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Abstract

We generalize the concept of intrinsic location functionals to accommodate n = 2
random locations, which we combine together in either sets or vectors. For the set-valued
case of ‘intrinsic multiple-location functionals’ we show that for any stationary process and
compact interval, the distribution of any intrinsic multiple-location functionals is absolutely
continuous on the interior of the interval, the density exists everywhere, is cadlag, bounded
at each point of the interior and satisfies certain total variation constraints. We also
characterize the class of possible distributions, showing that it is a weakly closed compact
set, and we find its extreme points. Moreover, we show that for almost every measure m
in this class of distributions one can construct a pair comprising a stationary process and
intrinsic multiple-location functional which has m as its distribution. For the vector-valued
case of ‘intrinsic location vectors’, we identify subclasses based on the joint behaviour of the
two random locations and derive results for each subclass. Some of the results connect the
intrinsic location vectors back to the ‘single-location case’ of intrinsic location functionals.
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Chapter 1

Introduction

In this work, we look to extend the results derived by Samorodnitsky and Shen in the
theory of random locations. In particular, we wish to extend the framework of intrinsic
location functionals to the case of multiple locations. Examples of this case of multiple
random locations include the first and second hitting times of a level k, the first two
locations of the path suprema, and many others. These types of locations are clearly of
interest to those working in extreme value theory, mathematical finance, quantitative risk
management and so on.

In Samorodnitsky and Shen (2013a), the authors examine the probabilistic structure of the
location of the supremum for stationary processes, rather than the value of the supremum.
In particular, they find that the stationarity of the process has a significant effect on the
distribution of the location of the path supremum. This paper was the intuitive ‘base case’
for the current work, as we began by considering the locations of the two path suprema.

Samorodnitsky and Shen (2013b) introduce intrinsic location functionals, which can be
thought of as the generalization of path supremum locations. They are defined as measur-
able functionals from a space of functions closed under shifts, and the compact intervals in
R. The definition uses the assumed stationarity of the underlying processes to its advan-
tage in a clever way, leading to the result that the stationarity of a process can actually be
characterized by a sufficiently rich class of intrinsic location functionals. They also show
that the possible distributions of the intrinsic location functionals over an interval form a
weakly closed convex set and describe the extreme points of this set. Some simple examples
of intrinsic location functionals are the location of the path infimum, the leftmost location
of the largest jump, and the rightmost location of the largest slope.

The goal of this work is to expand on these results in order to accommodate both random



sets and random vectors of multiple random locations. These random locations do not
necessarily have to be intrinsic location functionals on their own, hence the construction is
more complex than simply combining two intrinsic location functionals into a set or vector.

This generalization is a natural extension of the past theory, and now allows us to consider
joint behaviours which could not be accounted for in the single location case, such as the
locations of the path supremum and infimum, the two leftmost locations of the largest
jumps, etc. From these two examples alone, it is clear that there are many subclasses of
paired random locations to consider, which will each have different properties.

The paper is structured in the following way:

e The main results from Samorodnitsky and Shen (2013b) which we will generalize to
the case of n = 2 locations are listed in Chapter 2.

e In Chapter 3, we introduce the set-valued intrinsic multiple-location functionals.
In particular, because these functionals are set-valued, we are not distinguishing
between the two locations. Hence we are concerned with the probability that one of
the locations (or both) is in a Borel subset of the interval on which the functional is
defined.

e In Chapter 4, we prove similar results to the ‘single-location case’ such as the absolute
continuity of the distribution over the interior of any compact interval, the existence
and boundedness of a density, the fact that the density is cadlag everywhere, and
that the density satisfies certain total variation constraints.

— In Section 4.3, we examine the class of all measures A2 representing the distri-
butions of the intrinsic multiple-location functionals, and show that this class is
a weakly closed convex subset of the class of all measures taking values in [0, 2].

— We then identify the extreme points of the set A% in Section 4.4, and show
that for a certain subset D2 of A%, we have that for any m € D2 one can
construct a stationary process and instrinsic multiple-location functional which
has distribution m on the interval [0, 7.

e In Chapter 5, we introduce the intrinsic location vectors, and discuss the connection
with intrinsic multiple-location functionals from Chapters 3 and 4. We identify some
subclasses of intrinsic location vectors, and derive some results for these subclasses.

e In Chapter 6, we give a brief overview of how the intrinsic multiple-location func-
tionals could be extended to n > 2 locations.

e Lastly, in Chapter 7 we discuss some potential directions for further research.



Chapter 2

Instrinsic Location Functionals

2.1 Definitions and Examples

Let H be a set of functions on R, closed under shifts. Meaning that for all f € H,c € R,
the function 0.f = f(z + ¢),z € R also belongs to H. We equip H with its cylindrical
o-field:

Cyl(H) = a({f | f(t) € Ay, ft) € As, .., f(t) € An),
HEN,tl,...,tn ER,Al,...,An GB(R)>,

where B(R) is the Borel o-Algebra of R. Let Z be the collection of all non-degenerate
compact intervals in R: Z = {[a,b] CR | a < b}.

These definitions of ‘H and Z will be used throughout the entire paper. Note that we
endow the set ([0,7] U {oco}) with the topology obtained by treating the infinite point as
an isolated point of the set.

In what we will refer to as the “single-location case”, an intrinsic location functional is
defined as follows:

Definition 2.1: A mapping L : H xZ — RU{oo} is called an intrinsic location functional
if it satisfies all of the following conditions:

(1) For every I € Z the map L(-,I) : H — RU {oo} is measurable.
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(2) Forevery feHand I € Z, L(f,I) € (I U{oo}).
(3) (Shift compatibility) For every f € H,I € Z,c € R,
L(f,I)=L(O.f, I — ¢) +c,
where (I —c¢) ={z —c|z €I}, and co + ¢ = c0.
(4) (Stability under restrictions) For every f € H, and Iy, I € Z such that I, C I,

if L(f,I,) € I, then L(f,I,) = L(f, ).

(5) (Consistency of existence) For every f € H and I, Iy € Z such that I, C I,

if L(f,Is) # oo then L(f, 1) # oo.

Note that in defining the intrinsic location functional, we have allowed for L(f, I) to take
infinite value. This is to be interpreted as the random location not being found in the
interval, or not well-defined. An example is the case of a hitting time of level k, where it
is possible that this location is never achieved over a compact interval I € Z. This case is
explained in more detail in Example 2.3.

Example 2.2: Let H be the space of upper semi-continuous functions, meaning that
f € H has the following property for every ¢t € R:

limsup f(s) = lim (sup {£(s) | 5 € Blt.e) \ {t}}) < S(0)

s—1

where B(t,¢) is the open ball of radius € with center ¢.

Then the leftmost location of the path supremum over the interval |a,b] € Z defined as

s€la,b]

Tf[ab) = inf {t € [a,b] | f(t) = sup f(s)} (2.1)

is an intrinsic location functional. This functional was studied in detail in Samorodnitsky
and Shen (2012, 2013a). It is one of the intrinsic location functionals which cannot take
on an infinite value, since it always exists inside of the interval.



Some other similar intrinsic location functionals are the rightmost location of the path
supremum, and the leftmost location of the path infimum:

7_]rc,[a,b] ‘= sup {t S [a7 b] | f(t) = sup f(S)} )

s€la,b]

Qf oy = inf {t € [a,b] | f(t) = inf f(s)}.

Example 2.3 Let H be the space of continuous functions C(R). Then the first hitting
time of a level k over the interval [a, b] defined as

T}"’[QM =1inf{t € [a,b] | f(t) =k}

is an intrinsic location functional. Of course we could also use sup rather than inf, which
would give us the last hitting time of the level k, which is also an intrinsic location func-
tional.

These are intrinsic location functionals which can take on infinite value, because it is
possible that f never hits the level k on [a, b].

Example 2.4 Let H be the space of calag functions. Then the leftmost location of the
largest jump in the path over the interval [a, b] defined as

Tffap) = inf {t € [a,0] [ [f(t) = f(t7)] = sup |[f(s) - f(S’)}}

s€[a,b]

where f(t7) = lim f(s),
sTt
is an intrinsic location functional.

Many other examples can be thought of, such as the leftmost/rightmost location of the
largest /smallest slope with H = C!(R) (the space of continuously differentiable functions),
or the leftmost /rightmost location of the jump whose size is closest to a given real number
for cadlag functions.

Example 2.5: There are some functionals similar to these that we might mistakenly
assume are intrinsic location functionals, but are not, such as the following:



(i) Define the first hitting time of a level k after a given time ¢ over the interval [a, b] as
follows:

:/;’ff?[a,b} = inf {s € [a,b],s >t | f(s) = k}.

It is easy to see that this functional satisfies stability under restrictions and consis-
tency of existence, but it does not satisfy shift compatibility. Indeed,

k k
Tyt oy 7 T30,y fla—2(b—a) b—2(b—a)] T 2(b —a)
since the right hand side will always be oo if ¢ € [a, b].

(ii) The first hitting time of a level k within a fixed distance d to the right endpoint of
the interval [a, b], denoted T }i’[ib] is defined as:

kd . -
Tyiay =inf{s € [a,b],s 2b—d| f(s) = k}.
This functional satisfies shift compatibility and stability under restrictions, but it
does not satisfy consistency of existence. The hitting time may exist on a smaller
interval, but once we move to a larger interval, it is less likely that we satisfy the
requirement that s > b — d, since the right-endpoint could now be much larger.

(iii) The second hitting time of a level k, defined as

Tf,i,b] = inf {t € ([a, 0] \T,]f,’[i,b}> | f(t) = kf} )

%
where Ty, »=inf {t € [a, 0] | f(t) =k}
is not an intrinsic location functional, because it does not satisfy consistency of ex-

istence. If we have intervals I, C I; such that T;f”jll € (I, \ Iy) and T]]fi € I, then

T]’: 112 = T}f ’121, and we could have T]'f 2

, = 00, a contradiction.

2.2 Previous Results

It is necessary to define some notation for the rest of this section. We denote the underlying
stationary process X = {X;}, g, defined on some probability space (€2, F,P), which has
sample paths in H.



For a compact interval [a,b] € Z, we let L(X, [a,b]) denote the value of the instrinsic
location functional L evaluated on the process X over the interval [a, b].

Note that by Definition 2.1, L(X, [a, b]) is a well-defined random variable taking values in
([a, b] U {o0}).

It is important to note that stationarity of the process X and the shift compatibility of L
clearly imply that the distribution of L on an interval depends only on the length of the

interval. So we will simply consider intervals of the type [0, b] and for notational simplicity
denote this case as L(X,b).

We denote by F [, the law of L(X, [a, b]); a probability measure with support ([a, b] U {oc}).
For the interval [0, b] we write Fx .

Finally, Fx 44 (t) behaves as one would expect a cumulative distribution function to behave,
i.e. Fxqp(t) is the value Fx 44 assigns to the interval [a,t] for every a < t < b, where
again for the interval [0, b], we use the notation Fly (t).

The following theorem is the main result of [1] which describes the laws of the intrinsic
location functionals and their properties, as well as the total variation constraints and
bound on their densities.

Theorem 2.6: Let L be an intrinsic location functional and X = {X;},_p be a stationary
process. Then the restriction of the law Fxr to the interior (0,7") of the interval is
absolutely continuous. The density, denoted by fx r, can be taken as the right-derivative
of F'x r, which exists at every point in the interval (0,7"). The density is right-continuous,
has left limits, and has the following properties:

(a) The following limits exist:

fxr(0%) = 1&51 fxr(t) and fxr(T7) = 1#%1 fxr(t).

(b) The density has a universal upper bound given by

1 1
fxr(t) < max <¥, T—t) for every 0 <t < T.

(¢) The density has bounded variation away from the endpoints of the interval. Further-



more, for every 0 < t; <ty < T,

TV (t1,02)(fx,r) < min(fx r(th), fxr(ty)) +min(fxr(t2), fxr(t3)),

n—1

where Tv(t1,t2)<fX,T) = Sup Z |fxr(siv1) — fxr(si)]

i=1

is the total variation of fxr on the interval (t1,%3), and the supremum is taken over
all choices of t; < 51 < --- < s, < ty with finite n.

The density has bounded positive variation at the left endpoint and a bounded negative
variation at the right endpoint. Furthermore, for every 0 < e < T,

TV?E),g)(fX7T) < min(fX,T(e)a fX,T(Ei))a
and TVig_ p(fxr) < min(fxr(T =€), fxr(T —€)7)),

where TV, (fxr) =sup Y (fxr(sisn) = fror(si)s

i=1

is the positive(negative) variation of fxr on the interval (a,b),where the supremum
is taken over all choices of ¢ < s < -+ < s, < b with finite n, and (z); =
max(x,0), (r)- = max(—z,0).

The limit fx r(0%) < oo if and only if TV ¢ (fxr) < oo for some (equivalently, any)
0 < e < T, in which case

TV (fxr) < fx,r(07) +min(fxr(e), fxr(e)).

Similarly, fxr(7T7) < oo if and only if TV (r_cr(fxr) < oo for some (equivalently,
any) 0 < e < T, in which case

TVir—eny(fxr) <min(fx (T =€), fxr(T —¢€)7)) + fxo(T).

The proof of this theorem is nearly identical to the one of Theorem 3.1 in [3], with the
difference that intrinsic location functionals have the possibility of an infinite value, whereas
the leftmost path supremum in [3] could not. The details of this proof are found in [1].

The following are some other important results from [1] which will be expanded upon in
this work.

Definition 2.7: Denote by A7r the class of probability measures F' on (0,7 U {oo}) with
the following properties:



(1) The restriction of F' to the interior (0,7) of the interval is absolutely continuous.

(2) A version of the density is given by the right derivative of the cdf F'([0,¢]),0 <t < T,
which exists at every point in the interval (0, 7).

(3) This density f is right continuous, has left limits, and satisfies the total variation
constraints of Theorem 2.6.

Theorem 2.8: Let Pr be the collection of all probability measures on ([0,7]U {co}).

Then Az is a weakly closed convex subset of Pr. Moreover, for any 0 < € < %, the

restrictions of the laws in Az to the interval (¢,7 — €) form a compact in total variation
family of finite measures.

Theorem 2.9: The extreme points of the set Ap are:

(1) the measures ¢, t € (0,7"), concentrated on (0,7") which are absolutely continuous
with respect to the Lebesgue measure on (0,7T), with density functions

1
fut = ;]1(07,5), O<t< T,

(2) the measures v, t € (0,7), concentrated on (0,7") which are absolutely continuous
with respect to the Lebesgue measure on (0,7), with density functions

1
ST —t

H(th), 0<t<T,

(3) the point masses/singular measures &, 7 and do..

Note that the functions I, ) (t) are indicator functions defined as

1 ift e (a,b
]I(a,b) (t) = { ( )

0 otherwise



Chapter 3

Intrinsic Multiple-Location
Functionals

We want to expand the results for intrinsic location functionals to a framework which can
describe n = 2 or more random locations. Properties such as shift compatibility from the
single-location case can be preserved, but other properties will have to be generalized. In
particular, stability under restrictions and consistency of existence have to be completely
re-worked to fit into this new framework.

It is important to keep in mind several key intuitions for this generalization:

(1) While it is possible to simply consider two intrinsic location functionals together, this
is not the only thing we want to do. Many of the locations we will work with will
not be intrinsic location functionals if they were to be considered on their own in the
single-case framework.

(2) The two locations can be related in several ways. They can be as dependent as the
first and second hitting times of a level k, or they can be almost completely unrelated
such as the first hitting time of a level k and the location of the largest slope.

(3) We can view multiple random locations as an ordered pair (vector), or as a random set
where we do not distinguish between the locations. In the latter case, which we will
begin with, the probabilistic question we are concerned with is whether one or more
of the locations are found in a given Borel subset of the real line.

10



The space which our paired locations will occupy must first be defined. We are not going
to concern ourselves with the ordering of the locations (until Chapter 5) so they will be
described by sets in I'? for [ € Z, which is defined as:

I'? .= { sets of cardinality at most 2, with elements taken from I} .

We remark that the empty set () € I'? as well. We interpret this construction to mean that
if a random location is not found in the interval I, it will simply be excluded from the set,
rather than identifying it as an infinite value as in the previous work on intrinsic location
functionals by Samorodnitsky and Shen [1].

Observe that each £ € T'? can be described as a point measure (as defined in [4], pg.
123-124):

mg = Zﬂx,

ISES

1 ifxeA
Where]Ix(A):{O oAl

Hence we can equip I'? with the point measure o-algebra, denoted M?, described in [4],
pg. 124. More precisely, we let M,(I'?) denote the space of all point measures defined by
I'7, then M? is defined as the smallest o-algebra which contains all sets of the form

{m e M,(I'?) | m(A) € B} for A€ B(I), B € B([0,2]),

where B(-) denotes the Borel o-algebra. This M? is the o-Algebra we will use to assure
the measurability of our generalized functionals. We keep the same H and Z as previously

defined.

Definition 3.1: A mapping L? : H x Z — T3 is called an intrinsic multiple-location
functional of degree 2 if it satisfies all of the following conditions:

(1) For every I € Z, L*(-,1) : H — I'? is Cyl(H)/ M?-measurable.
(2) (Shift compatibility) For every f € H,I € Z,c € R,
L*(f, 1) = L*(6.f,1 —¢) +c,
where { +c={ztc|xz € &}

11



(3) (Inclusion under restriction) For every f € H, and Iy, Iy € T such that I C I,

L*(f,h) NI, C L*(f, I).

(4) (Consistency of existence) For every f € H and I, Iy € T such that I, C I,

L, )| = |2(f, I2)

Y

where || represents the number of elements in the set.
A few things should be kept in mind about this definition for intuition:

(i) Inclusion under restriction says that when |L?(f, I;)| = 2, the elements x; € L*(f, I)
which are in I, will ‘stay there’, but it may be that (z; € L*(f, [,)) = x; € L*(f, I2)
for i # j € {1,2}. This is merely for intuition, though, as we do not actually impose
an order on the random locations explicitly until Chapter 5. Example 3.2 shows a
case where {1, x5} are defined in a way that this can happen.

(ii) Also due to inclusion under restriction,
L2(f, 1) = L2(f, o) i [L2(f, 1) 0 Bo| = [L(f, B)].

(iii) Consistency of existence can be understood in a very similar manner to the single-
location case, but a key difference here is that we no longer use infinity to represent
undefined locations. That is, if ’LZ( fi1 )‘ < 2, then one of the locations was not
well-defined on I for the function f. Since Iy C I, the locations are more likely to
be well-defined on I;.

Note that we will not always keep repeating ‘of degree 2’ for the intrinsic multiple-location
functionals, since we will always be working with n = 2 until Chapter 6.

Example 3.2: The most obvious example of an intrinsic multiple-location functional of
degree 2 following from the previous work of Samorodnitsky and Shen ([1],[2],[3]) describes
the locations of the two largest path suprema, or locations of the first two occurences of
the path supremum if it is not uniquely attained.

We let H be the space of upper semi-continuous functions, and let Z be defined as before.

12



For any f € H and I = [a,b] € Z, we define L*(f, I) by
L2(f, I = {7}71,7?71} where

o, = inf {t € M| f(t) = sup f<s>} |

seM

and 7']%,1 =inf ot €M\ {T},I} | f(t)=sup [f(s)p,
SEM\{T}J}
for M = {a,b} U{t € I |t is a local maximum of X}.

We alluded to the possibility earlier of x;(f, 1) = x;(f, I2) for Iy C I ,i # j. This can
happen in this case; if 77, € I and 77, € (I, \ L), then 77, = 7}, . For an illustration
of this scenario, see Figure 3.1 on page 14.

Example 3.3: We let H be the space of continuously differentiable functions: H = C*(R).

Then we define the first and second locations of the largest value of the derivative in
the same way as the locations of the first two path supremum, but with the continuous
derivative f’ in place of f.

Example 3.4: Let H be the space of cadlag functions on R, and consider the two locations
of the largest jumps of each path, or the locations of the first two occurrences of the largest
jump if the magnitude of the largest jump is not uniquely attained. Then L?(f,[0,7T]) on
the path f and interval [0, 7] is defined as

L*(f,[0,T]) = {J},[QT], J‘?,[O,T]} where

Thoir = inf {t € 0.1 [110) = 1) = sw |765) - f(s)l} ,

s€|0,

and J3joz = f 1 € 0T\ {Thom} [ 1) =70 = sw [£()— F(0)] p
sE[O,T]\{J}y[O_’T]}

is an intrinsic multiple-location functional.

It is simple to show that the functionals defined in Examples 3.2-3.4 are intrinsic multiple-
location functionals by checking the four conditions of Definition 3.1.

13



Iy

Figure 3.1: A possible behaviour of path suprema locations under restriction.
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Chapter 4

Distributions of Intrinsic
Multiple-Location Functionals on
Stationary Processes

Now that we have defined the intrinsic multiple-location functionals of degree n = 2, we
proceed to characterising their distributions.

In order to discuss these intrinsic multiple-location functionals in a probability setting,
we consider the capacity functional Fx ;(A) = P(L*(X,I) N A # 0) (as described in [6],
Section 1.2.2), which can be written as follows:

Fx(A) =P (L*(X,I)NA#0)

P(LA(X,1)NA#0||L2(X, 1) =) P (|L*(X,T)| = j)

M-

o

0+P(L*X,I) € A)P(|L*(X,I)| =1)
+P({z1, 22} NA# NP (|L*(X,])] =2)

=Y [P(zr € A |LP(X, 1) =2|) + P (2 € A, |L*(X,I)| = 1)] = P (21,22 € A)

k=1

P(l’l6A)+P(I2€A>—P($1,$2€A), (41)

where without loss of generality, we take z; = min L*(X, I) and z = max L*(X, I).

15



We are interested in the existence and properties of a version of the “density” of Fx p,
taken as the right-derivative, i.e.

fxi(t) = 1551 %IP (L2(X,I)N(t,t+¢€ #0). (4.2)

Intuitively, this ‘density’ represents the limiting probability of having at least one of the
locations of L*(-,-) in a small neighborhood (t,¢ + €] of t € (0,T), scaled by 1. However,
Fx 1 is not actually a measure, hence it does not have a density in the usual sense.

Therefore, rather than working directly with Fy 7, we will work with a measure F'y ;, which
is defined as:

Fi(A) = E[[LQ(X, 1) mA}]. (4.3)
Intuitively, we can think of F ;(A) as the expected number of random locations of L*(X, I)
in A. In particular, when |L*(X, I)| = 2, we drop the term P (z1, 25 € A) from (4.1) to get

F ;- It will be shown later (in Section 4.2) that the right-derivative of F% ; is equal to the
‘density’ defined in (4.2) for Fy ;.

For notational simplicity, when I = [0, T we write F' ;.
Lemma 4.1:

(i) For any A € R,

Fiiazea(A) = Fir(A—A)  forall A€B([A,T+Al).

(ii) For intervals [c,d] C [a, b],

FX oy (B) < Fx og(B)  forall B € B([c,d]).

(iii) For intervals [c,d] C a, b],

16



Fijaria)(A) =E |L2 AT + A mA\]
=FE |(L2(0AX, [0,T])+A)0A”

~E _|L2 05X, [0,T]) N (A — A)H

~E |L2 [0 T])m(A—A)” — Fip(A—A)

by shift compatibility, and since {X;},. is stationary, we have O, X L x.
(i)
Fi y(B) = E||LX(X. [a,8]) N B]|
[\LQ e, d]) N B\] — Fipoa(B)

since L(f, [a,b])N[c,d] C L*(f,[c,d]) for every f € H by inclusion under restriction,
and therefore L*(f, [a,b]) N B C L*(f, [c,d]) N B since B C [c,d).

(iii)
F oy ([, 0) = B[ [L2(X, [a,8]) 1 [a, ]|

—E||L3(X, [a,5))

> E[|L2(x cd})” E[| (X, [e,d)) e, d)]

since |L2(f,[a,b])| > |L2(f, [c,d])| for every f € H by consistency of existence. [
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4.1 Existence of the density and total variation con-
straints

Before we begin the proof that the density of F - exists, we must make an assumption that
assures the random locations of the intrinsic multiple-location functional are almost surely
distinct locations. Under our framework, we would have L2(f, I) = {z} if the locations are
both {z}, however this is supposed to mean that one of the locations was not well-defined
on the interval /. This ambiguity could cause many problems.

Assumption A: The stochastic process {X;},.p and intrinsic multiple-location functional
L?(-,) are chosen such that the locations of L?(-,-) are almost surely distinct whenever
they are both defined.

Theorem 4.2: Let L? be an intrinsic multiple-location functional on the space of functions
H, and X = {X;},.g be a stationary process with paths in . Then the restriction of F%r
to the interior of [0, 7] is absolutely continuous. The density, denoted fxr, can be taken
as the right derivative of F% ., which exists at every point in the interval (0, 7). Moreover,
fx r is right-continuous, has left limits and has the following properties:

(a) The limits

fX,T(0+) = ltlf(r)l fX7T(t) and fX7T(T_) = ltlTITg fX7T(t) exist. (44)

(b) The density has a universal upper bound given by

2 2
fxr(t) < max (Z’ T—t) for every 0 <t < T. (4.5)

(c) The density has bounded variation away from the endpoints of the interval. Further-
more, for every 0 < t; <ty < T,

TVt ) (fxr) < min(fxr(t), fxr(t7)) + min(fxr(t2), fxr(ty)), (4.6)

n—1

where TV, 1) (fx7) = sup > [fxr(sin) — fxar(si)|

i=1

is the total variation of fx o on the interval (t1,%3), and the supremum is taken over
all choices of t] < 51 < --- < 8, < ty with finite n.

18



(d) The density has bounded positive variation at the left endpoint and bounded negative
variation at the right endpoint. Furthermore, for every 0 < e < T,

TV .o (Fxr) <min(fxr(e), fxr(e)), (4.7)
X

where TV(E, (fxr) =sup > (fxr(sivn) = fxr(si).

i=1

is the positive(negative) variation of fxr on the interval (a,b), the supremum is taken
over all choices of a < 51 < --- < s, < b with finite n, and (z); = max(z,0), (z)- =
max(—z,0).

(e) The limit fx7(0") < oo if and only if TV (g (fx,r) < oo for some (equivalently, any)
0 < e < T, in which case

TV(0,0(fx.r) < fxr(0F) +min(fxr(e), fxr(e)). (4.9)

Similarly, fxr(7T7) < oo if and only if TV (r_er)(fx,r) < oo for some (equivalently,
any) 0 < e < T, in which case

TV (e (fxr) <min(fx (T =€), fxr(T = €)7)) + fxo(T7). (4.10)

Once we have shown these properties for the density fx r of F% 7, we will argue in Section
4.2 that the same properties apply to the ‘density’ of Fx 1 as defined in (4.2).

Lemma 4.3: F%; is absolutely continuous on (0,7), and there exists a version of its
density which satisfies the bound in (4.5).

Proof: We claim that for any fixed 0 < § < %, and any 6 <t <T —9, p€ (0, %) ,
0<e< ﬁé,

N 1+p 2 2
Fyr((tt+e]) <e (1 — Qp) max (? ﬁ) : (4.11)

Once (4.11) is shown, we take d | 0 to show that F§ . is absolutely continuous on (0, 7).

Towards a contradiction, assume (4.11) does not hold for some

1 P
§<t<T—-9§ - ——0.
<t< ,p6(0,2>,0<6<1+p
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Then choose a,b € (0,7) such that:

(i) (t,t+€ Cla,b] C (0,7).

(ii) for some fixed e < ¢ < $£-0,
min(¢,T —t) — 0 < |b—a| <min(t,T — t) — €. (4.12)

Consider

Figo (=€t = (i = 1)e]) = E||L2(X, [0, 8)) N (¢ = i, t = (i = 1)e]||.

for i = — (|22 —1),..., [ =2,
Then note that
=]
Y Fian ((t—iet—(i—1)e) (4.13)
i= (%] -1)
L=
- ¥ E[\L?(x, la,0)) N (t — e, t — (i — 1)6]\]

:E[. QZ‘J )|L2(X,[a,b])ﬂ(t—ie,t—(z’—l)e]}]§2

since (t —ie,t — (i — 1)e] C [a,b], L*(f, [a,b]) C [a,b], and the total summed expectation
must be less or equal to the total number of possible points over [a, b], which is 2.

By Lemma 4.1(i):

F g (8 =6t = (0 = 1)€]) = FX fayicpraq (8 1+ €]) - (4.14)

And by Lemma 4.1(ii), since (¢, t+€] C [a+ie, b+ie] C [0, T] foralli = — ([2=2] —1),...,|=2],
by construction

)*(,[a-l—ie,b—i—ie] ((tv t+ 6]) > F)*(,T ((t7 L+ 6]) : (415)
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Putting (4.13), (4.14), and (4.15) together we get that

| ]
2> ) Ny (E—ie,t = (i = 1)e])
=([%=]-1)
=2 ]
= Z FX latieprie (61 + €])
i=—([ %] -1)
[ =]
> S Fiplhitd)

(=

v
—~
.
=
=
~
|
=
|
S
|
[\
s
7~ N\
==
AR

[\
NS
N———

=
7 N\
|
~
|l\D
~
N———

:(2_

0 + 2¢ 1+p
2 2
rmwf—w)Q—m>>(
30 p +p

_ o 1—2p 1+p
T\ 1+p 1—2p

30 I+p
2—
min(¢, T —t) 1-2p

>2(1_ min(tT—t)ler) (11—2/)) >2<1_

3p 1+p
1+p 1-2p

A contradiction, which finishes the proof of (4.11), and hence F% r is absolutely continuous

on (0,7).

O

This result (4.11) also tells us that there exists a version of the density of F;, which
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satisfies the bound in (4.5), given as

1 2 2
fxr(t) =limsup—F% , ((t,t+¢€) <max |-, =—— ], 0<t<T.
7 €l0 € ’ t'T —1t

Before finishing the rest of the proof of Theorem 4.2, we first need to prove the following
useful lemma.

Lemma 4.4: Let 0 < A <T. Then for any 0 < < A,
Ixr-a(t) > fxr(t+9) for almost every ¢t € (0,7 — A), (4.16)

where f on either side of this inequality is taken as any version of the density, which exists
since we have just shown that F - is absolutely continuous.

Moreover, for every such § and €1,€e9 > 0 such that €; + e, < T — A,

T—A—eg
/ (fxr-alt) = fxr(t+0)) dt (4.17)

€1

€1+0 T—eo
< / Frr(t)dt + / Frr(t)dt.

€1 T—A—ea+0

Proof: By Lemma 4.1, for every Borel set B C (0,7 — A),

/B Fxrat)dt = Fiq a(B) > Fif s y(B) = Fip(B +9)

[ reaydt— /B Fer(t+6) dt.

B+46

Since this holds for arbitrary an Borel set B C (0,7 — A), this proves (4.16).

Before we prove (4.17), observe that for any I € Z, Fy; is a measure, hence for any

AeB(I)

F)*(,I(A> - F)*u(]) - F)*(,J(Ac)a (4'18)
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where A€ is understood to be the complement of A in I, ie. A°=1\ A. Then

T—A—es
/ (Fxalt) = fralt+0)) di

=Firall@T-A-e)) - Fir((a+6T—-A—e+0))

- EULQ(X, 0,7 —A)N (e, T — A — 62)\] - E[\L?(X, 0, TN (e +6,T — A — ey + 5)@

_ E“LQ(X, 0,T) N (6 + 6,7 — A — e + 5)6}] - E[W(X, 0,7 — AN (e, T — A — 62)6}]
+ [Frroall0,T = A)) = Fi([0,7])]

< Fir((0,040]) + Fo([T = A =2+ 6,T]) = F - a([0, €1])
—Fxr a([T=A -6, T-A))

= Fir((ene+0) + |Frr(0,e]) = Fipoa(l0.e)] + Fir(IT - A= +6,T - &)

+ [F)*(T([T — e, T]) — )*(,[A,T]([T - 627T])]
< Fir(len, e +0) + Fyg([T = A= +6,T — )

€1+0 T—e2
:/ fX,Tdt+/ fxr(t)dt,

€1 T—A—ex+6

because every term in square brackets [-] is non-positive by Lemma 4.1(ii) with [0,7—A] C
0,71, [A,T] C [0,T], and [F)*QT_A([O, T - A]) - F;m([o,T])} < 0 by Lemma 4.1(iii). O

With this lemma in hand, we proceed to proving that Fy  is right-differentiable at every
point in (0,7") in order to work with the density fxr as the right-derivative.

We know that F%  is right-differentiable for almost every ¢ € (0,7 since F ;. is absolutely
continuous on (0,7, i.e. the set

A={te(0,T)| F is not right-differentiable at ¢} (4.19)
has Lebesgue measure zero. We also define

B = {t € A°| fxr restricted to A° does not have right limit at ¢} . (4.20)
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Proposition 4.5: The set B as defined in (4.20) is at most countable.

Proof: In order to show this, we define for every t € A¢

L(t) = limsup fxr(s), 0(t) = liminf fx7(s).

sit,s€Ae sit,seAe

The claim that B is at most countable will follow if we prove that for any 0 < € < % and
0 > 0, the following set is finite:

Bog={te AN (e,T —¢) | L(t) — ((t) > 0}

since B can be written as a countable union of these B, .

It can actually be shown that the cardinality of B,y cannot be larger than %. Towards a
contradiction, assume that ‘B€79| > % for some 0 < € < % and # > 0. Then let N > %
and take points € < t; <ty < ... <ty <T —e€in B.y. Next, choose § > 0 small enough

that 0 < 5 and
r .
0 < émln(tl —E,tg—tl,...,t]\]—tN_l,T—E—tN). (421)

Now for i = 1,..., N choose a sequence {s,} -, | t;, s, € A°such that fxr(s,) — L(t;).
n—oo

Take n so large that s, —t; < g and let 7 > 0 be an integer such that

S 1

Note that
[F(6—(sn—t:))]—1

1
J

k=0 J

with (tl- — %, t; — f) disjoint for all £, so we have that

[(5~(sn—t:))] -1
. R k+1  k
Fyrs((ti—6,t)> > Fir, <(t -t —>) . (4.22)

k=0 J
For each k in the sum, define
kE+1

hk = Sn—ti—F—, € (0,5],
J
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where it is clear why h; > 0, and hy < 0 since

hi < hy, for ko = [j(6 — (sp —ti))] — 1
70— (sn—t;))] —1+1
J
SO~ (50 1))

; )

:Sn_tz+

Ssn—ti+

Next, by Lemma 4.1(i),

X,T—é K3 j s Vg j

k=0

[F(6—(sn—ti))] -1
X kE+1 k
= Z FX thom—o+hy) ((tz - T + hy, by — 3 + hk>) . (4.23)

k=0

We note that ( i — % + hy, t; — f + hk> C[0,7 =6+ hg] C[0,T] for every k by choice
of 6, and hence we can apply Lemma 4.1(ii) to (4.22), (4.23):

L]((S_(Sn_ti))J_l k + 1 k
Fros (ti—=6,4:)) 2 Z EX tho -1 ((tz - + g, ti — i + hk))
k=0

[F(0—(sn—t;))] -1
k41 k
> Z F)*(T((ti—i-i—hk;ti——.-i—hk))
’ J J

k=0

L7 (0—(sn—t:))]—1 1
S ()

k=0

L6 — (50— t)) Fir (( ; 1))

J
— (6 — (sn — 1)) fX,T(Sn)'

Jj—00
Letting n — oo, we can conclude that

Fir s ((ti—0,t)) = 0L(t;) for every i =1,..., N. (4.24)

Similarly for i = 1,..., N we choose a sequence {wy,} ~ | t;,w, € A such that
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fxr(wy,) — £(t;). For large n such that w,, —t; < % and integer j > 6—(w1n—ti) we have

Fi s (ti i +0)) < s (8 wn)) + Fx s ((wn, wn +6))

[651—-1
* k: k+1
S FX,T+5 tzawn Z FXT+5 <( j ,wn + T)) (425)

[671-1
1
since (wy,, w, +d) C U ((wnJr E;wn+ k;)) .
J J

k=0
Now define "
hy =— € [0, 5],
J
then because hy < 0, by Lemma 4.1 (i) and (4.25),
Fy s (£ i +0)) < F gy (£, wn)) (4.26)

[65]-1
k k+1
- Z F)*(»[*hk,TwL(S*hk] ((wn + ; — Iy, wy, + T - hk))
k=0

Now by Lemma 4.1(ii) with [0,7] C [—hy, T + § — hy], applied to (4.26):

Ry k k41
Fipys (tinti +0)) < Fipus (i, wn) Z Fr ((wn T P, Wi + - hk))

ffm
* E : * 1
= FX,T+5 ((t“wn)) + FX7T <(wn;wn+3)>
k=0

* - * 1
= FXrys ((ti,wy)) + [07] F%r ((wn, w,, + ;)) ) (4.27)
Letting 7 — oo and then n — oo in (4.27) gives
FS s (it +6)) < 66(t) for every i =1,..., N. (4.28)

Putting together (4.24) and (4.28), recalling that for ¢t € By, L(t) — £(t) > 0, we get that

NoO < Fx 1_s (U (t; — 4, ti))) — FX 1y <U (i, ti + 5))

i=1 =1

= / (fxr—s(t) = fxrys(t +6)) dt. (4.29)
N (ti—dt;)
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We note that

N
(tl — 5,151) g (6 — 5,T— E),
i=1

hence the integral in (4.29) is bounded by

/ B (fxr-s(t) = fxrys(t +6)) dt

=

€ T—e+25
S/ Ixr+s(t) dt‘f‘/ fxris(t)dt, (4.30)
)

T—e+6

with (4.30) following from Lemma 4.4 since the integrand is non-negative almost every-
where.

We already proved the bound on the density (4.5), which we can apply here to get that

€ T—e+26
/ fxris(t)dt + / fxrs(t) dt
e—0

T—e+6

€ 1 1 T*E+25 1 1
Y S C L Py N T
s t'T+6—t Tt T +06—t
€1 T—e+26 1
=2 —dt—l—Q/ —dt
/e—at Teers 1T +0—1t

€ 1 T—e+26 1
§2/ dt+2/ dt =4 0 .
s €—0 Teers €0 €—90

This implies that

) 86
< =

= )
€ — €

Néo <4

hence N < 6%, which contradicts our assumption that N > %. Therefore, the set B as
defined in (4.20) is at most countable. O
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Proposition 4.6: F% ; is right-differentiable at every point t € (0,T).
Proof: We first note that

frr(t) =lim —— Fip (1, 5])

sit s —1
1 S
=1l dt = li 4.31
m= fxr(w) m fxr(w) (4.31)

for every t € A°\ B.

We suppose to the contrary that there exists a t € (0,7") for which the right-derivative of
F% 7 does not exist, and therefore take real numbers a,b € R such that
Fyr(t+e€) — F5p(t Fyr(t+e) —Fgp(t
lim inf X’T( ) X’T( ) < a < b<limsup X’T( ) X’T( ),
€l0 € €l €

where F 1(t) = Fx (=00, 1]).
This means that there exists a sequence {t,} -, | t,t, € (A°\ B) for each n such that
fX,T(t2n—1) >b and fX,T(th) <a for all n = ]_, 2, A

T+t

Without loss of generality we can choose ¢, close to ¢ such that {; < ==.

By (4.31), then, for every n = 1,2,... there exists a d,, > 0 such that

fxr(w)>0b for almost all w € (tay—1,t2n—1 + d2n—1), (4.32)
and fxr(w) <a for almost all w € (ta,, ta, + d2,)-

T+t

Now let m > 1, and consider an s > 0 so small that s < min,—y__ 2,9, and #; < = — s
We can see that
%
(fxr(w+s) = fxr(w)), dw (4.33)
t
t+s T2?J_1
2 / Z (fxr(w+(i+1)s) — fxr(w+is)), dw
t i=0

by simple inclusion of the bounds of integration.

For every point w € (t,t+s), each of the intervals (¢,,t,+d,) forn = 1,2,... 2m contains

at least one of the points in the sequence (w + is),i =0,1,..., [TQjJ — 1 by construction.
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Intuitively, we think of this sequence as a finer partition than the one created by the given
sequence of d,. As we can see in (4.32), for almost every w € (t,t + s), the points of
the sequence (w + is) which are in the odd-numbered intervals (i.e. (t2,_1,t2,—1 + d2n-1))
satisfy fxr(w-+is) > b and those in the even-numbered intervals satisfy fx r(w +is) < a.
Therefore we conclude that

el

(fX,T(w + (Z + 1)8) - fX,T(w + ’iS))+ Z m(b - CL). (434)
i=0
for almost every w € (t,t+ s). And hence by (4.33) and (4.34),
T+t
2
(fxr(w+s)— fX7T(w))+ dw > sm(b— a). (4.35)
t
Recall that m > 1 can be taken arbitrarily large, so we finally conclude that
T+t
e
lii%l S (fxr(w+s) = fxr(w)), dw>m(b—a) for every m > 1,
sl0 8
1 e
therefore ligl —/ (fxr(w+s) = fxr(w)), dw=oc. (4.36)
S S t

However, we will show that (4.36) is impossible, leading to a contradiction, meaning that
F p is in fact right-differentiable at every t € (0,T).

By Lemma 4.4 (namely 4.16), for s > 0 small enough,
T+t
Ixr—as(w—38)> fxr(w+s) almost everywhere on (s, T — s) 2 <t, T+> )

Meaning that for such s > 0, we get that

T+t T+t
2

/t (fxr(w+s)— fX,T(w))Jr dw < /t ) (fxr2s(w —s) — fX,T(w))Jr dw (4.37)
< o (fxr—2s(w) = fxr(w+s)) dw,

t—s
where we drop the (-), since the integrand is almost everywhere non-negative from another
application of Lemma 4.4. Applying the second part of Lemma 4.4, we get that

T4t
53— =S

(fX,T,QS(U)) — fX7T(w + S)) dw (438)

t—s



However, using the inequalities in (4.37) and (4.38), then taking the limit as in (4.36) gives

T+t

lim1 t ’ (fxr(w+s)— fx,T(w))Jr dw

sl0 s

< lim — / Ixor(w dw+/ s fxr(w) dw}

sl0 8§

T“+S 2 2
< lim — [ / max max [ —, dw}
sl0 sl g w T w T+t w T —w

1
<lim -s-C for some C € R
sl0 S

=(C < oo,

which contradicts (4.36), so F' 1 is right-differentiable for every point ¢ € (0, 7). O

Now that we have shown that fxr exists everywhere in (0,7") as the right-derivative of
F% r in Proposition 4.6, we want to show that it is right continuous and has left limits.

Proposition 4.7: fxr taken as the right-derivative of F% ;. is right continuous and has
left limits everywhere in (0,7).

Proof: Note that F§, being right-differentiable everywhere means that A as defined in
(4.19) is empty.
Consequently, fxr as defined in (4.31) becomes

fX,T(t) = llm fXT( ) (439)

slt,se B¢

where we note that there is no point ¢ € (0,7) such that this limit on the right-hand side
does not exist. Indeed, suppose to the contrary that it does not exist for some t € (0, 7)),
then this means there is a sequence {t,} -, | t,t, € B¢ for each n and real numbers a < b
such that

fxr(tan—1) >b and fxr(te,) <a foralln=1,2,...

as before, but we have already established that such a sequence cannot exist.

Lastly, since B was shown to be at most countable in Proposition 4.5, the restriction
to s € B in (4.39) does not affect the right-continuity of fxr at t € (0,7, so fxr is
right-continuous for all ¢t € (0,77). The proof of left limits is analogous. O
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We will now prove the total variation constraint of (4.6) on the density.

Proposition 4.8: If 0 < t; <ty < T, then

TV (4, 4)(fx,r) < min (fX7T(t1)a fX,T(tl_)) + min (fX,T(t2)v fX,T(tg_)) :

Consider a sequence {r,} - such that r, — 0 asn — oo and 0 < r, < T — t5. Fix one
such n € {1,2,...} and then define

Cy ={t € (ti,ta) | fxa(t+m0) > fxr(t)}
and C_ = {t € (t,t2) | fxr(t +75) < fxr(t)}.
Therefore,
/2 |fxr(t+r.) — fxrt)| dt = ; fxr(t+rn) — fxr(t)dt

+ ; fxor(t) = fxo(t+ry,)dt.

By Lemma 4.4, fxr_,,(t) > fxr(r,+t) almost everywhere on (0,7 —1,) 2 (t1,t2). Hence
fxr(t+r) — fxrt)dt < fxrr,(t) = [x7(t)dt

o o
to

< fxrr,(t) = fxr(t)dt.
t1
Now apply Lemma 4.4 with A =7,,0 =0,¢; =t;,T — A — €5 = to:
ta+rn
Frr(t+ ) — frr(t)dt < / Fer(t)dt,

C+ t2
which gives
) 1
lim sup — fX,T (t + Tn) — fX,T (t) dt S fX,T (tQ) (440)

n—oo I'm C+

by the fundamental theorem of calculus, and fx r being right-continuous.
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Similarly for the C_ case, by Lemma 4.4 again, fxr(t + ) > fxr4r,(t + r,) almost
everywhere on (0,7 —r,) 2 (t1,1t2), and hence

g fxor(t) = fxr(t+mr,)dt < : fxr(t) = fxair, (t+ 1) dt

< Ixr(t) — fxrar, (t+1,)dt
t1

t1+rn
<[ (1.41)

t1
by using T + r, in place of T, so that A =r,, (T'+7r,) —A=T,and 6 = A =r, in
Lemma 4.4.

The integral in (4.41) is bounded by both of the following:

t14+7rn t1+7rn
/ nmﬂ@ﬁs/ Fer(t)dt, (a)

t1 t1

t1+7rn t1+rn t1
wd [ per s [ pat-ma= [ pa@a o

t1 t1 t1—"Tn
Inequality (a) follows from Lemma 4.4; fxr_a(t) > fxr(t +0) with T =T +r,, § =0.

Inequality (b) also follows from Lemma 4.4; fxr(t —1,) > fx1ir, (), Wwith T =T + 1,
6 = A = r,. Therefore

lim sup 1 fxr(t) = fxr(t+ry)dt <min (fxr(t), fxr(ty)) - (4.42)

n—oo I'n C_

Finally, by combining (4.40) and (4.42), we get that

t2

lim sup 1 |fxr(t+ry) — fxr(t)] dt <min(fxr(t), fxrt)) + fxr(ta).

n—oo T'n Jy

What remains is to apply this result to the proof of total variation. To that end, define
the sequence {r,} -, as

to —t
rn:M foralln=1,2,...
n+1
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Then we can use (4.42) to bound the total variation, as follows:
to n t1+7rn
[ W) = a0l de =" [ e (4 D) = (¢4 i) d
t1 i=0 t1
and we also note that
TV ) (fxr) < lim Z |fxr @+ @+ 1)) = fxr (t+ir)]
i=0

uniformly for ¢ € (¢y,t; +ry) since (t4 (n+1)r,) = t+|ta — t1| ¢ (t1,t2) and TViy, 1) (fx7)
is a non-decreasing function. Therefore

min (fxr(t). fxr(ty)) + fxr(ts)

to

. 1
> lim sup — |fxr(t+m) — fxr(t)] dt

n—oo T'm Jty
ti4+rn T

1
> lim sup — Z|fX,T (t+GE+1)r,) — fxot+r,)| dt

n—oo T'n Jyy i—0
> Tv(tl,tz)(fX,T)'
Moreover, we note that
Tv(tl,tg)(.fX,T) = 161%1 Tv(tl,tzfﬁ)(fX,T)

< min(fx,r(t1), fxr(ty)) + lim fxr(ta —e).
Therefore

TV (1) (fx,r) < min (fxr(t), fxr(t7)) +min (fxr(t2), fxr(ty))

as required. O

The proofs of (4.7) and (4.8) are identical to the proof of (4.6), with each of the proofs
using one side of the two-sided argument performed for (4.6).

For (4.4), clearly the boundedness of the positive variation of the density at zero given in
(4.7) gives that the limit fx r(07) = limy o fx r(¢) exists. Similarly, the boundedness of the
negative variation of the density at the endpoint 7" implies that fxr(7") = limur fx 7 (t)
exists as well.
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For (4.9), if TV (g (fx,r) < oo for some 0 < € < T, then the same argument used to prove
(4.6) shows that for any 0 < e < T

TV 0.0 (fxr) < fxr(07).
Therefore with (4.7), we get that TV (o (fxr) < oo which proves (4.9). One can prove
(4.10), which is about the behaviour of the density at the right endpoint, in the same way.
This completes the proof of Theorem 4.2. O

4.2 Relating Expected Number of Random Locations
back to the Capacity Functional

As alluded to previously, once we had shown these results for F¥ ;, we would relate them
back to Fx r, the capacity functional. We defined a ‘density’ for Fi ; in (4.2) as

fxi(t) = 16%1 %IP’ (L2(X,I)N(t,t+¢€ #0). (4.43)

Without loss of generality, let z; = min L*(X, I),zo = max L?(X, ). Then define the
function g¢.(-) as:

g(t) =P (3 € (t,t+¢€ |21 =1), t €(0,T).

Assumption M: We assume that ¢.(t) — 0 as € | 0, uniformly for ¢ € (0,7). Hence
ge(t) < C(e) for every t € (0,T), for a function C(e) such that lim. o C(e) =0

Theorem 4.9: Under Assumption M, fx; as defined in (4.43) is equal to the right-
derivative of F% ;, denoted f% ;.

Proof: Note that we can write fx ;(t) as follows for every t € (0,7):

2

Fxr(t) =lim - [ZIP’ (LA(X, 1) N (t,t+e]7é®|\LZ(X,1)|:j)IP>(|L2(X,J)\:j)}

clo €l 4=
= hml[P (XX, )Nt t+e #0]|L2(X, D] =1)P(|JL*(X, )| =1)

el0 €

FP (LX) N (Gt +d £ 0] |LXX, )] = 2) P (|LA(X, T)| = 2)]
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Now consider fx ;(t) — f% ;(t):
fxa(t) = i () = leifon %IP (XX, DN (tt+e #0| |L2(X, )| =2)P(|L*(X,1)| =2)
_13151%[? (w1 € (tt+ ¢ | [LAX, D) =2) + P (2 € (t,t+€] | |LX(X, T)| = 2)]

x P (|L*(X,1)| =2)

= 1561 %1@ (z1,22 € (4t +€ | |[LX(X, 1) =2) P (|L*(X,])] =2). (4.44)

Now note that

1 1
liﬁ)lzp({ﬂl,xg € (t,t+¢€) :liﬁ)lgp(xz €(t,t+el |z e (t,t+e)P(z €(t,t+¢)

1 t+e
< liﬂ)l - ge(y)dE, -P(zq € (t,t+¢€]), (4.45)
€ € Jt
where F,(A) =P (x; € A |z € (t,t +¢€]). Furthermore,
Py € (t,t+¢]) < Fx (¢t +¢]). (4.46)

Hence from (4.45), (4.46) and (4.5) we get that

1 . e .
1551 ZP (z1,29 € (t,t+¢]) < 161%1 (/t ge(?J)dFy) X,](t)

. t+e 2 2

< lelf(r)l (/t ge(y)dFy) max <¥, m)
. t+e 2 2

< lelf(r)l (/t C(e) dFy> max <¥, m)

. 2 2
= lelf{)lC(E) - F, ((t,t + €]) max (z, T——t) = 0.

Hence the limit in (4.44) is zero and the ‘density’ of Fy; as defined in (4.43) is equal to
the right-derivative of F§ ; and hence shares the same properties as derived in Theorem
4.2 for f% ;, as required. U
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4.3 Structure of the class of measures A%

We showed in Theorem 4.2 that the distributions of intrinsic multiple-location functionals
L?(f,[0,T7) satisfy very specific properties, for any stationary process {X;},.g and T' > 0.

We will examine the structure of the class of all such distributions, and see that it has
properties that we can work with to derive further results.

Definition 4.10: We denote by A2 the class of measures F on [0, 7] with the following
properties:

(1) F([0,7]) <2.

(2) The restriction of F' to the interior (0,7) of the interval is absolutely continuous.

(3) A version of the density f as the right derivative of F', given by
1
f(t) =lim = (F((=00,t +¢]) = F((~00,4])), t€(0,T)
exists at every point in the interval (0, 7).

(4) This density f is right continuous, has left limits and satisfies the total variation
restrictions (4.6) to (4.10).

Note that we do not include the requirement that f satisfies the bound (4.5) since it can
be derived from the total variation constraints.

Before we prove some properties about this A%, we need the following useful lemma (The-
orem 20, p. 298 in [5]).

Lemma 4.11: Let S = R be the real line, B = B(S) be the Borel o-algebra, and A be the
Lebesgue measure. Suppose 1 < p < oo then a subset K of

L5808 = {11 [ 17 ax< o)

is relatively compact (meaning that it has a compact closure) if and only if it is bounded
and both of the following hold:

(1) lir%/ |flz+y) — f(y)‘p dy =0 uniformly for f € K.
Tr—r S

sup S A
i) i Pdy + 1 pd):o iformly f cK.
(i1 Aéggs( / Pl dy+ Jim | ) dy) =0 wnitormly for f
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Theorem 4.12: Denote by P7 the set of all measures on [0, 7] which take values in [0, 2].
Then the set A% is a weakly closed convex subset of PZ. Moreover, for any 0 < ¢ < %
the restrictions of the measures in A% to the interval (¢, 7 — ¢) form a compact (in total
variation) family of finite measures.

Proof: The convexity of A% is clear by construction.

Fix0<e< %, and let f be a version of the density for an arbitrary F € A% as described
in Definition 4.10.

For z > 0 small enough, we get that

/ @t y) - F)] dy

|. J et+jz T—e
=X [ Mo slas [ e - s

+(j—1Dax e—l—L%Jx

T QFJ

<[ Z Flet iz ty) - f(6+(j—1)x+y)!dy+max(§,T2_€)x

2 1 1
< - .
,T_e)x_fimax(e,T_e)x, (4.47)

by (4.5) and (4.6). Since the upper bound in (4.47) converges to 0 as z | 0 uniformly over
the entire class A%, we conclude by Lemma 4.11 that the densities of the measures in A%
form a relatively compact family in L;(e, T — €) for each 0 < € < L, where

Li(e,T —¢) ::{f‘ /T E :c)|dA<oo}.

Note that the requirement (ii) in Lemma 4.11 is trivial here since we only require

2
< TV(er—o(f)r + max (—
€

A

T—e
lim ’f(y)‘ dy + lim ‘f(y)| dy =0 uniformly for f € 0.A3,
A—(T—e€) J 5 A—e [,

where 0.A% is the set of densities of measures in A%. Clearly this holds, since the Lebesgue
measure is absolutely continuous and the densities f over (¢,7 — €) are bounded by

SUDye (o max (2, 725) = 2 by (4.5).

Now let {F,},_;, . be a sequence of measures in A7 such that F, vk Ffor F € P3.
We wish to show that F' € A% in order to prove A2 is weakly closed. To do so, we will
show F’ satisfies the conditions of Definition 4.10.
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For every n > 1, denote by f,, the version of the density of F;, as defined in Definition 4.10.

Let 0 <t < T, then for any 0 < € < min(¢t,T —t), since F' is the weak limit of F,,, we have
that

F((t—et+e) <liminf F, ((t —e,t+¢€)) < /Hemax (2 2 ) ds. (4.48)

00 s'T—s

Hence F' is absolutely continuous in the interior of [0, 7] with a density f satisfying

2 2
f(t) < (E, T——t> for every 0 <t < T.

gees

fo—f inLi(e,T —e¢). (4.49)

goon

as k — oo such that

fn, — [ almost everywhere in (e, T — ¢). (4.50)

goee

geee

complement has zero measure.

We next claim that for every e <t < T — ¢,

lim f(s) exists, and lim f(s) exists. (4.51)

st,s€AL sTt,sEAL

We will only prove the first statement since the other is done in the same way. Suppose
towards a contradiction that for some ¢t € (¢, T — €) the limit taken from the right (s | t)
does not exist. Then there exist sequences {s,,}o_, L ¢, {vn} o, Lt in A, such that

b:= lim f(sy,)>a:= 77%1_1r)noof(vm)

m—00
Without loss of generality we can take s; > vy > s9 > vy > ... > t. Then we let
7=b—a >0, and take M > 0 sufficiently large so that
f(sm)>b— %, flogm) <a+ % for all m > M. (4.52)
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Also choose K > 0 sufficiently large so that

2 2
(2K — 1)7 > 6max (—, )
e T —e€

Finally, choose n > 0 sufficiently large so that

[Faom) = Fwa)| < G amd |fu(sm) = Flsw)| < G (453)

foreach m = M +1,..., M + K, this is possible because every s,,,v,, is in the set A,, the
set on which f,, — f point-wise. It now follows from (4.52) and (4.53) that

fn(sm)>b—§ and fn(vm)<a+% foreachm=M+1,..., M + K.

Therefore,
M+K M+K-1
ST falsm) = Falwm)| + D0 [ falvm) = FalSmen)]
m=M+1 m=M+1
M+K M+K-1
> 30 | (6=3) —hlm+ X [falsma) = Falvn)]
" A
> Y <b— —) — fuloa) ¥ Y <b— g) — fulvm)]. (4.54)
m=M-+1 m=M+1

The terms in these sums are always positive since f,(vm) < a+ 3 < b— % by construction,
hence

M+K M+K-1
S falsm) = o)+ D0 [ falvm) = FfalSmen)]
m=M+1 m=M+1
M+K - M+K-1 -
> Z b—g—fn(vm)"‘ Z b_g_fn(vm)
m=M+1 m=M+1

= (@K =1) (b=5 = fulow)) > @K =1) (b= 5 — (a+ 7))
27

— (2K — 1) (b—a—?) :(2K—1)§
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We chose K such that (2K — 1)7 > 6max (2, 72-), hence we have

e? T—e

M+K M+K-1
Z |fn(sm) - fn(vm)’ + Z ‘fn(vm) — fn(sm+1)| > 2 max (g, T2— ) )

€ €

However, by (4.5) we know that

max (fn(sa41), fu(Varix)) < max (% T2— E) :

Hence we have a contradiction of the total variation constraint (4.6) combined with the
upper bound in (4.5), therefore the claim in (4.51) holds.

Next we show that the set

b= {rea 04 Jm 1)}

st,s€A,

is at most countable. To accomplish this we show that for every 6 > 0, the set

B.(0) = {t €A |f(t)— lim f(s)| > 9}

st,s€AL

is finite, since B, can be written as the countable union of B,(6) over § € QN (0,00). We
actually claim that

6 2 2
To prove this, assume towards a contradiction that there are points € < v; < vy < ... <

v < T — € in B,(0) for some

6 2 2
K>5H1&X(E,T_€).

Then for every m = 1,..., K, choose s, € A, with v,, < s;, < Uypy1 and v =T — ¢,
such that

|f<vm) - f(Sm){ > 0.
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Next choose n sufficiency large such that

0 0
falom) = fEm)| <50 [falsm) = flom)| €5, forallm=1,... K.

§7
Then for every m=1,..., K,

|fn(UM) - fn(sm)‘ = | (f(sm) = f(vm)) = (f(8m) = fu(sm)) — (fu(vm) — f(vm)) }

> |f(5m) - f(vm)| - ‘fn(sm) - f(sm)‘ - }fn(vm) - f(vm)} >

Wl

And by our choice of K, this means

K
Ko 2 2
n\Sm) = JnUn)| > —5 > 2 — .
3 o) = utin)] > 5 > 2max (2,57 )
However, this is again a contradiction of the total variation constraint (4.6) combined with
the upper bound in (4.5). Hence B, is at most countable.

Since we know there is a subsequence (f”k)kzl,Q,... with ny — oo as & — oo such that
fn,(t) = f(t) for almost every t € (¢, 1 — €), we use a standard diagonal argument with
sequences ( i )k:1,2,... to take e = 27™ | 0 and hence conclude that this holds for almost
every t € (0,7).

We denote by A, the set of such ¢ € (0,7 for which this result holds, whose complement
is of zero measure. We therefore conclude that (4.51) holds for every t € (0,7) N A,. Since

B, (now over (0,7) since A, is redefined) is at most countable, we can now define

g(t) = SJE&* f(s), 0<t<T. (4.56)
This function is clearly right-continuous by construction, and has left limits by (4.51).
Additionally, g concides with f on (A, \ By), so g is a version of f, hence it is a density
of the measure F' on the interior of the interval [0,T]. Since g is right-continuous as the
density of F' on (0,7), this means that F' is right-differentiable at every point in (0, 7).
Lastly, g satisfies the total variation constraints (4.6) to (4.10). Therefore A% is weakly
closed.

[t remains to prove the last statement of the theorem that for any 0 < € < %, the measures

in A2 restricted to the interval (e, T —¢€) form a compact (in total variation) family of finite
measures.
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Let 0 < € < T and let (Fn)py.. be a sequence in A7. Because P7 is weakly compact,
we can choose a subsequence (F,, ) k=12, With ny — 00 as k — oo which converges weakly
to some F' in PZ. But we have just proven that A% is weakly closed, hence this limiting
measure ' € A%.

Let f be a version of the density of this £ on (0, 7). We showed on page 37 that the densities
(far)pe1,,.. of the measures (£, ),_,,  form a relatively compact family in Li(e, T — e).

Since f is the unique limit point of this sub-sequence, we conclude that f,, — f in
Li(e,T —¢).

Since fn, — f in Li(e, T — €), and we also know f,,, — f almost everywhere in (¢,7 — ¢),

we can conclude by Scheffe’s Theorem that

T—e

lim | for — f| dX =0, (4.57)

k—oo [,

This implies that the the measures (F,,,),_, , restricted to the interval (¢, T —¢€) converge
in total variation to the restriction of the measure F' to that same interval, since

lim  sup |F,(D)— F(D)|= lim  sup
k=00 peB((e,T—¢)) k=00 peB((e,7—

< lim sup / |fnk — f‘ dA

k=00 DeB((e,T—

[ (=)

< lim \hk f] dx =0,

k—o00

by (4.57) and since ‘fnk - f| > 0, hence we get the bound feT_E ‘fnk - f| d\ for the
0

supremauin.
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4.4 Extreme points of A%

In this section, we look to analyse the convex structure of A2. In particular, we will identify
the extreme points of A%, and show that nearly all of these extreme points do in fact each
correspond to the distribution of a certain L*(-,-) on a chosen stationary {X;}, . In
addition, we will show that for any m € A2 satisfying certain conditions, we can construct
a stationary process {X;},.p and intrinsic multiple-location functional L?(-,-) which has
distribution m on [0, 7]. We begin with some definitions and useful theorems.

Definition 4.13: (Definition 2, p. 414 in [5]) For a subset A of a linear space X, the
closed convex hull of A, denoted ¢o(A), is the intersection of all closed convex sets in X
which contain A.

Theorem 4.14: (Krein-Milman - Theorem 4, p. 440 in [5]) If K is a compact subset of a
locally convex linear topological space X', and E is the set of extremal points of K, then
¢o(F) D K, and in particular co(F) = K if K is convex.

Theorem 4.15: (Lebesgue Decomposition of Measures - Theorem 14 p. 132 in [5]) Let
(S, %, 1) be a measure space. Then every finite countably-additive measure A defined on
> is uniquely representable as the sum A\ = a + 8 where « is absolutely continuous and
is singular, both with respect to p.

Remark 4.16: We note that the set of finite measures on [0,7], equipped with the
topology of weak convergence, is a locally convex linear topological space. We showed in
Theorem 4.12 that A% is a compact and convex subset of P%. Hence by Theorem 4.14,
the set A2 is equal to the closed convex hull of its extreme points. This raises an obvious
question: what are the extreme points of A2?

Theorem 4.17: The extreme points of A2 are:

(1) the measures p;, t € (0,7), concentrated on (0,7) which are absolutely continuous
with respect to the Lebesgue measure on (0,7), with density functions

2
f“t = ;H(O,t% 0<t< T,
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(2) the measures v, t € (0,7), concentrated on (0,7") which are absolutely continuous
with respect to the Lebesgue measure on (0,7), with density functions

2
T —t

]I(t,T)7 O<t< T,
(3) the point masses/singular measures o and dr defined as

(50(14) = and (5T(A) =

0 otherwise

2 if0eA 2 ifTeA
0 otherwise

for every Borel set A € B([0,7]).
(4) the null measure 7 on [0, 7], defined as n(A) = 0 for all A € B([0,T]).

Proof: Every measure m € A% is absolutely continuous on (0,7) and finite, hence by
Theorem 4.13 there exists a unique decomposition m = a3y + adr + Bmac + (n where
ay, a0, 3, >0 and a; + as + 8+ ¢ = 1 where mac is an absolutely continuous measure
on (0,7).

We begin by focusing on what we will call the non-trivial absolutely continuous extreme
points of A2%. That is, the measures which are non-zero on at least one set which has
positive Lebesgue measure, which in particular excludes the null measure 7.

Let f be the density of a non-trivial absolutely continuous extreme point of A2. Note that
because we assume f is non-trivial, and an extreme point, we conclude that fOT f(t)dt = 2.
If this were not the case, say for fOT f(t)dt = ¢ < 2, then we could take the convex

combination f = £(g) + %<(n') where 7/’ is the density of the null measure 7 and g is some

density of a measure in A2 such that [ g(t)dt = 2.

We start by showing that f must be monotone. To show this, define the functions

fi(t) =TV 4(f),
fa(t) = TV, 1(f)

for t € (0,7). For TV(+0 4(f), we take the supremum over 0 < s; < ... < s, <, because
the interval (0,¢] is closed on the right. These functions are well-defined and non-negative

by (4.7) and (4.8).
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Note that f; is a non-decreasing cadlag function with f;(07) = 0, and f5 is a non-increasing
cadlag function with fo(77) = 0. Morever, from (4.7) and (4.8), we also see that

f(t) = max(f1(t), f2(t)) (4.58)

for all 0 <t < T. Therefore, if we choose 0 < t; < T, we see that for every t; <t < T,

f@&) = ft) + TV, 4(f) = TV, 4 (),
fi(?) :fl(t1)+Tv?;17t}(f)7 and f>(t) = fot1) — TVt t](f)

Therefore,

&) = [) + f(t) + (f(t) = filty) = fo(tr)) = /1) + f2(t) + C(t). (4.59)

1:8@1)

From this we can see that C(¢;) is independent of ¢, and hence it is equal to a constant C
for every t; <t < T. We also note that C' > — f;(¢) for any 0 < ¢t < T by (4.58). Therefore
we can let ¢ | 0 to conclude that C > 0, since f1(07) = 0. Let fi = fo + C, and hence

f=h+1
Now suppose towards a contradiction that f is not monotone, then clearly fOT fi(s)ds >0
and fo f4(s)ds > 0. Therefore we have

_Lr f2
2/0 fi(s)ds - T () ds f1 / fals 2f0 PR 0<t<T, (4.60)

which is a convex combination of two monotone densities since

([ ne [ noa) =3 [ 6=

We note that monotone densities are automatically densities of some measures in A%,
meaning that we have a contradiction of f being the density of an extreme point, therefore
we conclude that f must be monotone.

We next show that f can take at most one non-zero value. Suppose that there are points
t1,ta € (0,T) such that f(t1) = a1, f(ta) = ay for some 0 < a; < ay. Then define the
functions

fi(t) = max(f(t) — a1,0) and fo(t) = f(t) — fi(t), 0<t<T.
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Since f is monotone, f; and f> are also monotone. As before, this allows us to represent

f as

1 [T f2()
= — flsds-— fa(s % 0<t<T, (4.61
2A (s Tt / S T (4.61)

which is again a convex combination of densities of some measures in A2, contradicting
the fact that f is an extreme point of A2. Therefore, we conclude that the density f can
take at most one non-zero value. This means that f is of the following form, for some

A e B([]0,T)):

fa(t) = A(QA)JIA(t), 0<t<T.

However, since f is monotone, this restricts A to being an interval which either begins at
0 or ends at T', which corresponds to the measures 1, v;. The last case to consider is then
A = (0,T), which can be represented as

1 1 14 14 as. 2
fom = 5 (2fuy) + 5 (20y) = 57%05) + 3715 0) 2 Flom,

which is a convex combination of densities corresponding to measures in A%, so it cannot
be an extreme point. Therefore this density f of a non-trivial extreme point of A% must
be of the form p; or v; for some 0 <t < T.

We must also show that these densities f,,, f,, do in fact correspond to extreme points
of A% to finish the proof. We present the proof for f,,, with the argument for f,, being
similar.

Suppose towards a contradiction that f,, is not an extreme point of A%. Then there exists
two different measures in A2 concentrated on (0,7) with respective densities g; and g,
such that

fu(8) = pgi(s) + (1 = p)ga(s), 0<s<T (4.62)

for some 0 < p < 1. There must clearly be a point 0 < s; < t such that g;(s;) > 2 for each
i = 1,2. We also know that since f,,,(t) = 2Lo4(t) =0, g;(t) = 0 for each i = 1,2.

Note that TV (o) (g:) > gi(si), and since g;(t) = 0, the total variation requirement in (4.9)
gives us that

\)

gi(0%) > TVion(g:) > gi(si) > =, i=1,2,

~+

46



meaning that

pin(0) + (1= P)ga(07) > =

However, this violates (4.62) in some neighborhood of the left endpoint, since f,, = %]I(Qt)-
Therefore j1; is a non-trivial extreme point of A3..

It is easy to show that the measures 0y, d7,n are also extreme points since they cannot be
expressed as convex combinations of other measures in A%.

Therefore, the other measures m in A2 are convex combinations of py, v, dg, o7 and 1. O

Remark 4.18: In Theorem 4.17, we used dy and dr as extreme points of A%, where

5,(A) = 2 ifrxeA
U0 ifxz g A

for both x € {0,7}. However, in Assumption A (page 18) we limited our choices of
{Xi},cg and L?(-,-) to exclude the possibility of having two locations which coincide,
which is precisely what happens with the measures dg, d7. Therefore it is necessary to look
at a subset of A% when connecting this class of measures back to the distributions of our
intrinsic multiple-location functionals.

Theorem 4.19: Define

1
D7 = {m = (16 + asdr + Bmac +(n) € A7 | 0 < g, a0 < 5 0<p8,¢(<1, (4.63)
a+ay+ B+ (=1}

Then for any stationary process {X;},.p and intrinsic multiple-location functional L3(-, ),
the distribution
Fir(A) = E [|L2(X, [0,7]) N A

is an element of DZ.

Furthermore, for every measure m € D7, there exists a stationary process {X;}, p and
intrinsic multiple-location functional L?(-,-) such that

m(A) = Fxp(A) =E [|L*(X,[0,T]) N A|]  for all A€ B([0,T7). (4.64)
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Proof: It is clear by the construction of A% and Assumption A, which restricts the masses
at the boundaries {0}, {T'} to be at most 1, that every F} , € D7.

Before we show the second part of the theorem, we want to show that 1, 14, dg, 07 and 7
are the distributions of a particular pair of a stochastic process and an intrinsic multiple-
location functional.

We will then create a mixture of these processes and construct a new intrinsic multiple-

location functional in a clever way to have distribution m.

(1) For the measures ;,t € (0,T), we let X(s) = sin (224 U),s € R, where U is a
uniform random variable on (0, 27). Then let

LQ(fv [O7T]) = {T;(,TvT)Z(,T}

where 7y ; = inf {t €10,7]| X(t) = sup X(s)} :
s€[0,7

and 7%, = inf{t €[0,7)]| X(t) = inf X(s)}.

s€[0,T]
Clearly 7%  and 7% ;> are uniformly distributed on (0,t). Therefore,

2

pe(A) = F)*(,T(A) = ZP (T)i(,T S A) = 2U(p1)(A)

i=1
as required.

(2) The argument for v, is analogous, where we take the location of the right-most path
supremum, and the location of the right-most path infimum on the same process.

(3) For 180, we let X (s) =sin (2 + U) where U is a uniform random variable on (0, 2r)
as before. Then let

LQ(fv [07 T]) = {T)lf,Tv EI)C(,T}
where 7y = {0},
and (% , = inf {t € [0,T] | X(t) > 2}.
Hence L?(f,[0,T]) = {7x.r} = {0} for every path f € H.
For 167, we have the same argument, using Txr = {T} with the same process used

for %50. Hence L*(f,[0,T]) = {T} for every path f € H.
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(4) Lastly, for the null measure n we let X (s) = sin (25* + U) where U is a uniform random
variable on (0, 27) and define the intrinsic multiple-location functional as the first and
second occurences of hitting a level £ which are never achieved:

L2(£,10,7) = {4 65}
where (3 = inf {t € [0,7] | f(t) = 3},
and (52, = inf {t = <[O,T] \ {eﬁ}}T}) | f(t) = 3} .
Then L2(f,[0,T]) = 0 for every path f € H, as desired.

Our goal is to construct, for a given m € D2, a stationary process {X¢},eg and an intrinsic
multiple-location functional L?(X, [0, 7T]) with distribution m.

To this end, we decompose m € D2 into its absolutely continuous (and null) part, and
singular point masses:

m = ay00 + a0y + Bmac + (1, (4.65)

1
for0§041,042§§, 0<B,¢(<1, oy +ay+B+(=1

We first focus on what we will call the “middle part”, which is comprised of mac and 7.
We normalize the combination of these two measures and denote this as

m* = L77”LA(3 + Ln. (4.66)

We know that mac is the convex combination of measures in {{,ut} rer) » Witie(o T)}, and

1 = 0 everywhere, hence m* can be written as

T T
m*—/ /ubtdFlu—F/ thFl,,
0 0

for measures F},, F, which represent the weights of the i, 14 respectively, with

F,((0.T)) + F, ((0,T)) = ﬁ%c
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For this “middle part”, we construct the following stationary processes:

2
Y,"(s) = sin (%8 + U) :
. [ 27s
Y"(s) = sin (T + U) + 3,
. [ 27s
Y, (s) = sin (T + U> + 21,

for every ¢t € (0,7'). We will form a mixture of these processes (and others later) in order

to form our required stationary process. To this end, denote the measure on the path space

of continuous functions C(R) corresponding to Y, as Q', and similarly for Y we take
., and for Y, we take Q,,.

Then define the measure Syq : C(R) — [0, 1]

¢
B+¢

which is invariant under shifts since it is a mixture of measures that are invariant under
shifts. That is, Spq is a measure on C(R) corresponding to a stationary process with paths

in C(R).

This is our construction for the “middle part”, and we now consider the measure m € D2,
which we will decompose as follows:

mld_/ QrdF, +/ QpdF, + ——Q,,

1 1 1 1 1 1
m = 91 (550 + 5777/*) + @Qm* + 93 <§6T + §m*> + 94 (550 + 5(57’) (467)

4
for ; € [0,1] for alli =1,...,4, and Z@i: L.

We note that to match the original decomposition in (4.65), this means that:

0, = min (2aq, 2a9) ,
0 = 20 — 04, 5 = 20 — 04,

and fy = 1 — max (20, 202) .

As we did for the ‘middle part’, we define the following stationary processes to represent
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the ‘0" part of the decomposition in (4.67):

2ms
0 .
Y,.(s) = sin <T + U) + 6,
0 . [ 2ms
Y, (s) = sin - +U | +9,

for every t € (0,7"). We again denote the measures on the path space C(R) corresponding
to Y:Bt as Qgt and Ylg as Qgt.

Then define the measure Sy : C(R) — [0, 1] as

T T
Sy = / Q) dF, + / QY dF,.
0 0
Similarly, for the ‘03" part of (4.67), we define
T . [ 27s
Y, (s) =sin - +U | +12,
T . [ 27s
Y, (s) = sin - +U | +15,
T T
and St :/ tadFM+/ QL dF,.
0 0
Lastly, for the ‘0,’ term in (4.67) we define

2
Y. (s) = sin (%5 + U> +18,

and S, = Q.

Now we mix the measures Sy, Smiq, and Sy according to the decomposition in (4.67) in
order to get the measure S : C(R) — [0, 1]:

S = 0150 4 025miq + 0357 + 04S..

This measure S on the path space C(R) will give us paths that will be used in conjunction
with a cleverly defined L?(f, ) to achieve the desired result. In particular, we will use the
fact that the path space is partitioned by S since the sinusoidal processes defined above do
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not ever cross paths. Then we define L?(f, I) on each of these disjoint subset of paths as we
did for the extreme points, on a case-by-case basis, and it will have distribution m € DZ.

For each f € C(R) and [a,b] € Z, the L?(f, ) we want is defined as:

({inf {t € 1| f(t) = sup,e; (5}
inf {t € I'| f(t) = inf,es f(s } it f(z) € [~1,1] for every = € R,
{switer]| - supseff( )},
sup {t € I | f(t) = inf,es f(s)} } if f(z) € [2,4] for every = € R,
inf{t € I'| f(t) =sup,e; f(5)} ,a} if f(z) € [5,7] for every x € R,
sup{t € I | f(t) = sup,; f( )},a} if f(z) € [8,10] for every x € R,
inf{t € I| f(t) =sup,e; f(s },b} if f(x) € [11,13] for every x € R,
sup{t € I'| f(t) =sup,e; f( )},b} if f(z) € [14,16] for every x € R,
a,b} if f(x) € [17,19] for every x € R,
inf {t € I'| f(t) =25},
sup{t €| f(t) = 25}} if f(z) € [20,22] for every x € R,
 {a,b} otherwise.

Then one can check that for the stationary process {X;},., which corresponds to the
measure S on the path space and this intrinsic multiple-location functional L?(-,-) we get
that

Fxp(A) =E[|L*(X,[0,T]) N A]] = m(A)

for every Borel set A € B (]0,T]), as required. O

o2



Chapter 5

Intrinsic Location Vectors

The ‘vector case’ we will discuss in this section is more similar to the single-location case,
in the sense that we will once again allow infinite values when the random location is not
well defined in the given interval. However, we now identify the two random locations, so
our object of interest changes from a random set of points to a random vector.

We keep the same ‘H and Z as previously defined, and as before, we endow the set (I U {o0})
with the topology obtained by treating the infinite point as an isolated point of the set,
and take the Borel g-algebra of this collection to obtain our measurability condition.

Definition 5.1: A mapping L2 : H xZ — (R U {co})? is called an intrinsic location vector
of degree 2 if it satisfies all of the following conditions:

(1) For every I € Z the map L2(-,I) : # — (R U {o0})” is measurable.
(2) For every f € H and I € Z, L2(f,I) € (I U{c0})>.
(3) (Shift compatibility) For every f € H,I € Z,c € R,

2 12 c c
(f ) g?’[ g%cﬁl_c c ( f ) c

where oo + ¢ = 0.

(4) (Inclusion under restriction) For every f € H, and I, Iy € Z such that I, C Iy, define
the sets Jrr,, Jr 1, as

Jf,fj - {E},Ij7£§,lj}7 ] € {172}7
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then

Jf,jl N ]2 - Jf,IQ.

(5) (Consistency of existence) For every f € H and I, Iy € Z such that I, C I, and sets
Jt1, Js1, as defined above,

[ Tr \ {00} | < |Jpn \ {oo} |

In the following chapter, we will not keep repeating ‘of degree 2’ for the intrinsic location
vectors, since we will always be working with n = 2 until Chapter 6.

Example 5.2: In Example 3.2 on page 12 we introduced the locations of the two largest
local maxima. This is of course an intrinsic location vector of degree 2, if we simply take

1
the vector L2(f, 1) = {:éll rather than the set valued L2(f, ).
7.1

Example 5.3: Consider H as the space of continuous functions C(R), and define the first
and second hitting times of a level k, respectively, as

Ty =inf {s € [a.b] | f(s) =k},

and T;fy’[i’b} = inf {s € (T;’[;b], b] | f(s) = k;} )

These form an intrinsic location vector of order 2:

k1
T

k,2
Ty o

Lz(fv [CL, b]) =

Theorem 5.4: For two single-location intrinsic location functionals Ly (-, ), La(-,-) as in

Definition 2.1, L2(-, ) = [ilgg
o

Proof: The fact that this L2(-,-) satisfies measurability is clear.
For shift compatibility, let f € H,I € Z, and c € R, then

a0 =[] = [ =91 - mesr-a+ [

} is an intrinsic location vector.
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as required.

For inclusion under restriction, let f € H and I, Is € Z such that I, C I;. By definition,
we know that L;(f, 1) € I, implies L;(f, Is) = L;(f, ;) for each j = 1,2. Hence

{Lu(f, 1), La(f, )} N Iy C©{LA(f, I2), La(f, [2) } -

Lastly, to show consistency of existence, let f € H and I, I € Z such that I C I;. Then
by the single-location definition we know that L;(f, ) # oo implies L;(f,I;) # oo for
each j = 1,2. Hence

’ {L1(f, I2), La(f, I2) } \ {00} | < | {Li(f, 1), La(f, 11) } \ {00} ‘

Therefore, L2(-,-) is an intrinsic location vector. O

1
Remark 5.5: Clearly for L2(f,I) = V

£I
0,
and perform all of the prior analysis, but the vector case contains more structure which
we can work with. We can now distinguish the locations from one another in a non-trivial
manner, which allows us to classify the intrinsic location vectors into separate subclasses

based on the relationship between the two locations.

} , one could simply just take L2(f, 1) = {¢} ,65,}

5.1 Swubclasses of Intrinsic Location Vectors

We will classify the intrinsic location vectors into subclasses based on their behaviours
under restriction.

Definition 5.6: For any instrinsic location vector L2(,-) = [i;} , we say that location K_j’_
is dominated by location éi, for ¢ # j if the following hold:
(1) For every f € H, any pair of intervals Iy, I, € Z, with I, C I,
in € (L\ L) and ¢, € I,
implies that (% ; = E? I
(2) For every f € H and Iy, I, € Z, with I, C I, if £} ; € I, then 0%, = £} .

(3) Forevery f € Hand [ € Z, if K}J = oo then E?I = 0.
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In this case, we say that the location ¢’ dominates the location ¢/, and for an L3(-,-) which
has a location that dominates the other we will say that it has a dominating location.

An intrinsic location vector with a dominating location can be thought of as a vector of
sequential occurences. That is, the dominating location is the first occurence of some event
on the path, restricted to a compact interval, and the dominated location is the second
occurence.

Convention V: We will take the convention that €1 will always be the dominating loca-
tion, if there is one, as defined in Definition 5.6.

Example 5.7: The location of the leftmost hitting time of a level £ dominates the location
of the second leftmost hitting time of that same level k. For instance, we would define the
leftmost hitting time as 6_1,, and the second leftmost hitting time as €2 in order to satisfy
Convention V.

ol .
Remark 5.8: For any intrinsic location vector L2(-,-) = [ E'Q’}, it is not possible that ¢!

dominates ¢? , and ¢>. dominates ¢! at the same time.

To see this, fix an f € H and [ 6 Z, then take three intervals Iy, I, I3 € Z such that
[3 QIQ g[l, and 6}711 € (Il\lg) ffl 613’£f12 ([2\[3) Then

_
G =Lin,
since ¢! dominates ¢2.. However, since (7, € (I \ I3), then
_n
gf Is — gf,fz
since 2. dominates ¢! . In conclusion, this means that (; € (I \ I3),(7; € I3 and

51, = {3 ,, a contradiction that ¢’ dominates (?. See Figure (5.1) for an illustration of
this scenario.
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1 2 2 _ 11 _2
* lfJI]_ ® lf,lz ® lf,ll - lf,Iz — lf,[3

]
o .\ )/ )T
\/\;Y

Il 2 13

O—-—

Figure 5.1: Hlustration of the contradiction in Remark 5.8

Remark 5.9: For any intrinsic location vector L2(-, ), where we follow Convention V if
L3(-,-) has a dominating location, we fix an f € H. Then when we impose a restriction

1
from I; to I, with I, C I; we have two possible scenarios for L2(f,-) = [ ‘1, based on

57
€f7
the behaviour of (7 .

When £}, € (I \ 1), and €3 ; € I, then there are two possibilities:

(i) E?,Il — 6}712, or
(il) €§711 — £§7[2.
We will distinguish our subclasses based on the these two possibilities.

Definition 5.10: The two subclasses of intrinsic location vectors we will work with are:

(1) Ranked Intrinsic Location Vectors:

All L(-,-) which have a dominating location as in Definition 5.6, which is ¢! in order
to follow Convention V.

(2) Free Intrinsic Location Vectors:

L3(-,-) is a free intrinsic location vector if for every f € H, the following hold:
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(i) For each j = 1,2, when we have I, I, € Z with [y C I; which satisfy Eﬁ}’h € I,

Jj _ pI
we get that ¢, =6, 1.

(ii) For each j = 1,2: if we take any Iy, I, € Z with I, C [}, we get that g?”,h = 00
implies f? 5, = 0.

In particular, free intrinsic location vectors do not have a dominating location.

The reason we chose to take these two subclasses is that the ranked subclass represents all
of the ‘sequential’ instrinsic location vectors we’'ve been looking at very often, such as the
first two hitting times of a level k, the two leftmost path suprema and so on. This case
would be particularly important in applications.

The free subclass represents the case where one simply combines two intrinsic location
functionals together into a vector. See Theorem 5.14 which proves this is indeed how the
free intrinsic location vectors must be constructed.

gl
{e?’:

an intrinsic location functional in the sense of the ‘single—loéation’ case from Chapter 2.

Theorem 5.11: If the intrinsic location vector L2(-,-) = is ranked, then ¢! must be

Proof: By construction of L2(-, ), El must satisfy the measurability and shift compatibility
conditions. So we must show that it satisfies the stability under restriction and consistency
of existence conditions (see Definition 2.1 on page 3).

Suppose towards a contradiction that El does not satisfy the stability under restriction
condition. That is, there exists f € H and 11,1, € T with I, C I; such that Eff € I, and
s 1, # },- But this contradicts the definition of the ranked intrinsic location vector.

Now suppose towards a contradiction that fl does not satisfy the consistency of existence
condition. That is, there exists f € H and 11, I, € 7 with I, C I; such that Efl # oo and
(;;, = oo. Then by the consistency of existence condition on L3(f, -):

| {0 G \ oot | < [{6n: G0} \ oo} |,
which is only the case if
éfb =00 and E?ﬂh # 00.

However, we assumed (} ; = 00, hence (3 ; = 0o because L7(f,-) is ranked. Therefore the
consistency of existence condition on LQ( f ,-) is violated, a contradiction.
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Therefore ¢! is an intrinsic location functional. [l

Remark 5.12: Because we have shown that the ranked intrinsic location vector L2(-,-) =
1

6'2" has the property that El is an intrinsic location functional, we get that El satisfies

all of the previously shown ‘single-location’ results.

Hence we now also now have in this case that 52 satisfies some nice properties. However,
for a ranked intrinsic location vector, €2 is typically not an intrinsic location functional.
An an example, consider the second hitting time of a level k, which clearly does not satisfy
stability under restriction since we can have (2, € I, (?; = (!, for some I, C I;, where

ﬁ% 1, could be undefined, violating stability under restriction.

1

Corollary 5.13: Let {X,;},.p be a stationary process and let L2(-,-) = 2} be a ranked

0
intrinsic location vector. Then for every I € Z, the distribution of £% ;, denoted
F3 (A) =P (5, € A)

is absolutely continuous on the interior of the interval I. Furthermore, the version of
the marginal density of (% ; denoted f% ;, defined as the right derivative of F% ; is right
continuous and has left limits.

Proof: The result follows immediately from the facts that
FX (A) =Pl € A)+P (65, € A),

and ¢! is an intrinsic location functional, since LZ(-, -) is ranked. O

1

0. } )
65} is free if and only if both El
and £2 are intrinsic location functionals in the sense of Deﬁnition 2.1.

Theorem 5.14: An intrinsic location vector L2(-,-) = [

Proof: Part of the ‘if’ direction was done in Theorem 5.4: we showed that this is indeed
an intrinsic location vector. To show it is free, we note that because 57 are both intrinsic
location functionals, for both j = 1,2 we have that for every f € H, whenever we have
I,,I, € T with I, C I, such that g?”,h € I,, we get that @7]1 = 6?12. Hence L2(X, ") is
clearly free.

For the ‘only if” direction, we check the conditions required for the intrinsic location func-
tional for 6,17,, and the proof of 52 will be analogous since the definition of the free intrinsic
location vector is symmetric for the two locations.
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It is clear that ﬁl satisfies measurability and shift compatibility by construction, and
because L2(-,) is free, stability under restrictions is also clear.

It only remains to show that consistency of existence holds. To this end, let f € H and
I, I, € T such that I C I;. We need to show that E}JQ # 0o implies ﬁ},h # 00.

Towards a contradiction, assume 6]107 ;, = 00. Then by definition 5.10 (2.ii) we get that
{} 1, = 00, a contradiction.

Therefore El is an intrinsic location functional in the sense of Definition 2.1. O

Remark 5.15: We note that these subclasses are not exhaustive of all possible intrinsic
location vectors. For example, we could define L2(f, I) on I = [a,b] as:

=[]
v\J» . 62 )
f’I

b if [b— 1
WhereE}I: 1 b=al# )
’ a if |b—al=1

b if [b—al=1
andﬁfq: 1 b=l ,
’ a if |[b—al#1

which is clearly an intrinsic location vector. To see this, note that it trivially satisfies
measurability and shift compatibility.

For inclusion under restriction, let 1, Iy € Z such that I, C Iy, then the only time when
{65,603} NI # 0 is when for Iy = [a,b], I, = [¢,d] we have a = ¢ or b = d. Without loss
of generality, we show the a = ¢ case. If I} = [a,b] and Iy = [a,d], then there are three
possibilities:
(1) If |b — a|] = 1, then

{E},Ilagi,ll} N [CL, d] = {CL, b} N [CL, d] = {CL} € {dv a} = {E}‘,Iyé?‘,]g} .
(2) If |d — a| = 1, then

{g},lpg?‘,h} N [aa d] = {ba CI,} N [CL, d] = {CL} S {aa d} = {6}71276307]2} .
(3) If neither [b—a| =1 or |d — a| = 1, then

{051, 03,} Nla,d) ={b,a} Na,d] = {a} € {d,a} = {l}1,,(5,,}
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Therefore L2 (-, -) satisfies inclusion under restriction.

Lastly, we must show that L?(-,-) satisfies consistency of existence. However, this is trivial
since both locations always exist.

Hence L2(-,-) is indeed an intrinsic location vector. However, it is neither ranked, nor free.
To show this, we give a simple counter-example where the definitions of ranked and free
intrinsic location vectors are both broken.

Let Iy = [a,b],b > a and I = [¢,b],a < ¢ < b, with |b —c¢| = 1. Therefore @1711 e I,
hence we should have that 6,1’ n= 617 1, for every f € H in the definitions of ranked and free
intrinsic location vectors. But this is not the case:

L2(- 1)) = m . and L2(-, 1) = H .

See Figure (5.2).

L,

.._______.
[S—

12
, : l',Il
&

¢

Figure 5.2: Ilustration of the counterexample in Remark 5.15.
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Chapter 6

Generalization to n > 2 locations

We have so far only considered the case of n = 2, but analysis can be generalized for the
n > 2 (non-vector) locations case only by changing the definitions slightly:

(1) We change I'? to I'} as follows:

[} = { sets of cardinality at most n, with elements taken from I} .

(2) Each & € I'} can be described as a point measure:

me = ZH‘T’

el

1 ifzxecA
where I, (A) = {O frg A

We can again equip ['} with the o-algebra M™ defined as the smallest o-algebra which
contains sets of the form

{m € M,(I'}) | m(A) € B} for Ae B(I),B € B([0,n]),
where M, (I'}) is the space of all point measures defined by I'}.
(3) We keep the same H and Z as previously defined.

(4) A mapping L" : H xZ — I'} is called an intrinsic multiple-location functional of degree
n if it satisfies all of the following conditions:
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(i) For every I € Z the map L"(-,I) : H — I'} is Cyl(H)/ M™-measurable.
(i) (Shift Compatibility) For every f € H,I € Z,c € R,
L"(f,I)=L"(0.0 f, 1 —¢)+c,
where { +c={ztc|x €}

(iii) (Inclusion under restriction) For every f € H and Iy, Iy € Z such that I, C I,
Ln(fa [1) N1y C Ln(fa [2)

(iv) (Consistency of existence) For every f € H and Iy, Iy € Z such that I, C I,
|Ln(f> Il)l > |Ln(f> IZ)})

where |-| represents the number of elements in the set.

(5) We again look only at F% ; because the set-function Fx (A) = P(L"(f,I) A # 0)
can be expanded using the inclusion-exclusion principle, where the ordering of the

x; € L"(f, 1) is again the order-statistics. Without loss of generality, we present the
explanation for case where |L"(f,I)| = n:

Fx(A) =P ({xy,z9,...,2,} NA#D) (6.1)
- Z]P’(xi cA) — Z P ({z;, € A} N {z;, € A})

*)
+ > P({x, € Ayn{m, € Ay {zy, € A}

1<i1<12<13<n

Fer Y Pmeannfa, € )

1<i1 << <ip—1<n

We work again with F% 7 directly in the form
Fis(4) =E[[2"(X, 1) n 4],

which again can be interpreted as the expected number of random locations in A. One
can clearly see from these new definitions that the proofs will be analogous to the

n = 2 case, with minor changes such as f% ;(t) < max (%, Ti_t) which can be easily
shown.
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(6) In order to show that the right-derivative ‘density’ of the capacity functional fx s
is again equal to the right-derivative density of F ;, denoted f%;, we impose an
assumption similar to Assumption M, and argue that the sum in (6.1) can be drastically
simplified.

Assumption M,,: For every ¢ = 1,...,n — 1, the functions
gi@) =P ($i+1 € (t, t+ e] | x; = t)

converge to 0 uniformly on ¢ € (0,7"). More precisely, g'(t) < C*(¢) for every t € (0,7,
where C"(e) is a function for each ¢ = 1,...,n — 1 such that lim.o C"(e) = 0.

We note that by Bonferroni’s inequalities,

D P@iett+d)— 3 Pz ett+din{e, €tt+d}

1<ii<ig<n

S FX’]((t, t -+ E])

<Y Pz € (tt+e)=Fx ((tt+¢).
i=1
Hence we only need to show that

lime S Pl € (bt + e} {m, € (bt +d}) =0

1<i1<iz2<n

in order to conclude that fxr = f% ;. This clearly follows from Assumption M, by
essentially the same argument as in Section 4.2, with the additional fact that

P({z;, € (t,t+e]}N{x, € (t,t+€]}) <P({a;, € (t,t+ €]} N {1 € (6t +€]}).
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Chapter 7

Further Research

First and foremost, Assumptions M and M,, could perhaps be proven as properties which
simply follow from the definitions of intrinsic multiple-location functionals of degree n = 2
and n > 2 respectively.

The marginal density of 6,27,, denoted f5(t), in the ranked intrinsic location vector would
also be of particular interest. One could attempt to show similar results to Theorem 4.2,
such as fo(t) < ¢(t) for some function ¢(-) on the interior of (0,7"), as well as some bounds
on the total variation and positive/negative variation at the end-points of the interval.

There are multiple ways in which one could expand on the general framework found in
this work. The intrinsic location vectors of degree n > 2 could be explored. Their joint
distributions would likely be of importance and interest. One could also attempt to expand
the framework to encompass not only stationary processes, but stationary fields, for both
the intrinsic multiple-location functionals and intrinsic location vectors.

An application in the field of risk management may be possible. In risk management,
we are often concerned with extreme values. In particular, in the Peaks-Over-Threshold
method (see [7]), we are concerned with losses (L;) over a time period [a, b] which exceed
a given level ©v > 0. In current practice, these excess losses are used to calculate risk
measures such as Value-at-Risk and Expected Shortfall, by approximating the distribution
of (L —u | L > u) with the Generalized Pareto Distribution.

If one had closed-form and tractable results for the distributions of intrinsic multiple-
location functionals, or preferably the intrinsic location vectors, it may be possible to
make a link to this theory.

For example, with m > 0 given data points representing losses (Ly,, ..., Ly, ), one could
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“smooth out” the data by some method such as interpolation, and fit the data with a
stationary process.

Then one could examine LX(f, [a,b]) for [a,b] D {t1,...,t,n} and k = 1,...,n, with the
random locations of L¥(f, [a,b]) being the k successive locations of exceedances of the level
u > 0, up to n locations. A possible choice of n could be

I

n~|{ie{l,...,m} | P(f’}’[a’b] exists ) > ¢ € (0,1)}

with ¢ being a “sensitivity” parameter. Then one could use the intrinsic location vectors
LE(f,[0,T]),k = 1,...,n, to understand the structure of dependence between the times
of exceedances. If it were possible to have tractable results about the joint distribution
of the intrinsic location vectors, one could then approximate the arrival time of the next
exceedance, while also taking into account the dependency structure arising from the lo-
cations of past exceedances up to the current time.
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