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Introduction.

Many branches of sciences need to study and recognize geometrical object. In
medical imaging, for example, you have to figure out the shape of an organ or
a tumour (a three-dimensional object) with image of sections (two-dimensional
view). The geometrical objects studied, can have various shapes and are often
non-regular. There are many method to study them. For example a triangle can
be uniquely recognize by the coordinate of its vertices. The first problem is that
this method can be applied only on polygons. The second problem is more im-
portant : in this method we do not considerer the set independently from its place
in the space. Yet, two triangles which differ from a translation have the same ge-
ometrical properties. We want a method who describe these properties.

This report deals with recognition of sets with an approach of stochastic ge-
ometry. The aim of our study is to discover some tools of stochastic geometry
and conjectures linked to these tools. We restrain our study on compact convex
sets in the Euclidean space R". A set Z is said convex when for all X and Y in &,
the segment [X, Y] = {tX + (1 — )Y/t € [0,1]} is included in 2.

In the first part, we study a problem of probability theory not linked to stochas-
tic geometry : the distribution of the maximum of random variables. In the sec-
ond section, we deal with the covariogram of a set and the Mathéron ’s conjecture
about recognition. In the third section we study the chord-length distribution of
a set and show how it can characterize some class of sets. In the fourth section,
we see the distance between two random points uniformly and independently
distributed in a set. These three last notions are linked but we don’t study the
links between them.



1 Maximum of independent exponential random vari-
ables.

By IN* we denote the set of naturals, without 0. An interval of integers is denoted
by double-brackets: [...].

Let #1,...,1» be n independent random variables with exponential distribu-
tion £(A;) for i in [1, n]. We want to study

& = max 7,
1§i§n17

1.1 Distribution and Expectation.

The first characterization of a random variable is its distribution function. Let
F,(t) be the distribution function of &,.

Proposition 1 (Explicit form of the distribution function of ¢,)

n
Fo(t) =]](1—e )59, t€R, neN*
i=1

14(t) denote the indicator function of a set A, thatis 14(t) equalsto 1ift € A
and 0if t € A.

Proof: Forall n € N* and t € IR, we have

gn <'t)
m<tn...Nnng, <t)

= | |P(y; <t) (byindependence)

=TT —e )0

n

H(1—e*Aff):i(_1)k Y etherh

i=1 k=0 EC[1,n],|E|=k



l—eM)y=1+) (-1 Y ettt neN5t>0 . (%)
i=1 k=1 EC[1,n],|E|=k

—1=

The sum Z is a sum for all subsets of [1, n] with k elements. It means
EC[1,n],|E|=k

n
[Ta-e?)y=1-Y e ™ip Y e tth) g (—1)retEah,

i=1 i=1 1<i<j<n

Now, we are able to calculate the mathematical expectation of ¢;,.

Proposition 2 (Explicit form of E|[,])

E]=Y (D" Y — 1 peN

k=1 EC[1,4],|E|=k LiceM

Proof : For all n € IN*, we have
00
Bled = [ (- F(0)as
+o0 n
= / ( —H(l —ei)\it)>dt
0 i=1

1
+oo 1
_/O Z (_1)k Z e tXice Mgy

EC[1,n],|E|=k
i k-l-l Z /+oo e thice Mgy
k=1 Ec[1,n],|E|=k ’©
_ i et 1
k=1 EC[1,n],|E|=k LiceM
0
In another way, we have
"1 1 1 1
Eg] =Y~ ) + Y ()"
i M <igenMTA ik M T A T A im1 M

1.2 The particular case of i.i.d random variables.

Now, we assume that the random variables (7;);cn+ are i.i.d with distribution
E(A). In this particular case, the mathematical expectation can be greatly simpli-
fied. For each k, there are () subsets of [1, n] with k elements. So we have

Bl =5 3 (3) 0

k=1
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This sum is the partial sum of the harmonic series.

Proposition 3 (Explicit form of E[,] for i.i.d random variables)

1 *
én—AZ; ,VHGN

We prove the proposition 3 by two ways : one, classical, with mathematical
induction and one, more astute, with an auxiliary function.

1.2.1 Proof by mathematical induction.

Let P, the predicate define for n € IN* :
E[gn] = —Hn

"1
where H,, = Z A
i=1

Basis step. For n = 1, the result is obvious.

Inductive step. We assume that P, is true and we want to prove P,,;. We have

1 1
Cn—H __Z( ) kE

SR (e

R OB ()

k=1
1 & n k 1
—E[Cn]Jer;) (k)(—l) 1
By hypothesis, E[{,] = %Hn Since (}) i = (Zﬁ)n}rl, we have
LC n k 1 . L n+1 k 1
g)(k)(_l) k+1 _k; (k+1>(_1) n+1
—1 " mt1 :
_ _1)
n+1 Zl( i >( )
_ —1 __1\n+1
= ~Lja-y o
1
n+1



1 n+1 1
Hence E[, 1] = Z 7 and P41 is true.

1.2.2 The second proof.

The aim of this proof is to find an auxiliary function whom derivative or primitive
integral is linked to the sum we want to calculate.

. (1—x)"—1 X .
We introduce g, (x) = e and Gu(x) = /0 ¢n(t)dt. The domain

of g, can be extended by continuity in zero and we have

)= £ (D)0t ama 6o~ 5 (D)

k=1

With those notations, we have

E[gn] = _Gn( )

As we know how to factorize a” — b", we have

1—-x) -1
o) = L0y gy
k=0
n—1
=-Y 1-x*
k=0
and . .
1—t)fdt = —
o 0=
So we have
n—1 1
Gl)=-) ——
i k+1
_ oy
k=1 k
This is exactly what we wan to prove
141 .
E[gn]:X27, n €N

1.3 The Laplace transform of the maximum.

An other interesting characterization of ¢, is its Laplace transform.



Definition 1 For a non negative random variable 7, we define its Laplace trans-
form by
£;7 5 IR_|_ — ]R.|_
s+ E[e ]

If 77 has a density function f;;, we have

+o0
Ly(s) = /0 et (Hdt, seRy

In the case of ¢,, we have the following result :

Proposition 4 (Explicit form of L))

Lo(s)=1+s) (<D ¥ !

— — , seRy, neN*
k=1 Ec[n],|E|=k ° tLieeM

Proof : Foralln € N* and s € R, we have
—+o0
Lo (s) = / e fe (Pt
0
+o00
= [ (B (1) — D] —|—s/0 e~5(1 — Fz ())dt

Using (x), we obtain

Eén (S) —1_ S/OJFOO (E—ts i (_1)k 2 e tXiek ?\l) dr

k=1 EC[L,n]|E|=k
Zn: ( )k+1 1
—1+s) (-1 S
k=1 EcpunEl=k 5 T Xice M
U
In another way, we have
n 1 1 1
Lz (s) =1+s — — ()T =
g"() (Z._le-f-/\i 1<i<zj<nS+Ai+Aj (=1) S+ YA

In the particular case of i.i.d random variables, we have

Eé}fﬂ(S)—l—Sk:Z:l(k>(—1)m, S€R+,n€IN.



2 Covariogram.

2.1 Definition.

Let V;, be the n-dimensional Lebesgue measure in R". A body is a compact convex
set in R"” with inner points.

Definition 2 The covariogram of a body ¥ is the function :

C@Z IRn—>IR+
X =Vy(2n(2+X)) ,

where (2 + X) is the translation of 2 by vector X.

The covariogram of a body ¥ is invariant by translations and reflections. G.
Mathéron conjectured in 1986 that the covariogram of a convex body determines
this body among all convex bodies (up to translations and reflections). It had
been proved that for n > 4 this conjecture is false and for n = 2 it is true. For
n = 3, it is still an open problem.

The covariogram could be defined for other set than bodies, but as all sets
without inner points have a covariogram identically zero, we should restrain our
study to body so as to avoid non-interesting counter-examples of Mathéron con-
jecture.

This is a first elementary result about covariogram.

Proposition 5
For any body 2, C4(0) is equal to V,,(2), the volume of 2.

Each vector X in R" can be described by its polar coordinates X = (r,w)
where r > 0 and w € 5”1, the n-dimensional unit sphere with centre the origin,
seen a the space of direction in R"”. So we use to study the covariogram as a
function of two variables : Cy (7, w).

2.2 Calculation of the covariogram for a planar disc.

A disc is one of the most simple body to calculate its covariogram because of its
symmetry. Obviously, the covariogram of a disc does not depend on the coordi-
nate ¢ € S!, where (7, ¢) are the planar polar coordinates of the vector X € R
That is why we forget the variable ¢ for discs.



Theorem 6 (Explicit form for the covariogram of a disc.)
The covariogram of the disc Z(R), with radius R is

_ [ 2R%arccos(5%) — 5V4RZ—12 if 0<r<2R
C-@(r)_{o if r>2R

Proof : Let 2 be the disc whom centre is O, the origin, and with radius R. Obviously,
for any r > 2R, C4(r) = 0. We can assume that 0 < r < 2R. Cgy(r) is the area of the
intersection, so it is two times the area of the doted domain in Figure 1.

Figure 1: Intersection of two discs.
The triangle OAQ' is isosceles, so
_—co ="
OC=CO" = 5
The triangle OAC is right in C, so

r
6 = arccos(ﬁ).

The area of the circular sector of centre O delimited by A and B is
A; = 0R?.

The area of the triangle OAB is

1
A =23 %Rsinf).
Hence the doted area is

A =0R>— %sin@.

O

The symmetries of discs make also easier to study the Mathéron conjecture for
the class of discs.
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Proposition 7
Covariogram characterizes discs in R? amongst of all bodies in the plane.

Proof: Let 2’ be a body with the same covariogram as the disc Z of centre O and radius
R. We want to prove that ' and & are equal, up to translations.

Let X and Y be two points distinct in . There is an & > 0 so that B(X,¢) C 2’ and
B(Y,e) C Z'. Let il and ii, the unit direction vectors of the Cartesian frame.

X=Y+(X-Y) so Xe€eZ2'N(Z2 +(X-Y))

X+eily =Yeiy +(X—Y) so X+eire 2 N(2'+(X-Y))
Xeily = Yeil, + (X —Y) so X+ei,€ 2'N(Z'+(X-Y))
As 2N (2" + (X —Y)) is convex and contains a triangle, its area is not zero. So
Cy(X—Y) # 0. Hence | X — Y| < 2R. 2’ is contains in a disc of radius R. Up to a
translations, we can assume that 2’ is contains in the disc 2.

Let X be a pointof 7\ 2'. As ¥\ 2’ is an open set, there is an ¢ > 0 so that B(X,¢) C
(2\ 2'). Using the convexity of ', no point in the area in red can be in 2’ (Cf Figure 2).

b

Figure 2:
Hence 2' N (2’ + (2R —9) ﬁ) = @ and this is in contradiction with the covariogram
of 2'. So every point of Z isin 7'. O

In Figure 3 , we can see the graph of the covariogram for a disc with radius
R=1.

11
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Figure 3: Covariogram for a disc with radius R = 1.

2.3 Links with probability.

The definition of the covariogram is purely geometric. Yet, it is linked to stochas-
tic problems. Let Z be a body in R”. The covariogram of & can be expressed in
terms of integral. For all X in R", we have :

Co(X) = [ 1o (Mg ix(V)dY
— /]R 15(Y) Lo (Y — X)dY

Now, let 71 and 7, be two independent random variables uniformly distributed
in . They have the same density function

f’? = Vnzg)]lg

Using the two following propositions 8 and 9, we can make a link between Cy
and the random variable #7; — 75.

12



Proposition 8
Let 77 be a random variable with a density function f;(¢). Then —7 is also a ran-
dom variable with a density function f_,(f) and we have the relation

foulh) = f(~t), teR

Proof : For all t in IR, we have :

Foy(t) =P(=n < t)
=P > )
=1-F,(~t—0)

where F,(—t —0) = limt E,(x).
X——

x<—t

When the density exists, the distribution function is continuous so F;(—t —0) =
F,;(—t). The density function is the derivative of the distribution function. Hence, we
have the result. O

Proposition 9 (Sum of random variables)
If 71 and 7, are two independent random variable with density, then 7, + 75 is
a random variable with density and its density is the convolution of 77; and 75 s

densities.
f’71+’72 = f771 *f772

Proposition 10
Let 2 be a body, 1 and 7, two independent random variables uniformly dis
tributed in &. Then the density of the random vector #; — 12 is

f7’]1_772(X) = sz@)

n

C@(X) , VX eR"

The calculation of a covariogram is equivalent to the calculation a density of a
random variable. We can reformulate the Mathéron conjecture in terms of prob-
ability : “does the density function of the random vector between two random points
dropped uniformly in a body 9, characterize its body amongst all bodies, up to transla-
tions and reflections ?”

13



3 Chord-length distribution.

3.1 Invariant measures.

Let (X, A) be a measurable space. A measure y, on (X, .A) is a function

p:A— [0, 4o0]
+o00 +o00
so that : #(®) = 0 and which is g-additive i.e u(| J A;) = ) u(A;) for all
i=1 i=1

(A;)ien+ pairwise disjoint sets in A.

The condition y# (@) = 0 avoid the measure identically equal to +oco. For any
measure, if it exists a measurable set so that y(A) < +oo, the o-additivity induce
n(@) =0.

For a measurable set as (R”, B(R")), there are many measures but only few
have the properties that make them interesting in geometrical problems.

Definition 3 (Invariance)
Let H be a group which acts on X to the left. u is said left-invariant with respect
to H, if we have

uh-A)=u(A), VheH VAcA.

A similar definition could be given for right-invariance. If y is both left-
invariant and right-invariant, we say that y is invariant.

Definition 4 (Locally finite)
1, ameasure on (R", B(R")), is locally finite if for any compact K, u(K) < +o0.

Let T, be the group of translations of R". As T, can be identified to R" , the
action of t € Ty, on x € R" can be noted t + x. The following theorem is a very
strong result about the measures on (R", B(R")).

Theorem 11
Let i be a measure on (R", B(IR")), locally finite and invariant with respect to T.

Then, dc >0, u=cV,.

In a certain wayj, it is a theorem of uniqueness. For a given scale, there is one
and only one locally finite invariant measure. The scale is given by u([0,1]") =
c. It is the same matter as conversion from international system of measure to
imperial system.

14



3.2 Lines in the plane.

Let G be the set of all lines of IR? (Gerade means line in German). For more results
about G, see [8]. There are many way to parametrize a line in the plane. We use
polar coordinates. Each ¢ € G can be described by its distance from the origin
and the angle that the perpendicular direction to ¢ makes with a fixed direction
(see Figure 4) :

g=(p,¢), withpeR;,andgcS'.

geG

Figure 4:

We can note that topologically speaking, G is not equivalent to the cylinder
S! x R because the lines (0,0) and (0, 7r) are the same. G is a topological space
homeomorphic to a Mobius strip. We note B(G) its Borel o-algebra. The group
T> acts on G but not as translations.

Proposition 12 (Action of T, on G)
Forallt € Ty and g = (p, ¢) € G, we have::

t.g = (p+ ||t]| cos(f, ¢), )

where (T,\q)) is the angle between the directions of ¢ and the perpendicular direc-
tion to g.

We have a similar result as with (R", B(IR")), but less strong.

15



Theorem 13
Let 1 be a measure on (G, B(G)), locally finite and invariant with respect to T».

Then
du = dp m(de)

where dp is the 1-dimensional Lebesgue measure and m is a measure on S'.

There is a an infinity of measures on S 1 all the 4, (Dirac measure on ¢g € S D)
for example. If we want an uniqueness result, we need to ask a more constraign-
ing invariance. Let 91, be the group of rigid motions in the plane. It is the group
of translations and rotations.

Theorem 14
Let 1 be a measure on (G, B(G)), locally finite and invariant with respect to 91,.
Then

dy =cdpde

where dg is the uniform measure on S! and ¢ > 0.

From now, we note dg = dp d¢. It is called the density for a set of lines. A
line in G can be determined by others coordinates than p and ¢. In those cases,
the form of dg can be obtained by changes of coordinates.

Let Ox and Oy two axes inclined with angle C (C # 0 mod 7). The set of
lines parallel to (Ox) or (Oy) is a negligible set :

n({ge€G/g ) (Ox) or g/ (Oy)})=0

Then we can study the parametrization with the coordinates (x,y) of intersec-
tions between ¢ € G and the axes and the corresponding expression of the den-
sity dg.

Proposition 15
If lines ¢ € G (non-parallel to any axes) are parametrized by their intersections
with the axes, then the density of lines is :

xy sin?(C)

dg = = dxdy ,

where ¢ is the length of the chord between the two axes.

Proof : We introduce f : (x,y) — (p, ), and Jf its Jacobian. A result of integral calculus
give us:
dp dg = [det(Jf)|dx dy

16



Figure 5: Change of coordinates.

We have the following relations :

p=xcos(¢) =ycos(C—¢) and o= \/x2 + y? — 2xy cos(C)
The area of the big triangle is :

1. 1
>y sin(C) = 50

Hence, we have

_ xysin(C) B P
p=—" and ¢ = arccos(x)
dop ¢
Jf(xy) = ( ) )
ay  dy
9P _ y* — xy cos(C)
We have : Fo ysin(C) 3
o . x? — xy cos(C)
y xsm(C)T
dp _ysin(C) -1
ox o3 2 — 2
0 -1 adp

After a little calculus, we find the result announced.

17



3.3 Intersection of a line with a body in the plane.

Let 2 be a body in the plane. We note [Z] the subset of G of lines which intersect
9
(2] ={8§ €G/gNZ #0}

A classical result (see [1]) state that the measure of [Z] is equal to the length of
09, the boundary of Z:
L= [ d
(2] §

So as to understand this result, let’s play a little game. K; and Kj; are two
convex bonded bodies so that K; contains K. You don’t know where is K, and
you have to draw a chord of K; which cut K;. What is the probability of your
success?

K

Figure 6: Intersection of K;’s chord with K.

According to the previous result, the probability that a random chord of K;
L

intersects Kj, is equal to L—Z, where L1 and L, are the perimeters of K; and K3
1

respectively. It is interesting to see that the probability is independent of the

bodies” areas.

Aline g € [Z] produce a chord x(g) of length |x(g)]-

Definition 5 (Chord-length distribution.)
The chord-length distribution of a convex body ¥ is the function :

Fyp: R — [O,l]

X — l/ dg
L Jige(21/1x(g)|<x}

This function is continuous (proved in 1965 by Sulanke) and there is no counter-
example of non absolutely continuous chord-length distributions. So we usually
consider that a density function exists.

18




The explicit form of chord-length distribution is known for only few class of
convex bodies : ellipses, triangles ([5]), parallelograms ([6]) and regular polygons

(7D

Mallows and Clark have proved in 1970 that the chord-length distribution
doesn’t characterize a convex body (up to rigid motion) by exhibiting two non-
congruent convex polygons with the same chord-length distribution. Yet, for
some class of polygon, there is a one-to-one correspondence between the poly-
gon and its chord-length distribution.

It is obvious that there is less informations in the chord-length distribution,
which is a function of R, than in the covariogram, which is a function of R2.
That is why we cannot recognize all bodies by their chord-length distribution. If
we want more informations, we should study oriented chord-length distribution.
The idea is to study the chord-length for lines with a fixed direction ¢ € S!, for
example, for lines parallel to (Ox) only. The chord-length distribution is a kind
of mean value of oriented chord-length distributions, over all the directions. A
mean value is always with less informations. The link between oriented chord-
length distributions and covariogram are discussed in [4].

3.4 Recognition of a triangle by its chord-length distribution.

A triangle can be recognize among the class of triangles, by studying the mo-
ments of its chord-length distribution (see [2]). For all convex bodies, the first and
the third moments are well known. If o denotes the length of a random chord to
the body, we have :

2
E[a]:”{ and E[0?] = 35 ,

where L is the perimeter and F the area of the body. If we dropped a sample of
lines (g1, ..., gn) in abody, we obtain a sample of chord-length (c7, ..., 0, ). Using
the strong law of large numbers, we can approximate the first moments :

<5k

Then it is possible to approximate the perimeter and the area. Unfortunately, a
body is not characterize by its perimeter and area only. For example, the rhombus
of diagonals” lengths D = 2 and d = 1, and the rectangle with sides’s lengths

1 n
—Z and E[o

3
SIH

1 -1
L= \/§2+ and ¢ = \/52 have the same perimeters and the same areas (see
Figure 7).

A triangle is characterized by its sides’s lengths only. We need another data
than perimeter and area for deducing the three lengths. We could use the fact that
the longest chord is a side, and so it is the supremum of the chord-length density
support. We develop here an other way, based an the fifth moment.

19



A=1

P =447

Figure 7: Two different polygons with the same perimeters and areas.

Figure 8: Triangle A.

For a triangle, the fifth moment is easy to calculate. Let A be a triangle with
side a, b and c:

Proposition 16
The fifth moment of the chord-length for A is given by the following formula :
5F2T
51
E[o’] = oL

where T = a? + b% + ¢2.

Proof : First we consider chords across a pair of line segments. Suppose two line seg-
ments along two axes inclined at angle C and that segments range over a; > x > a; and
b1 > y > by, as in figure 9.

The (unnormalised) odd moments of ¢ are :

a b
hpyz = /02”+3dG = sin’ C/ 2/ ’ [x? + y* — 2xy cos C]"xydxdy
a b]
Now, for the chords across the sides a and b of A, we have :

a rb
I5qp = sin®y / / [x? 4+ y* — 2xy cos ] xydxdy
0 Jo

432 274 313
:sinz'y[a b +2 b —2f b cos 7y]
8 8 9

20



a2

Figure 9:

Using Al-Kashi ’s formula, we can simplify the sin and the cos :
Lo 4020? — (2 + b* — )?
5,ab — 788

Using Heron'’s formula, we obtain the result :

[a® + b* + 8% ;

Is op = F—z[az + b? + 8%
A 18

The set of chords across A is the disjoint union of the sets of chords across each pairs
of sides. So the fifth unnormalised moment of ¢ for A is the sum of each moments for
pairs of sides. Normalising, we obtain the result announced. O

We remind the Heron’s formula:

Proposition 17 (Heron’s formula)
For a trianle of sides 4, b and ¢, we have :

16F% = L(L — 2a)(L — 2b)(L — 2c)

where L is the perimeter and F the area.

The sides of A are the roots of the cubic polynomial equation
(X—a)(X—=b)(X—c)=X>—AX*+BX-C=0,
with
A=a+b+c, B=—(ab+ac+bc) and C =abc.
These coefficients can be expressed with the moments. We note u = E[c],

45 = E[o°] and is = E[o].

2 2,2 6,3 2
27 2
A:n_];?)/ B:ny3_£ and :ny36_97-(]/;5__]/[3
3u 18u*  10us3 216u 20u 3

21



If we have the chord-length distribution of a triangle, then we can calculate
its moments, the coefficients A, B and C, and resolve the polynomial equation.
Hence, a triangle is completely determined by its chord-length distribution.

3.4.1 Example of the regular triangle.

Let’s see an application of this method with the case of a regular triangle. In [5],
we can find the following result.

Proposition 18 (Chord-length distribution for a regular triangle.)
For a regular triangle of sides a, we have :
0 if t<0
b ) GATDI if 0<t< 2y
alt) = %aresin(%)—é@%—}—ﬁ%—@ if %Stga
1 if t>a
(see Figure 10)
15
0.9 4
0.8
0.7
0.6
0.5
0.4 o
0.3 o
0.2
0.1
0-0.2 0 02 04 06 08 i 12 14

Figure 10: Chord-length distribution for a regular triangle with side 2 = 1.
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With a software of numerical calculus, we obtain the moments and the con-
stants (see appendix A.1). The roots of the polynomial equation are :

x1 = 0.9647609, xp = 1.0175865+0.0293943i and x3 = 1.0175865 — 0.0293943i

This result is very near of what we were waiting for (which is x; = xp =
x3 = 1). We could make the error decrease by changing the method of numerical
integration, for the moments, or changing the resolution of the cubic equation.
Yet, it seems impossible to find the exact sides’ length.
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4 Distance between two random points.

For &7 and &, two points in R", we note p(#1, %) the distance between them.

If 221 and £, have the coordinates (xl.(l))lgign and (xfz))lgign respectively, we
have the formula :

o( Py, Py) = \/ Y (D — P2
i=1

Let Z be abody in R" and & and %%, two random points uniformly dropped
in 2. In this case p(%, ;) is a random variable. The goal of this section is to
study its distribution, i.e the function

1

- ddZ
V2(9) [{(%,%)e%/;a(%,%)ix} S

Fo(x) = P(p(21, 72) < x) =
We focus our study in rectangular bodies : [a1,b1] X ... X [a,, by] C R".

4.1 Some preliminary results.

Let’s begin with some little results of probability that we need to study the density
of distances.

Proposition 19 (Square of a random variable)
If 7 is a random variable with density function f,, then #? is a positive random
variable with density function f,> and we have :

(o if +<0
fip(t) = S (B (VD + f(=VD) i £>0

Proof: For all t in IR, we have:

F772<t> = ]13(172 <t)

[0 if +<0
Tl P(—VESy <Vt if t>0
_J0 if +<0
F,(Vt) = F,(—Vt) if t>0
By differentiation, we obtain the result. ]
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Proposition 20 (Square root of a positive random variable)
If 17 is a positive random variable with density function f;, then /77 is a positive
random variable with density function f 5 and we have :

{0 if t<0

fyalt) = 2tf,(£2) if t>0

Proof: For all f in IR, we have :

Fyy(t) =P(y < 1)

[0 if t<0
TP <) if t>0

_Jo if +<0
T F(#) if t>0

By differentiation, we obtain the result. ]

4.2 A rectangle in the plane.

Let Z be a rectangle of length L and width ¢ (I < L). As the distribution of
distance is invariant with respect to rigid motions, we assume that

(x,y) € Z< (x€[0,L] and y€][0,/])

If 2, = (X1,Y1) is uniformly distributed in %, then X; and Y; are indepen-
dently uniformly distributed in [0, L] and [0, ] respectively. As & and &, are
independent, then X, X5, Y7 and Y; are independent.

We can see a way to calculate the distribution of p:

e calculate the density of X; — X5 ;

calculate the density of (X; — X3)?;

do the same for Y;

calculate the density of p?> = (X1 — X»)2 + (Y1 — Y2)?%;

calculate the density of p.
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This method is very general and could be applied in R". The thinks that make
the calculus possible (in theory) is the independence between the the coordinates
of each point in a rectangular. If we want to study the distribution of distance in
the disc with raduis R and centre O, the Cartesian coordinates would not be well
adapted because there is a relation of dependence between x and y :

x2+y2§R2

Theorem 21
The density of the distance in a rectangle in the plane, with length L and width /,

is given by the formula :

(3t —2(L+£)t + L] if 0<t</
Z2LVE — 2 2Lt
+2L¢arcsin(£) — ¢2] if (<t<L

t) =
fol®) Z2LVE — 2+ 2012 — 12
+2L¢arcsin(L) 4 2Ll arcsin(%)
—L?— 02— 2 — tL{] if L<t<VI2+412

L 0 otherwise

where F = L/ is the area of the rectangle.

(see Figure 11)

Figure 11: The density for a rectangle with L =2 and ¢ = 1.

. 1 1
Proof: Fori=1,2, fx,(t) = ZH[O,L](” and fy,(t) = z]l[o,g](t).
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Using propositions 8 and 9, for all ¢ in R we have

1
fx-x,(t) = 12 /RII[O,L](S)]I[O,L](S —t)ds

] o if |t >L
- Lt otherwise

(see Figure 12)

Figure 12: The density of X; — X5, for L = 1.

We denote 7x = X7 — Xy and 17y = Y7 — Y>. From proposition 19, we have

CVE G g<t<?

L—vt < 2
lf O_tSL and f;ﬁ/(t):{ gz\/f

fia(t) = { Vi

0 otherwise 0 otherwise

(see Figure 13)

B o1 ols o2 oz o5 ok 0s 0% 05 o oo obs o7 o055 os 085 03 0bs

Figure 13: The density of (X; — X3)?, for L = 1.

As pz = 17% + 77%, we have prz(t) = /]Rf,hZ( (S)fyl%(t - S)dS :
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( tL—\/§€—\/t—sds
0 L2\/s 2\/t—s

t _ A\t —
fr(t) = / LoVslovt=sgo g P <t<I1?
t—ez L2\/s 12\t —s

/L2 L—ﬁé—mds
iz L2\/s 02/t —s

if 0<t</?

if L2<t<(?+12

All integrals are elementary, except it :
/b ds /b 2 du
a +/s\Vt—s Jat

t t
2 §+u z—l/l

B Z/bﬁ du
= t a—% /1 _ (%)2
ds

21 /1—¢2
. 2
= [arcsin(s)] %_1
We notice that : 5
2
2 arcsin( ﬁ) = arcsin(% —-1)+ 72T
Using the proposition 20 we find the result. O

The study of the density can reveal geometric properties of the body. For
example, it is interesting to see that the density of distance in a rectangle is con-
tinuous, derivable and that the derivative function is also continuous (except at
the boundary of the support). For a triangle, the derivative is discontinuous on
sides’ length.

In the particuliar case of a square, we have the following result.

Proposition 22
The density of the distance in a square, with length /, is given by the formula :

2L (12 — 40t + 7] if 0<t</¢
for(t) = { 2540V — 2 + 4% arcsin($) — 202 — 12 — 2] if <t < V22
0 otherwise

where F = (2 is the area of the square.
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4.3 A cube in the space.

If the calculus for the rectangular in the plane were not to difficult, it becomes
more complicated in higher dimensions. Whereas calculating the density for any
parallelepiped, we restrain ourself to the case of the cube. We note p; the distance
between two random points in a line of length ¢, p, the distance between two
random points in a square of side’s length ¢ and p3 the distance between two
random points in a cube of side’s length .

Using the same method as in the last part, we have

fos(8) = fip % frp * fz (8) ViR

As we work on a cube, 17x, 7x and 5x are i.i.d. Using the associativity of the
convolution, we have

fos(t) = fo2 *fp%(t) , VteR
Three intervals appear: 0 < t < (2, (2 <t<2/?> and 2/? <t <3/

If0 < t < /2, then we have

fia(t) = 2—6/; (s —4tv5+m2) (% - 1) ds

1 [t/ s 40+/s l? > 8 5
= — — ds — — + 0tVt — l?t
06 {/o (\/t—s \/t—s+\/t—s> *T273 vior ]

For 0 < t < /2, we have

2
fa(t) = 2—6 {—% + 408\t — 30%t + 2n£3\/2]

If /2 < t < 2/?, we must separate the integral in two, because the expression
of f,, change in £2. We have

fa () gé/t , o2 (8) 5)d5+%/€:fp§(5)fp§(t—5)d5

We denote by I1(t) and I () the two integrals.
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L(t) = /tiz (s — 405+ nez) (\/%_S - 1) ds

4 ls 40./s f? - (t—0%2 8
= - ds— ———— 4+ 20 (£ — (t—7)>?
t—12 <\/t—s \/t—s+\/t—s) ’ + ( ( ) )

— Tl (0% — £0%)

O — Vt—s e 2 du
— du — 402 | \/sv/f—s — tarct 63/ an
Py u [\/E s — tarctan ( NG )] » +7T Py

M (t— 22
R S

8 (3 e 232\ 2002 42
35(5 (t— £2) ) 02 (02 — t?)

= %tz —20(t — 0232 21\t — 2 4 t02(1 — 71) — 2703/t — (2

Jr_ /2
+8€2tarctan< tg ¢ ) + 204
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L(t) = /g: (4€m—s+4£2arcsin( ) —ez(n+2)> (wfj — 1) ds

Sl

2

J. (zwzme Y S <§> 53(“2))(15
P Y R N - R ET

—§€(t—€2)3/2+ﬂ—462/tarcs1n — ) ds+ 2(r+2)(t — £2)
3 2 Vs

= 402(t — (?) [arctan( ; _£2>] —E/t ¢ t—u

t—£2
408 <7r£ ravE— 02— m/E) ~C(nt2) | % - gz(t 232

2 2 2 - ¢\ 2 2 2
—1—5—5—46 {E s—4{ —I—sarcsm(%)] + (4 2)t — 05 (r+2)¢

We notice that

e _ /2
arcsin<£>:§—arctan( 5 6),€2§S§t.

NG ¢
So we have
2
L(#) :%—ze( PP o E— 24 (27— 8)PVE— 4 t2(7t 1 2) — AV
Vi— 12
+€4(3n—g)+4£2tarctan< t£ : )
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For /2 < t < 202, we have

falt) = 61_6 {tz 80— 2 — 43T~ 2+ 30% — At + (3 — %)

Jt— 2
+12€2tarctan< tg 2 )]
For 2/%2 < t < 3/2, we have
1 2¢ s ) ¢
fpé(t) = %/tgz <4€\/t—€2—s+4€ arcsin <%> —/ (7T+2)) (m —1) ds

As is is the same kernel as in I, we give the result without more calculus.

fpg(t) = 61_6 {—%ﬂ — t02 (T — 3) + 40t/ t — 202 4 3 (27 + 6)\/ t — 202

13 /
— P2+ ) 402 (t — 2 arcsin< )
Grtg)art= o) Vi-

Ny 202 arcsin (-
—802(t — £?) arctan (t—%> +4€3/ Mds]
l -2 \/t—s

The explicit expression of the integral

arcsin(%)
Vt—s

is difficult to simplify. But we know from [9] that the result is

ds ,

For 2/%2 < t < 3/%2, we have

fa(t) = % {—1# + A0\t — 202 + 403\t — 202 4 3(T — 1) 0%t — 403/t

2
NZ —2£2>

+04(3m — ;) — 12/%(t + £?) arctan ( 7

JF_2/2
+1203/t arctan (%)]
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4.4 Numerical approximations for cubes and hypercubes.

In [9] and [10], Johan Philip give the result for a box, a cube and an hypercube
in four dimensions. It is interesting to notice that Philip use the same method to
make his calculus. In the case of four dimensions, he faces integrals which cannot
be expressed with usual function.

In this part, we compare the theoretical results obtained by Philip with nu-
merical results. The idea is to implement a function convolution(f,g,t) where
f and g are two functions and t a float, which calculate an approximation of

fret) = [ Fg(t=s)ds

We define a function eta_sq, the density of 72 for a unit segment and sqare_sq
the density of the square of the distance for a unit square. This is not a matter
as we obtained explicit expressions. We calculate the functions app_cube_sq and
app_hypercube_sq, which are approximations of the densities of p? for a unit cube
and hypercube. You can see the functions in appendix A.2.

Let us begin with the unit cube. As we have explicit expression of the den-
sity, it allow to compare and to see if our numericals results are faithful. In
the Figure 14, we draw in green the density given by Philip and in red the ap-
proximation. The integration step is p=0.000001 and we calculate the values for
X=[0.0001:0.01:1.8]. It took 2 hours 42 minutes for the computer to calculate
these values.

16 -
15
1.4 4
1.3
1.2

1.1+

0.9
0.8
0.7
0.6
0.5
0.4
0.3
0.2
0.1

-0.2 0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8

Figure 14: Exact density of the distance in an unit cube and an approximation.

The numerical approximation fit the theoretical graph. We have only 180
points, which is very few. Yet, the time of calculation is already important. If
we increase the number of point, we face a big problems. For a reason of time,
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we must decrease the integration step, and this decrease the precision of the
calculus, irregularities appear. In Figure 15, we have a illustration of this phe-
nomenon. The integration step used isp=0.000005 and we print the values for
X=[0.0001:0.005:1.8]. The calculus took 1 hour 12 minutes.

1.6 5
1.6 o
1.4 o
1.3 4
1.2 A
1.1

0.9 —
0.8 —
0.7 4
0.6
0.5 4
0.4 —
0.3 H
0.2 +
0.1+

Figure 15: Peaks on the approximation.

In the case of the hypercube, the formula given by Philip is not explicit. Hence,
we cannot compare theoretical graph and approximation. In Figure 16, we find
an approximation of the density f distance for an unit hypercube in 4 dimensions
with an integration step p=0.000001 for the range of values X=[0.0001:0.05:1.8].
The computer took 51 minutes to calculate.
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Figure 16: Approximation of the density for an unit hypercube in 4D.
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Conclusion.

This rapport accustom us with three tools of stochastic geometry : covariogram,
chord-length distribution and distance between random points in a body. Even
if we do not go into their links in depth, they are bound by very close relation.
If these relations are well-known in R?, they should be extended to other dimen-
sions. The examples we choose to illustrate this tools are particular cases which
make calculus easier, but we can see that, even with very simple body, it can
become very complicated.

For the distance between two points in a cube and hypercube, I am disap-
pointed of not being able to succeed in calculating the density. Our technique
“step by step” cannot be used to find a formula for any n. We should search for
another way. Perhaps with Fourier transform, which prevent from convolution
products.
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A Algorithms with Scilab.

A.1 Calculation of chord-length distribution ‘s moments for a
triangle.

These are the functions used in part 3.4.1. First we need to define the distribution
function for a regular triangle with side’s length a = 1.

function y=E(t)
if t<=0theny=
elseif t<=sqrt(3)/2 then y=(%pi/(3*sqrt(3))+1/2)*t
elseif t<=1 then y="*t*asin(sqrt(3)/(2*t))/sqrt(3)-2*%pi*t/(5*sqrt(3))+t/
H(sqri(4ere-3)) / (2*t)
elseif t>1 then y=
end
endfunction

The function moment (n,p) calculate the n"” moment of the distribution F.

function m=moment(n,p)
x=[0:p:1]
m=
N=length(x)
for i=1'N
m=m+pn*x(D)An-1)*(1-E(x(0)))
end
endfunction

It is based on the simplest methods of numerical integration : the rectangle
method. The integration’s step is p. This function could be easily improve by
changing the method of numerical integration, but this does not concern us.

A.2 Disance between two random points.

The function convolution(f,g,t) is based on the rectangular method. The float
p is the step of integration.

function h=convolution(f,g,t)
p=0.
x=|0. pol
S=
for i=1:length(x)

s=s+p*f(x(i))*g(t-x(i))

end
h=s

endfunction
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The interval of integration is x=[0.00001:p:2. 1] because we know that in our
problem, all functions have their support in [0,2.1] and we need to exclude 0 for
numerical reasons.

The density of 52 for a of length ¢ = 1 is given by the function eta_sgq,

function y=eta_sq(t)
if (t<=0)1(t>1) theny=
else y=(1-sqrt(t))/sqrt(t)
end
endfunction

and the density of p, for the unit square is given by the function square,

function y=square_sq(t)
if t <=0theny=
elseif t<=1 then y=t-4*sqrt(t)+%pi
elseif t<=2 then y=4*sqrt(t-1)+4*asin(1/sqrt(t))-t-2-%pi
else y=
end
endfunction

function y=square(t)
y=2"t*square_sq(t*t*sign(t))
endfunction

Then the approximations of densities of the square of the distance for an
unit cube and an unit hypercube are given by the function app_cube_sq and

app_hyper_sq

function y=app_cube_sq(t)
y=convolution(square_sq,eta_sq,t)

endfunction

function y=app_hyper_sq(t)
y=convolution(square_sq,square_sq,t)
endfunction

To plot the density of the distance (and not the square of the distance), we just
use

X=[0. . .

for j=1length(X)
Z(j)=2"X(j) “app_cube_sq(X () X))

end

plot(X,Z)

The exact density of the distance for an unit cube is given by cube

]
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function y=cube(t)
if t<=0 theny=
elseif t<=1 then y=t*t*(4*%pi-6*%pi*t+&*t t-t*t*t)
elseif t<=sqrt(2) then y=(6*%pi-1)*t-8*%pitit+ Ot t4+ 27t £t £ £+ 24t £t
fatan(sqri(tt-1)) -85t (1+2% ) *sqri(t*t-1)
elseif t<=sqrt(3) then y=(6*%pi-5)*t-8*%pi*t*t+6*(%opi-1)* t* t t-t* t*t*t*t+
L) fsqr (T E-2) - 24%F (1+tt) *atan(sqri (t7t-2) ) +24%t t*atan(t*sqri (t*
t-2))
else y=
end

endfunction

B List of useful integrals.

These are non-elementary integrals we use in the part 4.3. These expressions fit
for /2 < x < t. We found these expressions in [11].

X Vi
/\/ﬁ N="

/arcsm (\/_) dx = ¢\/x — £? + x arcsin (é) (2)

dx = tarctan (

)—\/Wt—x (1)

arcsin (L> 1 02 _
NE; +t—2x )
—dx = —2+/t — x arcsin — {arctan
/ ViE— (ﬁ) (2\/x—£2\/t—x

) i02(x —2t) + 20/t x — 2/t — x +itx
+iVtlog ix

We deduce this integral from (1)

/ t:fj (Z—t)arctan<\/%2>—\/x—£2\/t—x
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