgue’s
dominated convergence theorem. A separate asymptotic analysis shows afterwards that all
the functions vanish as £ — 0 and as £ — +0o0, so they are bounded. We also prove at once
that G} /H converges in both regimes, locally uniformly in 7. It implies that sup,g %
exists and is continuous w.r.t. . It can therefore play the role of the map Cy in (29). All of
this is then enough to conclude.

The case b = 2. Here the involved points ¢ and j are the extremities of the segment [0, £].
Recall that S = R and I'y ., = {—RJy, |, where Ry and Ry | are exponentially-distributed
random variables with mean r. Their density is x %e_?. We can compute (39):

_t zty 1 =1 _y 2
Gy(€) =re r/[o’me T Lpgy<r ;e r-;e r dx dy:2—re v,

and (40):
T r ¢ ¢ 1 _wl _e-u €2 ¢
H2<e>=f<2<e>=r/0 Lol qu=Let,
by using that i"(-) = s"(¢ — -). The three maps are thus bounded and continuous, as

is supy~q gz—((g, equal to %, which then suits to be Co. We got everything that we expected.

The case b = 0. In this paragraph, both points ¢ and j are internal. Without loss of

generality, we assume that i = 1 and j = 2. Since ST = U + §&; with U; ~ Unif{0, /]
and £; ~ Exp(1l) independent of each other, the associated density, restricted to the seg-
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ment [0,£], is z — +(1 — 672%). So is the density of S;. It allows us to develop (38):

2z

2 @
/ e jy(l—e*r)(l—e*%y)dx dy
0<z+y</t

2 z y—x x
= %eff (1 — efé) (/ e%dxdy — 2/ ede:Udy +/ e~ tydxdy>
¢ 0<z+y<t 0<z+y<t 0<z+y<¥
¢ < ) ¢ g _t

2
= g%e‘% (1 - e‘%) (41"2 — 472 cosh <f) + 2r¢sinh <f)> . (45)

The latter expression is clearly continuous w.r.t £. In the vicinity of 0, we check that

4
4r% — 4r? cosh <€) + 2r¢sinh <€> ~ g—
r r

672’
so that:
54
At the same time, as £ — +oo:
r r oz . ¢ 2/)—1
Go(0) ~ pe T 2rl x sinh ) o 2re0 . (47)

We deal now with (43). The joint density s] of (ST, RY}) is

2 2
(u,v) ﬁe " ]lue[v,fu—&-é}]lvzm

while that of (I, RYj) is

. 2 _2y
15 : (u, ’U) —> ﬁe r ]lue[—y,—y—l—é]]lyZO'

We inject into (43):

r 4 _ 2(v+y) _u _t—u
Hy(0) = 5 o (v+y)e 7 (1 —e r) (1 —e ) Lyepo,e—y) Loty<e du dv dy.
+

The integrand above is a piecewise continuous function on Ri. For any fixed £ > 0, its
restriction to {£} x Ri has a compact support. The continuity of Hy is then a straightforward
consequence of the Lebesgue’s dominated convergence theorem. We clarify the expression
of Hj thanks to the substitution z = v + y, after first integrating w.r.t u:

r 4(1+6_;) ¢y —2z 8 [0 = 52 -
HO(B):W/OZ(E—z)e g dz—rﬁ/o e Bl e )1 —eF) de. (48)
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In the small length regime ¢ — 0:

¢ ¢ 2
/ 20— z)e T dz:/ 22 (1—22—#2:2) (6 —2z) dz+o (%)
0 0

.
l 3 4 V4 4 5
2.3 9 2.4 9
=/ ; [zQ—j+;+o(z4)]dz—/o [23—j—|—;—|—0(25) dz
(s o b 95 b ,
- _ - 4= _ 4 = _ - /8
5 o s 1t s g2 tel)
B s
A L N
5 1o T1ee o)

and:

¢ _2z _ L=z _z
/ze r(l—e 7 )(1—e"7)dz
0

£ ¢ 2z ¢ 3z I3 ¢ z
= (1+er>/ ze T dz—/ ze dz—er/ ze r dz
0 0 0
4 ¢ 2z z ¢ z 3z
= (1 + e_?> </ z (6_7 - e_?) dz) —I—/ z (e_? — 6_7) dz
0 0

e 630t s 58 6 203 ¢4 1365 5(6 6
:(1+6T><_3r+8r2_30r3+48r4+0(£))+<3r_r2+15r3_9r4+0(€)>’

Consequently:
Hy(£)

4
l+er (8 4 8, 22 . 17 4 8 (203 ¢4 1365  5/(° 6
B e e A A [ e ¢

302 (3 37 T T 302 2 \ar T T g ) tolf)

1 1 104 1 1 104 4
(6'%3 _gpty s 197 46) - (?’ge— %42 s 054) + o0 (£5)

T2\ 3 15r 452 151 9P
64
~ ) 49
¢—0 1515 (49)
In the large length regime £ — +o00, we have
¢ 2z +oo 2z
/ 20— 2)e 7 dz~ €/ 22”7 dz,
0 0
and
¢ 2z ==z z +0o0 2z z
lim zer (1—e 7 )(1—e7) dz:/ zem v (1—e r)dz < 400,
l—+o0 0 0
thanks to the Lebesgue’s dominated convergence theorem. We deduce from (48) that:
4 Foo 2 2z 1 1
- _2z I
H() (rg/o o2 dz> w1t (50)

The asymptotics (46), (47), (49) and (50) show that Gf and H{ vanish and are of exact
same order as ¢ — 0, as well as £ — 400, so that Gj/Hj converges to some limit in both
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regimes. The maps being continuous, they are bounded and sup,- H’"(( )) < 4o00. Set Cy(r) :=

SUpPy~( I?TT((E))’ Continuity w.r.t. r of Cy results from several facts put together. The first is

that Go/Hy is continuous on (0, 4+00)? as a function of r and ¢, and continuously extendable
at (0, +00) x [0, +00). Indeed, given (46) and (49), the limit at 0 of G§(¢)/H}(¢) is 5r%/2 for
any 7 > 0, that is a continuous function w.r.t r on (0, 400). Besides, by investigating even
more thoroughly the behaviour of G{j and H{ in the vicinity of zero, we could demonstrate
that the latter convergence is locally uniform in r, meaning that on any segment I C (0, +o0):

Gy (0) 512

sup - —
rel HS(E) 2

for some constant ¢ = ¢y > 0 and ¢ small enough. This ensures that the map is continuously

extendable as claimed above. We derive from it that f[é((?) is locally uniformly continuous
0
n (0, 400) x [0,400). Therefore, for any » > 0 and any L > 0:

Gy G
Hy(6) H,

sup sup 0. (51)

0<U<L r'e(r—6,r+9)

The second fact to mention is an equivalent of the former at infinity. Given (47) and (50),
the limit of G§(¢)/HE(¢) as £ — +oo is 2r? for any 7 > 0, that is here again a continuous
function w.r.t r on (0,+00). Some basic analysis manipulations on the expressions (45)
and (48) show that the rate of convergence is locally uniform in 7, in the sense that on any
segment I C (0, +00):

GHO o

D| o
rel HO (E)

<l

for some constant ¢ = ¢; > 0 and ¢ large enough. Thus:

Gp(0) Gy

. 0 <ecL ™,
HE'(0)  Hg(0)

lim sup sup sup
6—=0  I>L r'e(r—6,r49)

for some ¢ > 0 and any L > 0 large enough. Combined with (51), it entails that:

Gy () G
Hy'(¢)  Hi(0)

sup  sup
>0 r'e(r—o,r+9)

The continuity of Cy directly follows. The final word in this paragraph is about the map K.
We remark that its definition (44) is very close to that of Hj (43). On the model of what we
did for it, we prove continuity of K§ from the Lebesgue s dominated convergence theorem. We

compute afterwards that K{(¢) = 3462 (sz (¢ — z) e~ dz, which implies that K}(£) = O ()

as £ — 0 and K[(¢) ~ 7! as £ — 400. The function is hence bounded.

The case b = 1. We finally deal with the mixed situation where 7 is a boundary point and ]
an internal one, say for instance 7 = 0 and j = 1. Recall that the density s” of S is x — e T
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2z

That of ST is  +— § (1 - 677>. We derive an explicit expression of G from (38):

Tty

Gi(0) = e (1 = eff) /0< N ée e (1 — e*QTy) dz dy
<z+y<

— o0 le s (1 - e*f) (/(f (¢ — y)sinh (%) dar dy>
=20 ler (1 - e—f) <r2 sinh <f> - rz) .

The map is unequivocally continuous. Since r?sinh (é) —rl~ g in the vicinity of 0, we get

3
G1(0) E— (52)

-0 312

As ¢ — +o0, it holds this time that:
GL() ~ 207t (53)

We turn now our attention to Hi, defined by (41). The joint density i} of (I}, RY) is

2 _zy
(u7y) = ﬁe r ]lue[fy,nyré]]lyZO;

so that:
2 —u w2
Hi({) = —; (1 - 6_T> (u+ y)e_?e_Tyllquygg du dy.
T g R2

Continuity of H{ again results from a simple application of the Lebesgue’s dominated con-
vergence theorem, whose details are left to the reader. The substitution z = u + y allows us
to rewrite the above integral:

l z u
Hi() = rgﬁ/o ve (/0 er (1 —e_z%> du) dz. (54)

l—u

Given er (1 —e ) —1l-e¢r4o (1) around 0, we deduce that

l z
Hi(¢) = % veF (/0 [1 —et —1—0(1)} du) dz
2(1—e7) o o8
_ .\ ) 2 2 ~
_ /0 240 ()] ds v 2o (55)

In the large length regime, according to the Lebesgue’s dominated convergence theorem:
¢ 2z z u L—u
lim ze r (/ er (1 — B_T) du> dz
{—+oo 0 0
+o0 9 z +oo . 9y 37.3
:/ ze T </ er du) dz:r/ z(e*?—e*T) dz = —.
0 0 0 4

33



Thus:

3
H{({) ~ —.
1( )é—++oo 20
We conclude exactly like in the previous case. Given (52), (53), (55) and (56), the maps G7
and H{ are asymptotically equivalent in the vicinity of zero and at infinity, so that G}/H]

converges in both regimes. Since the maps are continuous, it implies that sup,- % < +o0.
1

(56)

We then set C1 := supy % and prove that C; is continuous w.r.t. » on (0,400) in the
1
same way we did for Cy. Lastly, we compute that

K{(¢) = % /ng (e_f - 6_272> dz.

The expression is continuous w.r.t £. It tends to zero as £ — 0, as well as £ — 4o00. Hence,
the function is bounded. The proof of Proposition 4 is now complete.

4 Uniqueness of the infinite cluster

The purpose of this section is to show the uniqueness of the infinite cluster as stated in
Theorem 2. In this whole section, we assume that p > 0 and r < oco. If p = 0, there is no
percolation anyway, and for r = oo the models boils down to the well-known Poisson-Voronoi
percolation model.

We start with a geometric lemma on the trace of the Delaunay triangulation in any
Euclidean ball. For a locally finite set of points v of R? with associated Delaunay triangulation
T, and a convex subset C of R?, we define the trace Tr¢(T) of T, in C as the subset of T
made of the segments [z,y] of T such that x € yNC or y € yNC, so

Tre(T,) = U [z,y] N'T.
zeyNC
yeyY
In other words, this is the subgraph made of the point in C in addition to the outer edges (see
Figure 6).
We can now state our main tool, whose proof is postponed to the end of the section.

Lemma 10. Let v be a locally finite subset of R%. Then, the trace Tre(Ty) of T, on any
FEuclidean ball C is connected.

Note that, as shown in Figure 6, this does not hold for any convex set.

We can now start the proof of the uniqueness of the infinite connected component. Let KC
denotes the number of infinite connected components in G, » ,. Let us also denotes by B, the
Euclidean ball centered at 0 with radius a. Now, K, denotes the number of infinite connected
components intersecting Treg, (T) which are disjoint in the closure of G, \ Tra, (T). This
in particular entails that we ask these components to penetrate Trg, (T) though different
vertices. Note that infinite connected components intersecting 28, but without vertices in
Tres, (T) are not taken into account here.

For a ball B, we also denote Full(B,) the event that the trace of the Delaunay tri-
angulation T in B, is fully connected (all vertices are open, and all edges are completely
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A Delaunay triangulation The subgraph of the points in the square

The Trace in the square

Figure 6: Trace graph can be not connected on square
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covered). Because edges can be covered by the exponential random variables associated to
their endpoints, we have

Lemma 11. Almost surely
P(Full(Bo)| X, T) > 0.

Proof. We work by contradiction by assuming that P(Full(*8,)| X, T) has a positive proba-
bility of being equal to 0. In any case, we have

P(Full(B,)| X, T) > pXrsa Ml exp (=27 A(T N Trg, (T))) .

In particular, this implies that
P( |IX N Trg, (T)| =00 or A(TNTry, (T)) = oo) > 0.

This in turns, because X and T are a.s. locally finite, implies that
P (Tregs_ (T) is unbounded) > 0.

Fix f > «. Let us denote by Bg‘; , the “upper” half-ball with diameter [z,y| defined by
B, ={z¢€ B((z+y)/2, |z —yl)| det(z —y,z —2) > 0}. B, stands for the “lower” half-ball,
defined accordingly.

Because the event {Treg,, (T) € B} implies the existence of an edge of length at least S—av.
If such an edge has endpoints, say, z and y, it is known that this implies that B, , N X = 0
or Bi NX = (. Hence,

P (Trg, (T) € Bp) <P(Iz € XNBy, Jye XNBGs.t. B NnX=0or B, N X =0)
<E Z ]lB;ymxza) or By ,NX=0
2€XNBa, yEXNBG
Applying two times Mecke’s formula gives

E § : ]lB;ﬁymxzm or By,NX=0
z€XNBa, yeXNBG

:/ P(B+($,y)ﬂX=@orB;yﬂX=@) dx dy
Bo x B ’

2
< / ge=mle=slP/4 gy gy < & ~m(@=B?/8.
B xBG 4

where the last inequality was obtained using that |z — y|| > (a — 3).
This gives a contradiction and that P(Full(®8,)| X, T) > 0 almost surely. O

It is classical in such situation, because of ergodicity of the model, that C must be trivial
as events of the form {C = K} are translation invariant. Hence, there exists K € NU {oo}
such that P(K = K) = 1.

We begin by disqualifying all finite values greater than 1.
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Lemma 12. If, for some integer K > 1, P(K = K) > 0 then P(K =1) > 0. In particular,
this implies that P(K = K) =0 for all K € N\ {0,1}.

Proof. Let assume that, for some K > 1, P(X = K) > 0. In particular, we also must have
P(KX = K| X, T) > 0 on an event A (measurable with respect to X) of positive probability.
Let N, be the number of infinite connected components strictly included in T \ Treg_(T).
There exists @ > 0 such that P(N, = 0, K = K| X, T) > 0 on A (which means that
for o large enough, all connected component intersect Try, (T)). Moreover, we have that
P(Ny =0, Kg, > K| X, T)>P(N,=0, L= K| X, T).

We have that (conditionally on X) K, and N, only depends on T\ Trgs (T) and Full(®8,,)
on Trg, (T), but these are independent conditionally on X (because all edges are independent
conditionally on X). Hence,

P(K =1| X, T) > P(N, =0, K, > K, Full(B,)| X, T)
=P(Ny =0, K, > K| X, T)P(Full(B,)| X, T) >0 a.s. on A.

The first inequality is a consequence of Lemma 10 while the last inequality is a consequence
of Lemma 11. Integrating with respect to X gives the result. O

So, it remains to remove the case K = co. We use an adaptation of Burton-Keane method.
To do so, we say that a point x € X is a trifurcation if

e 1 belongs to an infinite connected component C in G, »
o C\ {z} consists of three disjoint infinite connected components.

Conditionally on X and Gy, 5, \ Try, (T), on the event {Kg, > 3}, there exists (at least)
three distinct points z,y,z € Try, (T) N X such that three infinite connected components
penetrate Trg  (T) through these points. We denote by £ the event that

e all vertices in Tryg_(T) \ B, except z,y and z are closed,

e for any points among x,y or z, there exists one and only one open edge going from the
considered point into B, which is open,

e there exists a unique open path in Trg, (T) connecting =,y and z,
o all other edges in Treg_(T) are closed.

It is important at this point to remark that the existence of such connecting paths is guaran-

teed by Lemma 10. Moreover, the paths from x to y and from z to z pass through B, and

these paths bifurcate at some point ¢ of X NB,. This point ¢ must then be a trifurcation.
In particular, on the event {Kg, > 3}, we have the rough bound

P X, T, Goary \ Try, (T)) > P(Full(B,)| X, T)Hq >0 as., (57)

with
Ho = (1 — p) X Tr2a (D= AT Trn, (T)) (] _ o7 inf(ayycxnme l2-vlly,
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The fact that H, > 0 a.s. is obtained similarly as Lemma 11. It is important to note that the
choice of z,y, z depends on G, » , \ Try_ (T) but that the lower bound in the above inequality
does not.

In the following, we also need the Palm distribution of, X denoted P*. Under P*, X has
the law of a Poisson process with an additional deterministic point at x.
We then have the lemma.

Lemma 13. If P(K = ) = 1, then
P20 is a trifurcation) > 0.
In addition, if T,, denotes the number of trifurcation in the ball B, (for a > 0), we have
E[T.] = |Ba|P°(0 is a trifurcation) = 7aP° (0 is a trifucation) . (58)

Proof. As in the proof of Lemma 12, under the hypothesis that P(C = oco) = 1, there exists
a > 0 such that P(Kg, > 3| X, T) > 0 on an event A of positive probability (measurable
with respect to X). Now,

P(Ty >0 X, T) > E [1x,, >3 P(£] X, T,Gpar \ Tres, (T)) | X, T]
>P(Kg, > 3| X, T)Ho >0a.s. on A,

where the last inequality follows from (57). Integrating with respect to X then gives P(T, >
0) > 0, and E[T,] > 0. But according to Mecke formula

@

E[T.]=E [ Z Iyisa trifurcation] = / dx P? (x is a trifucation).
reXNBy

But, stationarity gives

/ dx P® (x is a trifucation) = [B,[P° (0 is a trifucation),

a

hence the Lemma. O

We can now conclude.

Theorem 2. There exists a unique infinite connected component in the supercritical phase,
that is
P(#C <1)=1.

Proof. We work by contradiction by assuming that P(#C = oo) > 0. To simplify calculation,
we work on the square box B, for a > 0. Let T, be the number of trifurcation in B,.
According to the peeling strategy of Burton-Keane argument (which can be applied here for
its nature is purely geometric. See [6] or [15, Section 8.2].), there exists a subgraph T of
Gpar N B, which is a forest whose branching points are trifurcations in B,. In particular,
#TNOB, > T, where #T NJB, corresponds to the number of edges of the forest intersecting
the boundary of the ball. But,

E[#TNdB, <E > Tyey| <2E > Iynpt,—o| -
z€XNBy, yeXNBS z€XNB,, yeXNBS
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where B;f y 1s defined in the proof of Lemma 9. The last inequality above follows, once again,
from the fact that one of the two half-ball of diameter [z,y| being empty of point of X is a
necessary condition for z ~ y. Now, using two times Mecke formula entails

E Z LxnBt,—0 :/ da E* Z Lxnss,=0

z€XNBa, yeXNBS yEXNBE

:/ dx/cdyP(XmB;yzo)

= / 6*7T||$*yH2/2 dxdy
BaxB§,

Some computations now gives

/ e Tllz—yll*/2 dzdy < 4a/ exp(—m(x — y)2/2) dxdy
Ba xB§,

[—a/2,0/2]x[ae/2,00)
= 4a/ / e~ mY*/2 dydz < 8—a.
0 x ™

Hence, we finally obtain in conjunction with Lemma 13 that,

16«

o’P (0 is a trifucation in G) , ) = E[T5] <E[#TN OB, < —
b b 7T

)

which gives a contradiction.
O

We end the section with the proof of Lemma 10. The proof start with a geometric result.

Lemma 14. Let C be an open FEuclidean ball. Let x,y € C, and a,b € R\ C such that
[A,B]NC # 0. Assume that, [A, B] separates C into two open subsets C1 and Co such that
x € Cy and y € Ca. Then, for any closed ball B such that {A, B} C 0B, x € B or y € B.

Proof of Lemma 14. Let B be any closed ball such that {A, B} C 0B. Let also be C and D
such that {C,D} = [A,B]NJC. Let E be the center of B. The perpendicular bisector of
the segment [C, D] separates the plane in two half-planes. We can assume without loss of
generality that E is in the same half-plane as D, so that the segment [E, C] intersects the
perpendicular bisector of [C, D] at some point H (see Figure 7).

Let some point z such that d(z, H) < d(H,C). Then, d(z,F) < d(z,H) + d(H,E) <
d(H,C) + d(H, E), but, because H € [E,C], d(H,C) + d(H,FE) = d(E,C). Hence, since
C € B, we have d(z, E) < d(E,C) < d(E,B). This says that the ball B of radius d(H,C)
with center H is included in B.

Now, since {A, B} C QCDGE, it follows that the center O of C and H both belongs to the
perpendicular bisector of the segment [C, D]. Let U and V be the intersection points of the
perpendicular bisector of [C, D] with 9C (see Figure 8). If H ¢ [U, V] then either V € B or
U € B because (C+D)/2 € BN[U,V]. If H € [U, V], then either d(H,U) = d(O,U)—d(H, O)
or d(H,V) =d(0O,V)—d(H,O). Assume the latter, then, since d(O, C) < d(H,C)+d(H,O),
we have d(H,V) < d(O,V)+d(H,C)—d(0,C) =d(H,C). Thus, V € B.
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Figure 7: Contruction of B

It follows that either V or U belongs to B. Because, two distinct circles have at most
two intersection points, it follows that the corresponding circular arc ((CV D) or (CUD)) is
a subset of B. From this, it follows that either = or y lies in B C B. This ends the proof. [

With this in hands, we can now prove Lemma 10.

Proof of Proposition 10. We show that the subgraph induced by the points of v in C is con-
nected. By construction, this would directly imply that the trace is connected. The proof
is based on Bowyer—Watson algorithm [5, 28|, which gives an iterative construction of the
Delaunay triangulation. Thus, we need to recall some facts on this algorithm. It is based on
the sequential construction of the triangulation. Let v a finite subset of v and x € v. Assume
that the triangulation is already constructed for v\ v. Then, adding point = to T\, proceeds

as follows (Note that the triangulation T.,, already covers R? with triangles).

Add point algorithm

1. For each triangle T in T.\, check if the circumcircle of T' contains z. If it does:

Y\

e Then, for each edge e of T', check if the neighboring triangle of T', having also edge
e, has z in its circumcircle.

e If so, remove e from the triangulation.

2. Step 1. creates, in the triangulation, a polygonal convex hole containing x.
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Figure 8: Proof that B contains z or Y.

3. For each vertex y of the polygonal boundary of the convex hole, add the edge [y, z] to
the triangulation.

With this tool in hand, we can now prove the lemma. The proof works by induction on
the cardinal of v N C which is finite by the locally finite hypothesis.

Case #vyNC =2:

Assume that vy N C = {z,y}. To prove the lemma in the case #vNC = 2, we only need to
construct a circle passing through = and y containing no point of v. We build a circle passing
through x and y and included in C (so because #v N C = 2 there won’t be any other point of
~ inside the circle, and x and y would be connected in the triangulation). To do so, take the
perpendicular bisector of [z,y]: this separates R? into two half-planes containing either = or
y. Assume that the center 2 of C is in the half-plane of y. Then, the segment [(2, x] intersects
the bisector of [z,y] at some point (say F'). Then, it can be shown that the circle of center
F' and passing through x and y is included in C. Hence, there exists an edge between z and
y in T, so that the trace is connected (see Figure 9).

Induction:

Assume that the result is true for any « such that #y N C = n (for n > 2). Now take
x € C\ 7y and let us show that the trace Delaunay triangulation of v U {z} is connected. By
contradiction, we make the hypothesis that the trace of T. ;) is not connected.

First, note that, according to Lemma 14, the polygonal convex hole (created by the al-
gorithm) surrounding x cannot contain edges which separate the ball C into two subsets
containing points of yNC. Hence, the boundary of the hole contains at least one point, say wu,
of yNC. Thus, x must be connected to u at least. But, u was connected to all other vertices
in the trace of T, but not in the trace of T, ;). Hence, there exists a and b in y such that
la,b] C T, but a and b are not connected after the addition of x.

So, all this implies that the edge [a, b] has been removed by the “add point algorithm”,
and so lied inside the convex hole created by the algorithm. This implies that a and b are
both vertices of the polygon surrounding x. But if so, by construction, x is connected to a
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X

Figure 9: Construction of an inner circle

and b, so a and b must be connected. This gives a contradiction.
By induction, the lemma follows. O

5 Discussion

In this final section, we discuss several hypothesis made to build our D2D model and evaluate
the impact of relaxing them on the scale of results stated in Theorem 1.

The distribution in the random connection rule. A crucial difference between our model
and that of [23] is the choice of a random connection rule, instead of a deterministic one. As
explained in the introduction—see Section 1.6—it was necessary to implement the strategy,
outlined in Section 3, that we have adopted to exclude the possibility of a fat region II. We
have defined the range of a user as %8 , where ' is the mean diameter of the area that it
covers. We have set ' = r for users on streets and 7’ = 2r for the relays at crossroads, while
the normalized range £ is an exponentially distributed random variable of mean one. It seems
quite natural to consider replacing the latter by some other positive and unit mean random
variable. We do not see any problem raised in such new setting, except, significantly, for
Item 4. As the attentive reader may have noticed, doubling the connection radius of relays
was indeed not innocuous. Recall that a key step in our reasoning consists of comparing the
probabilistic cost to fill a hole in the sparse coverage of a street, either with the help of an
additional user uniformly drawn on the latter, or by slightly increasing the ranges of those
already present. The inequality (29) formalizes it. It turns out that in the case b = 2, when
the hole is delimited by the extremities of the intervals covered by the two relays standing
around the street, the inequality collapses as their connection radius 7’ is strictly less than 2r.

We observe a similar phenomenon in the case where normalized ranges all have a half-normal
2

density %6,;27,21120: the domination (29) only holds if the expected range of relays exceeds
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enough that of users on streets. On the contrary, as the density of £ is heavy-tailed—is for
instance 3 (1 4+ a;)_3 1,>0—the inequality becomes systematically false, no matter how much
larger is the connection radius of relays. Here, in contrast to the previous cases, we remark
that by acting on the value of 7/, we do not change the heaviness of the range’s tail distribution.
It leads to identify the latter as a more critical feature to make the statement true than a gap
between connection radii. More precisely, we can show that our proof of Item 4 still works as
some asymptotic holds, involving the range’s tail distribution of both kind of users. Let g be
the density of the normalized range of relays and g := g * g the convolution with itself. Let
also H be some positive differentiable function, vanishing at infinity, satisfying H' = —H (é),,
where H is the tail distribution of the normalized range of users on streets. We claim that
the inequality (29) remains valid in the case b = 2 as
Higl)= O (uxgu).

In particular, in the heavy-tailed situation described above, it implies that the range density
associated to users on streets has to decrease quicker than 2~* for preserving the statement.
The reader may now wonder if extra conditions to obey go with the two other cases b = 0
and b = 1. We do not believe so. Indeed, as the asymptotics (47), (50), (53) and (56) suggest,
the hole to fill is typically far narrower, limited by the uniform drawing of the user on street
that covers the area immediately bordering it. The role of ranges (and their tail distribution)
then gets less decisive.

The directional independence. In our model, we associate to any relay at a crossroad
as many independent (random) ranges as there are streets converging to it. Introduce more
dependencies, or even a unique range in every direction like [23], can be viewed as more re-
alistic. Again, it would not pose any difficulty to generalize the Items 1 to 3 of Theorem 1.
The independence assumption is mostly used to ease the proof of Item 4. More specifically to
get the Russo’s formulas—see Proposition 3, which usually hold under the condition of state
independence of the pivotal elements, here the edges of the mosaic. Yet, we tend to consider
it as nothing more than a technical hurdle to overcome, so that Item 4 should remain true
even by relaxing the directional independence hypothesis.

The urban media. As argued in Section 1.6, changing the street system of [23] was ut-
terly intentional. Poisson-Delaunay triangulations benefit indeed from far better percolation
properties than Poisson-Voronoi mosaics. Thanks to them, we have cleared the phase dia-
gram characterizing the model of the blurred region I and IIl. See Figure 2 and 3. There is
then little doubt that nothing in our work could help to make equal progress in the original
Poisson-Voronoi set-up. This times however, it seems different for the region II and the Ttem
4 of Theorem 1, which deals with it. In the proof of the latter, detailed in Section 3, we
show that the comparison between the partial derivatives of the probability of a long-range
connection event is derived from an analytical study of the model at the smallest possible
scale, on one single edge of given length, without regard to the specific geometry of the urban
media. We thus strongly believe that the statement could be extended to a large class of
mosaics, at least those of finite intensity, that is containing almost surely a finite number of
edges in any finite region.
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