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Résumé

We offer a unified approach to the theory of concave majorants
of random walks by providing a path transformation for a walk of
finite length that leaves the law of the walk unchanged whilst providing
complete information about the concave majorant. This leads to a
description of a walk of random geometric length as a Poisson point
process of excursions away from its concave majorant, which is then
used to find a complete description of the concave majorant of a walk
of infinite length. In the case where subsets of increments may have the
same arithmetic mean, we investigate three nested compositions that
naturally arise from our construction of the concave majorant.

1 Introduction

Let So = 0 and S; = ZLIXZ- for 1 < j < n, where Xq,...,X, are
exchangeable random variables. Let A be the assumption that almost surely
no two subsets of Xi,...,X,, have the same arithmetic mean, and assume
for now that A holds. Let S := {(4, ;) : 0 < j <n}, so that S0 is the
random walk of length n with increments distributed like X7,..., X,,. Let

O<Nn,1<Nn,1+Nn,2<"’<Nn,1+"‘+Nn,Fn:n

be the successive times j with 0 < j < n such that §; = C071(4), where
C97] is the concave majorant of the walk S i.e. the least concave function
C on [0,n] such C(j) > S;j for 1 < j < n. The random variable F), is the
number of faces of the concave majorant. Without assumption A, more care
needs to be taken in defining the faces of the concave majorant ; this will be
discussed further in Section 6.
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The ith face of the concave majorant is a chord from (N, + --- +
Nnﬂ;_17SNn,l“!‘""‘!‘Nn,ifl) to (le + -+ NiaSNn,1+-~~+Nn,i)- We define the

length, increment and slope of the ith face to be N;, A, ; and ATT respecti-
vely, where

Anﬂ' = (SNn,1+-"+Nn,¢ - SNn,1+"'+Nn,i71)’ for 1 <i< Fp.

In the 1950’s, E. Sparre Andersen [2| discovered the following remarkable
result : for any exchangeable X1,..., X, satisfying assumption A, there is
the equality in distribution

n
d
Fo£K,=) I (1)
j=1

where K, is the number of cycles in a uniformly distributed random permu-
tation of the set [n] := {1,...,n}, and I;,j = 1,2,... is a sequence of inde-
pendent Bernoulli variables with P(I; = 1) =1/j and P(/; =0) =1-1/j
for each j. The second equality in (1) is an elementary and well known re-
presentation of K, which holds for a number of natural constructions of
uniform random permutations of n simultaneously for all n, including both
the construction from records of the X; [9], and the Chinese Restaurant
Process [14].

A further result that seems to have been known by Spitzer [19], and
shown explicitly by Goldie [9] using a generalization by Brunk of Spitzer’s
Lemma [5], is that under assumption Athe distribution of the partition of
n generated by the lengths of the faces of the concave majorant on [0, n],
which may be encoded by these lengths in non-increasing order, has the
same distribution as the partition of n generated by the cycles of a uniform
random permutation - we will prove this result as a corollary of our main
theorem. Thus the partition generated by the lengths of the faces of the
concave majorant may be generated by a discrete uniform stick breaking
process on [0,n] [14]. The result raises the following problem :

The rearrangement problem. Conditionally given that the partition of
n generated by the lengths faces of the concave majorant of the random walk

S0:n] hag segment lengths ny,...,ng withn; >no > ... >0,
— in what order and with what increments should the faces f1,..., fi of
the concave majorant with lengths nq, ..., n respectively be arranged

to recreate the concave majorant of the random walk S0 ?

— given the concave majorant, what is the distribution of values of the
random walk S[%7 between vertices of the concave majorant ?

We answer this question by giving in Theorem 1 a simultaneous construction

of the walk and its concave majorant conditional on the partition generated

by the lengths of the faces of the concave majorant. The theorem will be



proved under assumption Ain Section 2, and in the general case in Section
6, with the key idea of both proofs being that it is enough to show that the

theorem is true when Xj,...,X,, are samples without replacement from a
set of n real numbers. Since the construction given in the theorem applies to
general exchangeable X1, ..., X,, it allows us to investigate in Section 6 the

structure of the concave majorant in the general case. The statement of the
theorem is complicated, but easy to describe informally, particularly under
assumption A, in which case the construction is as follows. Conditional on
the lengths of the blocks of the partition generated by the concave majorant
being (n1,...,nk) :

— Split Xy, ..., X, into k blocks

(le s ’X?’Ll)(Xn1+1a s 7Xn1+n1) U (XZi.C;llm—‘rl’ oy Xk

i=1 ”i)

— Arrange the blocks in order of decreasing arithmetic means.

— Perform the unique cyclic permutations of the increments within each
block such that the walk with those cyclically permuted increments
remains below the line joining its start and end points.

This process defines a permutation of the original increments which leaves the
distribution of the walk S1%" unchanged and at the same time provides us
with information about the concave majorant. In the case where X1,..., X,
are independent, then we may just generate independent walks of length
ni,...,Nk, cyclically permute the increments of each walk appropriately,
and then arrange the walks in order of decreasing slope. The idea of using
cyclic permutations to transform random walk bridges into excursions is due
to Vervaat [21].

When assumption A is not satisfied there are two more complications.
Some of the blocks may have the same arithmetic mean, in which case their
ordering is chosen uniformly, and within a block there may be more than one
cyclic permutation of increments that leaves the walk with those increments
below the line joining its start and end points, in which case the cyclic per-
mutation is chosen uniformly from the possible options. By exchangeability,
it would also work to take the blocks with the same arithmetic mean in or-
der of appearance rather than randomly ordering them, but this makes the
statement of the theorem harder and in fact does not make the proof any
easier.

To facilitate the statement of the theorem, it is necessary to define the set
of all permutations that cyclically permute increments within certain blocks
and then arrange those blocks in some order.

Definition. Let X, be the set of permutations of [n], and let P, be the set
of partitions of n, encoded in non-increasing order. For (ny,...,ng) € Py let
Ynt,en) © Xn be such that o € X, .y if and only if for some T € X,
and (r1,...,7m1) € ZF we have

o (SiTinew +4) = (7 m) + (G4 7o) mod 7(i)) + 1



forlgjgnT(i),lgigk.

In the definition of ¥, ) just given, the cyclic shift chosen for the
7(2)th block is given by r; and the ordering of the k blocks is given by 7.

Theorem 1. Let Sy =0 and S; = Zgzl Xy for1 <j<mn, where Xq,..., X,
are random variables with any exchangeable joint distribution. Let SO =
{(4,85) : 0 <j <n}. Independently of X1,...,Xpn, let Ly1,Lp2,..., Ly K,
be a sequence of random variables distributed like the lengths of cycles of a
random permutation of [n] arranged in non-increasing order. Conditionally
given {K,, = k} and {L,; =n; : 1 <i <k}, let B be the random subset of
defined by the following relation. o is in B if and only if 0 € X, . n,) and
there exists T € ¥y, such that the function defined on [k] by

1 Nr(1) ()

Mr (i)

o o, T PRp—
7 An,i =

Xo(0) (2)
l=n,)+tn, 1)+l

is non-increasing in i and for each 1 < i < k we have

1 N (1)t N (i—1)tm
o > Xoy | <A forl<m<n..  (3)

m
=nry+ttnr -1+l

Conditionally given B, let p be a uniform random element of B, indepen-
dently of all previously introduced random wvariables. For 1 < j < n let

SP =201 Xp) and let S = {(j,87) : 0 < j < n}. Then Sy’ £ S0,

The condition involving (2) ensures that the permutation that we end
up choosing puts the blocks of increments in non-increasing order arithmetic
mean, i.e. in non-increasing order of slope, and the condition involving (3)
ensure that the cyclic permutation chosen for each block makes the walk
stay below the line joining the start and end points of the increments of that
block. In the case where X1, ..., X,, satisfy assumption A, the random set B
almost surely only consists of one element and thus the additional random
variable p is not needed.

Some of the ideas of our construction are contained within the work of
Spitzer [19], who observed that if A, ; is the increment of the walk over the
ith face of the concave majorant, then for the maximum

M, := max S
0<k<n

there is the almost sure representation

Fr
My =) Apil(An > 0). (4)
=1



Spitzer showed the much simpler representation in distribution
e
M, = ZA;,il(AZ,i > 0) (5)
i=1

where K, is the number of cycles of a random permutation independent of
the random walk S0 = {(j, Sj) + 0 <j < n}, and given K, = k and
that the permutation has cycles of lengths say Ly 1,..., Ly, the Afm are
conditionally independent, with

(Af | K=k Lp; =028, for1<i<k andl<{<n.

il
This is an immediate corollary of our theorem, and something we investigate
further in Section 5.3. Some consequences of this result lead to other ideas
which arise in this paper. Let S;” = S,V 0. As pointed out by Spitzer, Hunt’s
remarkable identity |13, Theorem 4.1|

E(M,) =" ; (6)

(=1

follows easily from (5), along with the following complete description of the
distribution of M, for every n = 1,2, ... (this description is known as Spit-
zer’s Identity) : for |¢| < 1

i n]E itMy, . ﬁ}E itS: 7
¢"Ee™r =exp [ Y - Ee (7)
n=0 k=1

To indicate how (6) follows from (5), recall that the expected number cycles
of length ¢ in a random permutation of [n] is £=1. So (6) decomposes the ex-
pectation of the sum in (5) according the contributions from cycles of various
sizes . To provide a similar interpretation of (7), let n(q) denote a random va-
riable with geometric distribution with parameter 1—gq, so P(n(q) > n) = ¢"
for n = 0,1,..., and assume n(q) is independent of the random walk. Then
multiplying (7) by 1 — ¢ and using the expansion —log(1 —q) = > 72 qx/k
allows (7) to be rewritten [11] :

. i k .
Ee'Mn(a) = exp (Z %(IE@”SZr = 1)> (8)

k=1

Otherwise put, the maximum M, , of the walk up to the independent geo-
metric time n(q) has a compound Poisson distribution :
N(q"/k)

> Si (9)

1

Mg < >

k=1 1
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where for fixed ¢ the N(¢*/k) are independent Poisson variables with pa-
rameters ¢ /k for k = 1,2,..., and given these variables the Sk, for 1 <

i < N(q¢¥/k) are independent with S ; 4 Sk. As observed by Greenwood
and Pitman [11], the identity in distribution (9), and the companion result
which determines the common distribution of \S,, — M,, and ming<x<, S for
every n, can be derived, along with other results of fluctuation theory for
the distribution of ladder heights and ladder times, from the decomposition

Sn(q) = Mn(q) + (Sn(q) = Mn(g)) (10)

which expresses the compound Poison variable S,,(,) as the sum of two inde-
pendent compound Poison variables with with positive and negative ranges
respectively. Moreover, as shown in [10], this discussion can be passed to a
continuous time limit to derive the companion circle of fluctuation identities
for maxima, minima and ladder processes associated with Lévy processes. In
section 5.3 we give new explanations for the compound Poisson distributions
mentioned above.

The rest of this article is structured as follows. In Section 2 we will prove
Theorem 1 under assumption A and give corollaries relating to the parti-
tion and composition induced by the concave majorant. In Section 3 we will
analyze some specific examples of composition probabilities, including the
Cauchy increment case, which turns out to be particularly simple. In Sec-
tion 4 we extend the description to the case where n is replaced by n(q), a
geometric random variable with parameter 1 — ¢, which results in a descrip-
tion of the concave majorant and the excursions under each face as a Poisson
point process. In Section 5 we apply the Poissonian theory. First, by letting
g — 1 we find a description of the concave majorant for the random walk
on [0,00), and the associated excursions under each face. Then we analyze
the behaviour of the concave majorant as n grows. as a final application
we investigate the pre and post maximum parts of the walk. In Section 5.3
we investigate the two concave majorants that result from decomposing the
random walk at its maximum, and their associated partitions. In Section 6
we extend the theory to Xi,..., X, not satisfying assumption A. Also in
Section 6 we investigate three nested compositions of integers that arise na-
turally. At the end of this Section 6 some examples of how the general theory
can be applied are given. In Section 7 we finish answering the rearrangement
problem mentioned above by describing the law of a random walk conditio-
nal on the value of its concave majorant. Finally, in Section 8, we describe
an important path transformation that provides Pitman and Uribe Bravo
with the basis for a full investigation into the concave majorant of a Lévy
process [15].



2 Proof of Theorem 1 under assumption A and the
partition and composition laws

We begin with a simple Lemma due to Spitzer relating to cyclic per-
mutations of increments of walks that shows that under assumption A the
appropriate cyclic permutations discussed in the introduction are almost sur-
ely unique.

Lemma 2. [19, Theorem 2.1] Let x = (x1,...,xy) be a vector such that no
two subsets of the coordinates have the same arithmetic mean. For 1 <k <mn
let xgyn = xk, and let x(k) = (Tg, T 1, - Than). Then there is a unique
1 < k* < n such that the walk with increments x(k*) = (Tgx, T 41, -« -y Thr4n)
lies below the chord joining its start and end points.

Proof. (Theorem 1 under assumption A) By conditioning on the set of

values that Xi,..., X, take it is enough to show that S,[)O’n] 2 510n] i the
case where X1, ..., X,, are samples without replacement from n real numbers
T1,...,Ty such that no two subsets of x1,...,x, have the same arithmetic
mean. Thus it is enough to show that for every permutation o € X,, we have

1
P(Xo) = Zo1) -+ Xp(n) = Zo(m)) =
and without loss of generality it is enough to show this for o the identity
permutation. Suppose the concave majorant of the deterministic walk with
increments (x1, ..., zy) has k faces whose lengths in order of appearance are
(mq,...,myg), so that the composition induced by the lengths of the faces of

the concave majorant is (my,...,my). Let 7 € 3 be such that

(77,1, ce ,nk) = (m.,.(l), ce ,m.,.(k))

are the lengths of the k faces in non-increasing order, so that the partition
induced by the lengths of the faces of the concave majorant is (nq,...,ng).

First suppose that each element of (n1, ..., nk) is distinct. Then the event
{Xp0) =2¢ : 1 <€ < n} occurs if and only if

(i) the partition chosen according to the lengths of the cycles of a random
permutation is (ni,...,nk);

(ii) for each 1 < i < k, the ordered list (X, 4 d4n; y41s---s Xnjt-tn,) IS
one of the n; cyclic permutations of the ordered list
(xm1+m2+"'+m¢(i),1+17 R xm1+m2+'“+m7—(i))'

According to the Ewens Sampling Formula, the event in (i) has probabi-
lity TI¥, n% The event in (ii) is independent of the event in (i), and has
probability % Hf::l n;.

Now suppose that the elements of (n1,...,n,) are not distinct. For 1 <
Jj<mnletIj={i: n; =j} and let a; = |[;|. The event {X, ) =z¢ : 1 <
¢ < n} occurs if and only if



(i) the partition chosen according to the lengths of the cycles of a random
permutation is (ni,...,nk);

(ii) foreach 1 < j < n,foreachi € I; the ordered list (X, 4 pm; 1415 -+ » Xnytotny)
is one of the n; = j cyclic permutations of the ordered list

-/
(Timytmottm, ) 415 - - s Tmymo+tm, ;) fOr some &' € I

By the Ewens Sampling Formula, the event in (i) has probability (Hk L ) (Hn L ) .

i=1n,; j=1 a,1

The event in (ii) is independent of the event in (i), and has probability
1 (H,’f:l nz> (H?Zl aj!> -Hence P(X iy =z : 1<0<n)=1.0

As a direct consequence of Theorem 1 we have the result of Goldie [9]
mentioned in the introduction.

Corollary 3. Let My 1,..., M, r, be the lengths of the faces of the concave
majorant of S arranged in non-increasing order. Then under assumption
Athe joint distribution of My 1,..., My F, is given by the formula

1
j“jaj!

n
P(Fy =k, Mn;=ni,1 <i<k)=]]
j=1

forall (ny,...,ng) € Py, wherea; = #{i : 1 <i<k,n; =j} for1 <j<n.
Le. The partition of n induced by the lengths of the faces of the concave
majorant of S'%" has the law of a partition of n induced by the cycle lengths
of a random permutation.

Proof. Following the construction in Theorem 1, the lengths Ly, 1,..., L, k,,
are exactly the lengths of the faces of the concave majorant of Sﬁ[,o’n], and the

conclusion follows since S0 4 S,[)O’n}. O

Further, Theorem 1 allows us to describe the law of the composition
induced by the lengths of the faces of the concave majorant.

Corollary 4. Let (Nyp1,..., Ny F,) be the composition of n induced by the
lengths of the faces of the concave majorant of S©™ . Then under assumption
Acthe joint distribution of Ny 1,..., Ny F, 5 given by the formula

g g gk ko
P(F, =k, Npi=n;,1<i<k)=P[ "L >="2>...5 "% —
moT e nE )

for all compositions (n1,...,nk) of [n] into k parts, where for 1 <i <k

; d
[ — =
57(12) = Snl‘i‘“"f"’h‘ Sn1+~--+ni_1 = Sn

3

In particular, if the X; are independent, then so are the S,(fj) for1 <i<k.



Proof. Fixa composition (n1,...,ng) and let (7 ), . . (k)) be (nl, CyNk)
in non-increasing order. Let T be the set of 7 € ¥ such that (7 (1) T(k)) =
(n1,...,ng). Then |T| = [, aj, where a; = #{i : 1 <i < k,n; = j}

for 1 < j < n. We are interested in comparing the slopes of the faces of the
concave majorant that result from the construction in Theorem 1. In this
direction, for 1 < i < k let

ST — 5

d
Tey Rt S

ﬁ1+...+ﬁ7(i)_1 = SWT(i) = Sn

i

Under the construction in Theorem 1, the events {F,, = k} and {N,,; = n; :
1 <4 <k} occur if and only if

(1) (Ln,b'" LNKn):(Wla"'vﬁk);
ST gtz k)
(ii) T“) > 7(2) > > ﬂ for some 7 € T.

i=1 n; Jj=1 a;!

As before, the event in (i) has probability (H L ) (Hn ) The event

in (ii) is independent of the event in (i), and by exchangeability the proba-
bility that it occurs for one particular element of T is

(1) (2) (k)
P(Sm > Sna > > SM)

ni na ng

Recalling that |T'| = H;-lzl a; completes the proof. [

3 Examples of composition probabilities

The special case of Cauchy increments gives rise to the following appea-
ling version of Corollary 4.

Corollary 5. Suppose that the X; are independent and such that Si/k has
the same distribution for every k, as when the X; have a Cauchy distribution.
Then

P(F, = k;Npi=ni, 1 <i<k)= /<;|H
and hence {Ny; : 1 <i < F,} has the same distribution as the composition

of n created by first choosing a random permutation of n and then putting
the cycle lengths in uniform random order.

(1) (k)
. S Sn, . .. . .
Proof. Since ==-,..., =& is an i.i.d. sequence each of the k! orderings is
ni nk
s o)
equally likely, and hence P(="* "1 > > nL:) = % O

Note that the continuum limit of this result can be read from Bertoin’s
work [4]. The above result shows that the Cauchy discrete model is the same



as that derived by random sampling from the continuum Cauchy model, as
per Gnedin’s theory of sampling consistent compositions of positive integers
[8]. That is, let Uy,...,U, be independent identically distributed uniform
random variables on [0, 1] and let X be a Cauchy process on [0, 1]. Generate
a composition of n by putting ¢ in the same block as j if and only if U;
and Uj fall in the same segment of the composition of [0, 1] induced by the
lengths of the faces of the concave majorant of X, and then ordering blocks
according to the ordering of the faces of the concave majorant of X. Then
the composition of n that is generated will have the same distribution as
(Nn1s...,Npg,) in Corollary 5. This does not seem at all obvious a priori,
and according to simulation is not true in the Brownian case, suggesting that
it is not true in general.

Now let Xi,...,X, be any exchangeable sequence of random variables
satisfying assumption A, as in Corollary 4. We now give some numerical
examples of composition probabilities when n is small. Let

p(nl,...,nk) = ]P(Fn = k,Nnﬂ‘ = ’I”Li,l S 7 § k‘)

Using symmetry and the partition probabilities given in Corollary 3, univer-
sal values are

p(1,1)
p(3) =1/3, p(2,1)
p(4) = 1/47 p(173) :p(?)v 1)

As n increases, the first values that depend on the particular choice of incre-
ment distributions are

1/2, p(2)=1/2
p(1,2) =1/4, p(1,1,1)=1/6
1/6, p(2,2)=1/8, p(1,1,1,1)=1/24

1
p(1,1,2) =p(2,1,1) = §IP>(X1 > Xo > (X34 X))

1
p(1,2,1) = SP(X1 > 5(Xs + Xy) > Xy)
where according to the partition probabilities we must have
p(L,1,2) +p(2,1,1) +p(1,2,1) =1/4

We consider two special cases - independent Cauchy increments and inde-
pendent Gaussian increments. When the increments are independent and
Cauchy, the 3 probabilities above are equal, with

2p(1,2,1) = P(X1 > $(X2 + X3) > X4) = 1/6 = 0.1666666...
Note that

P(X1 > 2(Xo+X3) > X4) = P(3(Xo+X3)— X1 < 0 and Xy—3(Xo+X3) <0).

10



In the centered Gaussian case with Var(X;) = 1 this is the probability of
the negative quadrant for a centered bivariate normal with equal variances
3/2 and covariance —1/2 and thus correlation p = —1/3. That probability
is given by

Ly aresin(=1/3) g 195013276

4 27
The difference with the Cauchy case is quite small. The fact that it is larger
is consistent with the known differences in behaviour of the limit partitions
for large n after scaling; it is known that the concave majorant of Brow-
nian motion is more likely to have longer faces in its central region than the
concave majorant of a Cauchy process. We conclude this section by conjec-
turing that p(1,2,1) is a monotonic function of the stability index a for
symmetric stable laws.

4 A Poisson point process description

The concave majorant of S0 can be viewed as a random point process
on {1,...,n} x R, where a point at (j, s) means that one of the faces of the
concave majorant has length j and increment s. Let A,,(j) be the number of
faces of the concave majorant of S0 that have length j for 1 < j < n, and
let Egl), e EE-A"(j ) be the increments of the faces with length j in uniform
random order. Thus if X1, ..., X,, are independent then for each 1 < j < n,
conditionally given A4, (j) = aj, Ey) is an independent copy of S; for each
1 < ¢ < a;. Figure 1 shows an example of such a point process. To construct
the concave majorant from this point process the faces with lengths and
increments indicated by the points are arranged in decreasing order of slope.

Now suppose we have an infinite sequence of exchangeable random va-
riables X7, Xo,..., such that almost surely no two subsets have the same
arithmetic mean. As before let Sy = 0 and S; = >/, X; for j > 1. Fol-
lowing ideas from the fluctuation theory of Greenwood and Pitman [11| we
now randomise the length of the walk by setting the number of steps of the
random walk equal to n(q), where n(q) is a geometric random variable with
parameter 1 — g, so that

P(n(q) > n forn=0,1,2,...
0<y

)=q"
Let SO0 = {(4,5;) : i <n(q)}, and let
0 < Nugg)1 < Na@)a + Nagg2 <+ < Nuga + -+ Nug), 1, ) = 1(0)
be the successive times that S%™(9)] meets its concave majorant, where Fo
is the number of faces of the concave majorant of SI0™@] The following
Lemma, which involves a fundamental Poisson representation of the geome-

tric distribution, is due to Shepp and Lloyd [17], who were just working with
partitions generated by random permutations, not concave majorants.

11
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F1G. 1: An example point process and the resulting concave majorant. The
dashed lines show the slope of each face, and these faces are arranged in
decreasing order of slope.

Lemma 6. Let A]’ = #{Z 1< < Fn(q)an(q),i = j} fOTj > 1. Then Aj
has the Poisson distribution with mean ¢’ /7, independently for each j > 1.

Proof. Noting that log(1 —¢) = — Zj ¢’ /7, we have that

P(Aj=a;,721) = P(n(g) = 25150)P(A; = aj, 7 = 1n(q) = >;51705)
= (1- q)quj“jnjjlajaj!
(5)
_ 1:[ M
where the second equality comes from Corollary 3. [

For the next theorem, and in fact the rest of this section, it is impor-
tant that we assume X7, Xo,... are independent with common continuous
distribution. The theorem asserts that the point process discussed above is
a Poisson point process under this assumption.

Theorem 7. If X1, Xo,... are independent with common continuous distri-
bution, then the point process of lengths and increments of faces the concave
magjorant of S0l 45 4 Poisson point process on {1,2,...} xR with intensity
JTYPP(S; € dx) for j = 1,2,..., x € R. Moreover, let T; = Zle N(g),is
0 <@ < Fyq), be the consecutive times at which S0 meets its concave
majorant, so that Ty = 0 and TFn(q> = n(q). Then the sequence of path

12



segments
{(Sr4x = S1,0 <k < Nn(‘l)ai)’i =0,... ’Fn(Q) -1},

s a list of the points of a Poisson point process in the space of finite random
walk segments
{(s1,...,85) for some j =1,2,...}

whose intensity measure on paths of length j is ¢? 1 times the conditional
distribution of (S1,...,S5;) giwen that Sy, < (k/§)S; for all1 <k <j—1.

Proof. Conditionally given A; = a; the increment for each face of length j
is an independent copy of S; by Theorem 1. Combined with Lemma 6 this
proves the first statement.

Conditional on the concave majorant of SC™®] having a face of length
j and increment s, the increments of S0™@] over that face of the concave
majorant have the distribution of (X1,..., X;) given that 25:1 Xe < (k/j)s
forall 1 <k <j—1and Zi:l Xy = s, and this law is independent for each
face of SI0™a] This implies the second statement. ]

A simple but important corollary of Theorem 7 is the following.

Corollary 8. (n(q), Sy(g)) has a compound Poisson distribution, and the

total number of faces Fy ) of the concave majorant of S10:2(9] has Poisson
distribution with mean

© .
> i = —log(1—q).
j=1

5 Applications of the Poissonian description

5.1 The random walk on [0, c0)

By letting ¢ — 1 it is possible to deduce the structure of the concave
majorant of the random walk on [0, c0) using Theorem 7. Groeneboom [12]
gave a Poissonian description of the concave majorant of BM on [0, c0) ; that
there is a closely parallel description for random walks does not seem to have
been pointed out before. The case of Lévy processes will be covered in the
forthcoming paper by Pitman and Uribe Bravo [15].

Suppose E(X7) = u € [—00,00). Informally, as ¢ — 1 the intensity mea-
sure of the Poisson point process of face lengths and increments approaches
j *1]P’(Sj € dx), but since the slope of the concave majorant converges down-
wards to p but does not reach it, only the faces with slope greater than p
will contribute to the concave majorant in the limit. Therefore by Poisson
thinning we get a new intensity measure j7'P(S; € dz)1(z > ju). Moreo-
ver, we can also describe path segments of the walk below each face of the
concave majorant as a Poisson point process.

13



Theorem 9. Let Sy =0 and Sj = Zgzl X; for j > 1, where X1, Xao,... are
independent random variables with common continuous distribution that has
a well defined mean p = E(X;) € [~00,00). Let SI0) = {(4,8;) : j > 0}.
Let 0 =Ty < Ty < Ty < --- be the successive times that S[0.20) meets its
concave majorant, and let N; = T; — T;_q for ¢ > 1. Then the sequence of
path segments

{(St4r — 57,0 <k < N;),i=0,2,...}

s a list of the points of a Poisson point process in the space of finite random
walk segments
{(s1,...,85) for some j =1,2,...}

whose intensity measure on paths of length j is j~1 times the restriction
to S; € (ju,0) of the conditional distribution of (Si,...,5;) given that
Sk < (k/j)Sj for all1 <k < j.

Proof. The combination of the following four facts is enough to prove the
theorem :

(i) the number of faces of length j has a Poisson distribution with mean
JTR(S; > )
(ii) these numbers are independent as j varies;

(iii) given all of these numbers, and with n faces of length j, the n walks
on the associated faces, when listed in a uniform random order inde-
pendently of the walks on the faces, are n independent processes each
distributed according to (Si,...,S5;) given that Sy < (k/j)S; for all
1<k<jandS;>ju.

(iv) given n faces of length j, the increments of these faces, when listed in
uniform random order, are distributed like n independent copies of S
given S; > ju.

The main thing to check is that (i) and (ii) are true, i.e. that the counts

Aso(j) = #J « Ni = j}

are independent Poisson variables with mean j7'P(S; > ju). Once we have
shown this, (iii) and (iv) follow from Poisson thinning and previous discus-
sions relating to the independence of the walks below each segment.

Let n(q) be a geometric random variable with parameter 1 — ¢. Let
Sl = £(5,8;) : 0<j<n(q)}, so that the concave majorant of S04l
and S0 agree up until some random time T;(q).

Lemma 10. T7 , is the mazimal T; with T; < n(q).

Proof. To see this, let ¢ be such that T; < n(q). Since the concave majorant
of §107(@)] is everywhere less than the concave majorant of S1%°°) _if they did

14



not agree at time 7} then the concave majorant of S[%™9) would go beneath
the point (T}, St,), but this is a contradiction since (T}, St.) is in SO, O

Let
where Nyyg) 1, - - - 7Nn(q),Fn<q) are the lengths of faces of the concave majorant

of §107(d)] There are the obvious decompositions

Aso(d) = A0, T3] + Ao (5)(T5g): ) (11)
An(5) = Ang)(1)(0, Ty )] + Ang) D) (Trg)» o] (12)
where e.g. Axo(5)(0, T;(q)] is the number of faces of the concave majorant of

510:29) of length j up to and including the face ending at time T';:(q , and the
other terms are defined similarly. Moreover, since T;:(q is by definition the

maximal common vertex of the concave majorants of SO@] and §0:) it
is clear that

= #{Z : Nn(q),i =J STi - STz’—l > jan(‘])} (13>

where o, () is the right derivative of the concave majorant of .S [0:29) at time

T :(q). Conditionally given a,,(), by Poisson thinning and Theorem 7 the dis-

tribution of the right hand side of (13) is Poisson with mean ¢/j~'P(S; >
jan(q)), independently for each j. The strategy at this point is to let ¢ — 1,
so that T),,) — 00 and ay,(q) — p, resulting in A (j) having Poisson distri-
bution with mean j~'P(S; > ju), independently for each j, i.e. resulting in
(i) and (ii).

Let {gm}m>1 be any sequence such that if {n(gm)}m>1 is a sequence
of independent geometric random variables with parameters 1 — ¢, then
n(gm) — oo almost surely as m — oo (so that necessarily ¢, — 1). Suppose
that T{,,(q,,)) — 00 and ay(q,,) — p almost surely, so that

Ao(d) = lim Aco(5)(0, Tin(g,n))]
= lim #{Z : Nn(qm),i = j, STi — STi,l > jan(qm)} (14)

m—0o0

where the first equality is from (11) and the second is from (13). Since
Qn(gm) — K almost surely, by continuity of the function z — P(S; > jr)
the distribution of the right hand side of (14) is Poisson with parameter
jIP(S; > jp), independently for each j. This proves (i) and (ii).

It remains to prove that T, ,,,)) — 00 and ay(g,,) — p almost surely as
m — oo. For every i > 1, since T; < oo we will have n(g,,) > T; eventually,
and hence by Lemma 10 for every ¢ > 1 we will have T(,,(4,,)) = T; eventually.
Since T; — oo this implies that T{;q,,)) — oo almost surely.

15



Lemma 11. Almost surely no face of the concave majorant of S can
have slope less than L.

Proof. If y = —oo then the conclusion is clear. Suppose p € (—00, ), then
since S, —ny is a mean zero random walk and hence recurrent, for every ¢ > 1
there will almost surely be some n; > T; such that S,, > St, + (n; — T;)u,
and hence for any vertex of the concave majorant the slope of the face to
the right must be greater than u. O

Lemma 12. For every e > 0 there will almost surely be a face of the concave
majorant with slope x such that p < r < p+ €.

Proof. For any i € [—o00,00) by the strong law of large numbers S, /n —
almost surely as n — co. But if there was no slope of the concave majorant
on [0,00) with slope x < p + € then we would have limsup,, S,/n > pu.
Combined with Lemma 11 this gives the conclusion. [1 We already have

that T{y(g,,)) — o0 almost surely. Since « is the right derivative of the

n(Qm)
concave majorant of S0 at T Lemma 12 implies that ay,g,,) — 1

almost surely as m — oco. I

am))»

5.2 The structure of the concave majorant of SI*" as n varies

Theorem 1 relates to the structure of the concave majorant of a random
walk of fixed length, and the Theorems 7 and 9 allow randomized lengths
or infinite length. So far though, we have not discussed how the structure
changes as the number of steps of the walk increases, but theorem 9 and its
proof now allow us to make some comments. Recall that F;, is the number of
faces of the concave majorant of S = {(4,S;) : 0 <j <n)}, and in the
case where X1, ..., X, are independent with common continuous distribution
we know from (1) that for each fixed n there is the equality in distribution

n

FofK,=) I
j=1

where the I; are independent Bernoulli variables with P(I; = 1) = 1/j.
However, as observed by Steele [20] the identity in law between F,, and K,
does not hold jointly as n varies, and as pointed out by Qiao and Steele [16]
the asymptotic behaviour of F;, and K, as n — oo may be quite different.
They provide an example of a continuous distribution of X; such that for
eachm=1,2,...

P(F,, = m infinitely often ) =1

It is an easy consequence of theorem 9 that

P(F,, = 1 infinitely often ) =1

16



if and only if E(X™) = oo. It appears that the Poisson analysis of Fq) can
be used to provide a more thorough description of the possible asymptotic
behaviours of F,, as m varies. In particular, as a consequence of Lemma
10, if E(X™) < oo then F), is bounded below by the number of faces of the
majorant on [0, n] which are part of the majorant on [0, c0), and this number
is increasing in n, with limit oo.

5.3 Decomposition at the maximum

Theorem 7 provides tools for analyzing the behaviour of the random walk
510.7(@)] hefore and after the time it achieves its maximum. By conditioning
on n(q) = n, we can then do the same for SI0™. The key idea is that by
taking the faces of the concave majorant that have positive slope we get only
those faces that lie in the region up to where the random walk achieves its
maximum, and by taking the faces with negative slope we get only those
faces that lie in the region after the time when the random walk achieves
its maximum. This approach was used by Spitzer to find identities involving
the maximum of a random walk [19], as indicated in Section 1.

Let X1, Xo,... be a sequence of independent random variables with com-
mon continuous distribution, and let Sop = 0 and S; = >7_; X; for j > 1. Let
SOnl = {(4,8;) + 0<j <n}and SOOI = {(5,5;) : 0<j <n(q)} Let
L,, be the almost surely unique time at which S achieves its maximum,
and let the value of the maximum be M,,. Let F}, denote the number of faces
of the concave majorant of the walk S%" with the convention Fy = 0, and
let (Ny,i, Ap ;) denote the length and increment associated with the ith of
these faces. We make similar definitions when n is randomized to n(q).

Theorem 13. (L,,q), My, (q)) and (n(q)—Ly(q), Snig)—Mn(q)) are independent
and both have compound Poisson distributions.

As discussed in Section 1 the compound Poisson nature of M, and
Sn(q) — My (q) and their independence was discovered by Greenwood and
Pitman [11], but this section gives a more explicit explanation of their dis-

tribution.

Proof. By construction

Anvi = SNn,l"F"‘Nn,ifl'i‘Nn,i - SNn,l"l‘“‘Nn,ifl

and
(LnaMn) = Zf;nl(Nn,uAn,z)l(An,z > 0)

(7’L - Lna Sn - Mn) = Zl;nl (Nn,i, An,l)l(An,z < O)

From Theorem 7 that the (N ) i,
processon {1,2...} xR with intensity j~
and thus the conclusion follows. [J

Ay (g),i) are the points of a Poisson point
¢P(Sj edx),je{1,2,...},z €R,

—
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By conditioning on the event n(q) = n and L, = ¢ we can deduce

results about the concave majorant of S0 either side of its maximum.

Theorem 14. Let X1,..., X, be independent with common continuous dis-
tribution. Let So = 0 and S; = SI_, X; for 1 < j < n, and let S =
{(7,85) + 0 <j < n}. Suppose that P(S; > 0) = py for 1 < j < n. Then
conditionally given L, := arg maxo<;<n, S; = {, the partition generated by
the lengths of the faces of the concave majorant of S°™ on the interval [0, 4]
is distributed according to the Ewens sampling formula with parameter p4.
That is, if AT is the number of faces of the concave majorant with positive
slope of length j, then for any {a; : j > 1} such that ), jaj =€ <mn,

I'(p4)?! ﬁ (p+)*

PAT =ajd 2 1L =0 = 5o =5 L
|

: (16)

=17
The partition generated by the lengths of the faces of the concave majorant of
S0 on the interval [£,n)] is also distributed according to the Ewens sampling
formula but with parameter p— =1 —p,.

Proof. Let A: “be the number of faces of the concave majorant of S0-7(@)]
with positive slope of length j. From the proof of Theorem 13 it is easy to
see that A:Lr _has a Poisson distribution with parameter 7~ '¢?p_, indepen-

(9).
dently for each j, and independently of SO after time Ly g)- Thus for

any {a; : j > 1} such that 3, ja; =,
+ 4. 5 — — +
P(A] =aj,j >21|L, =10) = P(An(qm

_ +
B IP)(An(q),j

P4y =45 2 1)
P(Ln(g) = 1)
a; jas; j

L et e (17)

B P(Ln(q) = 6)
It is known [7, Chapter XII, (8.12)] that for the random walk S1%" the
almost surely unique index L,, such that Sz, = maxo<;<, S; has the beta-
binomial distribution

P(Ly =) = <—1>"(p‘ , 1) (p; _‘j) (0<t<n)

which is the mixture of binomial(n,p) distributions for p with beta(p4,p—)
distribution on [0, 1]. Thus

= ajaj > 1|Ln(q) = E,n(q) = n)
= CLj,j Z 1|Ln(q) :E)

L(ps +0)g" (1 — @)

(p4)e!
Thus (17) reduces to (16). The partition after the maximum is proved simi-
larly. O

P(Lnq) =10) =
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6 The general case

Let S; = Zgzl X; for 1 < j < n, where X1, Xo,... is a sequence of
exchangeable random variables. Let SI®" = {(j,S;) : 1 < j < n}, and let
C97] be the concave majorant of S, The concave majorant in this case,
where there may some subsets of X7, ..., X,, that have the same arithmetic
mean, is less well studied. However, the literature does contain some results
for the case where X1, X, ... are also assumed to be independent.

Sparre Andersen [1] introduced the random variable H,,, the number of
1 < j < n such that S; = ClO7(j), and F,, the number of faces of the
concave majorant, i.e. the number of distinct slopes in the concave majorant
(note that Andersen uses K, instead of F),, but we will always use K, to
represent the number of cycles in a random permutation of [n]). Figure 2
shows an example of a random walk with F;, = 3 and H, = 8. Clearly,
F, < H,, and in the case of continuous distributions we have F,, = H,
almost surely. Sparre Andersen derived the generating function

H(s,t):=> > P(H, =m)s"t" (18)

n=0m=0

for all distributions of X7. As will be shown in Theorem 19 the theory presen-
ted in this section provides a powerful new method of deriving this formula,
and in addition a formula for a similar generating function involving F,.
Sherman [18] introduced a further variable J, relating to the concave ma-
jorant with H,, < J, < F,. Sherman deduces a Spitzer identity which relates
the generating functions of J,, and ®,,, the periodicity of (X1, ..., X,), that
is, the maximal number ¢ such that (X1,..., X)) = (X1,..., Xp/6, .-+, X1, -

In this section it will be important to make a distinction between excur-

stons, segments and faces, and between their associated compositions of n.
The following definitions are illustrated in Figure 2.

— An ezcursion is a section of a walk between two integer valued times
with the property that the walk touches its concave majorant at the
end points of the excursion but lies strictly below it between the end
points. The number of distinct excursions of S1%" is equal to H,. Let
E[Ig’n] be the composition of n induced by the lengths of the excursions

of S,[;O’n], the transformed walk of Theorem 1. Although this has the
same distribution as the composition induced by the lengths of the
excursions of S0 the forthcoming discussion about segment compo-
sitions only makes sense for S, l[)(),n]. We say that the slope of an excursion
is the slope of the line joining its start and end points.

— A segment will always refer to one segment of a partition. That is,
if (n1,...,nk) a partition of n then we say it has k segments with
associated lengths nq,...,n,. As we described in the introduction, to
generate a walk with the law of S1%" whilst simultaneously getting

19
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F1G. 2: An example of a random walk with non-continuous increment dis-
tribution for n = 15, with F,, = 3 and H,, = 8. The concave majorant is
shown with dashed line. The compositions induced by the excursion lengths
and face lengths are fixed by the values of the walk, and an example of a
possible composition induced by the lengths of the chords associated with
the partition segments is shown. The compositions going from top to bottom
are 5[13715} (2,2,1,2,2,2,2,2,), = _[O 15 = (2,3,4,4,2) and 5515] = (5,4,6).

(0,72]

information about its concave majorant, i.e. to generate S, , we first
choose a random partition induced by the cycle lengths of a uniform
random permutation. If we are just interested in the concave majorant
of S,[,O’n], then we only need to associate a slope with each segment of
that partition and then arrange the segments in order of non-increasing
slope, where the ordering of any segments with the same slope is chosen
uniformly randomly. Keeping track of the end points of the segments
results in another induced composition of n, which we call = H[ n]* This
composition arises from our construction and cannot be read off from
a given random walk.

— A face will mean one face of the concave majorant. The number of dis-
tinct faces is equal to Fj,. Let E[Fo,n} be the composition of n induced by

the lengths of the faces of S{[)O,n]. Again, this has the same distribution
as the composition of n induced by the lengths of the faces of S0,
— The terms excursion block, segment block and face block will mean
blocks of the compositions Eﬁn], E[Ig’n] and Efgm respectively, where
for example the blocks of the composition (3,4,1) of 8 in order are
defined to be [0,3], [3,7] and [7,8]. The slope associated with any
block [a, b] is defined by (S — S%)/(b — a).
Since the values of any walk on [0, n] between two vertices of its concave
majorant, i.e. between the start and end points of some face, are composed
of one or many consecutive excursions, E[Z] is some refinement of Efi P which

20



we write as E[ﬁ ] < Efi - For S,[Jo’n] constructed as in Theorem 1, define Hj and

Ff similarly to H, and F},, and note that H, 2 HY and F, 2L EP. Recall

that K, is the number of segments in the partition chosen at the beginning

of the construction. We will have HE < K,, < FF, and moreover = H[O n] will be
—K <=

such that Efg n] = Zl0.m] H[O n* We will discuss these nested compositions
further after proving Theorem 1 in the general case.

Proof. (Theorem 1) As in the proof of Theorem 1 under assumption A, it
is enough to show that if X1, ..., X,, are samples without replacement from
a list 1, ..., z, of real numbers, where now each number is labelled but no
longer necessarily distinct in value, then

1
P(Xp(l) =T1,... 7Xp(n) = l’n) = ﬁ
Let © = (x1,...,2,), and suppose this is fixed throughout the proof of the
theorem. Let ¢l®™ be the concave majorant of the deterministic walk with
increments x1,...,x,. Some notation and a couple of combinatorial lemmas
are needed before continuing.

For any n € N, let V,, be the set of all compositions of n. Let f € N,

h €N and (vi,...,vf) € Njp. Let Ny, . op),(kr,...k;) D€ the set

{(hl,...,hzgﬂki)e/\/h:(zj Lo s g) €Ny, for 1 <j < f}

i= 1

Thus an element of N(vl,...,vf),(kl,...,kf) is a composition of h formed by joining
together compositions of v1,...,v; which contain k1,..., ks blocks respecti-
vely (and hence /\f(v17.._7vf),(k17.._7kf) may be an empty set for some values of

(k1,... k).
Lemma 15. Let f € N, h € N and (vq,...,vf) € Nj,. Then

h k ) .
Z Z Z _lkl!"'kf!hl"'hk:1 (19)

k=f (kissk p ) ENE (P BR)EN (0 v ) (B e p) P

,,,,,

Proof. The numbers that are being summed over bear a strong resem-
blance to the unsigned Stirling numbers of the first kind |S(n, k)|, which
enumerate the number of permutations of n with k cycles. Using this as a
guide, consider a set A consisting of permutations of vy, ..., vy, where per-
mutations corresponding to v; and v; with ¢ # j are considered distinct even
if they are identical. The number of such sets where for each 1 < j < f the

permutation of v; has k; cycles of sizes hZ] Lo Jh i is

k;

Lol
kil kgl - by hy
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Since the total number of elements of A is vi!---vs!, and the summation
in (19) simplifies to be the sum over the subsets of A such that for each
1 < j < f the permutation of v; has k; cycles of sizes hZ oy h

J=1lg 5. )
=1 Fi i=1Ki

the value of the sum must be 1. [J
Let f(2l") be the number of faces of &%™ and let £, (¢l0™), ... Loy (elom)

be the lengths of those faces, arranged in the order those faces appear in %",
Let V(%) be the set

k;
{(na, .o onk) €Nt Ty <o < hpgomy st Y mg = £;(%), 1< j < f(e0)}
’i=k2j71
Loosely, N (E[O’"}) is the set of possible values for E[Ig n] conditionally given
that the concave majorant of S/[)O’n] is &7, For (ny,...,ng) € N(&%™), let
k;
{kj(n1, . ome), 1< G < FEDY = {(kr, - kpaonn) 0 Y e = 4@}
izkj_l

Then kj(E[Ig n]) represents the number of blocks of Zjg ,; that lie in the jth
face block, i.e. in the jth block of E[IS n]* Finally, let

N @0y = {(n1,... ng) € N(@O) © > "y = dOml(my) for 1 < i <k}

J=1

Then N, (¢l%™) is the set of possible values for E[Ig n] conditionally given that
{Xpiy =i : 1<i<n}.

Lemma 16. For every composition (ni,...,n;) € Ny(e0™), for 1 <i <k
let

hi(z,n1,...,ng) =#{j : i+ 4ni—1 < j <ni+---+n;, Z{=1 ay = ol (1)}

Then

n k 1 f(elond) 1
Z Z <H hi(%”l,---,”k)) ]1_[1 k‘j(n1,. =1

|
k=1 (ny,...,np)EN (elOn]) \i=1 o ’nk)'
(20)
Proof. Let h=#{j:1<j<n,Y7_ =c®I(j)} and for 1 <i < f(elon])
let
vi(x) =

#0500+ 4 (@OM) < j < (@O 4400 gzl a; = o)}
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Associate with each composition (n1,...,nx) € Np(¢%™) of length k a com-
position of h

(hl(x,nl, .. .,nk),hg(x,nl, e ,nk), . ,hk(x,nl,. . ,nk))

so that there is a bijection between the elements of NV, (%)) with k blocks
and the set of compositions (hi,...,hg) of h with k& blocks that are for-
med by joining together in order compositions of vy, ... s Vg (closnl) which have
ki,..., k:f(é[o,n]) blocks respectively. Thus the term on the left hand side of
(20) is

h 1 1
Z Z Z Hk?l!"'kf!hl"'hk

k=f (k1,~~-,kf(a[o,n]>)€/\fk (s b ) EN (o) (b p) =1

which by Lemma 15 is 1. J

Fix a composition (n1,...,nx) of n. For 1 < j <nlet I; = {i : n; =
j} and let a; = |I;|. Following the construction of S,[oo’n] described in the
introduction, we see that the event {E{SJL] = (n1,...,n) and X,y = 24,1 <
¢ < n} occurs if and only if

(i) Lni,...,Lpk, is (n1,...,ng) in non-increasing order ;

(ii) foreach 1 < j < n,foreachi € I; the ordered list (Xpn, 4 gm; 1415+ -+ Xnytotn;)
is one of the n; = j cyclic permutations of the ordered list
($m1+m2+---+m7(i,)_1+1, s 7xm1+m2+---+m7(i/)) for some i’ € Ij )

(ili) for each 1 < j < n, for each i € I; the cyclic permutation that is chosen
for the ordered list of increments (Xp,4tm; 1+15- - Xngt-tn,;) 1S the
unique cyclic permutation that results in the ordered list becoming
exactly (xm1+m2+~-+m.r(¢/>,1+1a B xm1+m2+'“+m7(¢/>) )

(iv) for each 1 < j < f(¢)®") the ordering of the kj(n1,...,n;) segments
within the jth face is chosen correctly out of the k;! possible orderings.

Recall that for 1 < ¢ < k we have
hi(z,n1,...,ng) =#{j : i+ 4ni—1 < j <ni+---+n;, Z{=1 ay = ol (1)}
so that in (iii) there are Hle hi(z,m1,...,ny) possible choices of combina-~

tions of cyclic permutations. Then the probability of the event

—_

:[Ig,n} = (n1,...,ng) and X,y = 24,1 <L <njis
F(Em

T2 115 (2100 e ) (1] m. -
a;! n; n! -5 ijl 7 pabet hi(z,my, ... ,ng) i kj(ni,...,ng)!

where the first two terms should be familiar from the proof of Theorem 1
under assumption A. Finally, by summing this probability over all possible
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compositions, we have that the probability of the event { X, = 4,1 </ <
n} is

1TL
W (W) (1 ) -

k=1 (nq,...,ng)EN (cl0:n]

where the equality is by Lemma 16. This completes the proof of Theorem 1.
O

In the case where X7, Xo, ... are independent, the Poisson point process
ideas of Section 4 lead to a simpler description of the concave majorant. For
the rest of this section it is assumed that X7, Xo,... is a sequence of inde-
pendent and identically distributed random variables and n(q) is a geometric
variable with parameter 1 —g. Let SlOn@] = {(5,8;): 0 < j <n(q)}, where
So = 0 and S Zzle for j > 1. Let C1%" be the concave majorant
of SOl The following theorem is the extension to the non-continuous
increment case of Theorem 7.

Theorem 17. If X1, Xo, ... are independent with common distribution and
n(q) a geometric variable with parameter 1 — q, then the lengths and incre-
ments of the faces of the concave majorant of the random walk S99 have
the following law. Let B be a Poisson point process of on {1,2,...} x R with
intensity j_lqj}P’(Sj € dx) for j = 1,2,..., x € R. Note that this process
may result in multiple points at the same location. Each point of P repre-
sents the length and increment of a chord associated with some segment of a
partition of n(q). Chords with the same slope are joined together in uniform
random order, independently of their lengths, to form the faces of the concave
magorant. Moreover, let K4 be the total number of chords associated with
partition segments and for 1 < i < Ky q) let Ny ; be the length of the ith
of these chords once they have been ordered by decreasing slope and uniform
randomization of ties. Then the sequence of path segments

{(SZZ 1Nn(q),l+k - SEL 1Nn(q . O S k S Nn(q),i)7i - ].7 .o ,Kn(q)}

1s a list of the points of a Poisson point process in the space of finite random
walk segments

{(s1,...,85) for some j =1,2,...}

whose intensity measure on paths of length j is j~' times the conditional
distribution of (S1,...,S;5) given that Sy, < (k/j)S; for all1 < k < j. Again,
this Poisson point process may result in multiple points at the same location.

Proof. For any n € N, conditionally given n(q) = n, the projection of
the points of P onto {1,...,n} has the law of a partition of n generated
by the cycle lengths of a random permutation of [n] by Lemma 6. Hence we
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know from Theorem 1 that for every n € N, conditionally given n(q) = n,
the process described in the theorem gives the correct law for the concave
majorant of SI®™ and gives the correct law for E[IO( n]> the composition induced

by the lengths of the partition segments involved in creating Sﬁ[,o’n]. The
remaining assertions follow by independence of the walks associated with
each partition segment. [

We now move towards describing the joint law of the nested compositions
—H =K =F : :
Z10,n(q)] =< Z00,n(q)] < Zl0,n(q)] in the case where Xl.,X.'g, ... are. mdeper'ldent
and the walk has geometric length. The full description of this law will be
given in Theorem 22 at the end of this section, along with some applications
of the theory. Let S[[)O,n(q)} be such that conditionally given n(q) = n, S[[)O,n(q)}

is constructed in the same way as S,[,O’n] in Theorem 1, and let C_',[)O’n(q)] be the

concave majorant of SLO’n]. We begin by describing the laws of H,, (), K,(q)

and F, ), which are defined to be the number of excursions, segments and
faces respectively of C_’,[Jo’n(q)].

We need some new notation, some of which is taken from Sparre Andersen
[1]. Let 21,9, ... be an enumeration of the set of real numbers x for which
P(Sk = kx) is positive for some k > 0, and let

pilq) = Zk‘lqu(Sk = kxj), forj=12,...
k=1

po(e) = Y kT 'q"P(Sk # kayj for j=1,2,...)

Proposition 18. Let H, j, K, ; and Fy; be the number of excursion, seg-
ments and faces in C'Lo’n(q)] of slope x; for j > 1. Then for each j > 1
(i) Hqj is a geometric random variable with parameter exp(—u;(q)), in-
dependently of {Hg;:1# j}.
(it) Kgqj is a Poisson random variable with parameter p1;(q), independently
of {Kq,i 1 # .7}
(iii) Fy; is a Bernoulli random variable with parameter 1 — exp(—p;(q)),
independently of {Fy; 1% j}.
Let Hy o, K40 and Fyo be the number of excursion, segments and faces with

slope not equal to x; for any j > 1. Then

w) Hyg = Kgo = Fyo0 almost surely and their common distribution is
4, a, 4,
Poisson with parameter po(q), independently of {Hgj, K, Fy; @7 >

1.
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Proof. (ii) follows from Theorem 17, (iii) is implied by (ii) since a face of
slope x exists if and only if there is at least one segment of slope x, and
(iv) is also implied by Theorem 17 since it concerns the restriction of the
Poisson point process to slopes which have zero probability, as in the case of
continuous increment distributions.

Fix j > 1. (ii) implies that P(Hy; > 1) = P(Ky; > 1) = 1—exp(—p;(q)).
Given that there at least n excursions of slope x;, by the memoryless property
of the geometric distribution of n(q), the law of the remaining values of the
walk S,[,O’n(q)] is the same as the law of a walk generated by the Poisson process
of path segments in Theorem 17 but thinned to only include segments with
slope x > xj. Thus

P(Hg; 2 n+1|Hg; 2 n) =P(Kq; = 1) =1 —exp(—p;(q))
which proves (i). O

Theorem 19. Let H, and F,, be the number of excursions and faces for
S10n] and let K, be the number of segments for SLO’"}. Then for 0 < s,t <1,

s 1
—  ptro(s)
Hs,t) = ¢ ;11—t+Wﬂwﬂ

K(s,t) = etuo(S)Hetua‘(S) = (1-s)7"

o0
F(s,t) = e T —t+ters)
j=1
The generating function of G, (z) = > °_; z"P(K,, = m) is well known
from the equality in (1). H(s,t) is as in (18) and agrees with Sparre Ander-
sen’s formula |1, Theorem 2].

Proof. Recall first that Hf < H, and F? < F,. Let n(s) be a geometric
random variable with parameter 1 — s and consider the walk of n(s) steps.
We have by definition

oo
Hn(s) = Hs,O + Z Hs,j
j=1

Thus the generating function of H, ) is the product of the generating func-
tions of Hsp and H, j, 7 > 1. These are known from Proposition 18, thus

00 (s)
m _ _ t 1po(s) et

S ety =m) = [T

m=0

o0

1
_ _ tpo(s)
(1=s)e }ll—t+w14@
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We can conclude that

Z Z P(H,, = m)s"t"

n=0m=0
oo oo
= (1—-s)" Ztm21—s H, =m)
m=0 n=m

= (1—s)" }:wwzﬁ m)

> 1
—  Stro(s)
= €
111—t+wﬂwﬁ

The deduction for F'(s,t) is similar, and as already mentioned, K (s,t) is well
known. [

In order to fully describe the joint law of the nested compositions, two
more lemmas are necessary. The first contains information about the lengths
of each segment or excursion, and the second describes how many excursion
there are in each segment. We already know from the Poissonian description
of the concave majorant the distribution of the number of segments with
a given slope, and thus we already know the distribution of the number of
segments within each face (see Theorem 22 for the full description).

Lemma 20. Consider the walk of n(q) steps. For j > 1, conditionally gi-
ven Kgj = kg j, let LE PRRTRER LK ik ~ be the lengths of the kq; segments of

SLO (9] of slope xj. Then L gl ,Lé(j kg, 7€ independent from each other
and the lengths of all other segments> Moreover they are identically distri-

buted with common probability generating function GLK (2) = nj(2q)/15(q).

LA be the

For j > 1, conditionally given Hy; = hgj, let L Gsha.;

ail
lengths of the hy j excursions of S[ n(@) of slope x;. Then L PYETEEEE ng,hqj
are independent from each other and the lengths of all other segments. Mo-
reover they are identically distributed with common probability generating
function GL;{J. (2) = (1 — e+ () /(1 — e=Hi(D)),

Furthermore, each excursion in the face of slope x; is independent and
has the law of a random walk with increment distribution Xy conditioned
on making its first return to the line through the origin with slope x; before
n(q), an independent geometric random variable with parameter 1 — q, and
remaining below that line before its first return time — the excursion is taken
to be that walk up to the time of its first return to the line with slope x;.

Proof. By Poisson process properties, each Lq IRERRE ,foh“ are inde-
pendent from each other and the lengths of all other segments. By Poisson
thinning, IE”(L;?L1 =1) =1"Y'P(S, = kxj), which gives the claimed genera-

ting function.
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By the memoryless property of the geometric distribution of n(q), each
excursion of slope z; is independent, and is clearly independent from all
excursions of other slopes. This gives the final assertion of the Lemma. By
considering the total lengths of the face with slope x; we see that

ZL,“ ZLW

By comparing the generating functions of both sides and using Proposition
18 we can deduce the claimed generating function Gy n (z). O
a7

Lemma 21. Conditionally given there are kg ;j segments of S[On 0 of slope
zj, let Egja,..., Eqjk,,; be the number of excursions in 6ach of those k)
segments. Then Eq 1, ... E(M’kq’j are independent of each other and all other

excursions and are identically distributed. Their common distribution is the
log-series distribution with parameter 1 — e 1D that is

(1- e*#j((I))i

: i=1,2,...
it (q)

P(Egj1=1) =

Proof. By Theorem 17 the values of the walk S,[Jo’n(q” over each segment
are independent, which gives the independence of E ; 1, ..., Eqj, ;- By the
Independence of the excursions in the face of slope x; and the independence
of the walks over each segment of slope z;, Lgﬂ, e Lf 5B, Bre independent
and identically distributed. By considering the total length of each segment
of slope xj, we have the identity in distribution

Eq,j,l
a H
Lty = Lygja
=1

which after applying generating function analysis reveals that

o0

_ Q)i
q]l ZZ]P) ],1—2 Z 1 eﬂj )

in;(q

We are now ready to describe the joint law of the three nested composi-
i =H =K =F i i
tions Z(0,n(q)] = Z0,n(q)] = Z0,n(q)]" The following theorem is a summary of
most of the information from Theorem 17 to Lemma 21.

Theorem 22. Let n(q) be a geometric random variable with parameter 1—q.
Let X1, Xo,... be independent and identically distributed. Let S; = 1_; X;
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for g > 1. Let x1,x2,... be an enumeration of the set of real numbers x for
which P(Sy, = kx) is positive for some k >0, and for j > 1 let

pi(q) = > k7'¢"P(Sy = ka;)
k=1

Let S,[,O’n(qﬂ be such that conditionally given n(q) = n, S,[,O’n(q” 18 constructed

in the same way as Sﬁo’n] wn Theorem 1. Let C_',[)O’n(q” be the concave majorant

of S[[)O,n(q)}. Then independently for each j > 1 :

— There is a face of C’,[,O’n(qﬂ with slope x; with probability 1 — e~ (),

— Conditionally given there is a face of slope x; the number of blocks of
E{gm with associated slope x; has the Poisson distribution with para-
meter u;i(q), conditionally on the value being at least one.

— Conditionally given there are kq; blocks of Eﬁn] with associated slope
xj, the number of excursions blocks in each of the k,; segment blocks
has the log-series distribution with parameter 1 —e "D  independently
for each segment.

— The length of each excursion of slope x; is independent of all other
excursions and has distribution with generating function

G (2) = (1= e7#9C0) /(1 = (@)
q,7

Any face block with associated slope x such that x # x; for any j > 1 will
be comprised of exactly one segment block, which will also be comprised of
exactly one excursion block. The lengths and increments of faces with slope x
such that x # x; for any j > 1 form a Poisson point process on {1,2,...} xR
with intensity i~ 1P(S; € ds) for i > 1,s € R, but restricted to the region

{(i,s) € {1,2,...} xR : s # iz for any j > 1}

Three nested compositions with the joint l'aw of Eﬁ){n(q)p:[[g,n(q)] qnd E{S,n(q)}
are created by uniformly randomly ordering the excursions within each seg-
ment, uniformly randomly ordering the segments within each face, arranging
the faces in order of decreasing slope, and then looking at the induced com-
positions of excursion blocks, segment blocks and face blocks.

Theorem 22 implies that the compositions Z10,n(q)] = Z(0,n(q)] = Z10,n(q)]

can be generated by nested renewal processes on N that terminate at some
geometric time. There would be three types of renewal epochs. The first
would be when a new face block started, which implies a new segment block
and excursion block would also start. The second would be when only a new
segment block and excursion block started, and the third would be when
only a new excursion block started. Unlike in previous investigations into
nested renewal sequences 3, 6], the distributions of the length until the next
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renewal may change with time, and after a renewal has occurred, the number
of future renewals may depend on how many have already occurred.
Theorem 22 allows us to readily compute the probability of many fluc-
tuation events for S0 Some examples are
— For each j > 1, the probability that C0™®] consists of only one face
of slope z; is (1 — q) te (@),
— The probability that SI0™®] has a unique minimum, i.e. the probabi-
lity that C1%™(@] has no face of slope zero, is exp[— S kT RP(S) =
0)].
— For each j > 1, the expected length of the face of ClO™(9)] of slope xj
is Y22, ¢*P(Sy = kz;j).

7 S0 conditional on its concave majorant

To complete the rearrangement problem stated in the introduction, we
now give a description of the law of SI%" conditional on ClO" = 07l Tt is
a generalization of the well known Vervaat transform for turning a bridge of

a random walk into an excursion [21, Theorem 5]. It relies on first choosing

K
[0,]
K
[0,n]"

Let Supp(C%™) be the support of the measure on concave functions on
[0,n] that represents the law of C%". For any composition (ny,...,n) of
n we say that ¢ € ¥, is a (ni,...,ng)-cyclic permutation of [n] if its only
action is to cyclically permute the first n; elements of [n], cyclically permute
the next ny elements of [n] and so on. For example, 234175689 is a (4, 3,2)-
cyclic permutation of [9]. Recall that in Section 6 we defined A, to be the

set of compositions of n, and N/ (6[0’”}) C N, to be the set of possible values
1 _ Zjon]
=,

a segment composition = conditional on C',[oo’n] = o] and then choosing

a walk conditional on =

of E[I&H] conditionally given C'[[;O’n

Theorem 23. Let Sy = 0 and S; = ZLI Xy for 1 < j < n, where
X1,..., X, are exchangeable random variables. Let S0 = {(j, S;j) + 0<
Jj < n} and let COn) pe the concave majorant of S%™ . Suppose 0n
Supp(CO™). Let q(-) be the probability density function on Ny, that is the re-
gular conditional distribution of Zjg ) conditionally given C’,[Jo’n] = conl Let
(Nn1,Nn2,. .., Nn.k,) be a composition of n chosen according to the density
function q(-), independently of {X;:1 < j <n}.

Conditionally given {K,, = k} and {N,; =n; : 1 <i <k}, letYq,...,Y,
be random variables, independent of all previously introduced random wva-
riables, whose joint law that is the regular conditional joint distribution of
Xi,..., X, conditionally given {S; € deonl(5), 5 = Yoiring, 1 <m <k}

Conditionally given Y1,...,Y,, let B be the random set of (ni,...,ng)-
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cyclic permutations of [n] such that

Yo() = elon] (j) for1<j<mn

of and only if o € B. Let p be an independently chosen uniform random

element of B, and let Sf = Z; 1 Ys) for 1. < j < n. Then S[On] =

{(7, Sf) : 1 < j < n} has the regular conditional distribution of S10.n]
conditionally given Cl0" = gl0ml,

The theorem is direct result of Bayes’ rule and Theorem 1. Note that
when X1, ..., X, satisfy assumption A, N ( [0, "]) has only one element, the
composition 1nduced by the lengths of the faces of ¢l® and A also only
contains one element by Lemma 2, so the theorem simplifies significantly. It
remains to describe ¢(-).

Lemma 24. Suppose 0" e Supp(CO™) and that X1, ..., X, are exchan-
geable. The regular conditional distribution of =y ) conditionally given C_‘,[)O’n] =

éonl s given by

P(CIO"(5) € de®™(4),1 < j < n)PEf ;= (n, ..., ng)|CY" = o)

HI‘C: Uz _0,n] 7\ l
= Ly, np)en(@omly 7(com) = P(S; € de""l(j),j = dimi i 1 < U< k)
Hj:l k:j(nl,...,nk)!
where S;, 1 < j < n is as in Theorem 23.
Proof. Let (ny,...,n;) € N(cl®™). Following the construction in Theorem
1, by the Ewens sampling formula the probability that {L, 1,..., Ly K, } isa
list of the elements of (n1, ..., nk) in non-increasing order is (H?:l(aj!)_l> (Hf e 1)
where aj = #{i : 1 <i < k,n; = j} for 1 < j < n. Conditionally given
{Lna,--s Lok, } is a list of the elements of (ni,...,nx) in non-increasing
order the probability of the event {2 = (ny,...,ng), Cl0M = &0nl} is

" oa
U1 P(S; e de®n(j ]—an,1<l<k)
(nl,”-»nk)! i=1

On]

Hf(C

where the denominator in the multiplicative factor in the brackets is due to
the restrictions on the orderings of partition segments within each face, and
the numerator is because of repeated segment lengths. [

We say that the concave majorant of a walk is trivial if it has only one
face. A particularly useful form of Theorem 23 arises from the special case
when the increments X7, ..., X,, are independent, the probability that the
concave majorant of S is trivial with slope zero is positive, and we want
the conditional distribution of the walk SI0" given it has trivial concave

31



majorant of slope zero. By subtraction of a line of constant slope, this gives
us the conditional distribution of the walk S0 given it has trivial concave
majorant of any slope, as long as the probability that the concave majorant
of S0 ig trivial with that slope is positive. In the case where we want
the regular conditional distribution for S%" conditional on having trivial
concave majorant of a slope that has zero probability, then the only possible
value for Z ,j is the trivial composition (n).

Corollary 25. Let So = 0 and S; = 2321 X; for 1 < j < n, where
X1,..., X, are independent identically distributed random variables, and let
Sonl — £, Sj) : 0 <j <n}. Suppose that

Diriv := P(concave majorant of SO s trivial with slope zero) > 0

Define a probability density function q(-) on Ny by

1 k
q((nla"'ank)) = anum

ptrivk! i1

where u; = P(S; = 0) for 1 < j < n. Let (Np1,Np2,...,Nnk,) be a
composition of n chosen according to the density function q(-), independently
of {X;:1<j<n}.

Conditionally given { K, =k} and {N,; =n; : 1 <i < k}, independently
for each 1 < i < k let Yo, 4 qn; 1+41s---5 Yn 4tn; be random variables,
independent of all previously introduced random variables, whose joint law
that is the reqular conditional joint distribution of X1,..., Xy, conditionally
given Y ;1 Xy =0.

Conditionally given Yi,...,Yy,, let B be the random set of (ny,...,ng)-
cyclic permutations of [n| such that

Ya(j)g() for1<j<n

if and only if o € B. Let p be an independently chosen uniform random
elemefizt of B, and let SJP = Z;Zl Yy for 1 < j < n. Then S/[BOJL] =
{(,8F) 1 < j < n} has the regular conditional distribution of Slon]

conditionally given S has trivial concave majorant with slope zero.

8 A path transformation

This section provides an important path transformation which by taking
scaling limits is used by Pitman and Uribe Bravo to completely describe
the concave majorant (or as in that paper, convex minorant) of a Lévy
process and the excursions of that process beneath its concave majorant [15].
Essentially, the idea is that a uniformly sampled face of the concave majorant
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|
<f

g u d d—ud—g d

F1G. 3: An example of the “3214” path transformation of Theorem 26. The
walk on the right is the transformed version of the walk on the left. Note
how given d — g the transform is easily inverted - the index at which the
first d — g increments should start after cyclic permutation is marked, and
can be found by lowering a line with the slope the mean of the first d — g
increments.

should have uniform length and the walk over it should be a Vervaat like
transform of some walk of the same length.

Let So =0and S; = )" | X; for 1 < j <n, where X;,i =1,...,n are
exchangeable random variables satisfying assumption A. We introduce the
following path transformation for the random walk S0 = {(j,5;), 1 <
Jj < n}. Let U be distributed uniformly on [n]. Let g and d be the left and
right end points respectively of the face of the concave majorant of S0
containing the Uth increment Xgr. Define S]U for 1 <j<nby

Su+j —Su for0<j<d-U
SU — Sgtj—(@-vy+8Sa—Sy—Sy ford-U<j<d—g )
! Sj—(d—g) + 52— Sy ford—g<j<d

Sj fordgjgn

and let S5 = {(j,5V), 1< j <n}.

Theorem 26.

(U, sy L (q — g, 519

In fact, Theorem 26 provides an alternative method of proving Theorem
1 under assumption A, since by applying the transformation again to the
S([? M estricted to the interval [d— g, n], and then doing this repeatedly until
there is nothing left to transform, we are actually performing the inverse

of the transformation given in Theorem 1. However, this method does not
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extend to cover the general case as considered in Section 6, so we will not
expand on it.

Proof. As in the proof of Theorem 1 under assumption Ain Section 2, it is
enough to show that the equality in distribution holds when Xi,..., X, are
samples without replacement from 1, . . ., z, satisfying assumption A. S0
and S[[?’n] may thus be thought of as permutations of n, so we may think
of the mapping (U, S®™) — (d — g,Sl[?m]) as a mapping from [n| x 3, to
itself. Since U is uniform on [n], and the ordering of X7, ..., X,, is a uniform
random permutation of x1,...,x,, it is enough to show that this mapping
is a bijection. To do this, it suffices to show that the mapping is surjective.
This can be seen visually in Figure 3 since it is clear from the figure and its
description that the map is easily inverted. More formally, to show that the
map is surjective it is sufficient to show that for k € [n] there exists u € [n]
and o € ¥, such that

(u, {(0,0), (1, 25(1)), (2, Zo(1) + Tay), - - -5 (1, Z xo(i))}>

=1

— <k {(0,0), (1, 1), (2,21 + 22), ..., (n, Zx,-)}>
=1

Let f be the number of faces of the concave majorant of the walk of length
n — k with increments xgy1,...,%,, and let the lengths and increments of
these faces in order of appearance be (¢1,s1),..., (¢f,sf). Let 7 be the unique
r € [k] such that the walk with increments

(xr-i-la L(r+1)mod k+1>L(r+2)mod k415 - - > L(r+k—2) mod k +1» xr)

remains below its concave majorant. Let s* = Zle x;, and let m be the
unique m € {0, ..., f} such that

Smo 5 Smil
[

where we say that so/fyp = +oo and syy1/ff41 = oo. The appropriate
(o(1),...,0(n)) is given by

(k+1LE+2,.. . k+>" 4,

r+1,(r+1)modk +1,(r+2)mod k +1,...,7k+>" 4 +1,...
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