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Abstract

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 =0and S; = 23:1 X, for1 <j<n,where Xq,...,X, are exchangeable
random variables. Let A be the assumption that almost surely no two subsets of
X1, ..., X, have the same arithmetic mean, and assume for now that A holds.
Let SI07 .= {(4,8;) : 0 <j < n}, so that S[*™ is the random walk of length
n with increments distributed like X1,...,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 S; = clon] (7), where clon]
is the concave majorant of the walk S[%" i.e. the least concave function C on
[0,n] such C(j) > S; 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 (Ny,, 1+ 4+Npi—1, SN, 144Ny iiy)

to (Np,1 4+ -+ Niy SN, 1+-+N,.,)- We define the length, increment and slope

of the ith face to be N;, A, ; and Aj\?’i respectively, where

An,i = (SNn,1+"'+Nn,i - SNn,1+"'+Nn,i—1)7 for 1 S ) S Fn

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

Fo 2K, =31 (1)

where K, is the number of cycles in a uniformly distributed random permutation
of the set [n] := {1,...,n}, and I;,j = 1,2,... is a sequence of independent
Bernoulli variables with P(I; = 1) = 1/j and P(I; = 0) = 1 — 1/j for each
j. The second equality in (1) is an elementary and well known representation
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
has segment lengths ny,...,ng with n; >ne > ... >0,

e in what order and with what increments should the faces fi,..., fr of
the concave majorant with lengths nq, ..., nj respectively be arranged to
recreate the concave majorant of the random walk 510717

e given the concave majorant, what is the distribution of values of the ran-
dom walk S0 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 X1, ..., X, are samples without replacement from a set of n real numbers.



Since the construction given in the theorem applies to general exchangeable
Xq,...,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 (ny,...,nk):

e Split Xi,..., X, into k blocks

(X1, X ) K41, X ) o+ (Kmimn e X )

e Arrange the blocks in order of decreasing arithmetic means.

e Perform the unique cyclic permutations of the increments within each
block such that the walk with those cyclically permuted increments re-
mains 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 S[®™ unchanged and at the same time provides us with
information about the concave majorant. In the case where Xi,..., X, are
independent, then we may just generate independent walks of length nq, ..., ng,
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 permu-
tation of increments that leaves the walk with those increments below the line
joining its start and end points, in which case the cyclic permutation is chosen
uniformly from the possible options. By exchangeability, it would also work to
take the blocks with the same arithmetic mean in order 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 ¥,, be the set of permutations of [n], and let P, be the set
of partitions of n, encoded in non-increasing order. For (ni,...,ng) € Py, let
Yngenn) © Yo be such that 0 € Xy, . n,y o and only if for some T € X and
(r1,...,7%) € ZF we have

o (Siztnewy + 7)) = (SI9 7 ) + (G + i) mod 7(3) + 1
for 1 <j<mn., 1<i<k.

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



Theorem 1. Let Sy =0 and S; = Zézl Xy for 1 < j <n, where Xq,..., X,
are random variables with any exchangeable joint distribution. Let SO =
{(5,5;) : 0 <j <n}. Independently of X1,...,Xn, let Ln1,Lna,...,Ln i, 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 isin B if and only if 0 € Xy, .. n,) and there exists T € 3y,
such that the function defined on [k] by

.....

Nr(1)+F+nr )
1

Nr (i)

i AT = Xo (o) (2)

l=nr(y+t+n_1)+1
s non-increasing in i and for each 1 <1 < k we have

1 N+ tnr—1)+m
E Z Xa(g) < AZ’; for1<m < Nr(i)- (3)
l=n,y+-+n--1+1

Conditionally given B, let p be a uniform random element of B, independently of
all previously introduced random variables. For 1 < 5 <n let S’f =37, Xo(0)

and let Sgo’n] ={(5,87) : 0<j<n}. Then S,[)O’"] L gloml,

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 Sk
0<k<n

there is the almost sure representation

F,
M, =" Apil(An; > 0). (4)
i=1
Spitzer showed the much simpler representation in distribution

K,
My £ 3T AL (AL, >0) (5)

=1

where K, is the number of cycles of a random permutation independent of the
random walk S = {(j,5;) : 0 < j < n}, and given K,, = k and that the



permutation has cycles of lengths say Ly, 1,..., Lnk, the A7 ; are conditionally
independent, with

(A21i|Kn:k,Ln,i:£)ng, for1<i<k,and1<l¢<n.

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, vV 0. As pointed out by Spitzer, Hunt’s
remarkable identity [13, Theorem 4.1]

.
B, =y 20 (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 Spitzer’s
Identity): for |g| <1

0 . e k .
5 s g (3 81500 "
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 £71. So (6) decomposes the
expectation 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
variable with geometric distribution with parameter 1 — g, so P(n(gq) > 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(l —q) = Y 7o qi/k
allows (7) to be rewritten [11]:

. o k .
Ee™Mn@ = exp (Z %(Ee”slj - 1)) (8)

k=1

Otherwise put, the maximum M,,, of the walk up to the independent geometric
time n(q) has a compound Poisson distribution:

L N
Mugy = Y >, St (9)
k=1 =1

where for fixed ¢ the N (¢*/k) are independent Poisson variables with parameters
q*/k for k = 1,2,..., and given these variables the Sy ; for 1 < i < N(q*/k)

are independent with Si ; 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<i<, Si 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(g) + (Snq) = Mn(q)) (10)



which expresses the compound Poison variable S, () as the sum of two indepen-
dent compound Poison variables with with positive and negative ranges respec-
tively. 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 partition 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 Section 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 description 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 ¢ — 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 Xj,..., X, not satisfying
assumption A. Also in Section 6 we investigate three nested compositions of
integers that arise naturally. 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 conditional 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 permutations of
increments of walks that shows that under assumption A the appropriate cyclic
permutations discussed in the introduction are almost surely unique.

Lemma 2. [19, Theorem 2.1] Let © = (1,...,%y,) be a vector such that no
two subsets of the coordinates have the same arithmetic mean. For 1 < k <mn
let Tpyn = x, and let x(k) = (Tk, Tkt1,.--, Thin). Then there is a unique
1 < k* < n such that the walk with increments x(k*) = (g, Thr 11,5« - Th*4n)
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 SLO"n] 4 501 in the



case where X1,...,X,, are samples without replacement from n real numbers
T1,...,Zy, such that no two subsets of x1, ..., x, have the same arithmetic mean.
Thus it is enough to show that for every permutation o € ¥,, we have

1
P(Xp1) = To(1)s - Xp(n) = To(n)) =

n!

and without loss of generality it is enough to show this for o the identity permu-
tation. Suppose the concave majorant of the deterministic walk with increments

(21, ...,2n) has k faces whose lengths in order of appearance are (mq, ..., my),
so that the composition induced by the lengths of the faces of the concave ma-
jorant is (my,...,my). Let 7 € ¥j, be such that

(nl, ce ,nk) = (m,,.(l), N ,mT(k))

are the lengths of the k faces in mon-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 (nq,...,ng) is distinct. Then the event
{Xp0) =20 : 1 <L < n} oceurs if and only if

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

(i) for each 1 < ¢ < k, the ordered list (Xpn, 4 4n; 141y -3 Xnit-tn;) I8 ONE
of the n; cyclic permutations of the ordered list
($m1+m2+"'+m1—(i)—1+17 s 7xm1+m2+m+m1—(i))'

According to the Ewens Sampling Formula, the event in (i) has probability
Hle n% The event in (ii) is independent of the event in (i), and has probability
% Hf:l T

Now suppose that the elements of (n1, ..., n) are not distinct. For1 < j <n
let I; = {i : n; = j} and let a; = |I;|. The event {X,») =z, : 1 <L < n}
occurs if and only if

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

(ii) foreachl < j <n, foreach i € I; the ordered list (Xpn, . fn; 1415+« > Xngttns)
is one of the n; = j cyclic permutations of the ordered list
(@i tmoteetm, gy 415 - - - Tmatmaftm, ) fOT sSOme @' € 1.
By the Ewens Sampling Formula, the event in (i) has probability (Hle ni) (H?Zl %) .
s 51
The event in (ii) is independent of the event in (i), and has probability ; (Hle n; (H?Zl a; !) .
Hence P(X,) =2¢ : 1<0<n)= % O

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



Corollary 3. Let My 1,...,M, F, be the lengths of the faces of the concave
magjorant of SI%™ arranged in non-increasing order. Then under assumption
Athe joint distribution of M, 1, ..., My F, s given by the formula

P(Fp =k, My; =n;,1 <i<k)=]]

Jj=1

1

jajaj!

for all (nq,...,nk) € Pp, where aj = #{i : 1 <i<kn;=j} forl <j<n.
Le. The partition of n induced by the lengths of the faces of the concave majorant
of S1%" 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 L, 1,..., Ly Kk,

are exactly the lengths of the faces of the concave majorant of S,[JO’"], and the

conclusion follows since S0 < S’,[,O’"]. 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 (Np1,...,Nnr,) be the composition of n induced by the
lengths of the faces of the concave magjorant of SI%™. Then under assumption
Athe joint distribution of Ny 1,..., Np. F, is given by the formula

57(11) 57(12) Sslk) k )
P(Fn:kuNn,z:nz,lglgk):P< 1 >_2>”.> & 1
ni N9 Nk bl n;
for all compositions (n1,...,ny) of [n] into k parts, where for 1 <i <k
i d
S7(17.) = nyi+-+n; S’n«1+“'+ni,1 — S’n,l

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

Proof. Fix a composition (n1,...,nk) and let (77(1), cee 77(1@)) be (n1,...,nk)
in non-increasing order. Let T' be the set of 7 € X, such that (7 -(1y,..., 7 T(k)) =
(n1,...,ng). Then |T| = [[}_, aj, where a; = #{i : 1 <i < k,n; = j} for

1 < 7 < 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<klet

4

(r(9) _
S?z’T(i) - Sﬁ1+---+ﬁf(i) o Sﬁl"l‘""’rﬁr(i)—l

S5 =5,

T (i)

Under the construction in Theorem 1, the events {F,, = k} and {N,;, = n; :
1 < i <k} occur if and only if
() (LnasosLnge,) = (T1,..., T k);

ST @) ()
(i) @ 5 T o s T gy gome 7 € T
ni n2 Nk ’



As before, the event in (i) has probability (Hle nl) (H?:l %) . The event in

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

(1) (2) (k)
P(Sﬂl >S£>...>Snk>

ni n2 Nk

Recalling that |T| = [T

=1 45 completes the proof. [J

3 Examples of composition probabilities

The special case of Cauchy increments gives rise to the following appealing
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

k
1 1
P(F":k;N”’i:ni’lgiSk):EIl_
. ’]’Li

=1

and hence {N,,; : 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.

. s s, - . .
Proof. Since :11 s T is an ii.d. sequence each of the k! orderings is
: Siy SN 1
equally likely, and hence P(1t > --- > k) =4O

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
Ui, ...,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 7 in the same block as j if and only if U; and U 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 (N, 1,..., N, r,) 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 X1,..., X, be any exchangeable sequence of random variables sat-
isfying assumption A, as in Corollary 4. We now give some numerical examples
of composition probabilities when n is small. Let

p(ni,...,nk) =P(F, =k,Np;=mn;,1<1i<k)



Using symmetry and the partition probabilities given in Corollary 3, universal
values are

p(1,1)=1/2, p(2)=1/2
p@3) =1/3, p(2,1) =p(1,2) =1/4, p(1,1,1)=1/6
p(4)=1/4, p(1,3)=p(3,1)=1/6, p(2,2)=1/8, p(1,1,1,1)=1/24
As n increases, the first values that depend on the particular choice of increment

distributions are

1
p(1,1,2) = p(2,1,1) = 5IED(Xl > Xo > 2(X5+ Xy))

1
p(1,2,1) = 5P(X1 > (X2 + X3) > Xy)
where according to the partition probabilities we must have
p(1,1,2) +p(2,1,1) +p(1,2,1) = 1/4

We consider two special cases - independent Cauchy increments and independent
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(Xl > %(Xz—l—Xg) > X4) = ]P’(%(Xg—l—Xg)—Xl < 0 and X4—%(X2+X3) < 0).

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

1 in(—1/3
_+arcs1n( /3)

=0.195913276
4 2

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 Brownian 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 conjecturing that p(1,2,1) is
a monotonic function of the stability index « for symmetric stable laws.

4 A Poisson point process description
The concave majorant of S[®™ 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 con-

cave majorant has length j and increment s. Let A, (j) be the number of faces
of the concave majorant of S%™ that have length j for 1 < j < n, and let

10



Increment

N,
»

N

A

3 Length

Figure 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 de-
creasing order of slope.

E(-l), cee E;A" ) he the increments of the faces with length j in uniform ran-
dom order. Thus if Xi,...,X, are independent then for each 1 < j < n,
conditionally given A, (j) aj, E;e) is an independent copy of S; for each
1 < ¢ < aj. Figure 1 shows an example of such a point process. To con-
struct 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 variables
X1, Xs,..., such that almost surely no two subsets have the same arithmetic
mean. As before let Sp =0 and S; = >7_, X; for j > 1. Following 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 — ¢, so that

P(n(q) 2 n) =q"
Let SOl = {(5,8;) : 0 <j <n(q)}, and let

forn=20,1,2,...

0 < Na(g),1 < Na(g),1 + Na(g),2 <+ < N1 T+ + Nu(g),Foy = 7(0)

be the successive times that S[0"(@] meets its concave majorant, where Fog is
the number of faces of the concave majorant of SI"(@! The following Lemma,
which involves a fundamental Poisson representation of the geometric distribu-
tion, is due to Shepp and Lloyd [17], who were just working with partitions
generated by random permutations, not concave majorants.

Lemma 6. Let A; = #{i : 1 <i < Fy(g), Np(q,i =3} for j > 1. Then A; has
the Poisson distribution with mean ¢’ /j, independently for each j > 1.

11



Proof. Noting that log(l —¢) = — Zj ¢’ /j, we have that
P(Aj =a;j,j > 1) = P(n(q) = X j5170)P(A; = a;,5 > 1n(q) = X2;517a5)

, 1
(1—q)g>i7%
Hj]aj a;!

iN% _ 4
q—,)ej

where the second equality comes from Corollary 3. [J

For the next theorem, and in fact the rest of this section, it is important that
we assume X1, 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, X5,... are independent with common continuous distri-
bution, then the point process of lengths and increments of faces the concave
magjorant of S9! is a Poisson point process on {1,2,...} x R with intensity
JT'PP(S; € dx) for j = 1,2,..., x € R. Moreover, let T; = > ;_, Nug).i5
0<i< Fn(q), be the consecutive times at which SIO™D] meets its concave ma-
jorant, so that To =0 and T, = n(q). Then the sequence of path segments

{(STiJrk - ST'L’O <k< Nn(q),i)vi =0,.. '7Fn(q) - 1}5

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

{(s1,...,8;) for some j =1,2,...}
whose intensity measure on paths of length j is ¢/j~1 times the conditional
distribution of (S1,...,8;) given that Sy < (k/j)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 S[%™(®] having a face of length
j and increment s, the increments of S®™@! over that face of the concave
majorant have the distribution of (X7i,...,X;) given that 25:1 Xe < (k/j)s
forall 1 <k <j—1and ) j_; X, =s, and this law is independent for each
face of S[07(D] This implies the second statement. (]

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

Corollary 8. (n(q), Sn(q)) has a compound Poisson distribution, and the total

number of faces F,(q) of the concave majorant of S0UD] has Poisson distribu-
tion with mean

> it = —log(1—q).
=1

12



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 [0,00); 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(X1) = p € [—00,00). Informally, as ¢ — 1 the intensity mea-
sure of the Poisson point process of face lengths and increments approaches
J'P(S; € dz), 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 u will
contribute to the concave majorant in the limit. Therefore by Poisson thinning
we get a new intensity measure j~'P(S; € dz)1(z > ju). Moreover, we can also
describe path segments of the walk below each face of the concave majorant as
a Poisson point process.

Theorem 9. Let So = 0 and S; = Y7_, X; for j > 1, where X1, Xo,... are
independent random variables with common continuous distribution that has a
well defined mean p = E(X;) € [~00,00). Let S1%°°) = {(4,8;) : j > 0}. Let
0=Ty < Ty <Tr < --- be the successive times that S1%°°) meets its concave
magjorant, and let N; =T; —T;—1 for i > 1. Then the sequence of path segments

{(Sty4x — S7,,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,...,8;) for some j =1,2,...}
whose intensity measure on paths of length j is j=' times the restriction to S; €
(jp, 00) of the conditional distribution of (S1,...,S;) given that Sy < (k/j)S;
forall1 <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
JTIP(S; > 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 independently
of the walks on the faces, are n independent processes each distributed
according to (S1,...,S5;) given that S, < (k/j)S; for all 1 < k < j and
Sj > ju.

13



(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; > jpu.

The main thing to check is that (i) and (ii) are true, i.e. that the counts
Aco(f) =45 : 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 discussions
relating to the independence of the walks below each segment.

Let n(q) be a geometric random variable with parameter 1—gq. Let SI07(@)] =
{(5,8;) : 0 <j <n(q)}, so that the concave majorant of SI®"(@! and S[0:>)
agree up until some random time T;:( Q)

Lemma 10. T;(q) is the maximal T; with T; < n(q).

Proof. To see this, let ¢ be such that T; < n(g). Since the concave majorant
of S0} is everywhere less than the concave majorant of S(0:°) if they did
not agree at time 7 then the concave majorant of S%™) would go beneath
the point (T}, St,), but this is a contradiction since (T}, Sz,) is in S%™@] O

Let
An(q) (j) = #{Z : Nn(q),i = j}
where Ny 1,- -+, Na(g),F,, are the lengths of faces of the concave majorant
of S0 There are the obvious decompositions

Ax(j) = Acc(1)0, Trp] + Ao (5)(T754), o] (11)
An(Q) (J) = An(q) (4)(0, T:zﬁ(q)] + An(q) (j)(T;:(q)v oo (12)

where e.g. A (5)(0, T;(q)] is the number of faces of the concave majorant of

S10:20) of length j up to and including the face ending at time T g and the
other terms are defined similarly. Moreover, since T;( 9 is by definition the

maximal common vertex of the concave majorants of SI0™(@] and 19 it is
clear that

Ao (7)(0, Try] = An(q)(1)(0, T )]
= #{7’ : Nn(q)z = j7 STi - STz‘—l > ]an(Q)} (13)

where () is the right derivative of the concave majorant of S [0.20) at time

T;(q). Conditionally given Qn(q)s by Poisson thinning and Theorem 7 the distri-
bution of the right hand side of (13) is Poisson with mean ¢’ 'P(S; > jan(q)),
independently for each j. The strategy at this point is to let ¢ — 1, so that
Ty(q) — 00 and ay,(q) — p1, resulting in Ao (j) having Poisson distribution with
mean j~!P(S; > ju), independently for each j, i.e. resulting in (i) and (ii).
Let {¢m}m>1 be any sequence such that if {n(g¢m)}m>1 is a sequence of
independent geometric random variables with parameters 1 — ¢,,, then n(g,) —

14



oo almost surely as m — oo (so that necessarily ¢, — 1). Suppose that
Tin(gn)) — o0 and Qu(q,.) — i almost surely, so that

Ase(d) = lim A ()0, Tin(gn))]
= W}E)noo #{Z : Nn(qm),i = ju ST»; - ST»;71 > ]an(qm)} (14)

where the first equality is from (11) and the second is from (13). Since ay,(q,,) —
p almost surely, by continuity of the function x — P(S; > jx) the distribution
of the right hand side of (14) is Poisson with parameter j~1P(S; > ju), inde-
pendently 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; < co we will have n(g,,) > T; eventually, and
hence by Lemma 10 for every i > 1 we will have T{,,,,)) = Ti eventually. Since
T; — oo this implies that T{,,,)) — oo almost surely.

Lemma 11. Almost surely no face of the concave majorant of S1%°) can have
slope less than p.

Proof. If y = —oo then the conclusion is clear. Suppose p € (—o0, 00), then
since S, — nu is a mean zero random walk and hence recurrent, for every ¢ > 1
there will almost surely be some n; > T; such that S,,, > S, + (n; — T;)u, and
hence for any vertex of the concave majorant the slope of the face to the right
must be greater than p. [

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

Proof. For any p € [—00,00) by the strong law of large numbers S, /n — u
almost surely as n — oo. But if there was no slope of the concave majorant on
[0, 00) with slope z < u + € then we would have limsup,, S, /n > p. Combined
with Lemma 11 this gives the conclusion. [ We already have that T{,(q,,)) — 00

almost surely. Since «
S10:20) at T(n(
O

n(gm) 18 the right derivative of the concave majorant of

am))> Lemma 12 implies that av,(,,,) — p almost surely as m — oo.

5.2 The structure of the concave majorant of S 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
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majorant of SI%" = {(4,5;) : 0 <j < n)}, and in the case where Xi,..., X,
are independent with common continuous distribution we know from (1) that
for each fixed n there is the equality in distribution

where the I; are independent Bernoulli variables with P(I; = 1) = 1/5. How-
ever, 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 asymp-
totic 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 each m =1,2,...

P(F,, = m infinitely often ) =1
It is an easy consequence of theorem 9 that
P(F,, =1 infinitely often ) =1

if and only if E(XT) = oco. It appears that the Poisson analysis of F,,) can
be used to provide a more thorough description of the possible asymptotic be-
haviours of F,, as n 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, 00), 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
S102(D)] hefore and after the time it achieves its maximum. By conditioning
on n(q) = n, we can then do the same for S, 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, X, ... be a sequence of independent random variables with common
continuous distribution, and let Sy = 0 and S; = 23:1 X; for 5 > 1. Let
SOl = £(4,8;) : 0<j <n}and SO = {(5,8;) : 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 SI%" with the convention Fy = 0, and let
(Npis Ay ;) 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 (g)) and (n(q) — Ly(q), Sniq) — Mn(q)) are independent

and both have compound Poisson distributions.
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As discussed in Section 1 the compound Poisson nature of M,,4) and S, (4) —
M,, (g and their independence was discovered by Greenwood and Pitman [11],
but this section gives a more explicit explanation of their distribution.

Proof. By construction

An,i = SNn,lJF"'Nn,i—lJFNn,i - SNn,lJF"'Nn,i—l

and
(Ln7 Mn) = ZiK:nl (Nn,ia An,i)l(An,i > 0)
(n - Ln7 Sn - Mn) = Zlenl (Nn,ia An,i)l(An,i S 0)

From Theorem 7 that the (Ny(q),i, An(q),;) are the points of a Poisson point
process on {1,2...} x R with intensity j~'¢’IP(S; € dz),j € {1,2,...},z € R,
and thus the conclusion follows. [J

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

[0,n]

about the concave majorant of S either side of its maximum.

Theorem 14. Let Xy,..., X, be independent with common continuous distri-
bution. Let So =0 and S; = 3J_, X; for 1 < j <n, and let S°" = {(4,5;) :
0 < j < n}. Suppose that P(S; > 0) = py for 1 < j < n. Then conditionally
given Ly := argmaxo<j<n S; = ¢, the partition generated by the lengths of the
faces of the concave magjorant of SI°™ on the interval [0, ] is distributed accord-
ing to the Ewens sampling formula with parameter py. That is, if A;‘ is the
number of faces of the concave majorant with positive slope of length j, then for
any {a; : j > 1} such that 3_, ja; =€ <mn,

L(ps)0! ﬁ (p4)"

P(AS
( F(er +€) aiaj!

T=aj,j> 1L, =10) =

(16)

=17
The partition generated by the lengths of the faces of the concave majorant of
S0n] on the interval [¢,n] is also distributed according to the Fwens sampling
formula but with parameter p— =1 —p4.

Proof. Let A: 0. be the number of faces of the concave majorant of S107(a)!
with positive slope of length j. From the proof of Theorem 13 it is easy to see
that A:(q) ; has a Poisson distribution with parameter j ~l¢/p_, independently

for each j, and independently of SI%™(@] after time L,,,). Thus for any {a; :
j > 1} such that 3, ja; = ¢,

P(A

=aj,j > 1|L, =) P(A ) ; = 45sJ = ULng) = £,n(q) = n)

= ]P)(A:;(q)J = a’jvj > 1|Ln(q) = é)
= P(A:lr(q),j =a;,j 21)
aj jaj j
= H‘] (pjzj‘;jl : exp{_%} (17)
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It is known [7, Chapter XII, (8.12)] that for the random walk S[®™ the almost
surely unique index L such that Sr, = maxo<j<n.S; has the beta-binomial
distribution

p =0 (" ) (D)) wsesw)

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

L(py 4+ 0)q" (1 —g)P+
L(p+)e!

Thus (17) reduces to (16). The partition after the maximum is proved similarly.
O

P(Lyq) = 1) =

6 The general case

Let S; = 25:1 X, for 1 < j < n, where X1, Xs, ... is a sequence of ezcchangeable
random variables. Let SI%" = {(j,5;) : 1 < j < n}, and let C1®" be the
concave majorant of SI%". The concave majorant in this case, where there may

some subsets of X1,...,X,, that have the same arithmetic mean, is less well
studied. However, the literature does contain some results for the case where
X1, Xa, ... are also assumed to be independent.

Sparre Andersen [1] introduced the random variable H,, the number of
1 < j < msuch that §; = Clo.n] (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) =Y Y P(H,=m)s"t" (18)
n=0m=0

for all distributions of X;. As will be shown in Theorem 19 the theory presented
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 majo-
rant 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 (Xi,..., X,) = (X1,..., Xpyg, .-, X150, Xiyg)-

In this section it will be important to make a distinction between ezcur-
sions, segments and faces, and between their associated compositions of n. The
following definitions are illustrated in Figure 2.
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e An excursion 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 S is equal to H,. Let = H[O n] be the

composition of n induced by the lengths of the excursions of S [0,m] , the
transformed walk of Theorem 1. Although this has the same d1str1bution
as the composition induced by the lengths of the excursions of S the
forthcoming discussion about segment compositions only makes sense for
S,[JO’"]. We say that the slope of an excursion is the slope of the line joining
its start and end points.

o A segment will always refer to one segment of a partition. That is, if
(n1,...,n) a partition of n then we say it has k segments with associated
lengths nq,...,ng. As we described in the introduction, to generate a walk
with the law of S whilst simultaneously getting information about its
concave majorant, i.e. to generate S 0.l , we first choose a random partition

induced by the cycle lengths of a umform random permutation. If we are

just interested in the concave majorant of S, [O,m] , 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[O n]" This composition arises from our construction

and cannot be read off from a given random walk.

e A face will mean one face of the concave majorant. The number of distinct
faces is equal to Fj,. Let = H[O n] be the composition of n induced by the

lengths of the faces of Sp o, Again, this has the same distribution as the
composition of n induced by the lengths of the faces of S0,

e The terms excursion block, segment block and face block will mean blocks
of the compositions Efg,n]v E[Igﬁn] and = H[ n] 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

(S5 = 58)/(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 Ef; I’ which we

write as E[Z] = Ef;]. For S,[JO’"] constructed as in Theorem 1, define Hf and

F? similarly to H,, and F,,, and note that H, 4 Hf and F, 4 F?. Recall that
K, is the number of segments in the partition chosen at the beginning of the
constructlon We will have H? < K,, < FF, and moreover E[Ig n] will be such

that = H[O n] = "157 ] == H[O 7l We will discuss these nested compositions further

after proving Theorem 1 in the general case.
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Figure 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

3{01715] = (2’ 27 ]‘5 27 25 27 2; 27 )’ E[IO<,15] = (27 3’ 47 4’ 2) and E[FO)15] - (57 4, 6)

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
Z1,...,Ty of real numbers, where now each number is labelled but no longer
necessarily distinct in value, then

1

]P)(Xp(l) =T1,-.- ,Xp(n) = xn) = E

Let = (x1,...,2,), and suppose this is fixed throughout the proof of the
theorem. Let ¢®™ 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 NV,, be the set of all compositions of n. Let f € N, h € N
and (vi,...,v5) € Nu. Let Mo, . o)), (k... k;) De the set

{(hl""’hZ{zl kl) eN, : (hzg;ll ki,...,thZI kl) ENUj for 1 <j<f}

Thus an element of /\/(vl.,...,vf),(kl ,,,,, k;) is a composition of h formed by join-
ing together compositions of v1,...,vs which contain ki, ..., ks blocks respec-
tively (and hence le,...,vf),(kl k;) may be an empty set for some values of

(k1,...,kf)).
Lemma 15. Let f € N, h € N and (v1,...,vf) € Ny. Then

L 1 1
Z Z Z Hk1!~-~kf!h1-~-hk:1 (19)

k=f (k1,..skp)ENg (h1seshi) €Ny .., vp) (ks kf)izl

yeeey
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Proof. The numbers that are being summed over bear a strong resemblance 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 vq,..., vy, where permutations 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;jill Kiv hZZﬂ K, 18

1)1 ’Uj

k1!---k. hy---hyg

Since the total number of elements of A is v1!--- v, 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 hzg Lpees hzj &.» the value of the
=1 "7

sum must be 1. O

Let f(cl%"]) be the number of faces of %™, and let ¢, (l7)), .. 5 Ly (gt (eloml)

be the lengths of those faces, arranged in the order those faces appear in %",

Let NV(el%7]) be the set

kj
{(nl, R ,nk) € Nn k<< kf(é[(),n]) S.t. Z n; = éj(é[o’n]),l <j< f(E[O’n])}
’L‘:kjfl
Loosely, N'(el%™)) is the set of possible values for E[Ié ) conditionally given that
the concave majorant of S,[,O’n] is & For (ny,...,ng) € N(@%™), let
kJ
{kj(nl, e ,nk), 1<5< f(E[O’n])} = {(kl, ey kj(é[o n])) : Z n; = fj(é[o’n])}
i:klj'71

Then k; (H[O n]) represents the number of blocks of =y ) that lie in the jth face
block, i.e. in the jth block of = [0 nl Finally, let

N (@) = {(ny, ..., ng) € N(E@O) Z:v =0l (n,) for 1 < i < k}

Then N, (&%) is the set of possible values for Z& ; conditionally given that

[0,n
{Xpy =2+ 1 <i<n}.

Lemma 16. For every composition (ny,...,ny) € Ny (el0™), for 1 <i <k let

hi(xanlu .. 7n/€) = #{.7 : nl+' : '+ni—l <] S ’I’L1+' : '+ni7 Z{:l T, = 6[0771](])}
Then

n k 1 f(E[O’"]) .
2. mﬁ) I S )

k=1 (ny,...,n,) EN, (cl0:n])
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Proof. Let h=#{j:1<j<n, 2{21 =% (j)} and for 1 < i < f(el0n)) let

vi(z) =

#(7: 0@) o+ i (@) < g <6 @) 4+ (@) S = ()
Associate with each composition (n1,...,nx) € N (¢%™) of length k a compo-
sition of h

(hi(z,n1,...,ng), ha(x,n1, ..oy ng), ..., hi(z,na, ..., ng))

so that there is a bijection between the elements of A, (¢l%")) with k blocks and
the set of compositions (hq, ..., hx) of h with &k blocks that are formed by joining
together in order compositions of vy, ... s Vg (glonl) which have kq,..., kf(a[o,n])
blocks respectively. Thus the term on the left hand side of (20) is

DS ) e

k=f (k1,... f(cf)n YEN (h1,..-hg)EN(vy ..., v )k k) B 1

which by Lemma 15 is 1. O

Fix a composition (n1,...,ng) of n. For 1 <j <mnlet I; = {i : n, = j} and
let a; = |I;|. Following the construction of S’,[,O’"] described in the introduction,
we see that the event {H 0. = (N1, nk) and Xy = 2,1 < £ < n} occurs
if and only if

(i) Lnay---,Ln.x, is (n1,...,nk) in non-increasing order;

(ii) foreachl < j < n,foreachi € I; the ordered list (X, 4 tn; 1415+« > Xngtortn;)
is one of the n; = j cyclic permutations of the ordered list
(Im1+m2+"'+mr(i’)—1+1’ . aIm1+m2+---+m_’_(i/)) for some 7’ S ij

(ili) for each 1 < j < n, for each ¢ € I; the cyclic permutation that is chosen
for the ordered list of increments (X, 4+ ni_y41s---» Xng+-tn;) is the
unique cyclic permutation that results in the ordered list becoming exactly

(Im1+m2+---+m,’_(i/),1+1a cee ,Im1+m2+---+m7(i/));

(iv) for each 1 < j < f(€)l%"]) the ordering of the kj(ny,...,n;) segments
within the jth face is chosen correctly out of the k;! possible orderings.

Recall that for 1 <7 < k we have

hi(x,ny,...,ng) =#{j :n1+-4+ni—1 <j<ni+---+n;, Z{:l T = 6[0’"](]')}

so that in (iii) there are Hle h;(xz,m1,...,ny) possible choices of combinations
of cyclic permutations. Then the probability of the event
{E[Igm] = (n1,...,ng) and X, ) = 24,1 <€ <n}is
noy kg Lk n k ] F(eom)
el il il . i -
T2 10 ) (00 1) (=) | T s
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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 compo-
sitions, we have that the probability of the event {X,,) = x4, 1 < £ < n}

r o) (T ) -
i II; NI o) -
et (o @07y it hi(x,ny,...,ng) e kij(na, ... ,ng)! n!

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

In the case where X, Xs,... 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 X;, Xo,... is a sequence of independent
and identically distributed random variables and n(g) is a geometric variable
with parameter 1 — ¢. Let SOl = {(5,8;) : 0 < j < n(q)}, where Sy = 0
and S; = >, X; for j > 1. Let C1%7] be the concave majorant of S[0-7(@)],
The following theorem is the extension to the non-continuous increment case of
Theorem 7.

Theorem 17. If X1, Xs, ... are independent with common distribution and n(q)
a geometric variable with parameter 1 —q, then the lengths and increments of the
faces of the concave majorant of the random walk S1%™D] have the following law.
Let B be a Poisson point process of on {1,2,...} x R with intensity j~ ¢’P(S; €
dx) for j =1,2,..., x € R. Note that this process may result in multiple points
at the same location. Fach point of P represents 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 majorant. Moreover, let K, be the
total number of chords associated with partition segments and for 1 <i < K,
let Ny(q),i 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

STt Mot = IS Ny 0 S H S Nagga)si =1, Ko}

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 dis-
tribution of (S1,...,S;) given that Sy < (k/j)S; for all 1 <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 know
from Theorem 1 that for every n € N, conditionally given n(q) = n, the process
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described in the theorem gives the correct law for the concave majorant of S0

and gives the correct law for E[Ié n]’ the composition induced by the lengths of

the partition segments involved in creating SLO’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
Efg,n(q)] < E[Ié,n(q)] < Efgﬂ(q] in the case where X},Xg, . are} indepepdent
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 SLO’n(Q)] be such that conditionally given n(q) = n, SLO’n(Q)]
is constructed in the same way as S’,[,O’"] in Theorem 1, and let C_'Lo’n(q)] be the
concave majorant of SLO’n]. We begin by describing the laws of H,, (4, Ky(4) and
F(q), which are defined to be the number of excursions, segments and faces
respectively of C’,[,O’n(q”.

We need some new notation, some of which is taken from Sparre Andersen
[1]. Let z1,2,... be an enumeration of the set of real numbers = for which
P(Sy = kx) is positive for some k > 0, and let

pile) = D kT'P(Sk =ka;), forj=1,2,...
k=1

uo(q) = Zkilqk]P’(Sk # kxjfor j=1,2,...)
k=1

= —log(l1—q)— Zuj(Q)

Proposition 18. Let H, ;, K, ; and F, ; be the number of excursion, segments
and faces in C’,[)O’n(q” of slope x; for j > 1. Then for each j > 1

(i) Hq; is a geometric random variable with parameter exp(—pu;(q)), inde-
pendently of {Hg;:1# j}.

(i1) K, ; is a Poisson random variable with parameter 1;(q), independently of
{Kq,i 1 7§ j}

1) Fy i is a Bernoulli random variable with parameter 1 — exp(—pu;(q)), in-
a.j J
dependently of {Fy;:1%# j}.

Let Hyo, Kq0 and Fyo be the number of excursion, segments and faces with
slope not equal to x; for any j > 1. Then

(iv) Hqo = Kq0 = Fy0 almost surely and their common distribution is Poisson
with parameter po(q), independently of {Hgy i, Kq.j,Fyj: 7> 1}.

Proof. (ii) follows from Theorem 17, (iii) is implied by (ii) since a face of
slope z exists if and only if there is at least one segment of slope z, and (iv)
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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(H,; > 1) = P(K,,; > 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(g), the law of the remaining values of the walk
SLO’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 > z;. Thus

P(Hy; > n+1[Hq; > 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 S1%m,
and let K,, be the number of segments for S’ Om) - Then for0<s,t <1,

1
H(s.t) = etro(s) - -
(5:%) € 1—t—|—te 1 (s)

K(s,t) = etho(s) etri(s)  — (1_5)4

~
Il
-

'::18?::18

(1 —t+teri®)

3

F(s,t) = et

)

<.
Il
-

The generating function of Gk, (2) = Y .°_, 2"P(K,, = m) is well known
from the equality in (1). H(s,t) is as in (18) and agrees with Sparre Andersen’s
formula [1, Theorem 2.

Proof. Recall first that HY = H and Ff = Fn. Let n(s) be a geometric
random variable with parameter 1 — s and consider the walk of n(s) steps. We
have by definition

Hn(s) = HS,O + Z Hs,j

Thus the generating function of H, ) is the product of the generating functions
of Hyp and H, ;, j > 1. These are known from Proposition 18, thus

e#]

m o . t 1) po(s)
Z_t P(Hn(s) _m) - H 1—t+te” wg (s)

1
— _ tuo(s)
(1=s)e E 1—t+teHils)
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We can conclude that

H(s,t) = > Y P(H,=m)s"t"

n=0m=0

= (1-s)~ Ztmi (1—29)s"P(H, =m)

= (1—s)" Zth n(s) = M)
m=0

_ tpo(s)
€ Hl—t—l—te 1 (s)

The deduction for F(s,t) is similar, and as already mentioned, K(s,t) is well
known. [J

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 given
0,
Kqj = kqj, let LE, 1,...,L§j)kw gl
of slope x;. Then qu 11 Lé‘fj)kq , are independent from each other and the
lengths of all other segmentss Moreover they are identically distributed with
common probability generating function Gpx (z) = p;(2q)/1(q).
9,7

be the lengths of the kq ; segments of

For j > 1, conditionally given qu = hgj, let Lq] 17""L£j,hq,j be the
lengths of the hg; excursions of S of slope x;. Then LK e ij ha.;

are mdependent from each other and the lengths of all other segments More-
over they are identically distributed with common probability generating function
GL;’J- (2) = (1 —e MDY /(1 — e (D),

Furthermore, each excursion in the face of slope x; is independent and has
the law of a random walk with increment distribution X1 conditioned on making
its first return to the line through the origin with slope x; before n(q), an inde-
pendent 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 Gdreees Llfj’hw are independent
from each other and the lengths of all other segments. By Poisson thinning,
P(LE, , =1)=1"" q'P(S) = kx;), which gives the claimed generating function.

By the memoryless property of the geometric distribution of n(q), each ex-
cursion of slope x; is independent, and is clearly independent from all excursions
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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

HQJ KQJ

ZL(IJZ_ZLQJl

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

Lemma 21. Conditionally given there are kq; segments of SLO’n(Q)] of slope
zj, let Egji1,...,Eqjk,,; be the number of excursions in each of those ky(qg)
segments. Then Eyj1,..., Eqjk,,; 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 "9 | that is

(1 — e Hi@)yi

P(Eqj1=1) = i (q)
J

d=1,2,...

Proof. By Theorem 17 the values of the walk S™? over each segment
are independent, which gives the independence of Ey j1,...,Eqj, .- By the
Independence of the excursions in the face of slope x; and the independence
of the walks over each segment of slope x;, LI |, ..., ij B, are independent
and identically distributed. By considering the total length ‘of each segment of
slope x;, we have the identity in distribution

Eq,j1

qal_ Z Lqu

which after applying generating function analysis reveals that

o0 o0

'L 'L

Eqg( E Z'P(Eq,j1 = 1) E z
=1

)
=1 i— MJ

1—6 :U'](q)).

We are now ready to describe the joint law of the three nested compositions

Efgﬂ}(q ] < ‘:‘fé,n(q)] < E[ngn(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, X, ... be independent and identically distributed. Let S; = 7_, X; for
j>1. Let x1,x2,... be an enumeration of the set of real numbers x for which
P(Sk = kx) is positive for some k > 0, and for j > 1 let

pi(g) => k' ¢"P(Sk = ka;)
k=1
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Let S’,[)O’"(q)] be such that conditionally given n(q) = n, S’,[)O’"(q)] 1s constructed in

the same way as S,[,O’n] in Theorem 1. Let C_',[,O’"(q)] be the concave majorant of

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

o)

e There is a face of with slope x; with probability 1 — e Hi(a),

o Conditionally given there is a face of slope x; the number of blocks of E[Ig’n]

with associated slope z; has the Poisson distribution with parameter w;(q),
conditionally on the value being at least one.

o Conditionally given there are kq ; blocks of E[Ié)n with associated slope x;,
the number of excursions blocks in each of the kg ; segment blocks has the
log-series distribution with parameter 1 — e="i(®)  independently for each
segment.

o The length of each excursion of slope x; is independent of all other excur-
sions and has distribution with generating function

Gpu (2)=(1- e—uj(zq))/(l _ e_“f(q))

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; for any j > 1 form a Poisson point process on {1,2,...} x R with
intensity i~ 1P(S; € ds) for i > 1,s € R, but restricted to the region

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

Three nested compositions with the joint law of Efgn(q)], E[Ig (q)] and Efg n(q)]

are created by uniformly randomly ordering the excursions within each segment,
uniformly randomly ordering the segments within each face, arranging the faces
in order of decreasing slope, and then looking at the induced compositions of
excursion blocks, segment blocks and face blocks.

Theorem 22 implies that the compositions Eg7n(q)] = E[ﬁ,;(,;)] = E{Sm(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 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 fluctuation
events for SI07(D]. Some examples are

e For ecach j > 1, the probability that C1%™@)! consists of only one face of
slope x; is (1 — q) " te (9,
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e The probability that S [0.7(@)] has a unique minimum, i.e. the probability
that C107(@] has no face of slope zero, is exp[— > oo | k~1¢*P(S) = 0)].

e For each j > 1, the expected length of the face of Cl0™(®! of slope x; is
Sore ¢"P(Sk = kay).

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 S*” conditional on ClO" = &0l 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 a
segment composition E[Ig’n] conditional on C’,[,O’n] = ¢%" and then choosing a

walk conditional on E{éyn].

Let Supp(Cl%™) be the support of the measure on concave functions on

[0,7n] that represents the law of C0". For any composition (ni,...,n;) of
n we say that o € X, is a (n1,...,ng)-cyclic permutation of [n] if its only
action is to cyclically permute the first ny elements of [n], cyclically permute
the next ng 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 N,, to be the set of
compositions of n, and N'(el®™) C N, to be the set of possible values of E[Ié)n]
conditionally given C'f[,o’"] = ¢lonl,
Theorem 23. Let So =0 and S; =3 ;_, Xy for 1 < j <n, where X1,...,X,
are exchangeable random variables. Let SI%™ = {(4,8;) : 0 < j < n} and let
C0"] e the concave magjorant of SI%™. Suppose %™ € Supp(C1O™). Let q(-)
be the probability density function on N, that is the regular conditional distribu-
tion of Zjo,n) conditionally given C’,[,O’n] =conl Let (Np1,Nno2,...,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}, letYr,...,Y,
be random variables, independent of all previously introduced random variables,
whose joint law that is the reqular conditional joint distribution of Xi,..., X,
conditionally given {S; € de®™(5),5 =" ni,1 <m < k}.

Conditionally given Y1, ...,Y,, let B be the random set of (n1,...,ng)-cyclic
permutations of [n] such that

Yo = ¢lonl (j) forl1<j<n

if and only if o € B. Let p be an independently chosen uniform random element
of B, and let S; =37 Yy for 1 < j < n. Then Sgo’n] = {(j,S;)

1 < j <n} has the regular conditional distribution of S\%™ conditionally given
0[07"] = 6[07"‘] .
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The theorem is direct result of Bayes’ rule and Theorem 1. Note that when
Xq,..., X, satisfy assumption A, N(E[O’"]) has only one element, the compo-
sition induced by the lengths of the faces of €™, and A also only contains
one element by Lemma 2, so the theorem simplifies significantly. It remains to
describe q(+).

Lemma 24. Suppose ¢®" e Supp((_}'[o’"]) and that X1,...,X,, are exchange-
able. The regular conditional distribution of Zg ) conditionally given C’,[,O’n] =
o s given by

P(C1O7 () € del®M(5),1 < j < n)p(g{gm] = (ng,... ,nk)|@£o,n] = ¢lon))

Hf: ng _[0.m] / - . 1
= L(n1,m)en(@om) =5 Gma : P(S; € de®M(j), j = 3i ni, 1 <1< k)
H_j:l k](nlaank)'

where S5, 1 < j < n is as in Theorem 25.

Proof. Let (ny,...,n;) € N(E%"). Following the construction in Theorem 1,

by the Ewens sampling formula the probability that {L, 1, ..., Ly k., } is a list of

the elements of (n1, ..., ny) in non-increasing order is (H?Zl (aj!)_l) (Hle ni_l)
where a; = #{i : 1 < i < k,n; = j} for 1 < j < n. Conditionally given

{Lna,---,Lnk,} is a list of the elements of (n,... ,_nk) in non-increasing or-
der the probability of the event {ZX = (ny,...,ng), C10" = g0} is

" aj l
( _ HJ,1 J )P(Sj eda[ov”](j),jzznulﬁlﬁk)

[0,7]
H;icl )k](nla .,’I’Lk)! i=1

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. [J

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 X1, ..., X,, are independent, the probability that the concave majo-
rant of S1%7 is trivial with slope zero is positive, and we want the conditional
distribution of the walk SI%" given it has trivial concave majorant of slope
zero. By subtraction of a line of constant slope, this gives us the conditional
distribution of the walk S given it has trivial concave majorant of any slope,
as long as the probability that the concave majorant of S*" is trivial with that
slope is positive. In the case where we want the regular conditional distribution
for S1%7 conditional on having trivial concave majorant of a slope that has zero
probability, then the only possible value for Zjg ,, is the trivial composition (n).

Corollary 25. Let So =0 and S; = 23:1 X; for1 <j<mn, where X1,...,X,
are independent identically distributed random variables, and let S1°™ = {(4, ;)
0 <j<n}. Suppose that

0,n]

Diriv := P(concave majorant of Sl is trivial with slope zero) > 0

30



Define a probability density function q(-) on N, by

q((nla"'unk)) NiUnp,

where u; = P(S; = 0) for 1 < j < n. Let (Np1,Nn2,...,Npk,) be a com-
position 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+ dn; 141, Yny+-+n; be random variables, in-
dependent of all previously introduced random wariables, whose joint law that
is the regular conditional joint distribution of Xi,...,X,, conditionally given

ey Xe=0.

Conditionally given Y1, ...,Y,, let B be the random set of (n1,...,ng)-cyclic
permutations of [n] such that

Y, <0 for1<j<n

if and only if o € B. Let p be an independently chosen uniform random element
of B, and let 8§ =37_, Yy for 1 < j <n. Then Sl[ao’n] =1{0,97) 1< <
n} has the regular conditional distribution of SI™ conditionally given S1%™ 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 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 S1%" = {(j,5;),1 < j < 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 S[%™ containing the
Uth increment Xy . Define SJU for 1 <j<nhby

Su+j —Su for0<j<d-U
U _ Sg+j—(d-v)y +Sa—8y— Sy ford-U<j<d—g (1)
’ Sj—(d—g) T 54— S5 ford—g<j<d

Sj for d < j <n.

and let S = {(j,8Y), 1 < j <n}.
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'@t \/
g U d—u d—g d

Figure 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.

u

Theorem 26. J .
(U, 81) £ (d - g,57™)

In fact, Theorem 26 provides an alternative method of proving Theorem 1
under assumption A, since by applying the transformation again to the S[[?’"]
restricted 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 trans-
formation given in Theorem 1. However, this method does not 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 z1,...,z, satisfying assumption A. S0
and Sg) ol may thus be thought of as permutations of n, so we may think of
the mapping (U, SI%™) — (d — g,S[[?’"]) as a mapping from [n] x 2, to itself.
Since U is uniform on [n], and the ordering of X, ..., X, is a uniform random
permutation of z1, ..., z,, 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 ¢ € %,, such that

<U, {(O, 0), (1, IO’(l))) (2, {Eg(l) + Ig2), ey (TL, Z Io(i))})
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— (k, {(0,0),(1,21), (2,21 + 22), ..., (n, Zxﬂ})
i=1

Let f be the number of faces of the concave majorant of the walk of length n—k
with increments xg41,...,Z,, and let the lengths and increments of these faces
in order of appearance be (¢1,s1),...,(¢f,s¢). Let r be the unique r € [k] such
that the walk with increments

(:I;T-i-la x(rJrl) mod k +15 x(r+2) mod k +1s+ - x(r+k72) mod k +15 ‘T’I‘)

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

Sm s* Sm+1

s >

b k" Lt
where we say that so /¢y = +oo and s¢1/€f+1 = co. The appropriate (o(1),...,0(n))
is given by

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

r+1,(r+1)mod k +1,(r+2)mod k +1,....,7k+>~ li+1,...,n)
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