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Abstract

The Poissonian city is a model where a Poisson line process of unit intensity II
is being used as a transportation network inside a disk of radius n. In order to
achieve a better understanding of this framework we first compile in chapter 1 the
main results from Stochastic Geometry and a brief summary of similar research in
the topic of transportation networks and also other possible applications for line
processes. In chapter 2 we study the asymptotic mean traffic flow at any point
q = (tn,un) inside the Poissonian city conditioning on the presence of an horizontal
line ¢, : y = un that passes through g, that is /;, € II. Later, in chapter 3 we
use Palm Theory to compute the asymptotic mean traffic flow inside a subregion of
the Poissonian city. Then, chapter 4 compares the asymptotic mean traffic density
inside the Poissonian city with the study done by Beeching for the British railway
system. The differences between the British railway system and the theoretical model
provided by the Poissonian city motivates us to modify some of the assumptions in
our model. In chapter 5, we adapt previous results to the Poissonian city taken
place inside a variety of ellipses E., where the parameter ¢ is used to change the
eccentricity of the ellipse. Finally, chapter 6 presents a new possible generalization
for the Poissonian city and open problems related with this new approach. Also

other possible approaches are mentioned for future research.
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Chapter 1

Introduction and literature review

The history of random lines goes back to Buffon’s needle problem [19] in the 18"

cen-
tury. In recent times it has found applications in the designing of effective/optimal
spatial networks where geographical location of vertices/nodes plays an important
role. By a network we understand a set of points/nodes, interpreted as cities, joined
together in pairs by lines/edges, interpreted as roads, the union of all the streets
taken to go from one city (point) to another will be call a route. Notice that the

lines can intersect each other on other points beyond the nodes that they connect.

The initial interest arose from considerations concerning what might be a good sta-
tistical measure for the performance of spatial transportation networks. When de-
signing a network, as explained by Gastner and Newman [18], it is natural to regard
its total length as a cost, especially in the case of a transportation network. This
cost can be related to the materials needed to construct the roads or rails, for exam-
ple; as well as the maintenance required to keep the network working. On the other
hand, the efficiency or benefit of a transportation network consists in the existence
of short-length routes between cities, permitting short times of transportation from
one point to another. One way to measure this benefit is to compare the shortest
route length between cities ;, «; in a given network G(x™), denoted by £(x;, z;),
against the Euclidean distance, d(x;,xj) = ||x; — xj||2, between them. Another
approach, taken by Gastner and Newman [18], measures the efficiency of a network
as the excess length between the routes from all points x; to a root node xq, and
their corresponding Euclidean distances, that is they used ). ¢(x;, ©o) — d(x;, o)
as an statistic for the network efficiency, where lower values corresponds to better
networks. An interesting problem regarding the design of networks is to be able to
control this trade-off between its total length, which one will like to minimize, but yet
have all the cities connected in such a way that the network still possess short-length

routes between all cities or most of them.

In 2008, Aldous and Kendall [3] constructed a network G(x™), to link n points,

"™ = {x1,...,zy} in general position, inside a square of area n, bearing in mind



the above mentioned problem on the design of networks, which can be expressed as

follows:

(a) The excess length regarding this network and the shortest network connecting
all points (Steiner Tree [38], ST(x™)) is ©(n), that is
iy EXCeSS length(G(z™)) _0, (1.1)

n—o0 n

where excess length(G(x™)) = length(G(x™)) — length(ST'(x™)).

(b) The excess distance considering the average of the difference between the short-

est route length in G(x™) and their straight-line distance is O(logn), i.e.

excess distance(G(z™))

lim sup

< 00, 1.2
n—00 logn ( )

where excess distance(G(x™)) = ﬁ Yoz U(@i, xj) — d(@s, 7)) is the av-
erage excess of the shortest routes in G(x™) against the corresponding Eu-

clidean distances.

In order to achieve this, the main idea is to superimpose a sparse stationary and
isotropic Poisson line process over the minimum-length connected network, the Steiner
Tree. The mentioned analysis uses the notion of near-geodesics routes between start
and end points. These are paths built between pairs of points using the perimeter
of the cell containing these two points, which is constructed using only the Poisson
lines that does not separate them. These ideas will be explained in more depth in

chapter 2.

An alternative statistic for measuring the short-length routes property is also men-
tioned by Aldous and Kendall [3], called the ratio-statistic, defined as

E(ar:,-, acj)

—1.
d(xi, xj)

ratio(G(z")) = Py Zr(mi,mj) ,  where 7r(xz;x;) =
i

Another approach is given by the maximum value of r(x;, x;), denoted Rpax. How-
ever, it seems too extreme to consider a network as inefficient just because it does
not have a direct route between two particular cities, e.g. the UK railway should not
necessarily be thought as inefficient just because it does not have a very direct route
between Cambridge and Oxford. Some disadvantages of these ratio statistics are
described by Aldous and Shun [4], where they proposed a new statistic to approach
this problem, denoted by R, which is an intermediate statistic between the above
mentioned ratio-statistics (average and maximum), as it combines both ideas. First

consider

p(d) = mean value of r(x;, x;) over city-pairs with d(x;, x;) = d,



and then define

= d) . 1.
R onax _p(d) (1.3)

Therefore, a value R = 0.10 means that on every scale of distance d (as we consider-
ing the maximum over all the possible distances d) the route lengths are on average

at most 10% longer than the straight-line distance.

Later on, Kendall introduced in 2011 the notion of a Poissonian City [25], that is a
random network of connections over a disk of radius n, where connections are made
by random line patterns based on a stationary and isotropic Poisson line process,
denoted by II. Again, pairs of points in the disk are connected by near-geodesics,
with initial /final segments of the path formed by traveling on the opposite direction
to that of the destination/source until they hit a line that belongs to II. Now, if we
consider that each pair of points in the disk generates an infinitesimal flow, shared
equally between these two near-geodesics derived from the line pattern, and we con-
dition on one of the Poisson lines passing through the origin, o, it can be shown
that the mean flow at the centre is asymptotic to 2n3. Moreover, the scaled flow
has a distribution which converges to a proper non-trivial distribution limit, i.e. the
asymptotic flow at the centre of the Poissonian City is well-behaved. Actually, this
distribution is asymptotically equivalent to a 4-volume of an unbounded region in
R* determined by an improper anisotropic Poisson line process defined on an infinite
strip through the change of scale given by & = z/n and § = y/y/n. One of the main
results in this Thesis generalizes the above mentioned result to any given point, g
on the Poissonian city conditioning on the presence of a line £,(6) in the Poisson line

process II that goes through the point g and makes an angle # with the z-axis.

In 2014, Kendall [27| established an alternative representation for this 4-volume in
terms of a pair of monotonic concave curves denominated seminal curves. At the
same time, this work proves that a calculation in terms of initial segments of these
seminal curves can be used to approximate the 4-volume up to an explicit Li-error.
This can be made as small as desired, an idea that supplies the necessary theory to
approximate and effectively simulate the 4-volume. Nevertheless, it does not make
explicit the amount of computational effort one requires to achieve stage N approx-
imations to the volume. This is a non-trivial task, since account must be taken of
the effort required to approximate each stage n = 1,2,..., N. More on these ideas

was developed in [17].

In order to understand the above formulation one needs to be familiar with the idea
of a line process, which will be explained below together with some of the main line

process results in the field of Stochastic Geometry.



1.1 Notation

Throughout we will use (€2, F,P) to denote a probability space. Line processes will
be denoted by II as a random set/pattern, and II = {¢1,/s,...} will denote the
realization of II, that is I = II(w), represents a specific set of lines. Here ¢; will
stand for a typical line of the process; notice that one should think about IT as a set
of lines instead of a list of lines, that means the order given by the list is not relevant
at all. The intensity of IT will be denoted by a constant A (in the case of isotropic

homogeneity) or A (in more general cases).

A Poisson point process will be denoted by @ (representing the random pattern).
Also in an abuse of notation we will denote the induced random measure by @, here
the random measure ®(B) represents the amount of points from the random pattern
® that belongs to the deterministic set B. A particular realization will usually by
denoted by ¢ = {x1,x2,...}, where x; represents the specific location for one of
the points, in the sequence ¢, but their order is not relevant at all. As before, their

intensity will be written as A or A, as appropriate.

As well, the Lebesgue measure in R?, denoted by Lebg(+), will be used frequently.
Also, we will distinguish a point, x;, from its coordinates, (z;,y;). A non-random

" = {x1,...,xn}, where n refers to the

set of points will usually be written as @
amount of points being considered; and G(x™) will typically denote a given network

that connects the configuration of points x™.

Additional notation includes the ball of radius r around the point xg, B,(xo) =
{z € Ry : || —x0l||a< 7}, where often the centre x¢ will be the origin, denoted by o.
Compact sets will usually be denoted by the letter K and the cardinality of a given

set by #.

1.2 Point Process

The mathematical definition for a point process ® on R? is a random variable that
takes values in a measurable space (S,S), where S is the family of all sets of points

¢ in R? which satisfies two regularity conditions:

e The set ¢ is locally finite, meaning that each bounded subset of R? must contain

only a finite number of points from ¢.

e The set is simple, i.e. if ¢ = {x, : n € N} then x; # x; whenever i # j. In

other words, there never will be two points on the same location.

While, the o-field S is defined as the smallest o-field on S such that all the mappings
¢ — @(B) are measurable, where B runs through the bounded Borel sets. Recall,



in this notation ¢(B) denotes the number of points, from the configuration ¢ € S,
in the set B. The o-field S contains the so-called configuration sets, often denoted
as Y or Z. For example Yp = {9 € S: p(B) =0} C S, corresponds to the set of all

point sequences that have no point in a given fixed set B.

As already mentioned before, for convenience we will often used the notation ¢ =
{z1,29,...} = {zn,n € N}. However, the order of this list is arbitrary. From now
on, every time a point process is mentioned, this will satisfies the above regularity

conditions (locally finite and simple), unless otherwise stated.

Formally a point process ® is a measurable mapping from a probability space (2, F, P)
into (S,S). Intuitively, that means that ® is a random choice of one of the ¢ € S. It
generates a distribution on (S, S), described as the distribution P of ®. An intuitive
idea for the case in R? is to consider an abstract dice with infinitely many faces. Each
one of those faces will correspond to a realization of ®, that is an specific sequence

or pattern of points on the plane, i.e. ¢ = ®(w).

1.3 Line Process

In this section, we provide a brief summary of the line process theory described in the
book Stochastic Geometry and its Applications |13, Chapter 8] that will be required

for the remaining of this work. To begin with, we define a line process.

DEFINITION 1.1 (Line Process). [13, p. 306]
A line process is a random collection of lines in the plane which is locally finite, that

18, only finitely many lines hit each compact planar set, K.

In the following chapters, we will focus on undirected line processes. Nevertheless, it
is easier to illustrate the basic ideas with directed line processes and the results can

be easily transferred to the undirected case.

A directed line is a line together with a preferred direction along the line. The col-
lection of all directed lines in the plane will be denoted by A*(2,1), and the family
of all undirected lines by A(2,1). Clearly, we have a 2 : 1 correspondence between
elements of A*(2,1) and of A(2,1), obtained by ignoring the direction. Here, A(d, k)
denotes the affine linear subspace of dimension k (for k € {1,2,...,d — 1} in R%,

which are also called k-flats or k-planes.

The analysis regarding basic notions of A*(2,1) can be simplified through the 1 : 1
correspondence between this set of lines and the set of points on the surface of
a cylinder in R3. To achieve that, one has to parametrize a directed planar line
¢ € A*(2,1) using a convenient set of coordinates, given by {(r,0) : r € R and 6 €
(0,27]}, which corresponds to: (see figure 1.1)



e 0 : the angle between ¢ and a reference line, generally the z-axis, measured in

anti-clockwise direction.

e 1 : the perpendicular signed distance from ¢ to a reference point, which usually
lies on the reference line. In our case we take the origin, o, where the sign is

positive if o lies to the left of £ when looking in its direction.

This supplies a 1 : 1 correspondence between the directed lines in A*(2,1) and the

surface of the cylinder

C* = {(cosf,sinf,r) eR®:rcR,0 € (0,2n]} .
) Caser <0
1
0
o
) Caser >0
T2
0o
o

Figure 1.1: Illustration of the parametrization (r,6) at the left, together with their corre-
sponding points in C* at the right.

Therefore, since each undirected line in A(2,1) corresponds to a pair of directed
lines, it also corresponds to a pair of points in C*. Actually, these two points are
reflections of each other through the origin, as shown at the right of figure 1.1. As
representative of the undirected line, we will select the point that is in the half-
cylinder lying to one side of a fixed plane including the cylinder axis, so A(2,1) has

a 1:1 correspondence with
C = {(cosf,sinf,r) eR*: r e R,0 € (0,7]} .

Remark: Notice that there exists a twist as the angle 6 approaches to 0, then its
representative point jumps from one edge of the half-cylinder to the other (where

0 = m), while the value of the coordinate r changes sign. In effect, the appropriate



representing space for undirected lines is a Mdbius strip of infinite width.

Remark: There is an alternative parametrization which can be useful for certain
calculations, where now the coordinates are given by {(p,) : p € R and 6 € (0, 2x]},

which represents:

e 0 : the angle between £ and a reference line, generally the z-axis, measured in

anti-clockwise direction.

e p : the signed distance from the intersection point, between £ and the reference
line, and a reference point (on the reference line). In our case we take the origin,
o, as the reference point. Hence, p is the z-coordinate of the intersection of
the line ¢ with the horizontal y = 0.

Notice that this alternative parametrization is defective, since if # = 27 then there
is no intersection with the z-axis, so p is ill-defined. Nevertheless, in the special case
of invariant Poisson lines process this situation can be neglected as it is confined to

an event of probability zero.

Hence, to analyze a line process one can apply all the theory developed for point
process, one just needs to adapt it to the representation space. That is, directed
line process give rise to measures on the cylinder C*. Meanwhile, undirected lines
give rise to measures on the half-cylinder C. In particular, we will focus on Poisson
line processes, for directed lines we have that those processes can be defined as
Poisson point processes on C*, so their distributions are defined by their intensity
measures. Even more, since our specific case refers to a stationary and isotropic
Poisson line processes, their intensity measure should be invariant under translations
and rotations. So we have the following result, which assures us that the measure
on C*, that is invariant under the translation-symmetry group induced by planar

translations, is unique up to a multiplicative factor.

THEOREM 1.1 (Invariant Measures). [13, Chapter 8, Theorem 8.1]

(a) Suppose that p is a locally finite measure on C* which is invariant under
the translation-symmetry group (plane-translation-invariant). Then u is of the

form

uw(drdd) = Lebi(dr)k(dd), (1.4)

for some finite measure r on (0,27], where Leby denotes the one-dimensional

Lebesgue measure.

(b) Suppose that p is a locally finite measure on C* which is invariant under the
motion-symmetry group. Then w is a constant multiple of Lebesque measure

on C*
uw(drdd) = mdrdd, (1.5)



for some constant m with 0 < m < oco. If m =1 then u is the surface measure

on C* (regarding C* as a cylinder in R3).

The measure p that corresponds to the multiplicative factor m = 1 is called stan-
dard invariant measure. The analogous invariant measure result holds true for A(2,1)
through the correspondence with C, where now m = 1/2, thus u(drdf) =1/2drdé
will be called the standard invariant measure for the undirected lines, due to the
2 : 1 correspondence between A*(2,1) and A(2,1).

Moreover, one can derive a formula for the invariant measure of hitting sets using
geometric arguments. In order to achieve that, we first define what we mean by a

hitting set.

DEFINITION 1.2 (Hitting-set of K). /8, p. 17]
Let K be a compact subset and I1 a line process, then the hitting set of K, denoted
by (K], is defined as

[K] = {¢tell: 4K},

where { f K should be reads as “0 hits K”, and means that £ N K # 0 [235].

The hitting event expresses the idea that a random set, £ in our case, intersects a
non-random set, K, that is why we introduce the notation ¢ ff K instead of just
using the notation £ N K # (); since one generally relates an intersection with two
non-random sets. Hence, [K] consists of the collection of lines, ¢ € II, that hits the
set K, so [K] C II. Now, we are able to state the result that gives us an explicit

formula for the invariant measure of hitting-sets.

THEOREM 1.2 (Hitting Sets Measures). [13, Chapter 8, Theorem 8.2/
If p is a motion-symmetric measure on C*, then for planar compact convex sets K,
we have that

(K] = 2mL(K), (1.6)

where L(K) denotes the perimeter of K and m is the same multiplicative factor as

in equation (1.5).

Remark: This provides an intuitive reason to take m = 1/2 as the normalization
factor for the invariant Poisson line process, since this will ensure that the number

of hits in a unit segment will be in average one.

As we can see, the analysis of line processes can be regarded as a special case of
the theory of planar point processes over the surface of the cylinder C* for directed
lines, or the half-cylinder C for undirected lines. This implies, that the definitions of
stationary (translation-invariant) and motion invariance (stationary and isotropic)
are similar to the corresponding definitions for point processes; the main difference

lies in the replacement of the usual translation and motion groups in R? by the



translation-symmetry and motion-symmetry groups in C* or C, accordingly. The
general case for a translation-symmetry is given by 7(, 4, which corresponds to a
translation through a distance s in a direction that makes an angle ) with the z-axis

(reference line) in the plane, that will act on C* in the following way (see figure 1.2)
Tisy(r,0) = (r+ssin(0 —1),0). (1.7)

On the other hand, the general case for a motion-symmetry group is given by a
rotation of the lines by an angle 1, denoted by Ry, which will act on C* as follows
(see figure 1.2)

Ry(r,0) = (r,0+4). (1.8)

0—1

ssin(f — ) (after Ry)
Figure 1.2: Illustration of the transformations 7, ;) and Ry.
Therefore one has the following definitions.

DEFINITION 1.3 (Stationary Line Process). [13, p. 307]
A line process I1 = {£1,0a, ...} is stationary if Iy = {T(¢1),T(L2),...} has the same
distribution as a line process for every translation T( 4 of the plane as in (1.7), and

this is to say that, in the C* representation, the point process:

Drce = {(r(02) + ssin(0(6r) — ), 0(61)), (r(E2) + ssin(0(62) — ), 6(£2), ...},

has the same distribution as

Do = {(r(1),0(41)), (r(l2),0(¢2)), ...}, (1.9)

for each s € R and ¢ € (0,27|, where the additions of angles are interpreted modulo
2.

DEFINITION 1.4 (Motion Invariant Line Process). [13, p. 307]

A line process is motion-invariant if it has the stationary property and in addition
the line process Ilp = {R({1), R(¢2), ...} has the same distribution for every rotation
Ry, of the plane as in (1.8), that is, in the C* representation, the point process:

Pro- = {(r(€r),0(01) +9), (r(f2), 0(£2) + ), ...},



also has the same distribution as ®c= given by (1.9) for each iy € (0,2x], where again

the additions of angles are interpreted modulo 2.

Now, we analyze the idea of the intensity of a line process. A directed line process
IT, when regarded as a point process ®c+ on C*, yields an intensity measure A«

for all Borel sets B on C*, given by:
Ac-(B) = E[®c-(B)], (1.10)

here ®c«(B) = #{(r,0) € ®c~ : (r,0) € [B])} represents the amount of points from
®eo+ contained in B. If II is stationary, then Ao« is translation-symmetric, and if

A~ is locally finite then Theorem 1.1 can be applied, were equation (1.4) yields to
Ac+(d(r,0)) = XdrZ(d9),

where ) is a constant, whose interpretation will become clear later, and & is a prob-
ability measure on (0, 27|, called the rose of directions of II. The rose of directions

can be thought as the distribution of the direction of a typical line £ € II.

If IT is motion-invariant, then again by Theorem 1.1, but now applying formula (1.5),
we get
dé
Ac+(d(r, 0 = Adr—
o (d(r,0)) —
where the constant \/(27) is then the intensity of the representing point process ® ¢

with respect to the standard invariant measure drdé.

To explain the interpretation of A in the above formulae, one requires the next

definition.

DEFINITION 1.5 (Intensity Measure). [13, p. 307/
If the line process 11 is stationary, then invariance arguments can be applied to the
line length measure for all planar Borel sets B to define the intensity measure of 11

as follows

= E|)_ Leby(¢nB)| , (1.11)

AB) = E[ZLebLg(ﬁﬂB)
(€[B]

Lell

where Leby ¢ is the Lebesgue measure on the line €. That means that A(B) represents
the mean total length of all line pieces of 11 that hits B.

Since A is a translation-invariant measure on R?, there exists a constant Lp such

that for all planar Borel sets B the following formula holds

A(B) = LpLeby(B). (1.12)

10



Hence, Lp is the mean line length per unit area. The relationship between A and Lpg

can be determined by applying formula (1.10) to a special set B, namely, B = B;(0).

First, we notice that the length of the chord in B;(0) of a line ¢ at a distance r from
the origin is 2¢/1 — r2, see Figure 1.3; then using the Campbell Theorem [29, Section
3.2] we get the following relation

7Lg = A(B(o,1))=E| Y  Lebj,(¢(nB(o1)
Le[B(o0,1)]

2T 1
“E| Y i :2/0 /1mAC*<d<r,e»

(r,0)ePc+:|r|<1
1
= 2)\/ V1—r2dr = M.
-1
Hence A = Lpg, that is A represents the mean line length per unit area.
Undirected line processes satisfy similar relations, but subject to replacement of

drdf/(2m) by drdf/m and conversion of the rose of directions Z into a distribution

over (0, 7] as required.

Figure 1.3: Illustration of the length of the chord in B (o).

1.4 Generalizations: Flat process and Fibre process

The idea of a line process in R? generalize naturally to the idea of a plane process
in R? and this can be generalized to random systems of k-dimensional planes in R%,
with k& € {1,...d — 1}, such process are usually known as flat processes [42, Section
4.4]. In this context, planar line processes will refer to the particular case, where
k =1 and d = 2, planes processes will correspond to k = 2 and d = 3. Of course, we
can also think of line processes in space, which will be the case for k =1 and d = 3.

Furthermore, in R? for k = 1 we talk of line processes, and for k = d — 1, of hyper-

11



plane processes. To formalize this idea one can think about a k-flat process in R?
as a point process in the affine Grassmannian of k-dimensional subspaces, denoted
by A(d, k), where k € {1,...,d — 1}, idea already explored in the previous section
where we analyzed the family of directed and undirected lines, A*(2,1) and A(2,1)

respectively.

Another way to generalize the idea of line processes is that of a fibre processes, which
models random collections of curves in R%. Following, the same analogy as before,
fibre processes can lead to surface processes in R? and this can be generalized to the
manifold processes of Mecke [32]. These are random systems of manifolds of fixed
dimension, k, embedded in R?, which can be thought of as the solution set of some
system of equations fi(x) =0,..., fx(x) = 0. To illustrate these ideas, we gave the

formal definition of a fibre and how this can lead to the idea of fibre process.

DEFINITION 1.6 (Fibre). [13, p. 314/
A fibre v is a subset of R? which is the image of a curve y(t) = (y1(t),72(t)) such
that

(i) v : [0,1] = R2 is once continuously differentiable.

(i) |7 ()= M ()P +s(t)[?> 0 for all t.

(iii) The mapping 7y is one-to-one, so that a fibre does not intersect itself.

Then, a fibre system, ¢, is a closed subset of R? which can be represented as a union
of countably many fibres (), with the property that any compact set, K, is only
intersected by a finite amount of fibres, and such that distinct fibres have no points

in common, unless these are end-points. This can be expressed as:
FD((0,1) N4 ((0,1)) = 0,  whenever i # j .

The length measure, for Borel sets B, corresponding to the fibre system ¢ is then

defined in terms of the measures (%)

where by the measures v(*) we refer to

1 , o
VOB) = M NB) = /0 150D )y 1O 1)2 + P (0)2 dt |

in which the Hausdorff measure H; [13, equation 1.84] is used, so that H; (v N B)
stands for the length of the fibre 49 in the set B.

12



The family of all planar fibre systems is denoted by D and is endowed with a o-algebra
2 generated by sets of the form

{peD:¢(B) <z}

for planar Borel sets, B, and positive numbers, x. Therefore, one can think of a
planar fibre process ® as a random variable taking values in (D, 2), that is to say,
a measurable mapping from an underlying probability space (2, F,P) to (D, Z). As
before, the same symbol, @, is also used to denote the corresponding random length
measure. Thereby the theory of fibre process can be studied as a special part of the

theory of random measures, as well as the theory of random sets [34].

1.5 Examples of Applications

The main application for line processes that will be studied in this work concerns

how they can serve as models for traffic in spatial networks. For example:

1. Gastner and Newman [18] study spatial networks that are designed to distribute
a commodity. Hence, the efficiency of these networks are measured in terms of

the length of their routes to the root node.

2. Aldous and Kendall [3] consider a particular kind of network, given by Steiner
Trees with a superimposed sparse Poisson line process (isotropic and stationary

of unit intensity). This paper will be discussed in more detail in chapter 2.

3. Aldous et al. [2]| study spatial networks as inter-city roads and conjecture the

*
max

shape of the curve R} . (L), that is the minimum possible value of Rpyax for

*

a given (normalized) network length L, with R},

defined as maxgqr(x;, x;),
where the maximum is over all nodes whose Euclidean distance is equal to d.

Finally they compare real-world networks against this theoretical curve.

4. Aldous and Shun [4] explains why ratio statistics are not necessarily a good
summary statistic to measure the property of short-length routes in spatial
networks, especially when one studies their asymptotic behavior as n — oc.

They propose a new statistic to achieve this goal, R.

5. Kendall [25, 26, 27| follow-up work from Aldous and Kendall [3]. Kendall
introduced the idea of a Poissonian City and analyzed some of its main features.
Furthermore, the author introduced the notion of traffic flows in this kind of
networks and some of its distribution properties. These notions will be studied

in more detail in following chapters.

6. Dujmovié¢ et al. [15| analyze the stretch factor between two vertices, that is
the ratio between the length of the shortest route in the graph G(z™) and

the Euclidean distance between them. But, in contrast to Aldous and Kendall

13



[3], instead of finding a light network (small total length), this paper focus on

finding a sparse network (small amount of edges).

7. Winston and Mannering [46] emphasize the importance of using new technolo-
gies to improve efficiency of highway pricing, which would benefit the following
aspects: travel speeds, reliability and reduce highway expenditures. The au-
thors try to measure the cost of road congestions and to find out where to set

efficient tolls to avoid them.

The range of applications for line processes is much broader than given here, including
areas such as Stereology [9] and the reconstruction of images that can be applied to
Positron Emission Tomography (PET), where the main idea is to apply Theorem 1.2

to measure the size of organs or tumors. For example:

1. Vardi et al. [44] describe various estimation techniques for the image recon-
struction problem of PET, viewed as a statistical estimation from incomplete
data: Maximum Likelihood Estimators (using EM algorithm), least squares,

and the method of moments.

2. Johnstone and Silverman [21] provide exact minimaz convergence rates of es-
timation over suitable smoothness class of functions. Since the main idea of
the PET reconstruction problem is to apply the Radon transform [31] of the
density f, that is the line integral of f along the line ¢ with coordinates (r, )
in the detector space, where the line £ corresponds to chords that connects N

equally spaced points on the circumference of a particular disk.

3. O’Sullivan [36] studies asymptotic approximations and numerical simulations
to examine the least squares and maximum likelihood approaches for image

reconstruction in the PET problem with more details.

The planar Poisson line process and the Poisson plane process also play a relevant
role in the construction of random tessellations, see van Lieshout [43] and Chapter
9 of the book Stochastic Geometry and its Applications [13|. Finally, Poisson and
Cox line processes can be used as simple mathematical models for random systems

of long fibres with weak curvature.

1.6 Directory of results

In chapter 2 we generalize the result presented by Kendall [25, Theorem 5], regarding
the mean amount of traffic flow through the centre of the Poissonian city, conditioned
on the presence of one line passing through the centre o. This idea is generalized
to any point ¢ = (tn,un) in the Poissonian city conditioning on the presence of an

horizontal line ¢, : y = un.
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Chapter 3 sets out the framework of Palm theory, which will be required in order to
compare the traffic behaviour in the Poissonian city with a data set from an actual
transportation network, say data regarding the British railway system considered in
British Railways Board [12]. Palm theory can be applied so that the result devel-
oped in chapter 2 provides an insight regarding the computations required to make
this comparison possible. Also, through conditional probability and Palm theory we
show that there is a direct relation between the traffic flow generated by random
points (source and destination nodes) in the Poisson line process II and the traffic
flow generated by random points in the whole disk of radius n B, (0). Notice that
in the second case, the source and destinations nodes almost surely will not belong
to II, and that corresponds with the approach taken in chapter 2. However, the
first approach sets a more realistic framework, as the points of interest (source and

destination) do belong to the transportation network (the Poisson line Process II).

Then, in chapter 4, we compare the asymptotic mean traffic distribution on the Pois-
sonian city with the data provided by British Railways Board [12], specifically figure
1 from its Appendix 1, see figure 1.4. The result developed in chapter 2 together
with the Palm theory presented in chapter 3 will allow us to compute the traffic
density across the Poissonian city. By traffic density we mean a curve that explains
how the proportion for the total traffic changes in terms of the proportion of the
network being considered. The approach to make this comparison is explained here
and implemented numerically using the R computing environment. At the same
time, we develop an analytic formulae to described the traffic density curve in the

Poissonian city.

In chapter 5, we attempt to improve the fit developed in chapter 4 by generalizing the
model for the Poissonian city. The generalization to be considered will analyse the
line process 11 taking place over a variety of ellipses, each one of them corresponding
to different values for the eccentricity, instead of a disk. However, numerical evidence
suggests that there is actually no change at all between the traffic density on the
original Poissonian city and any elliptic Poissonian city. The density traffic curve
studied here turns out to be related to FElliptic Integrals. The last sections of this
chapter analyse this relation more thoroughly in order to explain the invariance of

this curve in an analytic way.

Chapter 6 discusses possible future research on different approaches to generalize
the Poissonian city in order to make it a more realistic framework for transportation
networks. The main development here is how the Poissonian city will look like if
instead of considering a Poisson line process II, to construct our routes, one use a
Poisson segment process =, where the length of each segment is a fixed quantity,
say h. Some connections with similar research on this topic are briefly mentioned.

Finally, we summarize the results developed along this research and outline possible
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Figure 1 %

Cumulative Distribution of Passsnger, Freight
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Figure 1.4: Cumulative Distribution of different types of Traffic over Route Miles in the
British Railways system, figure taken from the Appendix 1 of British Railways Board [12,
Figure 1].

directions for future research on the topic.
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Chapter 2

Traffic behaviour across the

Poissonian city

Kendall [25] introduced the notion of a Poissonian city, that is a random network
of connections based on a Poisson line process of unit intensity, II, over a disk of
radius n, denoted by B,,(0). Any two points p~ and p™ in B, (o) will almost surely
not be hit by any of the lines from the Poisson line process II and will therefore
fail to be connected by II. Arbitrarily let p~ be the source and p™ the destination.
Accordingly, the movement from p~ to p™ will be given by the semi-perimeter routing
rule [3]:

1. Consider the Poisson tessellation related to the Poisson line process II. Then
construct the convex cell C(p~, p™) containing p~ and p™ by deleting all Pois-

son lines from II that separate p~— from p*.

2. From the source, p~, proceed in exactly the opposite direction to the destina-
tion, p*, until one first encounters a Poisson line ¢ € II. This line will be part

of the cell boundary dC(p~,p™), denote this point by p~—.

3. Now, continue along in one or the other direction (clockwise or anti-clockwise),

proceeding along the boundary of the cell C(p~,p™).

4. Continue along 9C(p~, p") until one reaches the set {¢t(p* —p~)+p~ : ¢t > 0},
which is the ray extending from p~ and through p™*, denote this point by p~+.
From p~4r proceed down this ray to the destination p™.

Remark: Notice that if we exchange the roles for p~ and p™, the semi-perimeter
routing rule will be exactly the same route. The only difference will be given by the

traffic flow, which will be on the opposite direction, but still along the same route.

Depending on the choice of direction at step 3, this yields one of two possible routes.
These are defined to be the near-geodesics from p~ to p™, see figure 2.1. These

routes are to be considered in contrast to the actual network geodesics, which will
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Figure 2.1: Construction of the convex cell C(p~,p™") (yellow tile), whose boundary,
dC(p~,p™T), represents the union of the two near-geodesics from p~ to pT. Figure based on
[24, Figure 1]

always use the shortest network path, but can only be found by solving a difficult
optimization problem. Nonetheless, Kendall 25, Section 2.3] shows that these near-

geodesics are a good approximation to the true network geodesics.

This chapter analyses the asymptotic behaviour for the mean traffic at any point g
in the Poissonian city using two different approaches: first, a direct computation re-
garding this expected value; and second, a coupling argument involving an improper

anisotropic Poisson line process, II.

Kendall [25, Theorem 5| showed that the mean traffic flow at the centre of the Pois-
sonian city, conditioned on the presence of one line that goes through the centre,
behaves asymptotically as 2n3. The following section will generalize the previous re-
sult to any point ¢ = (tn,un) across the Poissonian city, conditioning on a horizontal

line, ¢4 : y = un, passing through q.

2.1 Mean traffic at any particular point

Set q = (tn,un), with u € [~1,1] and ¢ € [-v/1 — u2,+/1 — u?], and condition on a
horizontal line ¢, : y = un being part of II. Considering the (r, ) coordinate system
used to parametrize the line process II, ¢, will be represented by (u, 0). Since the disk
has rotational symmetry, these calculations can be applied regardless of the angle
6 from the conditioning line ¢,(#) passing through g. To achieve this one will only

require to apply a rotation to transform the original line ¢4(6) into an horizontal line,
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which is an implicit change of coordinates, and then applied the results that we are

going to explain below.

Consider that every p~ and p™ from B, (o) generates an infinitesimal amount of
flow: dp~ dp™'. This is divided equally between the two near-geodesics given by the
semi-perimeter routing rule. Thence, the flow through q is expressed in terms of a

4-volume, which is given by the set
Dy = {(®,p")eBuo):p; <pi,qcdC(p ,p")}, (2.1)

where C(p~,p™) stands for the convex cell containing p~ and p* which arises by
deleting all the Poisson lines that separates p~ from p™ as explained before. In
consequence, C(p~,pT) is the union of the two possible near-geodesics that can
be used to connect p~ and pT through the semi-perimeter routing rule. Then the

distribution of the total traffic through q is given by

1 — gt L ~dp”

To= 5 e aneon T T =5[] T csc oy AP AT
Bn(0)?

(2.2)

The following two lemmas are required to understand the asymptotic behaviour, as
n — 0o, of the mean traffic flow through g under the circumstances described above.

They focus on the performance of integrals with the following form:

T Rin Ron
/ / / g(r,s,0)rdrsds6do, (2.3)
0o Jo 0

here g(r,s,0) = exp(— 3(r+s—Vr2+s2+2rscosf)) is a function in terms of

r,s,0; and Ry, Ry > 0 are arbitrarily fixed values.

LEMMA 2.1. [Small § contribution]

Consider the function g(r, s,0) as before and a region of the form
A, = {(rs0):0<r<Rin, 0<s<Ron, 0<60<w,},

for some constants Ry, Ry > 0 and w, | 0 of the form w, = 1/n®, for any B €
(0,1/2). Then

B
SRR R+ R < &H g(r,s5,0)rdrsdsfdf < RiRy(Ri+Ra)n’,

therefore as n — oo one can conclude that

fffg(r,s,@)rdrsdst@ ~ RlRQ(R1+R2)n3.
An
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Proof. First, consider the rescaled variables r = 7n and s = sn. Therefore

W Ron Rin 1
/ / / exp(—z(r—I—s—\/7“2+32+2rscosﬁ)>rd7“sd89d9
o Jo 0
W Ro R
n4/ / / exp (—g(f—i—§—\/F2+§2+2f§cos9)>fdf§d§0d0
o Jo Jo
wn Ry pEls
n / / /R2 exp (—ﬁ(wrg—\/f2+§2+2f§cos0))fdf§d§9d9
o Jo Jo 2

W Ro R1 n
+/ / / exp(——(f+§—\/f2+§2—|—2f§cos{9)>fdf§d§9d0 .
o Jo JiLs 2
(

2.4)

Now, rescale the variable 7 using # = 7§ and then rewrite V72 + 1 + 27 cosf as
V(7 +1)2 = 27(1 — cos ). So, after factoring (#+1) the first integral in (2.4) satisfies

wn pRo pol3
/ / /R2 exp(—ﬁ(f+§—\/f2—|—§2+2f§c059)>Fdf§d§9d9
o Jo Jo 2
wn  rRa Ry -
= / / /R2 exp <n;(f+1 \/f2+1+2fcos0))fdf§3d.§9d0
o Jo Jo
wn (Re rql ns .
= / / / exp(—(f—i—l—\/(P+1)2—27*(1—(:050)))72df’§5d§0d9
wn (R 1 27(1 — cos 6
_ / / /RQeXp ns(+ 1) [y Z—cosO) ) ) s azeas.
2 (7 4+ 1)2
Notice that v/1 — 2z ~ 1—z as z | 0, for z = #(1—cos #)/(#+1)? (which tends to zero

as 0 | 0). In other words, /1 —2z <1—zforz € [0,1/2] and 1—2(14+wy) <+/1— 2z

for z € [0,2w, /(1 + wy,)?]. In consequence, the first integral in the last expression

from (2.4) can be bounded above and below as follows

Wn Ra
/ / /R2 exp< ”fl)ucosa)(1+wn)>fdf§3dsede <
wn Ry sz ns(r+1) 27(1 — cos 0) a8 e
/0 /0 / exp <_2 1-— 1_W rdrs§°ds6do
W R
/ / /R2e p< njfl)(l—cosﬁ)>fdf§3d30d9. (2.5)

To analyse the upper bound, consider the change of variable v = 1 — cosf, so

Wn Ra =a
/ / /R2 exp ( n - cos&))fdf #d564d0
2P+ 1)
1—coswp Ro — ~ A 9
_ / / /R2 exp (— nsr v>fdf§3d§ .
0 o Jo 2(r+1) sin 0
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Even more, since § € [0,w,] then we can approximate 6/sinf by a Taylor series
argument, say sinf = 6 — 63/3!44°/5! for some ¢ € (0,w,). In consequence,
1<60/sinf <0/(0—03/3)=14+60%/(6-6%) <1+w?2/5, for any § € [0,w,,]. These

inequalities implies that

1—coswn Ro
/ / /R2 exp< ”‘f:l) >fdf§3d§ dv
1—coswny R2 R2 ns# 3 0
rdr s°ds <
/ / / ep< +1) >7“d1"8 dssianU <
1—coswny Ro> R2 =
<1+)/ / / exp< +1) )fdfg?’dgdv.

Therefore, as n — oo, so that w, | 0,

0

1—coswn Ry ~
/ / /R2 exp< +1) >fdf§3d§sin6dv
1—coswn R2
/ / /R2 exp nsr 7rdi§3ds dv.
(7 + 1)

Notice that the integral for v from 0 to (1 — cosw,,) will behave asymptotically in

the same way as the integral from 0 to oo, as long as

exp <—2(giﬂ1)(l—c0swn)> — 0 as n — 00.

This happens when lim,_ o n(1 — cosw,) = oo, which is the case for any § €
(0,1/2), since by Taylor expansion series argument: 1 — cosw, = w?2 /2! —*/4!
for some ¢ € (0, 2w,), so

2 2 2
Un (p Unlp < (1—=coswy)n < %n
20 3 2!

Recall, w, = 1/nP. Hence, for 8 € (0,1/2)
2 2 1-28 1
im Pn(q_%Yn - lim ? _ _
A ( 3 ) " S (1 3n2/3) o
Therefore, as n — oo
Ro R2 = g
/ / / exp dv7dr s’ ds
1—coswnp T + 1)
Rz 2(7 4 1) 57 1
/ /R2 CHD p (= (1= coswn) )i @ ds = o 1) .
nsr 2(r+1) n
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Thus, asymptotically as n — oo it follows that:

1—cos wy, Ro =

/ / /RQ exp< nfl) >fdf*§3d§dv
R>

~ /RQ/ / exp< fjfl) )dv§3d§
m R 2% 4 1) 1 R
_ /R/ 24D s 45745 /R 2(f+1)df/ 2 d3
nJo 0
1

_ (B, _1 R} 1R} +2RiRy+ R} — R3 R}
o \\ R 3 n R? 3

Ry (Rl +2R1Ry).

dr

,_.
>

ﬁ>
¥

1
3n

On the other hand, the asymptotic behaviour for the lower bound in (2.5) can be
found by following exactly the same computations as in the upper bound, since

(1 +wy,) is just another constant for the triple integral (recall w, = 1/n®). That is,

first consider the change of variable v =1 — cos @, so

Wn, Rs
/ / /Rze p( :jfl) (1—cos@)(1+wn)>fdf§3d§9d9
1—coswny Ro> 0
_ / / /R2 exp< ”‘jfl) (1+wn)>fdf§3désin9dv.
Then, since 1 < /sin@ < 1+ w2 /5 for any § € [0, w,], it follows that
1—coswny Ro ~
/ / /R2 exp ( "‘5:1) (1 + wn)>fdf #d3 du
1—coswy, Ro> R2 =
/ / / exp( +1) (1+wn)>fdf§3d§sin9dv <
1—cos wn Ro = ~A
w? Ry nsr NPT
1+ = —— (1 n) |7 d7f§°ds du.
( + 5)/0 /0 /0 exp( 2(?—1—1)@( —i—w))r 75§°ds dv

Moreover, as in the case for the upper bound in (2.5) the above integral for v from

0 to (1 — coswy,) behaves asymptotically (as n — oo) the same way as the integral

from 0 to oo, therefore
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1—cos wp, R
/ /2/ exp( (1+wn)> dr 5% ds dv
7‘—|—1)
/RQ/RQ/ (1+ ) d ~3d~AdA
exp +1) Wy v 8§ d§7dr
Rao A
- /RQ/ = $d57dr
sr( )
R

1

Ry Rz
= —_—— 2 1)d s°ds
n(l—i—wn)/ (F+1) T/o 5°ds

2 3
I S +1) -1 R
n(l+wy,) Ry 3

1 R%+2R1R2+R%—R%i§

(1l +w,) R2 3
_ P 1g (R2+ 2R\ Ry)
 nf+13n 2V 1l

In conclusion

Wn Rz R2 §7A’ ~ 1a~3
/ / / < T+1)(1—0059)(1+wn)>rdrs ds 6 dé

nf 1
—R R?+2RR = — — Ry(R?’+2RiRy) .
1—|—wn 2(17 + 281 1) nf +13n 2(R7 + 281 By)

~

In consequence from (2.5) it follows that the first integral in the last expression of

(2.4) satisfies the following inequalities

nB
nf +13n

/wn/m/ eXp( r2+1) <1_\/1_W>>ﬁdf§3d§9d0

1
< —Ry(R?’+2R1R5).
< 5 2(R] + 2R1 R)

RQ(Rl + 2R1R2) <

In other words, as n — oo

/wn/RQ/ eXp( 7“2+1) (1_\/1_W>>fdf§3d§0d9

1
~ —Ry(R?+2RiRy).
3 2(1-1- 12)

Finally, the second integral in the final expression of (2.4) can be rewritten by ex-
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changing the order of integration between 7 and § as follows

Wn, Ro Ry n
/ / / exp (—7(1’+§—\/f2+§2+2f§cos0))fdf§d§«9d0 -
o Jo Jis 2

W R1 R—?F
/ / /Rl exp (—g(é—kf—\/§2+f2+2f§c089)>§d§fdf0d9;
0 0 0

which, by the same calculations as the first integral (just interchange the roles of Ry

and Ry), leads to the following expression

wn Ry —r
/ / exp —%(s—i—r—\/82+r2+2rscose)>§d§fdf0d9
1
~ —Ri(R}+2RyRy).
3 1(R5 +2R2Ry)

In conclusion

W Ron Rin
/ / / exp( r—l—s—\/7"2+32+2rscose)>rdrsd39d0

1 1
~ 2 — 249
<3nR (R? + R1R2)+3nR1(R2+ R2R1)>

3R2R 3R R2
= n? 1772 —;)_ 1772 = R1R2(R1 + Rg)n3

O

Now, to control the other region of integration on (2.3) one can apply the following

result.

LEMMA 2.2. [Large 6 contribution]

Consider the function g(r, s,0) as before and a region of the form
En = {(r,s,0):0<r<Rsn, 0<s<Rgn, w, <07},

for some constant Rz > 0 and w, | 0 of the form w, = 1/n?, for any B > 0. Then,

asymptotically as n — oo

fﬂg(r,é‘,&)rdrsdsede < g —w)BS O<n2+4ﬁ)'

(1 — coswy,)?

Proof. As in Lemma 2.1, first use the rescaled variables r = n and s = §n. Notice
that for this case R; and Ry have the common value Rs, thus the final two integrals

in the expression (2.4) are the same (after exchanging the order of integration of 7
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and § in the second integral). That is

Wn, R3 R3
/ / ﬂ exp (-%(Mé—\/ﬁ+§2+21z§cos9))fdf§d§9d9 -
0 0 R—§§

W R3 T n
/ / / exp (——(§+f—\/52+f2+2f§cosﬁ)>§d§fdf0d9.
o Jo Jo 2
Therefore, it follows
T Rsn R3n 1
/ / / exp( §T+S— )rdrsds@d@

! R3 R3
- / / / eXp —— (743 \/F2+§2+2F§cos«9))fdf§d§9d0

R3
= 2n4/ / /exp —E(f—i-é'—\/fQ+§2+2f§c089)>fdf§d§9d9.
wy J0O 0

Then, following similar steps as in Lemma 2.1 rescale the variable 7 using 7 =
73, rewrite V72 4+ 1+ 27 cosf as /(7 + 1)2 — 27(1 — cosf) and use the fact that
V1 =2z < 1—zfor z € [0,1/2], with the same z as before, i.e. z = (1—cosf)/(r+1)>2.

Thus an upper bound for the desired integral can be produced as follows:

R3
Zn/ / /exp ——17—1— \/7“2—|—s2+2rsc089))fdf§d§9d9

R3 7 _
2n4/ / /exp< TH (1—\/1—2W>>fdf§3d§9d0
Wn, r

T R3
< ot / / exp ( — cos 9)>'Fdf §3ds0de
2 R3
< ont " wn / / exp < (1 — cos wn)>fdf 53ds
(r+ 1)
R3
< (w2 —w? / / exp <nsr(lcoswn))fdA§3d§

Rs3 R3 2
= (772 — w2) <> n2/ sds = 8(7r2 — w,%) <> n?.
1 — coswy, 0 1 — cosw,

Finally, by Taylor expansion 1 — cosw, = w?/2!—y*/4! for some ¢ € (0,2w,),
equivalently w2 /2(1 — 4w?2 /3) < (1 — coswy,) < w2 /2. Therefore

9 2 2
8(m? — w?) (Rs) n? < 8(r*—w?) <R3) n?

1 — coswy,
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Hence, as w,, = 1/n?, for some # > 0 it follows

1 1 R 2
2 2, 2448 2 3 2
8 <7r n25> 4R3n < 8 <7r n2ﬁ> (1 e~ wn) n

2
< Sm4RIn*t4P <1> :

In conclusion

R3

2
— ) n? o~ 327T2R§n2+45 as n — 00.
1 — cosw,

st~ )

O

Thus, the asymptotic behaviour of the mean traffic through g = (tn,un) is charac-

terized by the next result

THEOREM 2.1. [Mean traffic flow through the point q = (tn,un) and its asymptotic
behaviour|
The mean flow through the point q = (tn,un), u € (=1,1) andt € (—v1 — u2, V1 — u?2),

conditioned on the existence of an horizontal line, that is £q € II with £y : y = un, is

given by

1
E[TY] = 2////q g(r,s,aq,az)rdrsds dag dag
DI _
1
+ = //// g(r,s,aq,az)rdrsds dag dag. (2.6)
2 ID’3L+

Here g(r,s,a1,a2) = exp (—%(r + 8 — /12 + 52+ 2rscos(ag + ag))> 1s the proba-

bility that there are no lines from the Poisson line process 11 separating the points

p~ = (r,a1) and pt = (s,a2) (in polar coordinates with q as the reference point)
simultaneously from q, where ngt are the appropriate regions of integration for

(r,s, a1, a2) which depends on the location of the point q. Thus

D?%, = {(r,s,a1,02) : 7 € [0, h(a1)n], s € [0, hd(az)n], 1 € [-7,0], a0 € [-7,0]},
(2.7)

D} = {(r,s,01,02) : 7 € [0, h{(a1)n], s € [0, h§(az)n], o1 € [0, 7], a2 € [0, 7]}
(2.8)

Here hi(ay) (respectively hd(aq)) is a continuous function that expresses how the
maximum allowed distance from the point p~ (respectively pt ) to q changes depend-

ing on the angle ay (respectively o). Therefore

hi(ar) = (z1+1t)secay and hi(ag) = (w2—t)secas,
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where x1 (respectively x2) is the absolute value of the x-coordinate from the intersec-
tion point between the line y = —(x —t) tan g +u (respectively y = (x—t) tan ag+u)

and the unit circle % +y?> = 1. This leads to the following expressions

21 = |vsecZag — (u+ ttanar)? — tanag(u -+ ttan ap)| cos? ay

Ty = \\/8602 as — (u — ttan ag)? — tan ao(u — t tan ag)| cos® ay .

Moreover, asymptotically as n — oo

Figure 2.2: Illustration of concepts used in Theorem 2.1.

Proof. First, the expression (2.6) can be derived by stochastic geometry arguments.
The traffic flow going from p~ to pT will contribute to the expected amount of traffic
through q, as long as q belongs to the semi-perimeter route, as explained above. If
p~ and pt are separated by the line {y © y = un, then there will be no contribu-
tion from the traffic flow between those points to q, because the construction of the
semi-perimeter route implies that the line ¢, will be censored / deleted for this case.
So, both p~ and pT must lie on the same side of the disk (both above or below the
line 4,).

Moreover, to guarantee that g € 9C(p~,p™) there should be no lines from the Pois-

son line process IT that separates simultaneously p~,p™ from q. As we are dealing
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with a Poisson process the probability of this event is given by exp (—A(A)): here A
is the intensity measure of the Poisson line process and A represents the region that

should be avoided by the Poisson line process, see figure 2.2.

One has to avoid lines that intersects the segment connecting p~ to q (with length
r), or the segment that connects pT to q (with length s), this can be done by
applying Kendall [26, Exercise 1.6]. The invariant measure of this ensemble of lines
is bounded above by r 4+ s. However, there are some of these lines that should not be
considered as they do not separate p—,pT simultaneously from q. Those lines (that

does not belong to A) are exactly the same set of lines that also intersect the segment

that connects p~ and pT, whose length is given by p = V12 + s2 + 2rs cos 6, here

0 = a1 4+ az. So the desired expression is

A(A) = % (r—i—s— \/7”24—52—1—27“86059) .

Now, notice that aj,as € [—m, 7] and since p; < p{ then it follows that § =
(a1 + o) € [—m, m|. Therefore

1 —
E[T7] = B J‘J‘E[]]'{(p*J)‘F)e’D%}] dp~ dp™
1 o o
— 5ffE[]l{(p*,er)eD?L,p;,pgzun}] dp~ dp +§ jfE[]l{(p*,p+)eD$L,p2—,p2+<un}] dp~ dp
1 (7 (7 rhilez)n rhi(an)n 1
_2/ / / / ©xXp (‘2(7""8—\/T2+s2+2rsc089)>rdrsds doy das
o Jo Jo 0

1 [0 /0 hi(a2)n  phi(ar)n 1
+2/ / / / exp (—2(T+s—\/r2+52+2rscosc9)>rdrsds doq das .
—mJ—mJO 0

Here h{(aq) is a continuous function that expresses how the maximum allowed dis-

tance from the point p~ to g changes depending on the angle it makes. Similarly,

hi(ag) represents the maximum allowed distance from pT to g in terms of .

All this leads to the first expression:

1
E[T7] = 2////1)‘1 g(r,s,aq,az)rdrsds dag dae
, 1
+ //// g(r,s, a1, az)rdrsds dag dag,
2 D31,+

with
Df = {(r,s,01,2) : 7 € [0,h{(c1)n], s € [0, h3(az)n], a1 € [-,0], az € [—m, 0]},
Df . = {(r,s,01,2) : 7 € [0, h{(c1)n], s € [0, h§(az)n], o1 € [0, 7],z € [0, 7]}
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Here

hi(ay) = ((\/se(32 a1 — (u+ttanay)? — tan g (u + ttan aq)) cos® ay + t) sec aq ,

hi(ag) = ((\/sec2 a9 — (u—ttanag)? — tan ag(u — ttan as)) cos® ag — t) sec g .

The asymptotic behaviour of the expected amount of traffic flow through g, con-
ditioning on the line ¢, : y = un being part to the Poisson line process II will be

analysed in three different cases:

e Case 1: ¢ =(0,0).

o Case 2: ¢ = (tn,0).

o Case 3: ¢ = (tn,un).
The general idea is to split each region D} + in terms of the angle §. Consider the
region for small angles 6 € [0, wy] for D} , (respectively § € [—wy, 0] for Dj ) and
the region for big angles 6 € [wy, 7] (vespectively 6 € [—m, —w,] for D} _). Here wy,

is of the form w,, = 1/n? for some # € (0,1/4). Therefore w, } 0, as n — oo, and

Lemma 2.1 and Lemma 2.2 can be applied.
e Case g = (0,0).

First we re-express D! _ and DZ’ 4 in terms of 0 = a3 + as and v = a3 — as. That

is from here until the end of this case we have that

Dq = {(ra579’7) SRS [Ovh(f(al)]vs € [O’hg(O‘Q)]ae € [—7[',0],’)/ € [9’_9]}7
De + =A{(rs,0,7):re [0, h{(c1)], s € [0, hd(a2)],0 € [0, 7],y € [—0,06]}.

Notice that daj day = %d& dvy and that for this particular case since h{(a1) and
hi(az) are constant functions, then we can integrate the ~ variable over the region

D} ,, leading to

n prn phi(a2)n  phi(ar)n 1
/ / / / exp (—2(7“—1—3—\/r2+s2+2rscose)>rdrsds da; dag =
/ / / / exp(—1"—1—5—\/r2+52+2rscose)>dvrdrsdsd@z

1
///2exp<—(r+s—\/7"2+82+2r80089)>20rd7“8dsd9:
o Jo Jo

2

sy n n 1
/ / / exp (2(T+s\/r2+52+2T50089)>rd7‘sd59d0. (2.10)
0 0 0

Now consider &1 = —a; and &2 = —ag, since hi(a1) = hd(az) = 1 then we can

29



integrate the ~ variable to obtain the following relations

0 0 0 /0
/ / da1 dCQ:/ / (—ddl)(_dd2)
s iy iy él R ﬂ'A R
_/ / d&ld&g—/ /Adfyde_/ 6dd, (2.11)
o Jo 0o J-§2 0

here = G4 + Gy = —a; — ag = —0 (and 4 = &3 — Go). Therefore, as in

this case the functions h{ and hl are equal to the constant 1, and g(r,s,—é) =

exp(—3(r+s— \/7'2 + 52 4+ 2rscos(—0))) = g(r, s,0) (since cosf is an even func-

tion) then one obtains

1 1 . A a
gﬂfg(nsﬁ)rdrsdsﬁde = ijfjg(r,s,—e)rdrsdsﬁdﬁ
DI A
1 N A
= §fffg(r,s,0)rdrsd39d0, (2.12)
pi
n,+
with
DI, = {(rns0):0<r<n0<s<n0<6<z} = DI,.

Thus, it suffices to consider the region D?L’ 4, which can be split into two regions in

terms of the angle §. Take w,, = 1/n”, then by Lemma 2.1 and Lemma 2.2 the result

follows:
_ ! 1
E[T}] = zlizfjg(r,s,e)rdrsdsﬁde + 21ijg(r,s,9)rdrsd89d0
- 9 ;g}jfg(r,s,Q)rdrstQdG
= {{Jg(r,s,@)rdrsdstQ + jgfgfg(r,sﬁ)rdrsdsed@
~  2n3.
Here

AT = {(r,s0) : 0<r<n,0<s<n,0<0<w,},

E = {(rs,0) :0<r<n,0<s<n,w, <<7},

are as in Lemma 2.1 (R} = Ry = 1) and Lemma 2.2 (R3 = 1) respectively.
e Case g = (tn,0).

As in the previous case consider the change of variable given by & = —a; and
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do = —ag and notice that h{ and hd are even functions, i.e.

hi(—dq) = ( (v/sec?(—aq) — (ttan(—d;))2 — tan(—dy ) (¢ tan(—a1))) cos?(—ay) + t) sec(—ay)

(

(V/sec2 &y — (ttanég)? — tan @y (ttandy)) cos® g +t)secdy =  hi(d),
(
)

hi(—ag) = ( (v/sec2(—dw) — (ttan(—dg))2 + tan(—az)(t tan(—az))) cos? (—az) — t) sec(—dz)
<\/sec2a2— (t tan di2)? 4 tan o (t tan ao) cos® &g — t)sechdy = hi(ég) .

Therefore,

1
//// g(rasaal,OZZ)Td?”SdS dog dag
2 DI _
1 ay by A ~
5 //// g(r,s,—dy, —Gg)rdrsds (—déa;) (—dag)
2 D
n,+
1
//// g(r,s,&l,&g)rdrsds déél ddg,
2 ﬁi+

with

25274_ ={(r,s,a1,42) : 7 € [0,hi(—d1)n], s € [0, hd(—a2)n], &1 € [0,7], &2 € [0, 7]}
= {(7‘7576‘1’60) CrE [07 h%(dl)n]v s € [Ovhg(éQ)n]a Qi € [O’ﬂ-]v Qg € [077T]} = D’?L,-‘r .

Hence, it is sufficient to analyse the integral over the region Dgu . For this case D;i n
does not have constant upper bounds for the values of » and s. However, the upper
bounds for r and s in the region ng . are given by continuous functions h{(a1) and
hi(az) respectively. Even more, if we re-express the region in terms of 6 and 7 it

can be divided into the following subregions

DZ,l ={(r,s,0,7) : 0<r <hi(a1)n, 0 <s<hd(az)n, 0 < <w,, —0< 0},
DZQ ={(r,s,0,7) : 0<r <hf(a;)n, 0 <s < hd(a)n, w, <O <m —0 <~ <06}.
So clearly, D} . =D}, U D} ,. Then, the region D} , can be bounded by

E1 = {(rs0.7): 0<r<(4Hm 0<s< (1htn, w,<O<7, <0},

ie. DZQ C &L Therefore after integrating the ~ variable as in (2.10), we can apply
Lemma 2.2 with R3 =1+t (as the function to be integrated is positive) to the new

regions DI .2 and &L without the « variable to deduce

fffg(r,s,@)rdrsdstH < ijg(r,s,&)rdrsdsﬁde = O(n2+4ﬁ>'
Dys o

On the other hand, one can show that the functions hi(aq), hi(as) are decreasing

and increasing on aj and aq respectively. Therefore, the region D} 1 can be bounded
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above and below by the following two regions with constant upper bounds for r and

s, see figure 2.3

A?L_ = {(r,s,0,7) : 0<r <hi(w,)n, 0<s<hi(0)n, 0<0 <w,, —0<~<0},

Al = {(r,5,0,7) : 0<7r <h{(0)n, 0 < s < hj(wy)n, 0 <0 <wy,, —0 <y <6}

Figure 2.3: How to control the integral over D} ;.

Then integrate the v variable as in (2.10). After that since A; _ C D), C A7 .,
and A} , yields to

(without the 7 variable now) Lemma 2.1 over the regions Aq’

R (wy)h3(0) (R (wy) + h3(0)n* < Jjjg(r,s,@)rdrsds@d@
Dia

< B(O)RY(wa) (h(0) + Ry(wa)n® . (2.13)

Finally, by a Taylor expansion series argument it is known that

hi(wy) = hi(0)+ (hciliz(o)(wn -0)+ (]12/;(())(101)2 for some ¢y € (0,2wy,),
hi(wy,) = hi(0)+ (hgi;(())(wn —0) + (hg;/!/(())(lmf for some 15 € (0, 2wy,) .

Notice, that for this case (h{)(0) = (R)'(0) = 0, (h])"(0) = —t* and (hd)"(0) = ¢2.
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This leads to the following inequalities

t2

hi(w,) > hi(0) - §4w§ = h{(0) — 2t*w2 > h{(0) —2w?, (2.14)
t2

Ri(w,) < hi(0)+ §4w3 = h%(0) + 2t2w? < h3(0) +2w?, (2.15)

since t € (—1,1) for this case. Therefore from (2.13), (2.14) and (2.15) it follows that

(h(0)—2w?2)h4(0)(RI(0)—2w2 +h%(0))n? = 2(1—*)n3—2(1—t) (3+t)win®+4(1—t)win?
< fjf g(r,s,)rdrsdsfdfd <
DI
2(1—t*)n3—2(1+t) (3—t)w2n 3 +4(1+t)win® = h(0)(h4(0)+2w?) (AL (0)+h(0)+-2w?)n> .
Then as n — oo (so wy, | 0). Thus
fff g(r,s,0)rdrsds0dd = 2(1—t*)n3 + O<n3_2ﬁ> ,
Dia
which establishes the result for this case for any 5 € (0,1/4).
e Case g = (tn,un).

For the last case, one has to analyse separately the regions D,‘i, and Dg% .+ as the
symmetry argument from the previous cases does not hold anymore. Although, each
region, after being re-expressed in terms of € and -y, can still be separated into two

subregions in terms of 6, say

Dy 1 = {(r,;s,0,7) :r €[0,hf(a1)n], s € [0, hi(az)n], 6 € [0,wy], v € [-0,0]},

Dq

hi2 = {(r,5,0,v) : 7 €[0,h](a1)n], s € [0, hd(a2)n], O € [wy, 7], v € [-06,0]}.

Thus D} , =Dy , | UD] , 5. Then, as in the previous cases, the region with large
values for 6, DI 4.2, can be bounded by a region with constant bounds for r and s,

say

Ent = {(r,s,@,y) cr €[0,(1+ V2 +u2)n], s € [0, (1 4+ V2 + u?)n],

0 € [wn, 7], v € [—9,9]} . (2.16)

Hence D} | , C & .. Therefore after integrating the  variable as in (2.10) (as the
function to be integrated is positive) Lemma 2.2 with R = 1 4+ v/¢2 + u? over the
region Egy 4 (without the  variable) )yields to the following inequality

fff g(r,s,0)rdrsdsfdd < ffjg(T,S,Q)TdrsdsedG _ (9(”2-4-45)'
DY gq+

n,+,2
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On the other hand, the functions h{(a1), hd(as) are decreasing on ay and o respec-
tively (for a neighbourhood close to 0). Therefore, the region th +1 can be bounded

above and below by the following two regions with constant upper bounds for r and
s, see figure 2.4

.A%A_’_ ={(r,s,0,7) : 0 <7 < hi(wy)n, 0 <s < hd(wy)n, 0 <O <w,, —0<y<6},
Al =A{(r,5,0,7) :0 <7 <h{(0)n, 0 <5 < h3(0)n, 0 <0 < wp, —0 <y <0},

—-———

\
\
< hg(aw) € ) h4O)

p=Vr*+s*+2rscost A\l \
- a _ \ \
-
! 1
- =) (V1 —wu?n,un) |
I
- 1

(=vV1 —u?n,un)

Figure 2.4: How to control the integral over DZ)J“I.

Then integrating the «y variable as in (2.10), since AZ#’? - ng-,l - A(,]L’JFHF, Lemma
2.1 over the regions A7 . and A | , yields to

R (wy ) W3 (wn) (W (wn) + A (wy,))n® < ffj g(r,s,0)rdrsdsfde

q
Dn#,l

< BYO)RGO)((0) + h(O)n® . (2.17)

Again, by a Taylor expansion argument, recall that

mw) = 0+ D00 for some vy € (0.2,
hi(wy) = hi(0)+ (hgiz(o)(tb) for some 15 € (0, 2wy,) .
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Now, in this case:

V1—u? vV1—u?

So, it is possible to bound h{(w,) and h(w,) from below as follows

(h9)(0) = —u <1 4 t) and  (hD)'(0) = —u <1 _ t) |

t
q q
> h{(0) — duw, > h{(0) —4dw,, (2.18)
t
hd(wy, > hi(0) - 1 — ——— ) 2w,
> h3(0) —duw, > hi(0) —4dw,. (2.19)

Since u € (—1,1) and t € (—v1 —u2,v/1 — u?) implies that t/v1—u? € (—1,1).
Therefore (2.17), (2.18) and (2.19) leads to the following inequalities:

(9(0) — 4w (#3(0) — 4w, )(HL(0) + BY(0) — B )n®
= 2V1-w2(1-2—)n®—4(2v1 — (V1 — 2 =) +2V1 — (V1 — u2+1)
+2(1 — u? = t))w,n® + 9611 — u2win® — 128w3n3

< jﬂ g(r,s,0)rdrsdsfdd < 2v/1—u2(l—u?—t*)n?.
D4

n,+,1

Thus, as n — oo, then w, | 0, so

[If strs.orarsasoas = 2v/1—w2(1—u? = )0+ 0(n?F) .
Dq

n,+,1

For the region Dq7_ we will apply a similar argument. First we re-express the region
in terms of 6 and ~y, then separate the whole region into two subregions in terms of

the angle 0, say

De 1= {(r,5,0,7) : 7 €[0,hi(a1)n], s € [0, hd(a2)n], 6 € [—wy,0], v € [0, —0]},
DI, = {(r,s,0,v) :r €[0,hi(a1)n], s € [0, hd(a2)n], 0 € [—m, —w,], v € [0, —0]}

Hence Dgh_ =D! _,UD! _,. Then, notice that if one considers &; = —a1, Gg =
—ao, 0 = a1+ Gy = —a; — ag = —0 and 4 = &1 — &s the regions szl and sz2

can be rewritten in terms of these new variables as follows

DI, = {(r,5,0,%) : 1 €[0,hY(—d1)n], s € [0, hd(=a2)n], O € [0, wy], 5 € [-0,0]},
ﬁ;ﬂ;_z = {(r,s,0,%) :r €[0,hl(=é1)n], s € [0, h%(—az)n], 8 € [wn, 7], 5 € [-6,0]} .

Also, it is important to notice that g(r, s,0) = g(r, s, —6). Therefore after integrating
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the ~ variable as in (2.10) by Lemma 2.2 (R3 = 1 + vt% 4+ u?) it follows

fff g(r,s,0)rdrsdsfdd < fffg(r,s,é)rdrsdsédé — (’)<n2+4ﬁ>7
B 2

n,—,2
with & | as in (2.16).
For this case the functions hi(—dy), hd(—d&2) are decreasing on —d; and —@&2 respec-

tively (for a neighbourhood close to 0). But still, the region ﬁf%_’l can be bounded

above and below by two regions with constant upper bounds for r and s, say

Al ={(r,5,0,4) : 0< 7 <h{(0)n, 0< s < h§(0)n, 0< 0 <wy,, — <4 <0},
A%’_Hr = {(r, s,é,’y) : 0 <r <hi(—wp)n, 0 <s < hd(—w,)n, 0 < 0 < wy,, —0 <

Again, integrating the + variable as in (2.10), since AZ,_’_ c DY - A%_’Jr,

n,—,1

Lemma 2.1 over the regions A?L’_ and ./Alzy_ﬁ_ (without the ~ variable) yields to

h4(0)R(0)(h1(0) + hL(0))n® < m" g(r,s,0)rdrsdsfdd
Dl

< B (—wn)hg(—wa) (R (—wn) + h§(—w,))n® . (2.20)
Again, by a Taylor expansion argument, recall that

h? (0
1!

1 (0)
1!

—wy) = 190)+ D) for some ¥ € (~2wn,0),

hi(—w,) = hi(0)+ (1pg)  for some 9 € (—2wy,,0) .

So, it is possible to bound h{(—wy,) and hl(—w,,) from above as follows

t

< RY(0) +duwy < BI(0) + duwy, (2.21)
t
M(-w) < m»mo_yw
)= O Vi
< h(0)+duw, < h3(0) + 4w, . (2.22)

Since u € (—1,1) and t € (—v1 — u2, V1 — u?2) implies that ¢/v1 —u2 € (-1,1). In
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consequence, putting (2.20) together with (2.21) and (2.22)

21 —u2(1 —u? —tHnd < fff g(r,s,0)rdrsdsfdf
Dh—n

< 2Vl —w2(1—u? — )0 +42v1 — (V1 — w2 — t)+
2v1 —w2(V1 — w2 +t) + 2(1 — u? — 2))wun® + 96V/1 — w2w?n® + 128w n?
= (h4(0) + 4w,,) (h(0) + 4wy,) (h(0) + hd(0) + 8w, )n?.

Thus, as n — oo, wy, | 0, so
fjf g(r,s,0)rdrsdsfdd = 2@(1 —w2 =2t 4 (’)(n?’_ﬁ) .
D1

Therefore, putting all together we obtain the desired result

1 1
K == - —
BTy = 5 [[fotrsordrsdsodr + ([ gtrs.00rdrsdsoar
Dy, - DI,
= 2@(1 _ u2 _ t2)n3 + O<n3—6) + O<n2+4ﬁ) ’
which establishes the theorem for any 5 € (0,1/4). 0O

2.2 Improper Anisotropic Poisson line process

Another way to verify the above calculations is given in this section. This approach
provides a shorter exposition, as it depends more on conceptual ideas that arises from
the previous section. However, the results developed in this section will not provide
any information regarding the second leading term on the asymptotic behaviour for

the mean traffic at the point g = (tn,un).

The scaling limit for the distribution of traffic flow through any point, g, in the Pois-
sonian city can be represented by using an improper stationary anisotropic Poisson
line process, II. This section follows the ideas developed by Kendall [25, Section 3.3|
with the appropriate modifications. Again, one has to condition on the existence of

an horizontal line ¢, : y = un that passes through g = (tn,un), i.e. ¢, € II.

Recall that a line process can be parametrized in different ways. Here instead of
using the standard coordinates (r,6), where r represents the distance of the line ¢
to the origin and 6 the angle it makes regarding an horizontal line (z-axis). We will
use (p,é), with p being the signed distance from g to the intersection between the
given horizontal line ¢, and the line ¢ that is being parametrised, and 6 represents

the angle between these two lines (¢, and /), see figure 2.5.
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(—n,0

(07 7”)

Figure 2.5: Illustration for the alternative coordinates (p,d) used to parametrise a line
process II. For this particular case, p will be a negative number.

In the latter case the intersection points with the line ¢, will form a stationary
Poisson point process and the angle density is given by %siné [26, Lemma 1.1] for
0 € [0, ). However, there is a setback with the parametrization (p,0) as all parallel
lines to ¢, will not be represented, since they do not intersect with £;. Nonetheless,
these specific lines are contained in an event of probability zero, say the set of lines

such that # = 2, using the first coordinates system (r,#).

Guided by the asymptotics obtained on Theorem 2.1 one desires to rescale the Carte-
sian coordinates (z,y) in the following way. Shrink the z-axis by a factor of 1/n and
contract the y-axis by 1/y/n. Therefore, the new set of coordinates is given by

(Z,9) = (x/n,y/\/n), see figure 2.6. Accordingly, the new parameters (p, ) for the
line process II can be related with (p, é) by the relations: p = p/n and

tané =

ISHES

ny Y 5
— = /n< = ntanb .
One can think as if the line process II is being transformed into another line process
II. The intensity of II can be expressed in terms of (P, 9~) The Jacobian for the

above change of coordinates, i.e. p = np and 0 = arctan (ﬁ tan 5), is given by

d(p, 9:) _ n 2% - sec?f ]
a(p,0) 0 1;5(;%2 gﬁ 1+ % tan? 6
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Figure 2.6: Change of coordinates from (p, 8) to (p,6).

Also, observe that

tané

sinf = sin <arctan (1 tan 9~>> = s
v (n (1+ %tan2 5))

Therefore, the line process II can be parametrized as a Poisson point process on the

(p, 0) space with intensity

The Z-axis can be translated to the horizontal line Zq : y = uy/n. Denote the new
coordinates after this translation by (&, ), notice that the intensity of the line process
II is the same as the intensity of the line process ﬁ; in particular we now have that

{y :y = 0. Taking the limit as n — 0o one obtains an improper stationary anisotropic
Poisson line process with intensity A(d(p,6)) = %tanésec2 0dpdd. Based on the
line process II one can achieve a proper stationary isotropic Poisson line process II,,
at scale n by randomly thinning the lines with a retention probability that depends
monotonically on the line slope, details can be found at Kendall [25, page 31], in
such a way that after the thinning of the improper stationary anisotropic Poisson

line process we will end up with a II,, with intensity

1 . . .
< 5mnesec29dpde = A(d(p,0)) .

Even more, the limiting improper stationary anisotropic Poisson line process may
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be represented in a simple way by a different set of coordinates. That is, we will

represent each line in the line process by its intercepts y_ and y on the vertical axis

7 = —vV1—u? and & = V1 — u?, respectively, see figure 2.7. Therefore for a line

represented by (p, ) one have the following relations:

Yo = —tané(\/l—u2+p) and Yy = tané(\/l—uz—l’)-

(—V1I—u?y )

Il

T =

P =+1—u?

|
(0, —(1+u)y/n) | ﬂ

=
o

Figure 2.7: Change of coordinates from (p, ) to (y—,y+).

The Jacobian for this change of coordinates is given by

9(p, 0)

_ —tanf —(v1—u2+p)sec?d
B —tanf (VI —uZ —p)sec?d

‘3(y,y+)

a(p, 6)
oy, y+)

-1
1

2v/1 — u2tanfsec2§

Thus the intensity becomes

1
. -dy_d
2v1 —u?tanfsec?d Y=

#d d
I —2 Y- ady+ -

The above construction enable us to identify the limiting behaviour for the total traf-

1 : :
Ald(y—,y+)) = B tan 6 sec®

fic flow through the point g = (tn,un) conditioned on the existence of an horizontal
line ¢, € II that passes through it. To show that this limit is in agreement with the

asymptotics proven in Theorem 2.1, we first required the following result

LEMMA 2.3. [Mean traffic flow at any point via an Improper Stationary Anisotropic
Poisson line Process 11|

Consider the original Poissonian city, that is the disk of radius n intersected with an
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unit intensity Poisson line process I1. The asymptotic mean traffic flow at any specific
point ¢ = (tn,un) (with u € (—1,1) and t € —V/1 —u2,V/1 —u?) conditioning on

the presence of an horizontal line £y : y = un, that is £, € II, can be determined

via an improper stationary Anisotropic Poisson line process II over the infinite band

[—1,1] X (—00,00)) with intensity given by A(d(y—,y+)) = 4\/11_7. Even more, the

computations through this anisotropic Poisson line process are in agreement with the
asymptotics developed in Theorem 2.1, that is, in the improper anisotropic case we
have that

E[T = 2V1—u2(1—u®—1t%). (2.23)

Proof. The traffic flow in the original Poissonian city through g = (tn,un) over the
network generated by IT will correspond with the traffic at ¢ = (¢, u\/n) over the
network generated by II after shrinking the z-axis by a factor of 1 /n and the y-axis
by 1/y/n, as shown in figure 2.6. This is due to the fact that the line process II with
intensity A(d(r,0)) = 1/2dr df can be also expressed through the set of coordinates
p and 0 as explained above; thus the intensity becomes A(d(p, é)) = %sinédp dé.

Therefore the line process II has intensity given by

tan 9~sec2 é

1
2 (1 + %tan2 9~)

A(d(p,0)) = dpdé .

In the coordinate system given by (Z,7) we can translate the Z-axis in such a way
that it coincides with the horizontal line ¢ : § = u+/n, denote this new set of coordi-
nates (after the aforementioned translation) by (&,y), i.e. £ =% and § = § — uy/n.

Notice the intensity A(d(p,6)) remains unchanged.

Now, with this new set of coordinates, take the limit as n — oo and consider the
line parametrization given by y_ and y, as explained before. Due to the analysis
developed in the proof for Theorem 2.1 we know that the asymptotic traffic flow at
g will be determined by pair of points with small angles (a; and «2) as their corre-
sponding polar coordinates (taking g as the origin). So, we will focus only in pair
of points (—a+t, b) and (v+t,w) such that V1 -2 < —a+t <t <o+t <V1—u2.

First, let us compute the probability that the line segment from (—a + ¢, z) to (v +
t,z) is not separated from the point ¢ by the improper line process II, here a €
(0,vV1—wu?+t),v € (0,v/1—u?—t) and z > 0. The mean measure of the lines that

implements such kind of separation can be separated into three disjoint sets:

e A contains the separating lines hitting the upper-left gray triangle in figure 2.8.

e ( arises from the separating lines hitting the upper-right gray triangles in figure
2.8.

e B is derived from the contribution of the remaining separating lines.
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Figure 2.8: Calculations for the mean traffic flow at ¢ based on the improper station-
ary anisotropic line process limit in terms of the triangles A, C' and the remaining set of
separating lines B.

The above contributions in terms of the intensity measure given by the (y_,y4) co-

ordinate system are measured as follows:

AWVIZEH) ) Thys,

In the contribution A the values for y_ can oscillate between (z, n

for each fixed value y_ on the aforementioned interval, the y; coordinate must be-
. _«’1—u2—t _ (yf—z)\/l—uQ . .

long to the interval ( Vi—ur Y- Y- 27\/@“_(1 ) in order for the parametrized

line ¢ to separate the point ¢ = (¢,0) from both points (—a + ¢,z) and (v + t, z)

simultaneously. Therefore

1 WP e (1mu?)

_ 1—u2+4t—a _
A4) = A2 ), /m_ty dysdy- =

V1wt
2(vV/1—u2+4t)
1 / ’ m<2 o W )
41 —u? J, V1—u2 4t Vi—u2+t—a

_22 (\/1—u2—|—t Vi—uZ+4+t—a 1 >

dy_

4 a? a? VI tt

2 <1 1 )
4 \a Vi—ul+4t)’
Similarly, in the contribution C the values for y must belong to the interval (z, AVil—ur—t) l_vu’g_t))
Then, for each fixed value y; on that interval, the y_ coordinate can range between

(—%izzjgﬂ , Yy — 2% :j) so the corresponding line £ separates ¢ from both
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points (—a +t,2) and (v + ¢, z) simultaneously. That leads to

z(V1—u2—t) =2 (y4—2)Vv 1—u?

1 v LYy
MOy = Ae / e, W=

Vi-u2—t
2(V1-u?2—t)
1/ ’ \/1—u2<2 Y+ -2 b+ —2 >dy+
4v1 —u? J, V1—u? —t V1—u?2—t—vw
22 (\/1—u2—t VvVi—u?2—t—vw 1 )

4 v? v? V1—u?—t

_ z2<1 1 )
4 \v Vi-u2-t)

On the other hand, the lines contained on B correspond to those that have not

been covered on A or C. Thus, the y_ coordinate has to range over the interval

(—%t;‘ziz, z). Then, for each fixed value y_ on the above set, the possibilities for

y4 are given by the interval (— 1_“2_§y_ , 2). Then

V1-u2+

1 z z
AB) = 4\/1_u2/_\\§1u2+tz/_mty dy+ dy-

1—w2—t View24t7

_ 1 /z Z+\/1—u2—t 1) a
V1 —u? ) Vize?st, Vi)

1—u2—t
2 <1+ VI—uZ—t \/1—u2+t>
2

4y/1 — u? (\/1—u2+t)+2(\/1—u2—t)
221 — u?
2(1 —u? —1¢2)°

In consequence,

AMAUBUC) = AA)+AB)+AC) =
z2<1 1 ) 2%@ +z2<1 1 )

4\a VI-u2+t

Since II is a Poisson process, the probability of there being no lines in II separating

the line segment from (—a +t, 2) to (v +t,2) from q is

4 \a v

22 (1 1
exp(—A(AUBUC)) = exp|—|(—-+—-]]). (2.24)
Finally, consider the special affine shear symmetries which leaves the vertical line

Z =t fixed. Due to this symmetry group, it follows that the probability of the line

segment from (—a + t,b) to (v + t,w) not being separated from ¢ will agree with
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botaw \foreover, if one also sets p = b — w then

a+v
‘ ( : _1> ‘
= = 1.
v _a
a-+v a-+v

Notice that the mean 4-volume of the region representing the flow through ¢ should

(2.24) when this line segment passes through the point (¢,z). This happens when
z =

be separated in its upper region z € (0, 00) and its lower region z € (—o0,0), that is

“+v
v

1 [V 1—u2+t pvV1-u?2—t poo p%Yz 22 /1 1
2/ / / / ,, oXP <—4 <a—|—v>>dpdzdvda+
0 0 0 J-aty,
1 [VI—uit Vi-u?—t 0 atvy 2 /1 1
/ / / / exp (— <+))dpdzdvda.
2 Jo 0 oo _atu, 4 \a v

However, those integrals are symmetric on the z variable. So, the second integral can

be transformed into the first one by considering the substitution 2 = —z. Therefore,

the mean 4-volume of the region representing the flow through ¢ is given by

a+v

V1-u2+t pv1-u?2—-t poo P 22 /1 1
/ / / / exp <— (+>>dpdzdvda
0 0 0 J_atv, 4 \a v
V1—u2+t pV/1-u2—t poo 1 1 22 /1 1
:/ / / (a+v)|—+—-)exp| —— |-+ -] )zdzdvda
0 0 0 a v 4 \a v

VI—u+t VI—u?—t
:2/ / (a—l—v)dvda:QM(l_uz_tQ)'

0 0
O

The following result can be considered as a generalization of [25, Theorem 7|, were

the previous Lemma 2.3 plays an important role.

THEOREM 2.2. The scaled quantity Ty /n® has a limiting distribution given by the
analogous flow at the point q for the limiting improper stationary anisotropic Poisson

line process.

Proof. Fixed q = (tn,un) € By,(0) and conditioned on the event that the horizon-
tal line ¢, : y = un belongs to II. Set the affine shear transformation 77 (Z,7) :
[—(V1—u241),vV1—uZ—1] x (0,00) = [-(V/1 —u2+1),v/1 —u%—1t] x (0, 00) given
by T:(Z,9) = (n&, /n(j + uy/n)). Define for each n € N coupled random functions
by setting

19 ([~ (VT — w2 +1),0] x (0,00)) ([0, v/1 —u2 — 1] x (0,00)) = {0,1},

I3(7, 8) = Lira(m)eBa(0)} L{T(3)eBn(0)} L{geac (T2 (7). T(5))} -

Therefore, I;! depends implicitly on the underlying Poisson line process I1,,. Notice
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that if we consider D} as in (2.1) then by construction

(78 = Lym@.meent) - (2:25)

Now remember that we can relate scaled finite-n instances (taking place over the
ellipses with horizontal semi-minor axis of length 1 and vertical semi-major axis
of length /n, see right hand side of figure 2.6) to the limiting case by a coupling

argument involving the addition of further lines in such a way that

tan ésec2 5

_1
2(1+%tan2§)

- - 1 . . . .
A, (d(p,0)) 573 d4pdo 5tanesec%)dpd@ = A(d(p,0)) .

Equivalently, we can start with the limiting improper stationary anisotropic Pois-
son line process IT with intensity %tanésec2 6 dpdf and obtain a proper stationary
isotropic Poisson line process for each scale n € N by randomly thinning the lines in
IT (the thinning process will be different for every n, the bigger the n the less lines we
need to thin from the line process II to get f[n) with retention probability depending
monotonically on the line slope [25, page 31|. That is for every m,n € N we can
couple different Poisson line process II,,, and II,,, i.e. I}, (7,8)(w) = 1 if and only if
(almost P-surely) I}}(7, §)(w) = 1 (here (Q, F,P) is our underlying probability space

where the different Poisson line process {II,, : n € N} takes place).

Therefore, due to this thinning process we arrange that LL(7,8) — I(7, $) almost
surely for Lebesgue almost all #,5. Where I%(7, §) is given by the analogous con-
struction for I;} based on the limiting improper stationary anisotropic Poisson line
process II instead of using the transformation 7,7. In other words I9(#,35) is the
indicator function that traffic from 7 to § will pass through the point ¢ = (¢,0) when

using the semi-perimeter routing rule.

Furthermore, one can realize Ty, as in (2.2), using (2.25), that is

Ta
3

1
_ = 97 3 d7 ds
= 2jffn(r,s)drds.
From Theorem 2.1 and Lemma 2.3, it follows that
1 1
< q(= = ~ 1~ = Qi & o o o ) _ 2_ 2
E[2jfln(r,s)drds} Va E[QI[I (r,s)drds} = 2v1—-u?(1—u*—1t%).

Moreover, we also have £1-convergence of I} to I9. To deduce that, first restrict our
attention to the finite measure space Q x ([-2,0] x (0, K)) x ([0,2] x (0, K)), for
any K > 0, and then use the dominated convergence theorem (valid since the indi-

cator function I} are bounded). Recall, (2, F,P) is the underlying probability space.
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Finally, to deduce convergence in distribution, apply Fatou’s lemma to the nonneg-
ative functions I} and I? to deliver £1-convergence on all of Q x ([—2,0] x (0, 00)) x
([0,2] x (0,00]). Therefore

T 1 e e 1 ey 1 1~
3 = 3 f[g(r,s)drds 2, ijlq(r,s) dr ds,
as a functions of w € €2, i.e. as random variables. O

In conclusion, Theorem 2.1 and Theorem 2.2 agrees on the asymptotic mean traffic at
point g = (tn,un) inside the Poissonian city as n — 0o, conditioning on the presence
of an horizontal line ¢, : y = un in the Poisson line process II. However, both results
are considering that the traffic flow is being generated by any pair of points p~ and
p" inside the disk of radius n: B,(0). Almost surely p~ and p™ will not belong to
the transportation network, i.e. the Poisson line process II. In the following chapter,
we will analyse the asymptotic mean traffic at g = (tn, un), conditioning on ¢, € II,
under the assumption that the traffic flow is being generated by a pair of points @«
and y that also belongs to the transportation network, in other words & € II and
y € IL
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Chapter 3
Palm Theory

Consider a point process viewed as a random pattern @ : (2, F,P) — (S,S). Hence
for each w € Q, ¢ = ®(w) denotes a specific locally finite set of points in R,
i.e. a realization of ®. The Palm distribution P* at location x for a point process
® is closely related to the intuitive notion of conditional probability. Here, the
conditioning event is that a typical point from the point process ® is located at «,

hence & € ®. We require for events F € S:
P*(E) = PPeE| xzecd]. (3.1)

Remark: The notation for Palm distribution P[ - || ], must not be confused with
the usual notation for conditional probability P[ - | B], that denotes the probability

conditioned on the set B.

However, they both share a similar motivation. One version of the theorem that

guarantees the existence of conditional probability states the following:

THEOREM 3.1 (Conditional Probability). [5, Theorem 5.3.1]

Let X : (Q,F) — (R,B) be a random variable (B stands for the Borel o-algebra
in R), and let B be a fized Borel set. Let Px be the probability induced by X, i.e.
Px(FE) = P{w € Q: X(w) € E}|, for any E € B. Then from the Radon-Nikodym
Theorem it follows that there exists a real-valued Borel measurable function g on

(R, B) such that for each E € B,
P{X e E}nB] = /Eg(:n)]P’X(d:L‘) . (3.2)

Furthermore, if h is another such function then g = h Px-almost surely. We define

P[B | X = x| as g(x); which is essentially unique for a given B.

On the other hand, let ® : (Q,F,P) — (S,S) be a Poisson point process with
intensity A. The idea for the Palm distribution is to find a function that satisfies an

equation similar to (3.2). Consider an arbitrary nonnegative measurable function h
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on R% x S | then the Palm distribution P*(E) is such that

E|Y iz, ®) —)\/ E[h(x,<1>)||m}dx:A// O)P®(dp)dz . (3.3)

xed
The above remark shows that in order for this conditional probability to make sense

in general one must consider the measure theoretic framework for Radon-Nikodym
densities. We will review this ideas in order to discuss how to give meaning to the
relation (3.1) through (3.3).

3.1 Conditional Probability and Radon-Nikodym densi-

ties

The elementary definition for conditional probability for a set E with respect to

another set B is defined as

P[E N B]
PE|B] = —75— 3.4
as long as P[B] > 0. Nevertheless, there are examples for which the conditional set
B will have null probability, but the intuitive idea behind a conditional probability

still make sense and can not be included in the above definition.

ExXAMPLE 3.1 (Absolutely continuous random variables). [5, Section 5.3/
Let X and Y be random variables with joint density f : R? — R,. Namely Q = R?,
F =B(R?), X(z,y) =z and Y (x,y) =y, with probability given by

:fff(x,y)dwdy, forany E € F .
E

Here the event {Y = y} is a P-null set for any y € R. However, there is a reasonable
approach to the conditional probability P[X € E|Y = y| related with the limiting case
for the conditional probability of the event {Y € (y — e,y +¢€)} as e — 0T. Notice
that the event {Y € (y—e,y+e¢)} has a non-zero probability, therefore its conditional
probability can be defined as:

PXeFEy—e<Y <y+¢]
PXeRy—e<Y <y+e¢
fE y+€ (z,t)dtdx

y+€f f(x, t)dzdt

PXeFEly—e<Y<y+e =

Denote by f1(t f f(x,t)dz, which is the density of Y. Then, taking limits as
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e — 0% one should expect that

P[X€E|Y:y]:6£%+P[XEE|y—£<Y<y+5]

=y e f@y)de [ f(y)
=0t 2ef1(y) e f1(y)

dz . (3.5)

This motivates the definition for a conditional density, namely

f(z,y)
fily) 7

that is defined as long as f1(y) > 0. Notice, that is in fact the case up to a P-null
set, namely S = {(x,y) : fi(y) = 0}. Since

P(X.Y)eS] = - dodt = dt = 0.
%, ¥) €3] /{ﬁ(y):o}/—oof(x’t) et /{fl<y>=0}f1(t) Pt

Therefore, the conditional probability P[X € E|Y = y| can be defined by the relation:

hzly) =

PXcE|Y =y = /Eh(xyy)dx. (3.6)

As mentioned in Theorem 3.1, in general the existence of such a function h(x|y),
named the conditional density function for X |Y = y, is a corollary of the Radon-
Nikodym Theorem. To be explicit, under the conditions from Theorem 3.1, let
v(E) = P{X € E} N B) for any E € B, then v is a finite measure on B and
is absolutely continuous with respect to Px, as clearly Px(E) = 0 implies that
v(E) =P({X € E} N B) < Px(F) =0, thus the existence of the conditional proba-
bility follows from Radon-Nikodym theorem.

Similarly in (3.1), the conditioning event {x € ®} will be a P null-set, so the ele-
mentary definition of conditional probability cannot be applied. Therefore the Palm
probability must be considered as a Radon-Nikodym density. Nevertheless, the later
situation is not exactly the same as the one regarding P[X € B | Y = y], since now
the conditional event {& € ®} depends not only on the measurable space (S, B) in
question, but also in the location of & € R?. This important difference, which has

already been presented at (3.3), leads us to the notion of Campbell measure.

3.2 Campbell measures

The construction of Palm distribution sketched here follows the ideas described in
Baddeley [8, Section 9.3] and Chiu et al. [13, Section 4.4]. Let (2, F,P) be the
underlying probability space and (S,S) be the corresponding measurable space for
point processes in R%. We write ®(B) = #[® N B] for the random number of points
from ® lying in B, as B C R? belongs to the family of Borel subsets of R®.
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DEFINITION 3.1 (Campbell measure). [13, Section 4.5.4/

Suppose that the intensity measure A(K) = E[®(K)| exists and is finite for all com-
pact sets K C R%. The Campbell measure is a measure on the minimal o-field of
subsets in R% x S that contains all the sets of the form Bx E, for B € B* and E € S,
which will be denoted by o(B? x S), and is defined by

“BxE) = BRI = [oBLerde).
for all Borel sets B C R? and all events E € S, i.e. E is a subset of the family
of sequences of points ¢ in R that are locally finite and simple. Here we use the
convention that ¢ = ®(w) and P(dy) is the induced distribution from ® over the
measurable space (2, F,P), which could also be denote by Pe(dw ).

Moreover, the usual measure theoretic approach to integrals of non-negative functions
leads to [13, Equation (4.48)]

[ napriae) = [ baersaee).

xeEp

where h is any non-negative measurable function on R? x S. This brings us closer to

the relation (3.3). Actually, a simplified version of (3.3) is given by:

THEOREM 3.2 (Campbell Theorem). [13, Theorem 4.1]

Let ® : (Q,F,P) — (S,S8) be a point process with intensity function A, that is
A(B) = E[®(B)] = Js¢(dz)P(dy). Then for any nonnegative measurable function
f:RT SR,

E

Zmﬂ=é£mwwﬂ=éwmmmmw>

xcd TEY
= y flx)A(dz) . (3.7)
3.3 Palm Distribution

The construction of the Palm distribution is closely related to the Campbell measure
%(- x -). Consider a o-finite measure pup on R? defined for each fixed event E € S
by

up(B) = €(BxE),

for all bounded Borel sets B C R%. By definition
pe(B) = €(BxE) = E[®B)1p(®)] < E[®B)] = AB).

So pg is absolutely continuous with respect to A. Thus by the Radon-Nikodym

50



Theorem there exists a density function fz : R — R, such that
peB) = [ fe@A(de),
B

for all measurable B C R?. This defines fg(z) up to a A-null set Ng in . However
a priori this null-set will depend on the choice of E € S. We write P*(E) = fr(x)
so that

pp(B) = €(BxE) - Ee@mIa@)] - [P, 69
where EI0( da 1o (@
P*(E) = [ (szd)mf( ) A a. s inzx.

However, under the right conditions { P*(E) : @ € R} are considered to be a family
of probability measures on §. These conditions are discussed in the measure theory
framework, as part of the subject of reqular conditional probabilities (see Kallenberg
[22, Chapter 5| and Billingsley |11, Section 33|, for example). Basically one requires

that the space S with Borel o-algebra S has to be a complete separable metric space.

In this case S is the family of all sequences ¢ of points over R? that are locally finite
and simple. So the conditions for the existence of regular conditional probabilities
are satisfied. In consequence one can think of fg(x) as the probability for the event
E under the Palm distribution at x, i.e. P¥(E). Therefore we may assure that the

mapping (x, F) — P*(E) must be a reqular conditional probability kernel, that is

e For all E € S the function & — P*(E) is measurable.

e PZ(.) is a probability measure on €2 for A-almost all & € R

This leads to the following definition

DEFINITION 3.2 (Palm distribution). [13, Section 4.4.3]

Set ©: (Q, F,P) = (S,S) to be a point process, where (S,S) is a complete separable
metric space. Suppose that the intensity measure A(-) = E[®(-)] exists and is o-
finite. This implies that the Campbell measure € is also o-finite. Fven more, for
any configuration set E € S, the measure € (- x E) is absolutely continuous with

respect to A. Thus, there exists a density function, which depends on E, such that:
¢(BxE) = / P*(E)A(dx) . (3.9)
B

Furthermore, for a fired x € R, PT(-) can be taken as a distribution on (S,S), that

s the Palm distribution of PP with respect to .

An important consequence of this definition for the case of homogeneous Poisson

point processes is related with the Campbell Theorem 3.2 and the relation (3.3).
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THEOREM 3.3 (Campbell-Mecke Theorem). [13, Theorem 4.2/
Let @ : (Q, F,P) = (S,S) be a Poisson point process with intensity X\. Then for any

nonnegative measurable function h on R x S:

E

> h(z, @)

xcd

_ /SZh(x,cp)P(dgo) - A/Rd/sh(m,@)md@dm.

xEPp
(3.10)

Remark: Substituting h(x,¢) = f(x) in (3.10) gives (3.7), the simple Campbell
Theorem 3.2

There is an important Theorem, namely Slivnyak - Mecke Theorem |8, Example 26|,
which states that the Palm distribution P® for Poisson point process, ®, is equivalent

to the original distribution of the process modified by adding a fixed point x, i.e.
P*(E) = PPecE|lxzcd® = P[(PU{x}) ckE].

This is one of the most important results that we will be applying in section 3.5, so

we will explain it in more details on the following section.

3.4 Examples

Palm theory arises as a tool for Queueing Theory, more information on this topic can
be found at Baccelli and Bremaud [6]. The main interpretation for Palm distribution
under the context of queueing theory is as an insight about how the stochastic process
is observed by a typical customer. Here the stochastic process is the queue itself
(which can be seeing as a point process ®) and a typical customer represents an
specific point being part of this process, i.e. & € ®. Palm probabilities are relevant
to queueing theory, in particular the so called Palm calculus based on Matthes’
definition and Mecke formula [28]. The main application for Palm calculus comes
as a natural framework for the study of relations between time averages and event

averages, such as
1. Little’s Theorem L = AW [6, Section 3.1], [30],
2. Brumelle’s H = AG formula [6, Section 3.2,
3. Kleinrock’s conservation law [6, Section 3.2.4] and
4. PASTA (Poisson Arrivals See Time Averages) property [6, Section 3.3.1].

However, for the purpose of this work we will focus our attention in the application
of the Palm theory to the specific cases of Poisson point processes and Poisson line

processes.
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ExAMPLE 3.2 (Palm distribution for a Poisson point process, ®). [13, Ezxample
v

One of the most common examples arises by the following problem: Given an ho-
mogeneous Poisson process ® of intensity A, what can be said about the probability
of any event E € S if one conditions on the presence of a point x as part of .
Short answer: the Palm distribution with respect to x is simply the distribution of
the original Poisson process plus the added point x. This is stated in the Slivnyak
- Mecke theorem. In mathematical language, using the notation from the previous

section this can be expressed as follows:
P*(E) = P@eE|xc® = P@u{z}cek] for any E € S,
or
/Sf(so) P*(dp) = /Sf(sw{w}) P(dyp)
for all measurable non-negative functions f on (S,S).

Proof. This sketch of proof will focus on the plane, that is we are thinking in R2.
For this case the point processes ® : (2, F) — (S,S) will be characterized by the

configurations sets given by
Y = {p€eS:pK)=0}CS, (3.11)

where K is a semi-closed rectangle, that is K = [a,b) X [¢,d) for some real numbers

a,b,c,d. Even more, the family of such kind of configurations, say
Q = {Yk:K is a finite union of semi-closed rectangles} ,

is a Il-system, since the patterns that do not intersect K; and the patterns that
do not intersect Ko are the same patterns that do not intersect K; U Ko, i.e.

YK1 M YK2 = YK1UK2-

In consequence, knowledge of P[Yx] for all K (finite unions of semi-closed rectangles)

will specify P on S.

To prove the above statement, notice that we can approximate ¢(B) for any Borel
set B C R? by using the o-field generated by Q. The idea will be to tessellate B
by semi-rectangles that forms a tiling 7,, = (J;cy K, where the diameter of each tile
K; is smaller than 1/n. We can make the tiles as small as we required by taking

n — oo. Moreover, for n large enough we will have that:
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To show the above equality, first notice that for every n € N

> Lz < @(B), (3.12)
KieTn

since if we count the number of tiles K; with points from ¢, these will always be less
than the number of points in B as K; C B for all 1 € N, and it could be the case that
one tile has more than one point from ¢. Also the sum in (3.12) is non decreasing

in n. Thus, we need to show that

Suppose the inequality in (3.12) is strict in the limit. That would imply that there
is a location & € B such that the corresponding tiles K;, (for different tilings 7, as
n increases) always catches more than one point from ¢, i.e. (K, ) > 2 for all n,
but in the limit this will contradict the simple property, as p(K;,) > 2 for all n € N
(where € K;, for all n € N) will imply that there are two points from ¢ in the
exact location . Thus the equality must hold in the limit. In consequence the o-

field S is the same than the minimal o-field of subsets in S that contains the family Q.

Therefore, if ® is a Poisson point process in R? with intensity A\ and we want to
condition on the event {& € ®}, then we can analyse the Campbell measure for a

particular kind of set, say B x Yk, with Y as in (3.11), that is

“(BxYg) = E @(B)RYK@)} = E|Y LigenLvyc (@)

xzcd

= E[ Z ﬂ{qu:@}] =E Z Lonk=0

zcdNB zePNB\K

Recall that by definition & € Yx means that there are no points from ® in the set
K. Therefore if we subtract the points from ® that are in the set K we are actually
subtracting nothing, as ® € Yx. Now, recall that ® N K and ® N K¢ = ® \ K are

independent for a Poisson point process, therefore

¢(BxYg) =E Z Hyionr=0y | = E[H@OK:@}]E Z 1
2edNB\K 2edNB\K

:PﬁszﬂE

> ]l{mEB\K}] = exp (—ALeb(K))A(B\ K)
xecd

- / P2[yi]A(dz) .
B
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Since

A(B) = A(BNK)+AB\K) = AB\K),

because, by definition, under the event Yx we have that ® do not have any points
on K,ie. 0 <A(BNK) < A(K) =0 for every B C R2.

Now recall that, from definition of the Palm distribution
¢(BxYg) = / P*[Yk]A(dx) .
B

Therefore for this case, we will have that:

0 if xe K,

Pk = { exp (—ALeby(K)) ifx ¢ K

which are the same void probabilities as the one corresponding to a Poisson point
process with intensity A with an extra fixed point at @, i.e. ® U {x}. From Rényi’s
Theorem [29] it is known that the family of avoidance probabilities characterizes
the Poisson point process. Therefore we have completed the proof, since Q is a II-
system such that 0(Q) = S and we have already identified their corresponding void
probabilities to be the same as the Poisson point process given by ® U {x}. O

ExaMPLE 3.3 (Palm distribution for a Poisson line process, IT). [13, Example 4.3/
As it has been explained before (see Section 1.3), a line process II can be identified

with a point process over the surface of a half-cylinder in R3, say
C = {(cos#f,sinf,r) € R3:7r€R,0 € (0,7]} .

Thus, each line ¢ € II is uniquely defined by the pair of parameters (r,8) where
r represents the signed perpendicular distance from £ to the origin o, and 0 is the
angle between the line £ and the x-axis. Therefore, from the above argument we can
conclude that the Palm distribution for a Poisson line process 11 with respect to £ is

given by

PIIe E|¢tell] = PIIU{{}eE] forany E €S . (3.13)

3.5 Palm Distribution on the Poissonian city

In this section we are interested in the behaviour for the mean amount of traffic flow
across the Poissonian city. It will be informative to compare the traffic distribution
throughout the Poissonian city with a specific data set, namely the one presented in
the Beeching report [12, Figure 1, Appendix 1| regarding the British Railway system.

To establish some notation:

e II is a Poisson line process of unit intensity.
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e Bun(0) is a disk of radius an, for some a € [0,1], centred at the origin o.

e H!! is the Hausdorff 1-dimensional measure [16, 39] over the line process II,
defined for any Borel subset B C R? by H!(B) = #H;(B N 1II). Moreover,
since II is a locally finite line process, for any compact set K in R? it is the
case that HIN(K) = Hi(K NTI) = S Hi(K Ne) = S HY (K), where
0,0, .., by, are the (finite number of) lines from IT that hits the compact
set K and H'(K) = Hi(K N{;). A similar relation holds for any Borel subset
B C R?, but the sum might be over a countable amount of lines ¢ € II if B is

non-compact.

e ®; and P, are conditionally independent Cox point processes [13, Section 5.2]
governed by the random measure H}'. That is, conditioning on a particular
realization of the line process II, ®; and ¥, are independent Poisson point
processes over By, (o) using Hi!(-) as their shared governing measure. Without
loss of generality we will consider the points & € ®; to be sources nodes and

the points y € ®2 to be destination nodes.

The idea is to analyze the mean amount of traffic taking place over the subregion
Ban(0) as a ranges over [0,1]. Traffic runs from ®; to ®9, using the semi-perimeter
routes arising from the line process II. So the mean traffic on the subregion B, (0)

is given by the following expression:

ElY Y [ feyamilide)] (3.1

2ED) yedy ¥ Ban(0)
Here

o f(z,y,q; 1) = Lygeacmy)) : R? x R? x R? — {0,1} is an indicator function.
It has value 1 when g € 9C(z,y) = v_(x,y) U+ (x,y) C II (the two routes
generated by the semi-perimeter routing rule when going from x to y) and it

is 0 otherwise.

e The expectation is taken with respect to both Cox point processes ®; and P,

and also the line process II.

In consequence, the formula in (3.14) represents the mean amount of traffic flow over
the sub-disk of radius an, concentric with B, (o). The above idea, regarding the

measurement for mean traffic flow for a specific subregion is illustrated in figure 3.2.

The purpose of this section is to find an equivalent expression for (3.14) in terms
of the known quantity E[T}/], which has been analyzed in chapter 2. Notice that
the Hausdorff 1-dimensional measure H]' over the Poisson line process II can be

decomposed as the countable sum of the Hausdorff 1-dimensional measures H¢ over
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Captions

B Source Nodes

Destination Nodes

Semi-perimeter route 1

------------ % Semi-perimeter route 2

— — — Boundary of subregion of interest

Figure 3.1: An example regarding the measurement for the mean asymptotic traffic in a
specific subregion (light blue background). Here we illustrate how an specific pair of source
x (squares) and destination y (triangles) nodes, from ®; and ®, respectively, can contribute
to the mean traffic for a fixed point q inside the subregion to be considered. In this example,
by using the semi-perimeter routing rule, only the first route will pass through g. Notice that
the source and destination nodes are not necessarily contained in the subregion of interest.

each line ¢ € II, i.e. Hi() =Y ,cp H4(-). Thus (3.14) can be rewritten as follows

E| Z/Ban(o)f(w,y,q;ﬂm?(dq) -

zcd; ycds

El> > (Z/Ban(o)f(fc,y,q;H)Hf(dq)> . (3.15)

xed yedo \lell

Now, conditioning on a specific realization of the line process II, the point processes
for the source and destination nodes, ®; and ®- respectively, can be viewed as
two independent Poisson point processes over B;,(0) with common intensity measure
given by 7-[11_[() So we can apply the tower property for expectation to re-express
(3.15). Moreover, the Campbell-Mecke Theorem [14| can be applied to both point

processes ®1 and ®5. Using the explicit expression for the Palm distribution of
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Poisson process the above amount can be expressed as

ElY Y (Z/Bw(o) f(w,y,q;ﬂ)ﬂf(dq)>

xed, yedy \Lell

S 1D oD ol oy SRR |

xed) yedy \lell

/B (o)/B © (Z/B o f(a:,y,q;H)H{(dq)> H?(dy)?—[{[(dw)] _

Lell

E

Again, decompose the Hausdorff 1-dimensional measure 7—[{1 over the Poisson line
process I as the countable sum of the Hausdorff 1-dimensional measures H{ over
all lines ¢ € II, that is Hi'(dz) = >, cp H' (de). Similarly write Hl(dy) =
> tyel ’H? (dy ). This leads to the following equality

. L I I z _
E[/Bn(o) /Bn(o) (Z/B (O)f<x7y’q7H)Hl(dq)> Hi (dy)H; (d )]

Lell = Zan

. 14 Lo A x
E Z/Bn(o) Z/Bn(o) (Z/BW(O)f(m,y,q,n)ﬂl(dq)> H2(dy) | HY (de)

1€l loell LeIl
(3.16)

Applying Palm theory to the line process II, the relation

E [Z h(¢;10)

Lell

- /E[h(&l‘[) | £ €T A(de) (3.17)
C

holds for any nonnegative and measurable function & on R? x C. Even more, if IT is
a Poisson line process we know that the right hand side in the above expression is

the same as
/E[h(e; M| ¢em A(d) = /E[h(f;ﬂu ()] A(de). (3.18)
C C

Thus, we can rearrange the last expression in (3.16). Since the summands are nonneg-
ative and all the sums are countable, Tonelli’s Theorem [11] can be used to exchange

integrals and sums. Then the above Palm result (3.18), using ¢ in (3.16) as our
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conditioning line, leads to

’ Z/B 2/ Z/n<o>f(“”y’q;“>”f2<dy> He (dz) | H{(dq)

LeTl an(0) 1 €eIT 7(0) U211l

- /CE /Ban(w 2 /n(o) 2 /n(o)f(m’va;HU{f})H?(dy)

€1€HU{€} EQEHU{K}

H(da) | #i(dg)| A(de) .

(3.19)
Using Tonelli’s Theorem again, exchange the integration regarding g with the expec-
tation, since g lies on the line ¢ now integrated by A(d¢) from the Palm argument.
This leaves a similar expression to the one in (3.18) inside the expectation. Now re-

gard ITU{¢} as the underlying line process and ¢; as the conditioning line. Therefore
(3.18) yields

/c/sm(o)E 2. /Bn(o) 2. /Bn(o)f(%y,q;ﬂu{é})H?(dy)

L1 eTTU{¢} Lo eTIU{L}

Hi'(dz) | Hi(dg) A(de)

- [ L]
¢ JBan(o) \ JC By, (o)

/ f (@9, @ TTU {6} U {0 }) HE(dy)
treTtu{eiufe, ) Y Br(0)

H(dz)| A(dey) | Hi(dg) A(de) .

(3.20)
Notice that strictly speaking the intensity A(d¢;) will include an atom at the line
£. Nevertheless, this becomes negligible in the asymptotic behaviour, since the con-
tribution from ¢; = ¢ will be of order n (as & € ¢), while the main contribution for
x € {1 € 11 is of order n3/2.

Finally, repeat the above argument, that is, exchange the integration regarding x
and the expectation, since @ belongs to the line 1 which is now being integrated by
A(dly) from the above Palm argument. That yields to a similar expression to the
one in (3.18) inside the expectation, now regarding ITU {¢} U {¢;} as the underlying

line process and /9 as our conditioning line. Therefore applying Palm theory (3.18)
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one more time yields

fhoo L (2
C an (0) C n(0)

/ f @y, @ TTU {2} U {6 }) HE(dy)
tyeTiuf{eyufe,} V Brlo

Hit(da) A(der) | Hi(dg) A(de)

_ /C /B » ( /C /B » ( /C /B n(g)E[f(w,y,q;Hu{e}u{zl}u{@})}%?(dy)A(d@))

H(dx) A(de )) H{(dq) A(dl) .
(3.21)
Again, strictly speaking the intensity A(df3) should include two atoms: one at the
line ¢ and another at the line /1. However, each one of these becomes negligible in
the asymptotic behaviour, since the contribution from ¢35 = £ and {5 = ¢; will be of

order n each one, while the main contribution for y € ¢5 € II is of order n3/2.

The ultimate aim is to find an expression for (3.14) in terms of

1 _ 1
BT = 5 [ EQp-porenpy)dp™ dpt = 5 [ Elf(@y.q:1U{6})dz dy,
Bn(0)? Bn(0)?

where the last equality follows by re-labeling the source and destination nodes as x,
y instead of p~ and pT, respectively. Recall that ¢, /1 and /5 belong to a Poisson
line process of unit intensity, and the intensity measure of the Poisson line process
is given by A(d¢) = Ldrdy, for r € [0,n] and ¢ € [0,7]. Thus, substituting
A(dl0) = 1drdy, A(dly) = 3 dry dyy and A(dl) = L dry dips leads to

E|> > /Ban(o)f(way7Q;H)H¥(dq) -

zed; yedso

/c/anw </c /n<o> </c /n<o>E[f (@, y, g ITU U {0} U {})] 7y (dy) A(d€2)>

M (de) A(an) ) Hi(da) A(al) =

;///B() (///B() (/OW/O"AH(O)EU@,.«/,«;;HU{e}um}u{@m

M2 (dy ) dr d1/12> Hi (da) dry d?ﬁl) Hi(dq)drdy .
(3.22)
We now make a change of variables in the last expression of (3.22). At the time
we have three variables to represent each point that is lying in the corresponding
line pattern. For example, g lying in the line ¢ is represented by the parameters

q, ¥ and 1/3, where ¢ represents the signed distance from the point g to the closest
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point from the line ¢ to the origin, and (7, 1/7) are the parameters for the line £,
which are the signed distance from ¢ to the origin and the angle it makes with the
x-axis, respectively (similarly with @ lying in the line ¢; and y lying in the line
l3). Intuitively, one first draws the random line ¢ and then picks a random point
over this line. However, this process can be done in the opposite order, that is, first
pick a random point g with coordinates (g1, ¢2) inside the disk of radius n and then
draw random line ¢ that passes through this point. In this case, as the line must go

through g = (q1,¢2), the parameter 7 will be completely determined by the angle 1

and the location of q. This idea is illustrated by the following change of variables:

) =1, 7 = |g2 cos(¥) — q1 sin(¢)|; q = q1cos(1)) + gasin(z)) .

L) y=(z—q)tany + ¢

Figure 3.2: Change of variables. Where we have used the formula for a distance from a
line to a point and the Pythagorean Theorem to get the values for 7 and q.

To derive the above change of variables. Recall, that 7 is the distance from ¢4(v)
to the origin. Thus, to find its value in terms of ¢ = (q1,¢2) and {4(v) : y =
(x — q1) tan 1) + g2 we can use the formula for a distance from a line ax + by +c =0

to a point (x1,y1), that is given by

lax1 + by + ¢ therefore 7 — |a(0) + b(0) + | ,

N N

where, in our case the point we are concerned is the origin o = (0,0) and the co-

efficients are given by a = siny, b = —cosy and ¢ = gz cosy) — g1 siny. Since we
can multiply the expression for ¢,(1) by cost to obtain the equivalent expression
Ly() : (sine)z—(cosP)y+(ga cosp—qq siny) = 0. Therefore 7 = |g2 cos p—qi sin|.
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Moreover, as the triangle with sides lengths given by 7, ¢ and ||q|| is a right triangle
with hypotenuse given by ||q||, then it is clear that the signed distance ¢ can be found
by the Pythagorean Theorem, that is ¢ = ++/]|q||>—72 = ¢1 cos ¢ + go sin 1.

The Jacobian for the above change of coordinates (from ,qi,gs to 1;,73, q) is 1.
Consequently didg; dge = dgd7dep. Considering H{(dq) = dg and dg; dg» = dq

(similarly for & and y), then (3.22) can be re rewritten as

L e E L ([ gowametavoren

He2(dy) dry d@) HO (dz) dry dzm) . (dg) dr dy

- é /Bmw) /0” /mo) /0” /Bn<o> /oﬂ B A

dipg dy dy; dedy dg .

(3.23)
The function to be integrated is similar to the one arising in section 2.1. The dif-
ference is that the line process in question here is augmented by the lines ¢; and /5,
containing the source  and destination y, respectively. Furthermore, as the function
to be integrated is positive, since it is the expectation of an indicator function (i.e.
the probability of a measurable event), the order of integration can be exchanged
due to Tonelli’s Theorem. Therefore the last expression in (3.23) can be rewritten

as follows:

/m / / / / o)/ (@, 9, ¢; LU {} U {£1} U {2})] dyp dy dypr dz dyp dg
R ;/n 0)/ /Bn(o /n(o)/ / (z,y, ¢ UL UG} U{G))

die dipy dy dae dyp dg .
(3.24)
Now, for a fixed pair of ¢ € II and g € R? we focus our attention on the amount

given by

1 T
2 /n(o) /n(o) /0 /0 Elf (z,y,q; ITU{} U{l1} U{lz})] dyppdipr dyda, (3.25)

which is to be compared with the expression on Theorem 2.1, say

i) = 5 [ Elf@yanoin)dyde. (3.26)

It turns out that as n — oo both quantities (3.25) and (3.26) are asymptotically

proportional to each other. That is the content of the following Theorem.

THEOREM 3.4. Consider the traffic generated from the source nodes x € ®1 to the

destination nodes y € ®o, where @1 and P9 are two conditionally independent Cox
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point processes governed by the random measure 7—[11_[; here II is a Poisson line process
that will define our transportation network (a Poissonian city). Define the function
f(x,y,q; 1) = Tigeac(a,y)), that is f indicates if the point ¢ = (qin,qan) belongs
to one of the two routes that connects & to y through the semi-perimeter routing
rule, conditioning on the existence of a line £ € Il that passes through q and makes
an angle Y with the x-axis. Then the mean amount of traffic flow on the subregion

Ban(0) as a ranges over [0, 1] is given by expression (3.14), i.e.

El> > /Ban(o)f(w,y,q;H)H?(dq)

xed; yedo

Moreover, we can find an expression for the asymptotic behaviour for the mean traffic
flow at a fized q = (q1n, qan) conditioning on £ € 1 (¢ passes through q), {1 € 11, a
line that passes through the source node & making an angle ¥ uniformly distributed
over (0,m]; and ly € 11, a line that goes through the destination node y making an
angle 1y with the x-azis, where 1y is uniformly distributed over (0, w|. The expression

for the aforementioned asymptotic traffic flow is given by

1 T
2 /n(O) /n(o) /0 /o E[f (2, y, g ILUL{L} U {1} U{l2})] dpo depy dy dee
~ 221 —uw2(1—u? -2, (3.27)

with u = —qq siny 4 g2 cos Y and t = g1 cos + gasin.

Proof. The expression (3.14) represents the traffic over the subregion By, (0) as it
has been explained throughout this section. Moreover, from the above exposition it
is clear that the traffic generated by the points « € ¢; and y € ¢ for fixed g € /¢ is
given by the expression (3.25). Moreover, the indicator function f(x,y,q; 11U {¢} U
{€1}U{l2}) can be rewritten as a product of f(x,y, q;ITU{¢}) and two other factors
that express the probabilities that neither ¢; nor {5 separate both points  and y
simultaneously from q. For fixed & and y, if £» is such that it does not separate @

and y simultaneously from q then

fle,y, g LU {y U by U{le}) = f(z,y,q¢; TU{L} U {4},

and that is achieved as long as w9 belongs to an specific range of angles, say

Es(x,y,q) C [0,7]. This happens with probability

1
PQ(ma’.%Q):/ 7dr¢)2
E2($7y7Q) 7T

Moreover f(x,y, q; ITU{¢}U{¢;}U{l2}) = 0 when the angle 2 of the line /5 does not
belong to Es(x,y,q). Furthermore, from the aforementioned Palm theory it turns

out that the angles 11 and o are independent of each other. Therefore a similar
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argument can be applied to ¢1. So, if £; is such that it does not separate & and y

simultaneously from q then

flx,y, s IIU{y U {l}) = f(z,y,q; TU{{}),

and this holds for any ¢y € Fi(zx,y,q) C [0, 7], with probability

P1<x,y,q>—/ Ly, .

El (wzyzq) Q

Therefore, by independence of ¥; and 19 it follows that

/n(o)/n(O)/O /0 Ef (2, y, ¢ IIU{L} U{l1} U{lo})] dYodipydyde =
772/ / Pi(z,y,q)Ps(x, v, Q)E [f (z,y,¢;TTU {£})] dydz . (3.28)
n(0) J B (o)

The right hand side can be related to (3.26) by rotating all the points inside the
Poissonian city clockwise by an angle v, so the line £ becomes an horizontal line after
this rotation. Thus the cartesian coordinates ¢ = (qin, gan) will correspond, after
this rotation, to ¢ = (tn,un) with ¢t = ¢; cos¥+ g siny and u = —q; sin ¢ + g2 cos ¥,
see figure 3.3. Thus the asymptotic behaviour of the second expression in (3.26) can
be analyzed following the same ideas used on Theorem 2.1. First, from Theorem 2.1
it follows that

Figure 3.3: Illustration for the change of variables due to a rotation of an angle ¥ clockwise.

So we only need to describe the effects of the factors P (&, ¥, q) and P»(&,y, q) on the
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asymptotics. Following the treatment of IE[T#~ ()] in Theorem 2.1, we express & and
¥ in polar coordinates, translating the origin to q, as (r,aq) and (s, ag) respectively.

Then, consider the auxiliary variables § = a3 + a9 and v = a1 — g to obtain

/ / 1(2,9,0)P2(2,9,QE [f (2,9, ¢;TU{})] dydz =

1
5 jj Pi(r,5,0,q)Ps(r,s,0,q)g(r,s,0)rdrsdsfdf

q
R

1
5jfjPl(r,8,0,Q)PQ(T,S,H,Q)g(r,s,Q)rdrsdsedG . (3.29)
DI

Here g(r, s,0) = exp <—%(r +5—Vr2+s2+2rscos 0)) is the probability that there
are no lines from the Poisson line process II separating the points & = (r,a1) and

¥y = (s, a2). Further

W) = <(\/S<'3‘02 a1 — (u+ttanag)? — tan aq (u + ttanaq)) cos® oy + t) seca ,

h(as) = <(\/se02 g — (u — ttan ap)? — tan a(u — ttan ap)) cos? ag — t) sec g .

Now we may analyze each of the integrals on the right hand side of (3.29) separately.

The idea is to split each region of integration in and Df; 4 in terms of the angle

0. For example Dg; . can be break down into

DI 1= {(r,s50) : 0<r<hi(o1),0<s<hi(a),0<0=0a1+az <wp},
DIy = {(r,s0) : 0<r<hi(o1),0<s<hi(a), w, <O=01+as <7},

Then from Lemma 2.1, the behaviour of the integrals on the right hand side of (3.29)

is known for regions with constant bounds for r» and s and small 6, say

AZ7+,+ = {(rs0):0<r<(V1-u’+4+t)n, 0<s<(V1—u?2—-1t)n,0<60<w,},
Al L= {(r5,0) : 0< 7 < h(wp)n, 0 < s < h(wa)n, 0 <0 < wy} .
Notice that «4?;,+,7 - ng_’l - Az7+7+. Even more, suppose 6 € [0,w,], where

wy, — 07 as n — oo, say w, = 1/n” for some B > 0. Thus for any (&, 7) € DfLJrl
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the following inequalities holds:

1_’LU

-n
T
Wn,
T

IN

Py(r,s,0,q)

IN
[

1-— < Py(rsb,q) < 1.

Therefore, from Lemma 2.1 we can conclude that as n — oo

(1 - —n> (h%(wp,)+hd (wn)) R (wn ) (wn)n® ~ (1 — —) jj g(r,s,0)rdrsdsfdb

T
n+ -
jj Pi(r,s,0,q)Ps(r,s,0,q)g(r,s,0)rdrsdsfdfd <
Dl

fjf g(r,s,)rdrsds@df ~ 2\/@(1 _ W2 t2)n3

a
'An++

Additionally, if 0 € [wy, 7], then by Lemma 2.2, it is known that the integral over
the region 53 ={(r,s,0) : 0 <r < Rgn,0<s < Rgn, w, <0 <m}is of order
O(n**4%), that is

fffg(r,s,@)r drsdsfdf < 8%7112 _ O(n2+45> ’

(1 — coswy,)?

with Rg = 1+ vt? + u2. Now, since P;(r,s,0,q) € [0,1] and P (r,s,0,q) € [0,1],
and Df; 42 C &‘z then one obtains

Lf Pi(r,5,0,q)Ps(r,s,0,q)g(r,s,0)rdrsdsfdo

q
Dn+2

ffjg(r,s,@)rdrsdsﬁd@ < 8%# _ (’)(n%‘m),

with the same value for R3 as above. Therefore

ff Pi(r,s,0,q)Pa(r,s,0,q)g(r,s,0)rdrsdsfdfd =

DI,
jf Pi(r,s,0,q)P(r,s,0,q)g(r,s,0)rdrsds0dé
Dq
n,+,1
+ fff Py(r,s,0,3)Py(r,5,0,@)g(r,s,0)rdrsds0dd ~ 2y/1—u2(1—u—t*)n?
DZ+2
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q

n—, We obtain

Following exactly the same ideas for the region D
jff Pi(r,s,0,q)Ps(r,5,0,q)g(r,s,0)rdrsds0dfd =
DI _

jjj Pi(r,5,0,q)Ps(r,s,0,q)g(r,s,0)rdrsdsfdo
i

n,—,1
+ IJI Pi(r,5,0,q)Ps(r,5,0,@)g(r,s,0)rdrsds0dd ~ 21 —u2(1—u*>~t*)n> .
Dj

In conclusion

/ ( )/ ( )/OK/OWE[f(mvyaQ;HU{E}U{El}u{@})] dipa dypy dy der

- 7r2/ / Pz, y,q) Pz, y, QE[f (v,y, ¢ TTU{{})] dy d=
n(o) n(O)

~ 2721 —u2(1 —u?® — tHn?,

with u = —¢ siny + g2 cos vy and t = ¢ cos ) + ga sin . O

Theorem 3.4 will be applied in the next chapter to compare the traffic density inside
the Poissonian city with the traffic density in the British railway system as presented
by Beeching in [12].

Besides, Theorem 3.4 fixes an issue presented in the semi-perimeter routing rule, in
which one is forced to add two little line segments that do not belong to the Poisson
line process II, namely the edge that connects p~ with p~ and the one that joins p™
with pT, as shown in figure 2.1. Therefore, with this new construction the actual
mean length for the near-geodesics (provided by the semi-perimeter routing rule) is
in fact given by:
%E[’Hl <8C(p_,p+))] .

Here H; stands, as before, for the Hausdorff 1-dimensional measure. The above
amount has been widely analysed in [3, 25]; either on its own or through stochastic
geometry arguments in order to determined the mean excess length between this

near-geodesic and the corresponding Euclidean distance, see |3, Theorem 3] and |25,
Theorem 4].
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Chapter 4

Comparison with a real data set:

The British railway system

From the results developed along chapters 2 and 3 we are now able to compare the
asymptotic mean traffic distribution on the Poissonian city with the traffic flow dis-
tribution presented by Beeching on [12]. The data presented by Beeching, specifically
Figure 1 in its Appendix 1, relates the proportion of the network required in order

to get a proportion T € [0, 1] for the total mean traffic flow on the whole network.

From Theorem 2.1 we know an expression for the asymptotic mean flow at any
specific point g conditioned on the presence of an horizontal line ¢, that pass through
g. This idea can be easily generalized to any line £,(¢) passing through the point
q making an angle # with the x-axis. To show this, it is enough to notice that
the disk and the line process II are rotational invariance; thus after rotating all the
points in the Poissonian city by 6 clockwise we will end up with the same situation
described on Theorem 2.1. That is, from (2.9) it follows that for any specific point
q, the mean traffic at this point conditioned on any kind of line passing through gq

is asymptotically, as n — oo, given by the following expression:

s

/ “mre)tas ~ / C(d0) - dHO)d- 0@ Lae . @)
0 0

Here d~(6) and d*(6) are the distances from g to the endpoints of £,(0) (i.e. the two

2, marked as @

intersection points between the line £,(6) and the circle 22 +y* =n
and z* in the figure 4.1). In consequence d~ (#) +d™ () stands for the total length of
intersection between the line £,(0) and the disk By, (0) = {(z,y) € R? : 22+y* < n?},

see figure 4.1.
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Figure 4.1: Geometric interpretation for the asymptotic mean traffic flow proved on The-
orem 2.1

4.1 Numerical approach

To compare the asymptotic mean traffic behaviour around the Poissonian city with
the traffic flow in the British railway system we required an analytic expression for
the values d~ () and d*(0) for each specific point g = (tn,un) inside the Poissonian
city (the disk of radius n centre at the origin, i.e. B,(0)). This analytic formulae
can easily be found once we obtain the coordinates for the two intersection points
between the line £,(#) that passes through the point g making an angle 6 respect
to the z-axis and the circle given by z? + y?> = n. Lets denote these points by

T« = (x1,y1) and ¥ = (z2,y2). In consequence:

d=(0) = llg—=z«l2,
@) = =" —ql2,
d=(0) +d*(0)

2" — @2 -

Finally, one has to express the coordinates for x, and * in terms of ¢ = (¢tn, un) and
the angle §. This can be done by intersecting the line £4(6) : y = (z — tn) tan 6 + un

and the circle 22 + y? = n%. Thus we have to solve the quadratic equation given by:

224 ((z — tn) tan 0 + un)® = n?. (4.2)
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The roots from the above equation (4.2) will correspond to x; and x9; while y; and yo

can be found using the line equation for ¢4(0), i.e. y; = (z;—tn) tanf+un fori = 1,2.

Finding the roots of (4.2) is a trivial task, which can be done by using the formula

for roots of a quadratic. To this purpose rewrite (4.2) as:
(1 + tan?0)z? + 2n(u — ttan @) tan 0z + n?((u — ttanh)? —1) = 0. (4.3)

Moreover, if we denote by D = u—t tan 8, then the above expression can be simplified
further to:
(1+tan?0)z? + 2nDtanfz +n?(D?* —1) = 0, (4.4)

whose roots are given by

—B — VB2 —4AC _ —B+VBZ—4AC

x] = 54 and w9 5 A (4.5)
Where
A = 1+tan?6, (4.6)
B = 2nDtané, (4.7)
C = n*(D*-1). (4.8)

Finally, after some simple algebra, the roots from (4.4) can be expressed as:

Ty = (—Z tan 6 — %\/A - D2> n  and (4.9)
Ty = <—Ztan«9+il\/A—D2>n. (4.10)

Notice that x1 and x4y are directly proportional to n; the same will happen to y; and
y2; since y; = (z;—tn) tan 0+un for ¢ = 1,2. So, an equivalent approach to the above
problem is to rescale all the above quantities by n. That is, we will work in the disk
of radius 1. Therefore we will be considering g = (¢, u) instead of ¢ = (tn,un), where
u € (—1,1) and t € (=1 — u2,v/1 — u?). Similarly, we will be intersecting the line
£,(0) given by the equation y = (x — t)tan 6 + u with the unit circle 2% + y? = 1.

From the aforementioned exposition it is clear that the two intersection points for

this problem are given by @, = (z1,y1) and «* = (23, y2), here:

D 1
1 = ——tanf — —\/A—D?,

A A

y1 = (21 —t)tanf +u ,
D 1

x9 = ——tanf+ —\A— D?,
A A

Y2 = (xg —t)tanfh +u .
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Where A and D are as in (4.6) and (4.4). In consequence, the asymptotic mean

traffic flow, as n — oo, through g conditioned on ¢,(6) € II behaves as follows

E[T:(6)]

3 ~ |z = a2l — zell2]l2* — qll2 - (4.11)

The above function can be programmed using R; see the first code segment pre-
sented in the Appendix 1, function Traffic. The idea is that given any specific
location g = (t,u) (parameter), this code creates a function in terms of the variable
6, the angle that the line /,(#) makes with the z-axis. The function represents the
asymptotic mean traffic flow through g conditioned on ¢4(¢) € II.

Even more, we can integrate this function (7raffic) numerically in terms of 6, from
0 to 7. Additionally, since the angle # € (0, 7] has a uniform distribution, we can
multiply the aforementioned integral by 1/7 in order to obtain the average (asymp-
totic mean) traffic at q. This integration can be done with the second code from
Appendix 1, function I, which returns the value of this integral as a function of the
point g, as long as the point belongs to the unit disk, otherwise it just returns the
value 0 (notice that in the border, i.e. > +u? = 1, one of the quantities d~(6) or

d* () will be 0, therefore the asymptotic mean traffic is also 0).

Thus, with the above functions we can create a grid to obtain an approximation for
the asymptotic mean traffic distribution across the Poissonian city. This can be done
with the third code on the Appendix 1. In figure 4.2 we have a 3D plot regarding

the (asymptotic mean) traffic across the Poissonian city. Also, the command persp3d

in R generates an interactive 3D plot that provides a better visualization for the data.

1.5

1.0

0.5

0.0

Figure 4.2: Numerical approximation for the asymptotic mean traffic across the Poissonian
city. Plot obtained with the persp3D command in R. Here the coordinates x and y stand
for the cartesian coordinates over the Poissonian city, i.e. ¢ = (zn,yn), while z stands for
the asymptotic amount of traffic flow at q.
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Further, as we will be comparing proportions, we can rescale the total amount of
traffic at any particular point in such a way that the maximum value will be given
by 1. A simple way to achieve this is by dividing all the (asymptotic mean) traffic
values by the maximum value achieved, which happens to be at the centre of the
disk, as expected. Then, our aim is to generate a similar plot to the Beeching plot
(see figure 1.4 taken from Figure 1 of the Appendix 1 in [12]) for the mean asymp-
totic traffic distribution on the Poissonian city. Thus, we compute the proportion of
the network with traffic per mile less than a level L. This can be approximated by
the amount of points from the grid with (asymptotic mean) traffic less or equal than
L € ]0,1]. These proportions corresponds to the labels for the z-axis in the Beeching
plot. Then, for each level L, we need to obtain the proportion of (asymptotic mean)
traffic T' corresponding to the specified region by L. This value will be given by the
integration of the function I over the specified region, divided by the same integral
over the whole disk. One way to approximate this numerically is by adding up all
the values (for the mean asymptotic traffic) assigned to the points over the specified
region and then divide this by the sum of the (asymptotic mean) traffic over all the

points inside the disk.

In summary, given an specific level of traffic L, we first obtained the region where
the level of traffic is less or equal than L (denoted by PA/TA in the fourth R code
segment from Appendix 1). Then for that same level L we compute the proportion of
total traffic T that this region represents (PT/TF using the fourth R code segment
from Appendix 1). All this is done in the fourth R code segment from Appendix
1, where the final plot, see figure 4.3 is the one to be compared with the Beeching plot.
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Traffic per mile distribution on the Poissonian city

1.0

Proportion of Total traffic, T
0.4

1 I I I I !
0.0 0.2 0.4 0.6 0.8 1.0

Proportion of the Network

Figure 4.3: Theoretical distribution for the total mean asymptotic traffic per mile on the
Poissonian city.

4.2 Analytic Approach: Elliptic Integrals

Another approach to compute the curve plotted in figure 4.3 is by an explicit cal-
culation of the aforementioned integrals. To simplify the formulae first notice that
from construction the level sets must have circular symmetry. This can be verified
with the 3D plot, where the level sets from the asymptotic mean traffic have a circle
shape. Even more, the shape of some level sets can be plotted using the fifth code
segment from Appendix 1 (notice that this code uses some objects that are defined

on the fourth code segment from Appendix 1), see figure 4.4.

Therefore, as the asymptotic mean traffic at g only depends in the distance from g
to the origin o we can obtained an analytic expression for the information plotted in
4.2 in terms of rn = ||q||. For example, we can focus, without loss of generality, on
the points g along the positive z-axis, i.e. g = (rn,0), r € [0,1]. For this case, we

know that @, = (x1n,y1n) and * = (x9n, yan) are given by:

1 = rsin?0 — cosfV1 — r2sin?6 ,

y1 = (z1—r)tand ,

zy = rsin?0 + cosfvV1 —r2sin?0 |

y2 = (x2 —7)tanb .

73



Level sets for the mean asymptotic traffic
in the Poissonian city

1.0

05

y - coordinate

-0.5

-1.0

T T T T T
-2 -1 0 1 2

X - coordinate

Figure 4.4: An illustration of the level sets for the asymptotic mean traffic across the
Poissonian city. Outer circle corresponds to the unit disk, the middle circle is the level sets
for mean asymptotic traffic around 40% of the traffic flow at the centre and the inner circle
corresponds to level sets for mean asymptotic traffic around 80% the traffic flow at the centre
of the city.

In consequence,

M = ‘cosem+rcoszﬁ‘lsecm )

n
* —
M = ‘cosﬁm— rcoszelfsecm )
n
”CC* —w*”Q

= 21 —1r2sin%6.
n

Accordingly,

E[T7(6)]

tE g = zallle — gllalle” - walla = 21— V1= 2?0 (412)

Even more, to obtain the total flow on the whole Poissonian city we will need to

compute the following triple integral:

1 27 T 1
/ / / E[T1(6)]—dodadr ~
0o Jo 0 ™

1 27 pm 1
n3// /2(1—r2)\/1—r2sin20d6’dadr
o Jo Jo T
1 T
= 4n4/ (1—r?)r </ \/1—r2sin29d0> dr. (4.13)
0 0

74



Here, g is expressed in polar coordinates as (rn,«) with r € [0,1] and a € [0, 27];
while 6 € [0, 7] represents the angle between the line ¢,(#) and the z-axis. The last
equality follows since the integral regarding « is given by 27nr, as the integrated

function does not depend on « at all.

Remark: The integral [ /1 —r2sin?6@df from the right hand side of (4.13) is the
well known second kind of Elliptic Integrals [1], this topic will be studied in more

depth in chapter 5.

Elliptic integrals in general are not reducible to elementary functions. However,
we can compare the Beeching plot with the theoretical curve for the proportions of
(asymptotic mean) traffic across the Poissonian city leaving all the analytic formulas

in terms of this Elliptic integral.

The 3D plot from figure 4.2 provides us with a helpful insight on how to use the
integral (4.13) in order to get an analytic expression for the curve plotted in figure
4.3. From figure 4.2 it is clear the traffic increases as one get closer to the centre.
Therefore, we are interested on the development of the integral (4.13) over the an-
nulus region comprehended between the circle of radius n and the circle of radius an
for a € [0,1]. That is given by:

1 ™
4n4/ (1—r*)r </ V1—r? sin29d0> dr .
a 0

On the other hand, for each fixed value of a we will have covered an area given by
A = (1 — a®)n?. Since, we are working with a unit intensity stationary isotropic
Poisson line process II, we know that in average the length intersection of II with
any measurable subset B of R? is given by Leby(B), thus the mean proportion of
the network length covered by a subset B C B, (0) is the same as the proportion
represented by the area of B regarding the area of the whole disk. In consequence, we
can express the proportions of length network and the proportions of traffic, PA/TA
and PT/TF in terms of the fourth R code segment from Appendix 1, respectively,

as follows:
PA (1 — a?)n?
PT fal (1—7r2)r (foﬂ V1 —r2sin? c9d9) dr
PT _ . (4.15)
TF fol (1—1r2)r (foﬂ 1 — r2gin? 0d9) dr

Finally, since our aim is to plot PT/TF in terms of PA/T A we can get rid of the
auxiliary variable a through the relation (4.14). Thus PT/TF in terms of PA/TA,
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which is denoted by A in the following formula, is given by:

PT foh -4 (1—7r2)r (foﬂ V1 = 7r2sin? 9d9> dr

= 1

TF Ly (VI s g0) dr

The sixth R code segment from Appendix 1 provides an alternative way to plot the

(4.16)

curve shown on figure 4.3 using the relation (4.16). We now explained the ideas
behind how this R code segment works. First, the function F'1 creates the function
g1(0) = V1 —7r2sin? 0 in terms of §, where r works as a fixed parameter. Then I1
integrates the function g; from 0 to 7, in terms of 0, intlvec is used to apply I1 to

a vector of different values for r (used as a fixed parameter in I1). Now, F2 creates

L) = 41— (/ mde)

by using the already defined function I7. Then, similarly to I1, I2 integrates the

the function

function f; from 0 to a, in terms of r, where a is used as a fixed parameter. Next,
mt2vec applies 12 to a vector of different values for a. To conclude the function
g uses int2vec to creates the relation (4.16) for a vector of different values of the
parameter a. Thus the final line plots the desired traffic curve using the function
g and the fact that the parameter a can be rewritten as v/1 — A, where A stands
for the proportion of the length network (denoted by PA/TA in previous R code

segments).

4.3 Final comments on the comparison

To conclude this chapter we compare the theoretical curve for proportions of total
(mean asymptotic) traffic in terms of the length proportions of the network for the
Poissonian city with the Beeching plot. A simple way to achieve this is by superim-

posing the plots, as in figure 4.5.

From figure 4.5 it is clear that the curves are not the same. Nevertheless, they share
the same kind of shape. This could be explained by the construction of this curve
in the Poissonian city. That is, for any point along the curve as we move to the
right we are adding up new route miles that increase the proportion of traffic flow
with a higher value than any of the proportions (of traffic flow) considered until this
point. In other words, the differential of traffic proportion regarding the network
proportion is always increasing faster (as we are always adding up miles with higher
traffic flow) which explains the convex shape of the curve. However, in the British
railway system this differential of traffic density keeps increasing in a faster way that

the one presented in the Poissonian city.

On the other hand their difference could be explained by different factors. For ex-
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Figure 1 %
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Figure 4.5: Comparison between traffic distribution on the Poissonian city and the British
railway system as provided in Figure 1 from Appendix 1 in British Railways Board [12].

ample: the shape of Great Britain is not isotropic (opposite to the design of the
Poissonian city on the disk), source and destination nodes on the British railway
system are not uniformly distributed over the whole network (one of the assump-
tions in the Poissonian city model). Also the railways have a bounded length, not
indefinite (or infinite length as in our asymptotic considerations) as the lines used in
the Poissonian city. Also, the railways are not perfectly straight lines, they could be
better approximated by fibres with small curvature. In the following chapter we will
adapt the Poissonian city model to an ellipse shape to see if that improves the fit
between the theoretical curve for traffic distribution in the Poissonian city and the

Beeching plot.
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Chapter 5

The Elliptic case

The purpose of this chapter is to generalize previous results from the original Pois-
sonian city over a disk to a modified Poissonian city over an ellipse. So, instead
of considering the line process II being intersected with a disk of radius n, here we
consider the line process taking place over a variety of ellipses by adding an extra
parameter ¢ € (0,1]. The parameter c is related to the eccentricity of the ellipse
in question. The eccentricity of an ellipse provides a measure regarding how out of
round an ellipse is and it is given by the ratio between the distance from the cen-
tre of the ellipse to one of its foci and the distance between that foci to a vertex.
In some literature, the distance between the centre of the ellipse and either of its
foci is referred as the linear eccentricity, denoted by f. Therefore, the eccentricity
of an ellipse with semi-major axis a and semi-minor axis b can be defined as the

ratio between its linear eccentricity (f = Va? — b?) and its semi-major axis a, i.e.
—J1_¥
e=4/1 el

This motivates us to focus on the ratio between the semi-minor axis b and the semi-
major axis a. Thus if we define a = 1/c and b = ¢ for any ¢ € (0,1] then b/a = 2.
Even more, it is clear that e = /1 — ¢*. Therefore the results developed along
chapters 2, 3 and 4 will be analysed considering that the Poisson line process II is

intersected with the interior of the ellipse given by

E.= {(m,y) e R?: (cx)? + (%)2 < n2} , for some ¢ € (0,1].
Notice that the original Poissonian city, over a disk of radius n, is recovered when
¢ = 1. Along this chapter the traffic behaviour will be analysed asymptotically as
n — oo. The motivation is to study the way in which mean traffic depends on the
geometry of the region in question. Also, we are interested in the effects this could
have in the theoretical curve for the traffic density in the Poissonian city; we wish
to see if this improves the fit with the Beeching plot regarding the traffic density on
the British railway system.
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5.1 Poissonian city over an ellipse

Consider the mean traffic at a particular point ¢ € E. on the Poissonian city over
an ellipse E. conditional on £4(6y) € II, meaning that there is a line passing through
the point g which makes an angle 6y € (0, 7] with the z-axis. From here on, this
will be denoted by T)l(6p). It turns out that the geometrical interpretation of The-
orem 2.1 still applies to this case. Thus conditioning on the line process II having
an specific line £4(6p) that goes through the point g, then the mean traffic at this
point is asymptotically given by the product of three quantities: d_ (6p), df (6y) and
(dZ (6p) + dF (6p)), see figure 5.1.

As in chapter 4:

e d_(6p) and d (6p) are the distances from g to the endpoints of £4(6p).

e Therefore (d; (6p) +d7 (6p)) is the total length of intersection between the line
24(00) and the interior of the ellipse E..

/

Tew

Figure 5.1: Geometrical interpretation of Theorem 2.1 applied to an elliptic Poissonian
city.

The proof of Theorem 2.1 only has to be modified to take into account that the
functions h{(ay) and hd(as) now represent the boundary of the ellipse E. instead
of the disk of radius n. However, as long as these functions are continuous and
differentiable, a Taylor series argument can still be applied to accomplish the same

result. That is the essence of the next corollary

COROLLARY 5.1 (Mean flow through any point ¢ € E.). The mean traffic flow
through q € E. conditioned on £4(0y) € II is asymptotically given by the following
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expression.:
E[Ti(60)] ~ (d;(00) +d}(00))d; (Bo)d (o), asn— oo, (5.1)

where d_ (6p) and df (6y) are as in figure 5.1.

Proof. From Theorem 2.1 we know that the expected value of traffic through the
point g € E. is given by the following integrals

E[T1(0y)] = ;qufj g(r,s,0)rdrsdsfdd + ;qujf g(r,s,0)rdrsdsfdf.
(5.2)
Here g(r, s,0) = exp (—%(r +5—Vr?2+ 52+ 2rscos 0)) is the probability that there
are no lines from the Poisson line process II separating the points p~ = (r, 1) and

pT = (s,a2) (expressed in polar coordinates with g as the reference point and £,4(6y)
as the reference line for the angles) simultaneously from g, where 6 = a3 + as.
While DZ’i are the appropriate regions of integration for (r,s,#) which depends on

the location of the point g. Thus

D = A(r,s,0) : 0<r <hi(a)n, 0<s < hi(ag)n, —7 <0 <0}, (5.3)
Dz’_i_ = {(r,s,0) : 0<r <hi(ar1)n, 0<s<hi(az)n, 0<6<n}. (5.4)

Here h{(a1) (respectively hi(az)) is a continuous function that expresses how the
maximum allowed distance from the point p~ (respectively p+) to g changes de-

pending on the angle oy (respectively ag). Therefore
hi(ar) = (z1+t)secay and hi(ag) = (z2—1t)secas,

here 1 (respectively x3) is the absolute value of the z-coordinate from the intersec-
tion point between the line y = —(z—t) tan oy +u (respectively y = (z—t) tan ag+u)
and the ellipse (cx)? + (y/c)? = 1. Notice that the implicit function theorem [10,
Section 41] guarantees that the functions h{(a;) and hd(az) will be smooth, in such
a way that the proof from Theorem 2.1 still holds with the appropriate modifications
on these functions.

O

The above corollary provide us a way to compute the asymptotic mean traffic at any

particular point g € E. given that £,(6y) € II.

In section 5.3 we will develop some numerical computations for the integrated mean
traffic across the Poissonian city over ellipses with different values for the parameter
¢ (therefore different values of eccentricity) to analyse if the eccentricity of the region

plays a role on the asymptotic traffic flow.
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Figure 5.2: Illustration from the concepts explained along the proof for Corollary 5.1. Here
we follow the same notation as in Theorem 2.1.

5.2 Anisotropic Poisson line process, Elliptic case

The contents of this section are closely related to the work done in Kendall [25,
Section 3.3]. As in the case for the Poissonian city over a disk of radius n, there is
another approach to verify the computations regarding the asymptotic mean traf-
fic at a particular point g € E. conditioning on the presence of a line £4(6y). An
anisotropic Poisson line process provides a shorter and more conceptual exposition.
Nevertheless, the results developed in this section will not provide any information
regarding the error of the asymptotic approximations. This error is given by the

second leading term on the asymptotics behaviour for the mean traffic at the point

q.

The main difference between this section and the ideas developed on section 2.2 is the
fact that an ellipse does not have rotational invariance. Therefore, it is not enough
to consider the case where the conditioning line ¢,(6y) € II is an horizontal line (as
we did for the whole chapter 2). However there is a way to develop results which are

similar to those in section 2.2.

The scaling limit for the distribution of traffic flow through any point, g, in the
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Poissonian city over an ellipse can be represented by using an improper stationary
anisotropic Poisson line process, II. In this case one has to condition on the existence
of a line £,4(6y) € II that passes through g = (tn,un) and makes an angle 6y € (0, 7]

with the z-axis.

The first step to approach this problem is to rotate our coordinate system, given by
the cartesian coordinates (z,y), in order to make the line £,(6y) an horizontal one.
This can be done either by a clockwise rotation by 6y or by an anti-clockwise rotation
by (m — 6p). Without lost of generality we chose to make an anti-clockwise rotation,
see figure 5.3. Call the rotated coordinate system (z,¢). Also, to abbreviate some

~

notation we will refer to £,(6y) by ¢4 from here on.

(0, ¢cn)

(0, —cn)

Figure 5.3: Rotation by (7 — 6y) anti-clockwise.

Recall that a line process can be parametrized in different ways. So, instead of using
the standard coordinates (r, ), where r represents the distance of the line ¢ to the
origin and 0 the angle it makes regarding an horizontal line (z-axis). We will use
(p, é), with p being the signed distance from @ to the intersection between the given
horizontal line ¢, and the line ¢ that is being parametrised, and 0 represents the

angle between these two lines (¢, and /), see figure 5.4.

In the latter case, the intersection points with the line ¢, will form a stationary Pois-
son point process and the angle density is given by %siné for 0 € [0,7]. However,
there is a setback with the parametrization (p, é) as all parallel lines to £, will not be
represented, since they do not intersect with ¢,. Nonetheless, this kind of lines are
contained on a null set, say the set of lines such that 8 = 0, using the first coordinate

system (r,6).
Guided by the results developed in section 2.2 we rescale the cartesian coordinates
(Z,9) in the following way: shrink the z-axis by a factor of 1/n and contract the y-axis

by 1/4/n. Therefore, the new set of coordinates is given by (z,9) = (&/n,9/+/n), see
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(tn,un)

’

Figure 5.4: Illustration for the alternative coordinates (p,d) used to parametrise a line
process II. For this particular case, p will be a negative number.

figure 5.5. Accordingly, the new parameters for the line process (p, ) can be related

~

with (p, #) by the relations:

p = p/n and tanf = \/ntané .

7\" q = (t,uyn)

%/

Figure 5.5: Change of coordinates from (p, é) to (p,0).

So, the line process II is being transformed into another line process II. The intensity

of TI can be expressed in terms of (P, é) The Jacobian for the above change of

coordinates, i.e. p = np and 0 = arctan (ﬁ tan 0~>, is given by

a(p, 9:) _ n 2(; _ sec?f ]
a(p,0) 0 1+S§Ctanz ] ﬁ 1+ % tan? 6
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Also, observe that

. A . 1 5 tan
sinf = sin ( arctan 7 tan @ = 7/
" (n <1+%tan20))

Therefore, the line process II can be parametrized as a Poisson point process on the

(p, 0) space with intensity

~ 9 2~ ~
A ) = 1 tan 6 sec 932dﬁd9.
2<1+%tan29~>/

The Z-axis can be translated to the horizontal line ¢,. Denote the new coordinates
after this translation by (&, ), notice that intensity of the line process II is the same
as the intensity of II. Taking the limit as n — oo one obtains an improper station-
ary anisotropic Poisson line process with intensity A(d(p, 0)) = %tauaésec2 6 dpdé.
Based on this line process one can achieve a proper stationary isotropic Poisson line
process at scale n by randomly thinning the lines with a retention probability that
depends monotonically on the line slope, details on this ideas can be found at Kendall

[25, page 31].

Notice that once the d-axis is fixed to coincide with the horizontal line /;, then
eventually, as n — oo, the only points that will be inside the tilted ellipse will be
delimited by the vertical strip comprehended between the vertical lines £ = —x; and
& = x9. Here the values |z1|+t and |za|—t corresponds to the distances from g to
the intersections points of the ellipse and the line £,(6), which implicitly depends on

the value for the eccentricity (related with the variable ¢), see figure 5.6.

Remark: In the case treated in section 2.2 the values for |zi|+t and |z3|—t were
given by v1 —u? +t and V1 — u? — t, respectively. These values are relevant when
representing the asymptotic mean traffic flow at g as a 4-volume region as done in

Lemma 2.3.

Even more, the improper anisotropic Poisson line process may be represented in a
simple way by a different set of coordinates. Represent each line in the line process
by its intercepts y_ and y on the vertical axis © = —z; and © = x5, respectively, see

figure 5.6. Therefore for a line represented by (p, #) one have the following relations:

y_ = —tanf(jz1|+p)  and  yy = tan@(|za|—p).
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(w2, 94)

|
i a0

Figure 5.6: Change of coordinates from (p,0) to (y—,y4).

The Jacobian for this change of coordinates is given by

a(p, 0)
B |<—tan9 —(|x1|+p)seczc9)|_1 B 1

—tan®  (|zo|—p)sec? 6 (|&1|+|z2|) tan @ sec? 6

a(p, 6)
oy—,y+)

_ ‘3(y—,y+)

Thus the intensity becomes

1T 1
A(d(y_, = —tanfsec’d : _dy_d
(d(y—,y+)) 5 (21 ma]) tan G oec2d - 40+
1

= —— _dy_dy,.

2o Hz)

The above construction enable us to identify the limiting behaviour for the asymp-
totic mean traffic flow through the point ¢ € E. conditioned on the event that
£4(0) € II passing through g. This could be done by applying Lemma 2.3 with the
required modifications. Notice, that main required change is to adapt the 4-volume
for the region that represents the flow through q, see figure 2.8. Therefore, in the

elliptic case the mean 4-volume of the region will be given by:

a+v

|1+t plze|—t poo g 2 /1 1
/ / / / exp <—Z <+>>dpdzdvda
0 0 0 _atv, 4 a [
lz14t  plas|—  poo 1 1 271 1
:/ / / (a+v) <—|—> exp <—Z <+>>zdzdvda
0 0 0 a v 4 \a v

x|+t ploe]|—t
:2/0 + /0 (a+v)dvda = (lz1|+|z2])(|z1]+t)(|z2]|—1) -
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Notice that the amount (|z1|+|x2|)(|z1]|+t)(|z2|—t) agrees with the geometrical in-
terpretation of Theorem 2.1, as explained in figure 5.1. Similarly, Theorem 2.2 can be
applied to the elliptic case, with its required modifications, to determine the limiting
distribution for T} /n3.

5.3 Numerical computations for the traffic density in an

elliptic Poissonian city

From the contents of sections 4.1 and 4.2 together with the ideas regarding Palm
theory developed in chapter 3 we can compare the asymptotic mean traffic across
the Poissonian city over an elliptic region in a similar manner as the one used in
chapter 4. Again, our final aim for this section is to compute the traffic density
curve corresponding to the elliptic Poissonian city, that is we will relate the propor-
tion 1" € [0, 1] for the total traffic flow from the transportation network in terms of

the proportion of the length network open to traffic.

Due to corollary 5.1 we know an expression for the asymptotic mean flow at any
specific point g € E. conditioned on the presence of an specific line £,(6) that passes
through g, i.e. ¢4(0) € II. Even more, the angle § € [0, 7] is distributed uniformly,
therefore the average traffic flow at q conditioned on any kind of line passing through

q is asymptotically given by the expression:

T 1 T 1
| Emen a0~ [ o)+ arend @de) e, 69

0 ™ 0 ™
with d (0) and d} () as illustrated in figure 5.1. Now, to find an analytic expression
for d; (0) and d (0) we follow a similar approach to the one used in section 4.1. So,

We can express:

dg(@) = ||q - :Bc*HQ ;
i) =zt —qll,
d; (0) +d™(0) = |zi—zexll2-

Here Zex = (21, 1) and x, = (22, y2) stands for the two intersection points between
the line £,(0) : y = (z — tn) tan @ + un and the ellipse (cz)? + (y/c)? = n%. Thus, we
have to express the coordinates (z1,y1) and (x2,y2) in terms of ¢, 6 and q = (tn,un),
where u € (—c,c) and t € (—1/c\/1 — (u/c)2,1/ey/1 — (u/c)?). To achieve this, we
simply intersect the line y = (z — tn) tan § +un with the ellipse (cz)? + (y/c)? = n?.

So, we will have to solve the following quadratic equation:

— tn)tan @ 2
22 4 L=t - e (5.6)

to obtain the values for z; and xp. Then substitute these values in the line £,(6) to
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obtain the y-coordinates, that is y; = (z; — tn) tané + un for i = 1, 2.
To solve for the roots of (5.6), the equation can be rewritten as:

(c* 4+ tan? 0)2? 4 2n(u — ttan @) tan 6z + n*((u — ttan8)® — ¢?) = 0. (5.7)
Remark: When ¢ = 1 we recover the disk case presented in equation (4.3).
Moreover, if we denote by D = u — ttan#, then (5.7) can be simplified further to:

(c* + tan? 0)z? 4+ 2nD tan 6z + n*(D?* — ?) = 0, (5.8)

whose roots are given by the quadratic formula

—B —VB? —4AC —B+VB?—4AC

T = 54 and w9 = oA (5.9)
Where
A = ¢t +tan?0, (5.10)
B = 2nDtan8, (5.11)
C = n*(D*-¢%). (5.12)

Finally, after some simple algebra, the roots from (5.8) can be expressed as:

D
(— tan 6§ — %\/ A— 02D2> n  and (5.13)

r1 = A
D
To = <—A tan 0 + %\/A - 02D2> n. (5.14)

Notice that the values for x7 and xo are directly proportional to n; the same will
happen to y; and ys, since y; = (z; — tn)tand 4+ un for i = 1,2. So, an equivalent
approach to the above problem will be given by rescaling all the aforementioned
quantities by n. That is, we will be working inside the ellipse E, = (cz)2+(y/c)? < 1.
So, we will be considering g = (t,u) € E. instead of ¢ = (tn,un) € E.. Thus, in
this rescale version we will be intersecting £,(0) : y = (z —t) tan 6 +u with the ellipse
(cx)?+ (y/c)? = 1. From the previous exposition it is clear that the two intersection

points for this problem are given by @cy« = (21,y1) and x, = (22, ¥2), here:

D
T = ——tanf — £\/A —c2D? |

A A
y1 = (x1 —t)tanf + u ,
Ty = —%tan@—f—%\/A—c?DQ,
yo = (w9 —t)tanf +u .
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Where A and D are as in (5.10) and (5.8). In consequence, the asymptotic mean
traffic flow through g conditioned on ¢,4(#) € II behaves as follows

E [T (6)]

3 ~  2e — wexll2llg — ®exll2]|2E — 42 - (5.15)

To program this function using R we can modify the code presented in Appendix
1, specifically the functions Traffic and I written in the first and second R code
segments, respectively. The required changes are presented in the Appendix 2, in
which we added the new parameter to be considered: c. In this code we used the
value ¢ = 0.75 as an specific example. However, the code can be run for any value
of ¢ € (0,1]. Notice, that the value ¢ = 1 is equivalent to the original code presented

in Appendix 1.

As before the function Traffic (from Appendix 2, first R code) represents the asymp-
totic mean traffic flow through g conditioned on ¢,(¢) € II. Furthermore, we can
integrate the function (Traffic) numerically in terms of €, from 0 to 7. Additionally,
since the angle 6 € (0, 7] has a uniform distribution, we can multiply the aforemen-
tioned integral by 1/m in order to obtain the average (asymptotic mean) traffic at
q. This integration can be done with the second code from Appendix 2, function
I, which returns the value of this integral as a function of the point q, as long as
the point belongs to the ellipse with eccentricity given by v/1 — ¢4, otherwise it just
returns the value 0 (notice that in the border, i.e. c*t? + u?/c® = 1, one of the
quantities d; (6) or df(#) will be 0, therefore the asymptotic mean traffic is also 0

for any angle 6, so its average is also 0).

Thus, with the above functions we can create a grid to obtain an approximation for
the asymptotic mean traffic distribution across the Poissonian city over an ellipse
E.. This can be done with the third code segment from the Appendix 2, which is
basically the same as the third R code from Appendix 1, with a slight change to
take into account the elliptic shape. Figure 5.7 presents a 3D plot regarding the
(asymptotic mean) traffic across the Poissonian city. Also, the command persp3d in

R generates an interactive 3D plot that provides a better visualization for the data.

Remark: Notice that the values for the total (asymptotic mean) traffic flow can be
higher than in the disk case. Nevertheless, we are interested in the traffic density, so

we need to work with proportions of traffic across the network.

Similarly to the analysis developed on section 4.1, since we want to compare pro-
portions, we can rescale the total amount of traffic at any particular point in such a
way that the maximum value will be given by 1. A simple way to achieve this is by
dividing all the (asymptotic mean) traffic values by the maximum value achieved,

which happens to be at the centre of the ellipse, the same way as it happened with
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2.0

0.0

Figure 5.7: Numerical approximation for the asymptotic mean traffic across the Poisso-
nian city in the ellipse Eq 75. Plot obtained with the persp3D command in R. Here the
coordinates z and y stand for the cartesian coordinates over the elliptic Poissonian city, i.e.
g = (zn,yn), while z stands for the asymptotic amount of traffic flow at q.

the disk, even though with a higher value. Our aim is to generate a similar plot to
the Beeching plot (see figure 1.4 taken from Figure 1 of the Appendix 1 in British
Railways Board [12]) for the asymptotic mean traffic density on an elliptic Poissonian
city. One approach to achieve this is by computting the proportion of the network
with (asymptotic mean) traffic less than a specific value L; this can be approximated
by the amount of points from the grid with (asymptotic mean) traffic less or equal
than L € [0,1]. Then, we need to obtain the proportions of (asymptotic mean)
traffic T' corresponding to these regions. This value will be given by the integra-
tion of the function I over the specified region, divided by the same integral over
the whole ellipse. One way to approximate this numerically is by adding up all the
values assigned to the points over this region and then divide this by the sum of the

(asymptotic mean) traffic over all the points inside the ellipse.

In summary, given an specific level of traffic L, first we compute the region where
the level of traffic (per mile) is less or equal than L (denoted by PA/TA in the fourth
R code segment from Appendix 1). Then for that same level L we compute the pro-
portion of total traffic 7' that this region represents (PT/TF using the fourth R code
segment from Appendix 1). All this can be done with the fourth R code segment
from Appendix 1. The final plot is shown in figure 5.8, this curve is the one to be
compared with the Beeching plot.

Remark: Surprisingly, the curve shown in figure 5.8 is numerically identical to the
original curve, based on the disk of radius n, see figure 4.3. The same analysis can be
done in R for different values for the parameter ¢ and we still get the same results.

The next section provides an initial analytic approach to this phenomenon, although
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Traffic per mile distribution on
an elliptic Poissonian city

1.0

0.6
l

Proportion of Total traffic, T
04
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0.0 0.2 0.4 0.6 0.8 1.0

Proportion of the Network
Figure 5.8: Theoretical distribution for the total asymptotic mean traffic per mile on an

elliptic Poissonian city, for this plot we take ¢ = 0.75.

a full explanation awaits further work.
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5.4 Invariance Conjecture

From the numerics presented in the previous section it seems that the traffic density
curve in the Poissonian city is invariant under changes in the eccentricity of the
ellipse E.. To verify this conjecture we will provide an analytic approach for the
traffic density curve sketched in the previous section. To obtain the traffic density
curve sketched in figure 5.8 we will need to compute triple integrals of the following

form:

1 27 s 1
// /E[Tg(ﬁ)]dﬁdadr R
a JO 0 ™
/1 / [ |22 = @erlallg = weellallzE ~allz 450040 (510
a 0 0

™

here a € [0, 1] controls the subregion of integration (we are considering ellipse shaped
rings of width 1 — a, thus as a goes to 0 the bigger the subregion of integration

becomes) for points ¢ = (r(a)an,«) € E. in polar coordinates. In consequence

C

r(a) =

prd n’
Vtcos? a +sina

to take into account that the elliptic shape. Recall x and x.. stands for the in-
tersection points between the ellipse ¢?z? + (y%/c?) = n? and the line £,(0) : y =
(x — tn) tanf 4+ un as illustrated in figure 5.1, for the corresponding q = (tn,un) in

cartesian coordinates.

From the previous section it is natural to conjecture that the mean traffic flow across
the Poissonian city in an ellipse E. behaves in such a way that its level sets (con-
tours) are ellipses preserving the same eccentricity of E.. Notice that the rotational
symmetry that existed in chapter 4 does not hold anymore, thus there is no analytic
certainty regarding the level sets shape in this case. One way to analyzed the level
sets numerically is by changing the fifth R code segment in Appendix 1 to take into
account the elliptic shape. That is done in the fourth R code segment from Appendix
2 and the final plot is presented in figure 5.9. Recall that similar to the exposition

done in chapter 4, all the R segment codes works inside the scaled ellipse given by

. 2
E.= {(:v,y) eR?: (cx)? + (%) < 1}, for some ¢ € (0, 1],

which provides the analogous object to the unit disk used in chapter 4 (this case

corresponds to the value ¢ = 1).

Subject to this conjecture, to analyse how the integrated traffic changes in different
subregions of the Poissonian city it is enough to concentrate on the semi-major axis,

as any point inside the ellipse will have the same mean traffic flow as one of these
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Level sets for the mean asymptotic traffic
in an elliptic Poissonian city

y - coordinate
05 00 05 10
|

-1.0

T | 1 1 |
-2 -1 0 1 2

X - coordinate

Figure 5.9: An illustration of the level sets for the asymptotic mean traffic across an elliptic
Poissonian city, ¢ = 0.75. Outer ellipse corresponds to E., the middle ellipse is the level
sets for mean asymptotic traffic around 40% of the traffic flow at the centre and the inner
ellipse corresponds to level sets for mean asymptotic traffic around 80% the traffic flow at
the centre of the elliptic city.

points on the semi-major axis. Since any point on the ellipse will correspond to a
specific level set, and this level set has a unique point belonging to the semi-major
axis. In other words, without loss of generality, we are selecting the points on the

semi-major axis as the representatives for their corresponding level sets.

Thus suppose that g € E. belongs to the semi-major axis, then g = (rn, 0) for some
r € (0,1/c). Moreover, if there is a line /() passing through g and making an angle
6 € (0, 7] with the z-axis, then the analytic expressions for d; (6) and d} (6) can be

simplified. Set
sin® 6

KX0) = c*cos?O+ (5.17)

cz

In order to obtain the following expressions

d; (9) VE2(0) — r2sin?0 — ¢*rcosf
n K2(6) ’

dr () VEK2() — r2sin? 0 + *rcos
" K2(0) |

Therefore, by corollary 5.1, the average amount of traffic through g conditioning on
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£,(9) will behave asymptotically, as n — oo, as follows:

E. [T (4,(0 K2(0) — r?sin*0
[ 753 Q). 2(1 _TQCQ)\/ ((1()3(0))2

here r € (0,1/c). Even more, for a fixed point ¢ = (rn,0) (meaning r € (0,1/c) is
fixed) the above quantity can be averaged in terms of 6. As it has been explained on
chapter 3, the distribution for the angle 6 that the line ¢,(#) makes with the z-axis

follows an uniform distribution between 0 and w. Thus as n — oo

T E TR (£,(0))] 1 2(1 —72c?) (™ \/K2(0) —r2sin’ 0
/0[ 7(13())]77(19 . X i )/0 v ((K)g(e))Z .  (5.18)

Now, we have to weight each point on the semi-major axis according to the level set
it represents. In section 4.2 was clear that this weight is given by the perimeter of the
corresponding circle (2znr, r € [0,1]). Analogously, in this case the corresponding
weight for the point ¢ = (rn,0) will be given by the perimeter of the ellipse with

2rn. Unfortunately, the circumference of an

semi-major axis rn and semi-minor axis ¢
ellipse does not have a simple closed formulae. Even more, this simple task provides
an insight for the second kind of elliptic integrals which we already mentioned briefly
in section 4.2. For this case our ellipse is given by c2x? +y?/c? = r?n?. In parametric

form, the ellipse is 2 = ™ cos @, y = rncsina, and the circumference P.(r) will be

given by
2 r2n2
P.(r) = / 5~ cos? a + r2nc? sin® a do
0 C
2 |1 4
= 4rn/ \/2(1—sin2a)+281n2ada
0 C C

= 4m/2 \/1— (1 —ct)sin? ada
¢ Jo
L V1-—e?sin? ada, (5.19)
¢ Jo
where e = v/1 —¢* € [0,1) is the eccentricity of the ellipse being considered.

Consequently a simplified formulae for the right hand side of (5.16) is given by:

¢ —r2c?) [T 2(9) — 2 sin?
H.(a) :/a p(r) 2 s )/0 VKC((%(G))Q b d0ar | (5.20)

with a € [0,1/¢]. Therefore, the sketched curve in figure 5.8, that corresponds to the

proportions of traffic (PT/TF,) in terms of the proportions of the network considered
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(PA/TA.) will be given by @(TAC( a), %C(a)) for a € [0,1/c], where:

PT . Hya)

77\ = T.0) (5:21)
— a2c2 n271'

jpizjc(a) = (]_7127[') =1- a262 . (522)

Even more, the integral regarding 6 in (5.20) is an elliptic integral [1, 45]. Thus,
one way to verify the invariance conjecture, under the assumption of elliptic level
sets (with the same eccentricity as the original ellipse E.), is given by considering
the function %c(a) and analyse its partial derivative regarding c¢. To achieve this
we first simplify the expression for H.(a), which will be the purpose of the following

subsection.

5.4.1 Elliptic Integrals

First, as explained above, the expression for (5.19) corresponds to the second canon-
ical form of an elliptic integral. Now, (5.18) can be expressed as a linear combination
of the three canonical forms of elliptic integrals. But, first we can decomposed (5.18)

in terms of the range for 8 as follows

/” VEK2(0) — 12 sin29d9 _
0 (K,

2(0))
/”/2 VEZ(0) N
0 (K2(0))? /2

—r2sin? ¢ 0 ™ VK2() —r2sin?0 9
(KZ(0)) '

C

Then, consider the substitution ) = m — € on the integral were 6 range from 7 /2 to

7 to obtain

\/K2 —r2sin’0 B /2 \/Kg(d))—ﬂsin%b
[, o = (K2(0))?

—cos(¢) and sin(m — 1) = sin(¢)). Thus

dip

since cos(m — ) =

3 5 w/2 2 — r2gip2
/ \/K — r2gin 9d9 B 2/ \/Kc(e) T s edg. (5.23)

(0)) o (KZ2(0))?

Now, the right hand side integral in (5.23) can be rewritten as a general elliptic inte-
gral. By this we are saying that the function to be integrated can be expressed as a
rational algebraic function R(x, /Q(x)) where Q(x) is a cubic or quartic polynomial

in x with no repeated factors. Therefore, our purpose is to express
K 2 7‘2 sin? 6
/ \/ df as / R(x

for some rational algebraic function R(zx,

Q(x)) dz ,

Q(z)) with the aforementioned char-

acteristics. Then the theory of elliptic integrals can be applied to the function
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R(z,4/Q(x)) in order to express the integral as a linear combination of the three

canonical forms of elliptic integrals [20]:

The first kind / [(A1t? + By)(Axt? + By) 7Y% dt (5.24)

. 2 2 2 —1/2
The second kind /t [(A1t* + B1)(Ast” + Bs)] dt, (5.25)
The third kind / (14 Nt2) 7 (ALt? + By)(Agt? + By)] Y2 dt . (5.26)

To achieve this goal consider the change of variable given by x = tan(6/2) (no-
tice this implies that cos(8/2) = 1/v1+ 22 and sin(0/2) = z/v/1+ 22), there-
fore dz = sec?(6/2)/2df, so df = 2cos?(0/2)dx = 2/(1 + 2%)dz. Also recall
the trigonometric identities sinf = 2sin(6/2) cos(0/2) = 2x/(1 + x?) and cosf =
cos?(0/2) —sin?(0/2) = (1—22%)/(1+22). All this and some algebraic simplifications

leads to

/“/2 VEK2(0) — r2sin® 6 "
0 (K2(0))?
1/2

[ ER2e v ) ,
0

2
<02(1 —12)2 4 46%2)
Additionally, if we denote z* + 2(0% — 20%2 — 1)z2 + 1 by Q(z) and multiply both
numerator and denominator of the integrand function by /Q(x) the right hand side
expression can be rewritten as,

2 [ (1+2%)%Q()
Ao (et +2(2 - 1) a2 +1)[Q(a)] /2

dz . (5.27)

Notice, that this expression can be simplified using some auxiliary variables, say:

2 22 -

Thus, one can rewrites Q(x) as (22 + §_)(x? + 9, ), where

g =b—+b>—1, and g =b+Vb2—-1.

Similarly, z* + 2 (& — 1) 22 + 1 can be rewritten as (22 4+ 2_) (2 + 4, with
C

5_=b—\/b2—1, and 2, =b+\/b>—1.

Therefore, (5.27) is equivalent to

2 ! (1+ 222 + 7)o + 3y) )
/0( dz . (5.28)

A Jy @2 2@+ 2 2@ + ) + )12
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Notice that ultimately we should be writing §_(r, ¢), y+(r, ¢), 2_(c), 24+ (c) to empha-
size the dependance on the values of r and ¢. However to simplify the notation we

simply write y_, 9+, 2_, 24+, respectively.

The rest of this section analyses the integral in (5.28) by using the elliptic integral
reduction procedure as explained in Whittaker and Watson [45]. The first step is to
apply partial fractions to the ratio of polynomials that we get on (5.28), yielding

/4 (1+22)2(2® +§)(2% + ) o
o (22 +2-)%(2? + 24)2[(a? + - ) (22 + G4 )]/
! 1 ! 1
D - - de+ D / - ~ -
0/0 (22 + §-) (2% + g4/ Yo @2+ 20)[(@2 + o) (@ + )]
1
1
TSy N —
*Jo @+ 2)[(@? +9o) (@2 + 1)1/
1
1
Y
o @222 + o) (@ + gy )]
1
1
+D / - - - . (5.29
L @rar@ @ saore . 0P
Here, the constant coefficients (regarding the integration variable x) Dy, ..., Dy can

be expressed in terms of §_, 4., 2_, 2, , which ultimately depend on the values of r
and ¢ as mentioned before. The values for Dy, ..., D4 can be determined with the
use of mathematical /symbolic software like Mathematica or Maple. Notice that in
(5.29) the integrals corresponding to the coefficients Dy, Dy and Ds are already in a
canonical form. Dg corresponds to an elliptic integral of the first kind, while D; and
D5 corresponds to elliptic integrals of the third kind. Thus we only require an expres-

sion for the last two integrals in (5.29), i.e. the integrals with coefficients D3 and Dj.

Due to the symmetry on these two integrals regarding the variables Z_ and Z; it is
enough to only analyse one of them as the other will have an equivalent expression
just substituting Z_ with 2, accordingly. Thus from here on we will focus our

attention on the integral

1
1
. 5.30
| mrre e (530
As before, denote (22 + §_)(x? + ¢4 ) by Q(z), and consider the function
g_(z) = V2L V@)
- (x2+2.)"
Differentiating g_ () one obtains the following relation
: 222 1 ’
g (x) = QQ(OAC) - Q) 1 2Q) (5.31)
(z2+2-)  (2+2-)  2(22+42.)/Q(x)
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Moreover (5.31) can be rewritten in such a way that the denominator of every term

contains /Q(z), i.e.

@) Q@ 2@ 1 Q@)
L @+2)VRM) (2 +2)VQM) 2@+ 2)V/Q)

Finally, divide z2Q(z) by (22 + 2_)? as the first one has order 6 and the latter one

has order 4. The division leads to

(5.32)

2 - PP PPN 52
2°Q(x) 2 n - . (-9 —29-2- — 20,2 +322)
S SO _ —2Z
@2+ 2) -+ - 22) @2 +2)
_hoas S22 A 22 23
N (=9-9%- e 2) (5.33)
(2 + 2_)2
Again, we can simplify the notation with the following conventions:
Ki(32) = Ki(jo s o) = o + 4 — 25, (5.34)
Ka(22) = Ko(§—,04,2-) = -Gy — 202 — 2042 +322, (5.35)
K3(20) = K3(§—,04,2-) = =912 +9-22 + 9,22 — 22 . (5.36)

In conclusion, after integrating (5.32) from 0 to 1 and substituting (5.33) accordingly
we get the following identity

Q) [t Q(z) ool ! zQ (z) .
1+ 4 _/0 (22 +2) Q(x)d +2/0 (224 2) Q(x)d

dr + Ks(2 dx

_2</01\/%dx+ / NeE) )/01(x2+2_1) Q)
1

1
FEs(2) /O Ry e dx). (5.37)

From here, we can solve for the desired integral (5.30). Recall that Q(z) = (2% +
§)(@2+§4) = @4+ (5 +§4)22 + iy, consequently 2Q' (z) = 4w +2(j + 1 )a?.
Thus, we obtain the following expression for (5.30):

! 1
/o (2 + 2)%[(a? + §o) (@ + g2 )<_ <1+z—
1 IL‘4
_3/0 (x2+2.) Q(x)dx—Qy_+y+/0 x2+z)
- . ! 1
(e 2K [ ae )
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Therefore, all the integrals from the right hand side of (5.38) can be related with an

integral of the following form

1 2m
/ - de  for m=0,1,2 and n=0,1. (5.39)
0 (22 +2-)"/Q(2)

So, as long as we can obtain expressions for all the combinations of m and n in (5.39)
in terms of the canonical elliptic integrals we will be done.

First, notice the trivial cases for (5.39):
e m=0and n =0 in (5.39) represents an elliptic integral of the first kind.
e m=0and n=11in (5.39) represents an elliptic integral of the third kind.
e m=1and n =0 in (5.39) represents an elliptic integral of the second kind.

Remark: Some literature provides a different expression for an elliptic integral of the

second kind, say something of the form

1 2 ~ 1/2
(x2+9-)Y
~— 2 7 _dx. 5.40
/0 (22 4 g4 )1/2 ! (5.40)

However, one should notices that:

2

1 1,2 1
———dx =
/o VQ() /o V(@ +9-) (=% +94)

dx

dz, (5.41)

:/1 i dx—/1 Y-
0 V(@2 +9-)(@+iy) 0 V(@2 +9-)(@+ i)

where, clearly

72 +y7 . B 1 (5”2“3*)1/201
2 2 - ro= 2 1 5,\1/2 x
\/x +9-) (2% +g4) o (#%+94)

and the last term in (5.41) is just a multiple of an elliptic integral of the first kind.

For the last two cases in (5.39), observe the following:

e m=1andn=1.

/1 z” z* + 2 de — 2 /1 1 dx
0 (224 2.)y/Q (z2 + Q() Jo (22 +2)/Q(x)
dz ,

:/0 mdw_i/ol (x2+2_1) Q()

that is a linear combination of an elliptic integral of the first kind and an elliptic

integral of the third kind, respectively.

e m=2andn=1.
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1 LA 52 1
/ 2 -2 da + 22 / ! dz
0o (224 2.)/Q (22 + 2_)/Q(x) Jo (224 22)/Q(x)

_ e L )
- e A e /o CEESNGEN
1

-} e et wrvae

that is a linear combination of an elliptic integral of the second kind, an elliptic

integral of the first kind and an elliptic integral of the third kind, respectively.

Thus, making the appropriate substitutions in (5.38) we find out a way to express
the integral (5.30) as a linear combination from the three canonical elliptic integrals.
To achieve this we have to recall the symmetry in the last two integrals in (5.29),
so the integral corresponding to the coefficient Dy will have a similar expression
to (5.38) substituting Z2_ by Z;. Recall that the coefficients in (5.38) are given by
(5.34), (5.35) and (5.36) which depends on the value of Z_. In consequence, a similar
definitions will hold for K(2%), K2o(Z4) and K3(2%), say

Ki(24) = Ki(9-, 9+, 24) = - + 94 — 284, (5.42)
Ky(21) = Ko(§-, 0y, 24) = 0-9+ — 20 21 — 244 +323 (5.43)
Ks(2y) = Ks(§—, 94, 54) = =04 24 + 925 + 9425 — 2% . (5.44)

Therefore, replacing in (5.29) the two integrals that are in the from of (5.30) we find
out an expression for (5.28) as a linear combination of the three canonical elliptic

integrals. This can be done with a simplified notations as follows

2/ (+222@ 45 )@ +50)
Py @ P )6

Mo+ = <M1[1 + Moly + MyI3(2_) + M413(2+)) . (5.45)

where the elliptic integrals are denoted as folllows:

e [ stands for the first kind of elliptic integral, say

L |
I = /0 0@ dx .

e [5 stands for the second kind of elliptic integral, say

1 (:L'2 + g_)l/Z

I = -~ 7 _dx
2 /0 (22 + §1)1/2
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e I3(2_) stands for the third kind of elliptic integral, say

N & 1
b)) = /0(1‘2—1—72) 0w

e I3(%1) stands for the third kind of elliptic integral, say

N o 1
be) = | A

On the other hand, the corresponding coefficients My, ..., My can be expressed in

terms of §_, 9+, 2, 2+ as follows:

M, 2( D3 Q(1) . Dy Q(D))7

AN\ K3(2)2(2- +1)  K3(24)2(3, +1
D3 1 3
My = 1+——1|9 g — =2 —K1((_
1 + Ka(e) <y++ 59—~ 5% 1(2 ))
Dy 1 3
_ 7t 5 a0 — 25 K(3
* Kalen) <y++ 59— — 3+ 1(Z+)) ;
Ds Dy
M2 = y + ~ )
2K3(2-)  2K3(%4)
M. Dt 22 (32 g - (Gigs - 2Ka(2))
= =22 — (y- = (-9 — _
3 1 K3(o0) \ 2™ Y Y+ Y-Y+ 2 )
D4 3 2
My = Do+——r—|=27— (W +90)20 — (791 — 2Ko(2 .
4 2 + Ka(or) <2Z+ (J- +9+)%+ — (9-9+ 2(Z+))>
A final step to prove the invariance conjecture for the traffic density curve will be
to obtain the values for Dy, ..., Dy in terms of §_, ¢y, 2_, 2. Then substitute these
in My, ..., M4 and finally recall the formulae for §_,g+,2_, 24+ in terms of r and ¢

as given before (5.28). Finally (5.45) needs to be replace in the expression for H.(a)
as given by (5.20). This will be left for a future research, as it is still an extensive

algebraic work.
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Chapter 6

Final Remarks and other possible

generalizations

In this chapter we briefly explain alternative approaches to generalize the Poissonian
city model (different from the one where we have considered the Poisson line process

taking place over an ellipse, changing the eccentricity of the ellipse E. in question).

This chapter mainly focusses on the properties of Poisson segment processes. Thus,
the first section addresses how to define these and get an equivalent expression for
the length intensity of Poisson line processes. However, this new framework brings
new open problems, mainly the percolation of paths and the absence of a convex
hull to generate a lower bound for the excess length resulting from considering the
semi-perimeter routing rule instead of the corresponding Euclidean distance. These
problems are introduced and explained in the second section. Here we briefly discuss
related work and literature that can provide an insight to solve them. For example,
Baccelli et al. |7] studies the behaviour for a path of segments on the Delaunay
graph [43], in particular they show that the path in question is Markovian and
gave an asymptotic result regarding the excess distance of this path against the
corresponding Euclidean distance. Finally, the third section provides some final
remarks, briefly explains another possible directions for the Poissonian city and areas

for future research.

6.1 Segment line process

Consider a stationary Poisson segment line process with fixed length h. Here we
address the following problem: what intensity, 1//’\1 (for the marked point process of
intensity A defining the segments) leads to a length intensity equivalent to the unit

intensity for a Poisson line process?

We denote by =; the segment line process with fixed length h and intensity A with

rose of directions given by p (we measure the angles from the horizontal axis in the
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anti-clockwise direction). We seek an expression for its length intensity, given by

oo ELENEK)] _ E[Lebi([K])]
vy = @ ———— = (6.1)
A(K) Lebs(K)
for any compact convex set K C R2 Here [K] stands for the hitting set, which is
defined as the set of segments of = that hit K, i.e. [K] ={¢ € 2 : £t K}, where

we denoted by £ 1 K the event “£ hits K7, meaning £ N K # ().

We can identify the segment process Zj, with a marked point process ®* in R? x (0, ].
Here each point @ of the process represents the lower-end point of the segment £ (in

case of horizontal segments we chose the left-end point). Thus = (z*,y*) where:

y* = inf{y: (z,y) €& for some z},
¥ = inf{z:(x,y*) €&}.

We can construct the Poisson segment process by requiring that the points (z*, y*)
form a Poisson point process of intensity A. Also the angular marks 6 should be
independent of the positions & and independent of each other with identical distri-
bution given by p(df). Viewed as a point process in (z*,y*, 0) space, the intensity
mean of this point process is given by A\(Lebg ®p).

To address this question we focus in the case where the angular mark distribution

for 0 is nonrandom. This can be done by considering the following rotation
R(§) = Ryg(z,y) = (xcos@ + ysinh, —xsinfh + ycosh,0) = (z,7,0),

for each segment & = (z,y,0). The rotated segments will all be horizontal. The
rotation Rp(z,y) moves the segment & in such a way that its reference point, x, is
still at the same distance, ||z||, from the origin but it has been rotated 6 radians in
clockwise direction so that the segment is now horizontal, see figure 6.1. This con-
verts Zp, into a new segment process R(Z},) for which all segments are horizontal, but

such that the length of intersection with any disk centered at the origin is unchanged.

In particular the new point process is still Poisson.

THEOREM 6.1. If ®* is a marked Poisson point process in R? x (0, 7], with intensity
X and rose of directions p then ® = {(&,9) : (&,7,0) = Ry(x,y) with (z,y,6) € ®*}

1s a Poisson point process of intensity X.

Proof. From Renyi’s Theorem [29] we know that the family of avoidance probabilities

determines the distribution of a point process. So it is enough to show that:

P@NE=0 = exp(—ALeby(E)),
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Figure 6.1: Tllustration of the rotation Ry (z,y).

for all measurable F C R2.

For E any measurable subset in R?, we define E C R? x (0, 7] as follows:
E = {(x,y,&) i (xcosf +ysinh, —xsinfh 4+ ycosb) € E} .

Therefore {® N E = 0} = {®* N E = 0}. By the rotation invariance of the Leby
measure and the fact that p is a probability measure we can compute the intensity

measure for ®:
MLeby @p)(E) = X /0 ' ( [ 16(2,y,0) Leby(da dy>> p(do)
RQ

=y ( JJ 1E<Re<x,y>>Leb2<dxdy>) p(d6)
R2

_ A/ﬂ (ﬂﬂﬁ(aé,g)Lebg(dgzdg)> p(df) = AJJHE(i,g)Lebg(dirdg)
0\ ))

Hence,
P[® N E = 0] = P[®* N E = 0] = exp (—A(Leby ®p)(E)) = exp (— A Leby(E))

as required. O

Now we relate the length intensity at (6.1) to the lengths of the segments h. Due
to Theorem 6.1 we only need to consider the case where all segments are horizontal,
because if K is a disk centered at the origin we know that E[L(Z,NK)] = E[L(R(Z,)N
K)]. Hence, as R(Z},) can be represented by ® @ [0, k|, where ® is a planar Poisson

point process of intensity A. In consequence (6.1) becomes

g = ElLeby(KD] - Efleb (2&[0,) 0 K)]

Leby (K) Lebs(K)
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However, if hy € (0,h), it is clear that we can express ® @ [0, h] as the following
disjoint union (® @ [0, h1]) U (® @ [h1,h]). So v} is linear in h

h E[Leby ((® @ [0,h]) N K)]

= Leba(K)
_ E[Leb; (2@ [0,m]) N K)] | E[Leby (2 & [h1, h]) N K)]
N Leby(K) Lebsy(K)
b E) + E[Leby ({2 +h} @ [0,h—m]))NK)] _ Sy i

Leb2 (K)

Here ® 4 h; has the same distribution as ®, since ® is a stationary Poisson point

“q \ h _ p,,1
process. As a consequence we may deduce vy = hvj.

But 1//’\Z is also linear in A: apply the superposition theorem to decompose the original
Poisson point process ® of intensity A into two independent Poisson point process
@, and P, with respective intensities A\; and Ao, such that A = A; + A\g. Therefore

h _ h h
V}\ = 1/)\1 +V)\2 .

In sum, we conclude that Vf\‘ should be of the form kAh. We determine the value for
k = v} by considering the case when K is the unit square [0, 1]?. If we denote by
®(K) the amount of points from & (a Poisson point process with intensity \) that
falls in K we get (recall ®(K) ~ Po(\Lebs(K)))

E [Leby ((® & [0,1]) N [0,1]%)]

h _ 1 _
vx =y = Lebs ([0, 12)
([0,1]2) ([~1,0]x[0,1))
= hE| > Leby((N[0,1%)| = RE| > U@L+ Y U(01)
10,12 k=1 k=1

= 2hE[®([0,1]?)] x E[U(0,1)] = hX.

Here we are using the fact that if & f [0, 1], then its marker point z falls either in
[0,1]? or in [~1,0] x [0, 1], see figure 6.2. Either way, Leb; (£ N[0, 1]?) is distributed
according to a U[0, 1] random variable (recall the construction of the Poisson point
process where we draw ®([0, 1]?) points scattered as independent and identically dis-

tributed uniformly on [0, 1]?).

Now, recalling that the unit Poisson line process IT (where A = 1/2, since we are
considering undirected lines) has length intensity equal to 7/2. To obtain this result
notice that the length of a chord (a line at a distance r from the origin o) in By (o) is
given by 2v/1 — 2, see figure 6.3. Therefore the calculations for the length intensity
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(-1,1) (0,1) (1,1)

(—1,0) (0,0) (1,0)

Figure 6.2: Explanation for the fact that Lebi (¢ N [0,1]%) has distribution 2U(0,1). If
there is a left-end point = (z1,y1) in the square [—1,0] x [0,1] then the length of the
intersection of that segment with the square [0, 1] is given by 1 + x; which is Uniform on
(0,1). Similarly, if there is a left-end point * = (2, y2) in the square [0, 1] then the length
of that segment with the square [0, 1] is given by 1 — x5 which is again Uniform (0, 1).

leads to:

_ E[LIInBi(o)] A [T [ 24
N T Leba(Bilo)) ﬁ/o /_12“ Sdrd
1
= 2)\—7T/ V1—r2dr = A = L.
-1

T 2

/N

Figure 6.3: Illustration of the length of the chord in B (o).

Therefore k = /2 gives the similar desired result for segment processes. Our partic-
ular interest is with the case where p is a uniform distribution. Notice that a Poisson
segment process of length h with intensity A = 1/h has the same length intensity as

an unit Poisson line process.

6.2 Open problems for the Segment line process frame-

work

There are mainly two new open problems to be consider for future research when

working with the Poisson segment processes framework. First, when connections are
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being made through a Poisson line segment process there might not exist a continu-
ous path from one point to another. This problem can be related to the Percolation
of paths, as the length for the segment process are being fixed for this new model,
then there is a phase transition, that is for each fixed length h there will exist a
critical value for the intensity, namely A., such that all points in the network will
be connected through the Poisson segment process as long as they have intensity
higher than A. and there will be some disconnected points from the network when
the Poisson segment process has intensity lower than A.. An important literature
review regarding continuum percolation is provided by Meester and Roy [33]. Be-
sides some papers that can provide some insight regarding the interaction between
percolation and stochastic geometry are Roy [40], Popov and Vachkovskaia [37] and
Roy and Tanemura [41].

Secondly, for the Poisson line process Kendall [25, Theorem 4| provides a lower
bound for the mean excess length between the route used to connect any pair of
points through the semi-perimeter routing rule and the corresponding Euclidean
distance. Along these computations, the presence of a convex hull, as the one given
by the cell C(p~,p") in the semi-perimeter routing rule, play an important role;
since the stochastic geometry arguments they used to measure the mean length of

these near-geodesics, given by
1 E——

depends heavily on the convex property of this region. Nevertheless, the convexity
from the hull C(p~,p™), in the Poisson line process framework, is a consequence of
the Poisson line process; property that is not preserved in the Poisson segment pro-
cess. Therefore, the computations in [25] can not be generalize to the new framework

of Poisson segment processes.

However, Baccelli et al. [7] provides a relevant approach that could be modified
accordingly to the Poisson segment process, as it deals with line segments of bounded
length and not infinite long lines (as the Poisson line process case). Even though, the
paths analysed by Baccelli et al. [7] are not Poisson segment processes, they do have
an important interaction with the stochastic geometry field. Mainly with random
tessellation models [43], specifically the Voronoi tessellation and its dual Dalaunay
graph [35] with respect to the vertex set ®, given by a planar stationary Poisson

point process.

6.3 Final remarks

This thesis explored the mean asymptotic traffic behaviour across the Poissonian

city in more depth. The first meaningful result was presented in chapter 2, that is
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Theorem 2.1, were we generalize the result Kendall |25, Theorem 5| to any point
q = (tn,un) inside the disk of radius n B,(0) conditioning on the presence of an
horizontal line ¢, : y = un, that is £, € II. Also, along section 2.2 we verified this
result using an improper anisotropic Poisson line process, which follows the outline

presented in [25, Section 3.3] with the required modifications.

Later on, in chapter 3 we study ideas regarding Palm theory and how it can be
applied in the Poissonian city to compute the asymptotic mean traffic density across
the Poissonian city. At the same time, we provide a different version for Theorem
2.1, where the source and destination nodes belong to the disk B, (o), but not nec-
essarily to the transportation network 11, actually almost surely they will not belong
to II. In contrast, Theorem 3.4 analyse the same mean asymptotic traffic with the
source and destination nodes being a Poisson point process over the transportation

network given by the Poisson line process II.

Theorem 3.4 is applied in chapter 4 to make a comparison between the theoretical
(mean asymptotic) traffic density in the Poissonian city with the data compiled by
British Railways Board [12] for the British railway system. Some numerics are done
here to sketch the traffic density curve in the Poissonian city. Also, we developed
an analytic expression for the asymptotic mean traffic at any point g conditioned
on the presence of a line that goes through ¢, the integral in question turns out to
be an Elliptic integral. The comparison shows some evident differences between the
model (Poissonian city) and the reality (British railway system). Those differences
motivates some changes in the Poissonian city model, in order to make it a more

realistic model.

Along chapter 5, we adapted previous results from the original Poissonian city in the
disk B,,(0) to an elliptic Poissonian city over an ellipse with eccentricity given by
e = /1 — ¢4 for different values of ¢ € (0, 1]. Theorem 2.1 still holds true, even more,
the proof given in Corollary 5.1 suggests that Theorem 2.1 will still hold true for any
convex region with smooth boundaries, however this could be proved in a future work.
Again, some numerics are done to sketch the traffic density curve in the Poissonian
city, unexpectedly the numerics suggests that the density curve will remain exactly
the same regardless of the eccentricity of the region. A first analytic approach was
started in section 5.4 to prove this conjecture, but the Elliptic integrals involved in

the elliptic Poissonian city still requires more work to prove this conjecture rigorously.

Finally, in chapter 6 we presented another possibility to generalize the original Pois-
sonian city which involves the use of Poisson segment processes Zj, instead of a
Poisson line processes 11, as the spatial transportation network to make the connec-
tions. Now, with this new framework there are new open problems that were briefly

discussed in section 6.2.

107



Some future work could focus on the study of Poisson segment processes, or new
approaches to make the Poissonian city a more realistic model, at least more similar
to the British railway system. Some of this approaches could be given by a new
density function for the source and destination nodes, an intensity that decreases as
one gets far away from the city centre could provide a traffic density more similar
to the one observed in British railway system. Another generalization could be done
with fibres of small curvature, in this framework it will be interesting to see if the
geometric interpretation for Theorem 2.1 has an analogy. A final third approach
could involve a more dynamic model, in which the route each passenger takes from
the source node to the destination node depends on the traffic flow over each possible
route. Nevertheless, analytical approaches could become more complicated in these
new cases; however, numerical simulations could be done as a first attempt. Also, the
invariance conjecture regarding the traffic density curve in elliptic Poissonian cities
is left as an open and interesting problem. Finally, some generalizations to Theorem

2.1 seems to be attainable, as explained before, for convex and smooth regions.
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Appendix A

R code segments for the disk

First segment code

Traffic <- function(a,b)

{
K <- function(t)
{
A <- 1+ (tan(t))"2
D <- b - axtan(t)
x1 <- -D/Axtan(t) - sqrt(A-D~2)/A
x2 <- -D/Axtan(t) + sqrt(A-D~2)/A
y1l <- tan(t)*(x1 - a) + b
y2 <- tan(t)*(x2 - a) + b
return(sqrt((x1 - x2)°2 + (y1 - y2)°2) *
sqrt((a - x2)°2 + (b - y2)~2)* sqrt((xl - a)~2 + (y1 - b)"2))
}
return(K)
}

Second segment code

I <- function(a,b)
{
if(a”2 + b~2 >= 1)
{
return(0)

}

else

{
return(1l/pi*integrate(Traffic(a,b),lower=0, upper=pi)$value)
}
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Third segment code

n <- 500
x <- seq(-1,1,1/n)
y<—X

T <- matrix(0,2*n+1,2%n+1)
for(i in 1:(2*n+1))
{

T[,i] <- sapply(x, b=y[il, I)

persp3d(x,y,T,col="blue")
persp3D(x,y,T)

Fourth segment code

T <- T/max(T)
L <- seq(0,1,1/n)
TA <- sum(T > 0) #Amount of points inside the disk
NP <- sum(T==0) #Amount of points outside the disk
PA <- rep(0,n+1)
#To collect the proportion of area that has less or equal
#than certain level of traffic.
for(j in 1:(n+1))
{
PA[j] <- sum(T <= L[j]) - NP

PT <- rep(0,n+1)
TF <- sum(T) #Total traffic flow
#To collect the proportion of traffic flow given by a region
#with traffic less or equal than certain level of traffic.
for(j in 1:(n+1))
{

PT[j] <- sum((T <= L[j1)*T)

plot (PA/TA,PT/TF,type="1",1wd=2,col="blue",
xlab="Proportion of the Network",
ylab="Proportion of Total traffic, T",

main="Traffic per mile distribution on the Poissonian city")

Fifth segment code
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Z <- outer(x,y,function(x,y) x"2 + y~2 - 1)

Z1 <- (L[199] <= T & T <= L[203]) #407% Level set

Z2 <- (L[399] <= T & T <= L[403]) #80% Level set

contour(x,y,Z,levels=0, xlab="x - coordinate",
ylab="y - coordinate", asp=1)

#Plot unit disk

title("Level sets for the mean asymptotic traffic

in the Poissonian city")

par (new=TRUE)#To keep plot on the same window

contour(x,y,Z1,levels=1, asp=1)

#Plot of level sets around 40%

par (new=TRUE) #To keep plot on the same window

contour(x,y,Z2,levels=1, asp=1)

#Plot of level sets around 80%

Sixth segment code

x <- seq(0,pi,0.0005)
y <- seq(0,1,0.00005)
0 <- rep(1, length(y))
o <- rep(0, length(y))

F1 <- function(r)

{
f1 <- function(x)
{
return((1 - (r*sin(x))~2)"(1/2))
}
return(f1)
}

I1 <- function(r)
{

return(integrate(F1(r),lower=0, upper=pi)$value)

intivec <- function(t)
{
return(sapply(t,I1))

F2 <- function(a)
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f2 <- function(r)
{
return(4*r*(1 - r~2)*I1(r))
}
return(£f2)

I2 <- function(a)
{

return(integrate(F2(a),lower=0, upper=a)$value)

int2vec <- function(s)
{
return(sapply(s,I2))

g <- function(x)
{
return(l - int2vec(x)/int2vec(0))

plot(y,g(sqrt(1-y)) ,type="1",1wd=2,col="blue",
xlab="Proportion of the Network",
ylab="Proportion of Total traffic, T",

main="Traffic per mile distribution on the Poissonian city")

112



Appendix B

R code segments for the ellipse

First segment code

Traffic <- function(a,b)

{
K <- function(t)
{
c <- 0.75
A <- c™4 + (tan(t))"2
D <- b - axtan(t)
x1 <- -D/Axtan(t) - c/A*(A-(c*D)~2)~(1/2)
x2 <- -D/Axtan(t) + c/A*(A-(c*D)"~2)~(1/2)
yl <- tan(t)*(x1 - a) + b
y2 <- tan(t)*(x2 - a) + b
return(sqrt((x1 - x2)°2 + (y1 - y2)°2) *
sqrt((a - x2)72 + (b - y2)~2)* sqrt((xl - a)~2 + (y1 - b)"2))
}
return(K)
}

Second segment code

I <- function(a,b)
{
c <- 0.75
if((c*a)~2 + (b/c)~2 >= 1)
{
return(0)

}

else

{
return(1l/pi*integrate(Traffic(a,b),lower=0, upper=pi)$value)
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Third segment code

c <- 0.75
n <- 500
x <- seq(-1,1,1/n)
y <- X/C
x <- x/c

T <- matrix(0,2*n+1,2%n+1)
for(i in 1:(2#*n+1))
{

T[,i] <- sapply(x, b=y[i], I)

persp3d(x,y,T,col="blue")
persp3D(x,y,T)

Fourth segment code

c <- 0.75

Z <- outer(x,y,function(x,y) (c*x)~2 + (y/c)~2 - 1)

Z1 <- (L[199] <= T & T <= L[203]) #40% Level set

Z2 <- (L[399] <= T & T <= L[403]) #80% Level set

contour(x,y,Z,levels=0, xlab="x - coordinate",
ylab="y - coordinate", asp=1)

#Plot unit disk

title("Level sets for the mean asymptotic traffic

in an elliptic Poissonian city")

par (new=TRUE) #To keep plot on the same window

contour (x,y,Z1,levels=1,asp=1)

#Plot of level sets around 40%

par (new=TRUE)#To keep plot on the same window

contour(x,y,Z2,levels=1, asp=1)

#Plot of level sets around 80%
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