Probability Distributions on Partially Ordered
Sets and Positive Semigroups

Kyle Siegrist
Department of Mathematical Sciences
University of Alabama in Huntsville
siegrist@math.uah.edu

February 10, 2010

Abstract

The algebraic structure ([0, 00), +, <), together with Lebesgue mea-
sure (and the usual topology), is the standard representation of time for
a variety of probabilistic models. These include reliability theory and the
aging of lifetime distributions, renewal processes, and Markov processes,
to name just a few. The purpose of this monograph is to study probabil-
ity models in which the standard representation of time is generalized to
a partially ordered set (S, <) and to a natural structure (S, -, <) known
as a positive semigroup. The partial order < replaces the ordinary order
<, and in the case of a positive semigroup, the operation - replaces the
standard translation operator +. A reference measure A on S replaces
Lebesgue measure, and in the case of a positive semigroup, we assume
that this measure is left-invariant.
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1.1 Algebra

The basic structure of interest is a partially ordered set (5, <). Topologial and
measure-theoretic assumptions will be imposed in the following sections. A
particularly important special case is when the partial order < is associated
with a positive semigroup.

Definition 1. A semigroup (S,-) is a set S with an associative operation -. A
positive semigroup is a semigroup (S, -) that has an identity element e, has no
non-trivial invertible elements, and satisfies the left cancellation law.

A positive semigroup has a natural partial order associated with it.

Definition 2. Suppose that (S, -) is a positive semigroup. We define a relation
< on S by
x Xy if and only if xt = y for some t € S

In the language of a multiplicative semigroup, x < y if and only if x divides y.

Theorem 1. The relation < is a partial order on S with e as the minimum
element. For each = € S, the mapping ¢ — =zt is an order-isomorphism from S
onto {y € S:y = z}.

Proof. First, © < x since xze = z. Next, suppose that =,y € S with z < y
and y <X . Then there exist a,b € S such that xa = y and yb = x. Hence
xab = yb = x = xe. By the left cancellation law, ab = e and then since there
are no nontrivial invertible elements, a = b = e. Hence x = y. Finally, suppose
that =, y, 2 € S and that x < y and y < z. Then there exists a,b € S such that
za =y and yb = z. But then zab=yb =2 so z < z. Finally, ex =xsoe <z
for any x € S. Thus, < is a partial order on S with e as the minimum element.

Now let « € S and consider the map t +— xt. The map is onto {y € S :
y > x} by the definition of the order. The map is one-to-one because of the
left cancellation law. Suppose that z, y, a € S. Ifzr < y then there exits t € S
such that xt = y. But then azt = ay so ax < ay. Conversely suppose that
axr = ay. Then there exists ¢t € S such that axt = ay. But then a2t = y by the
left cancellation law, so x < y. O

Note 1. Generally, a triple (S,-, <) is a left-ordered semigroup if (S,-) is a
semigroup, = is a partial order on S, and for every z,y,a € S,

x Xy if and only if az < ay

Thus, if (S, -) is a positive semigroup and < the natural partial order associated
with (S, ), then (S, -, <) is a left-ordered semigroup.

Note 2. For a positive semigroup (.5, -), the fact that S is order-isomorphic
to{y € S:y = z} for each x € S is a self-similarity property. Conversely,
suppose (5, =) is a partially ordered set with minimum element e and with
this self-similarity property. For each x € S, we fix an isomorphism from S
to {y € S :y = z}. and denote the value of this mapping at y by zy. Note



that - defines a binary operation on S. Since e is the minimum element of .S,
ze must be the minimum element of {y € S: z < y} and therefore ze = z.
Also, we will take the isomorphism from S onto S to be the identity map and
hence ex = x for any = € S. It follows that e is the identity. Next, since the
isomorphism y — zy is one-to-one, the left cancellation law must hold. There
are no nontrivial invertible elements since if zy = e then x < e and hence
x = e and so also y = e. Finally, if the isomorphisms are chosen in such a way
that the operation - is associative then (S, -) is a positive semigroup. Thus,
the algebraic assumptions are precisely the ones needed so that the partially
ordered set (S, <) has the self-similarity property.

Problem 1. Make this precise. That is, if (S, <) has a minimum element e and
satisfies the self-similarity property, then construct a positive semigroup (S, -)
with < as the associated partial order.

Proposition 1. Every positive semigroup (S, -) is isomorphic to a positive semi-
group of one-to-one mappings from S into S (with composition as the semigroup
operation).

Proof. Suppose that (S, +) is a positive semigroup. For each a € S, let p,: S —
S be defined by
po(z) =ax, xelS

Let T = {p,: a € S} and consider the composition operator o on T'. First, T is
closed under o since for any a, b € .S,

Pa © po(z) = a(bz) = (ab)x = pep(z), x €S
and therefore p, o pp = pap. The mappings in T' are one-to-one:

pa(T) = pa(y) = ax =ay = v =1y

The identity map is in T since p.(z) = ex = x for € S. Finally, suppose
that p, and p, are (functional) inverses. Then p,(pp(x)) = x for any x € S or
equivalently abx = x for any x € S. Letting © = e we have ab = e and therefore
a=b=e. O

Proposition 2. Suppose that (.59, -) is a semigroup satisfying the left cancella-
tion law and the property that xzy # x for every x, y € S. Then (S, -) can be
made into a positive semigroup with the addition of an identity element.

Proof. Note that the condition xy # x for all z, y € S implies that S does not
have an identity. Thus let T'= S U {e} where e is a element not in S. Extend
-to T by ze = ex = x for all x € T. We will show that (T, -) is a positive
semigroup. First, the associative property (xy)z = x(yz) still holds, since it
holds in T" and trivially holds if one of the elements is e. Next, e is the identity,
by construction. There are no nontrivial inverses in T if x, y € S then zy € S
so zy # e. Hence if xy = e then at least one element, and hence both, must be
e. Finally, to show that the left cancellation law holds, suppose that zy = xz.



If z, y, z € S then y = z by the left cancellation law in S. If z = e then trivially
y==z. If £ # e and y = e we have zz = x and hence z = e. Similarly, if z # e
and z = e we have ry = x so y = e. O

Note 3. The algebraic assumptions of a positive semigroup do not rule out the
possibility that zy = y for some z, y € S with « # e. However, if this is the
case, then z"y = y for all n € N. But then 2" < y for all n € N, so if S is
countable then (S, ) is not locally finite (see Note 11). Ordinarily we do not
consider such semigroups.

Definition 3. Suppose that (5, <) is a partially ordered set. We will write
x L yif x and y are comparable, that is, either x < y or y = x. We will write
x || y if z and y are non-comparable; that is, neither z < y nor y < x.

Definition 4. A partially ordered set (S, <) is (algebraically) connected if for
every x, y € S, there exists a finite sequence (zg, 21,...,Z,) such that

r=x0o Lz Lz, =1y

The proposition below gives another type of semigroup with an associated
partial order.

Proposition 3. Suppose that (.5, ) is a commutative semigroup with the idem-
potent property that 2 = z for all . Define x < y if an only if 2y = . Then
=< is a partial order on S.

Proof. First + < x for any x € S since 2 = z by assumption. Next suppose
that z < y and y < . Then xy = x and yr = y. But 2y = yxr so x = y.
Finally, suppose that * < y and y < 2. Then zy = x and yz = y. Hence
xz=(2zy)z=x(yz) =ay=xsoz < z. O

We next give a number of standard definitions for subsets of a partially
ordered set (S, =<).

Definition 5. A C S is increasing, or respectively decreasing, if

reA,zy=>ycA
yeAx<y=x€A

In the case of a positive semigroup (.5, ), A is increasing if z € A implies zu € A
for any u € S and A is decreasing if xu € A implies x € A.

Note 4. If A; C S is increasing (respectively deceasing) for each 7 in a nonempty
index set I, then (,c; A; is also increasing (decreasing). If A C S then the
increasing (decreasing) set generated by A is the intersection of all increasing
(decreasing) subsets of S that contain A.



Definition 6. For A C S, define

I(A)={z € S: x> afor some a € A}
D(A)={xz € S: z < a for some a € A}
I[A] = {z € S: x = a for some a € A}

[A]
D[A]={z € S: z < a for some a € A}

Note that I[A] and D[A] are the increasing and decreasing sets generated by A,
respectivley. For a € S, we simplify the notation to I(a), D(a), I]a], and D[a].

Definition 7. A C S is convex if
acA,beA,a<rz=<b=>zc A

Note 5. If A; C S is convex for each ¢ in a nonempty index set I, then (1,.; A;
is also convex. If A C S then the convex set generated by A is the intersection
of all convex subsets of S that contain A. This set is

ClA|=ITA|IND[A] ={zx e S:a=<z =2bforsomeac A, be A}
If A is increasing or if A is decreasing, then A is convex.

Definition 8. If a, b € S and a < b, we use interval notation in the usual way:

|={reS:a=<xz=<b}
|={x€S:a<z=<0b}
[a,b) ={z € S:a <z <b}
(a,b)={x €S:a<z<b}
Note 6. In particular, [a, b] = I[a]ND[b]. Each of the intervals above is convex.

Generally, if A is convex if and only if a, b € A and a < b imply [a,b] C A. If
(S, <) has a minimum element e then, D[a] = [e, a].

Definition 9. Suppose that (5, ) is a positive semigroup. If A, B C S define

AB={x € S:z=abfor someac A, be B}
A™'B={z€S:ax € B for some a € A}

If A= {a} for some a € S, we simplify the notation to aB and a~!B, respec-
tively. Similarly, if B = {b} for some b € S, we simplify the notation to Ab and
A~1b respectively.

Note 7. If (S, ) is a positive semigroup, note that I[A] = AS for any A C S
and in particular Ia] = aS for any a € A. The set A~!B is empty unless there
exists a € A and b € B with a < b. In particular, z7*{y} is empty unless z <y
in which case the set contains the unique element v € S such that zu = y. We
will denote this element by 2~ 'y. Generally, 17'A = {z7'a: a € A and x < a}
and
AB=|JaB, A7'B=Ja'B
acA acA



Definition 10. Suppose that (S, <) is a partially ordered set and A C S.
1. x € A is a minimal element of A if no y € A satisfies y < .
2. x € A is a mazimal element of A if no y € A satisfies y > x.

x € A is the minimum element of A if x <y for all y € A.

x € A is the mazimum element of A if x > y for all y € A.

x € S is a lower bound for A if z <y for all y € A.

x € S is an upper bound for A if y < x for all y € A.

N ook W

x € S is the greatest lower bound or infimum of A if x is a lower bound of
A and x > y for any lower bound y of A.

8. x € S is the least upper bound or supremum of A if x is an upper bound
of A and = < y for any upper bound y of A.

Note 8. As the language suggests, the minimum and maximum elements of A
are unique, if they exists, and are denoted min(A4) and max(A), respectively. If
min(A) exists, it is also a minimal element of A, and similarly, if max(X) exists,
it is also a maximal element of A. Similarly, the infimum and supremum of A
are unique, if they exist, and are denoted inf(A) and sup(A), respectively. In
fact, inf(A) is the maximum of the set of lower bounds of A and sup(A) is the
minimum of the set of upper bounds of A. If x is a lower bound of A then A is
said to be bounded below by x, and if = is an upper bound of A then A is said
to be bounded above by x. The set A is bounded (in the algebraic sense!) if A
has both a lower bound z and an upper bound y; in this case A C [z, y].

Definition 11. The partially ordered set (S, <) is a lower semi-lattice if x Ay :=
inf{x,y} exists for every x, y € S. Similarly, (S, <) is an upper semi lattice if
x Vy = sup{x,y} exists for every z, y € S. Finally, (S, <) is a lattice if it is
both a lower semi-lattice and an upper semi-lattice.

Note 9. In the context of Definition 11, suppose that A C S is finite and
nonempty. If (S, <) is a lower semi-lattice then inf(A) exists. If (S, =) is an
upper semi-lattice then sup(A) exists.

Definition 12. Suppose that (S, <) is a partially ordered set and that z, y € S.
Then y is said to cover z if y is a minimal element of {u € S : z < u}. If (S5, X)
has a minimum element e, then an element i € S that covers e is irreducible .
If S is countable, the Hasse graph or covering graph of (S, <) has vertex set S
and (directed) edge set {(x,y) € S? : y covers x}. These definitions are of most
value when S is countable.

Proposition 4. Suppose that (S,-) is a positive semigroup. An element i € S
is irreducible if and only if ¢ cannot be factored i = xy except for the trivial
factoring i = ei = ie.



Proof. If y € S is not irreducible, then there exists x € S with e < = < y.
But then there exists t € S — {e} with y = «t and hence y has a non-trivial
factoring. Conversely, suppose that y = xt for some z, t € S — {e}, so that y
has a non-trivial factoring. Then e < = < y so y is not irreducible. O

Proposition 5. Suppose that (S,-) is a positive semigroup. If z, y € S then y
covers x if and only if y = x¢ for some irreducible element 4.

Proof. Suppose that y covers . Then = < y so there exists i € S — {e} with
y = xi. If i = ab for some a, b € S—{e} then x < za < zab = y which would be
a contradiction. Thus, i has no non-trivial factorings and hence is irreducible.
Conversely, suppose that y = zi for some irreducible element i. Then x < y.
Suppose there exists u € S with z < u < y. Then u = zs and y = ut for some
s, t € S —{e}. Thus y = zst = xi so by left-cancellation, i = st. But this is a
contradiction since ¢ is irreducible, so y covers x. O

Suppose that (5, <) is a partially ordered set. For « € S define

A, ={y € S :y covers z}

By ={w € S : x covers w}

Thus, A, is the set of elements immediately after x in the partial order while B,
is the set of element immediately before x in the partial order. From Proposition
5, if (S, -) is a positive semigroup then A, = xI where I is the set of irreducible
elements. Hence A, has the same cardinality as I for each x € S.

Definition 13. Suppose that (S, <) is a partially ordered set and recall that
forse S,
I(s)={teS:t>s}

For z, y € S, we say that « and y are upper equivalent if I(z) = I(y).

Upper equivalence clearly is an equivalence relation on S; it’s the equivalence
relation associated with the function s +— I(s) from S to P(S).

Theorem 2. Let = denote the upper equivalence relation and let IT = (S/ =)
denote the set of equivalence classes. Define < on II by A < B if and only if
there exists y € B such that < y for all x € A. Then < is a partial order on
I1.

Proof. We need to show that < is irreflexive and transitive.

Suppose that A € IT and A < A. Then there exists y € A such that z <y
for all x € A. In particular, y < y which is a contradiction.

Next suppose that A, B,C € II with A < B and B < C. Then there exists
y € B such that © < y for all € A, and there exists z € C such that w < z
for all w € B. In particular, y < z and therefore x < z for all x € A. Hence
A=<C. O

10



1.2 Topology

Suppose that (S, <) is a partially ordered set. Ordinarily, we need a topology
on S that is compatible with the algebraic structure. Recall that, technically,
=< is the set of ordered pairs

{(z,y) € 5% 22y}
(sometimes also called the graph of (S, <).

Definition 14. (S, <) is a topological poset if S has a topology with the fol-
lowing properties:

1. =< is closed (as a subspace of S? with the product topology).
2. S is locally compact, locally convex, and has a countable base.
3. Dlz] is compact for each z € S.

In the case that (.5, -) is a positive semigroup, we impose the additional condition
that the one-to-one mapping (x, t) — (x,xt) from S? onto R is a homeomor-
phism. In any case, the Borel o-algebra will be denoted by B(.S).

Note 10. The first assumptions means that the partially ordered set (S, <) is
topologically closed in the sense of Nachbin [22]. In particular, this assumption
implies that I[z] and D[z] are closed for each xz, and that S is Hausdorff (so
that any two points can be separated by open neighborhoods). The second
assumption means that there are arbitrarily small compact neighborhoods and
arbitrarily small convex neighborhoods of each point, and that S is metrizable.
Local convexity also implies that the “squeeze theorem” for limits holds: if
(xn:n €Ny), (yn: n € Ny ), and (t,: n € Ny) are sequences in S with z,, — a
asn — 0o, Yy, — a as n — oo, and x, = t, <Xy, eventually in n, then t, — a
as n — o0o. The third assumption implies that [a, b] is compact for any a, b € S
with a < b. In the case of a positive semigroup, the last assumption means that
the algebraic operation(x,t) +— xt from S? onto R and its inverse, (z,y) — =1y
from R onto S? are continuous.

Note 11. Clearly {z} € B(S) for each x € S, since singletons are closed in any
Hausdorff space. Hence, if (S, <) a topological poset and S is countable, then
B(S) is the power set of S; all subsets of S are countable unions of singletons
and hence are measurable. Conversely, suppose that (S, <) is a poset and that
S is countable. If D[z] is finite for each x € S (so that (S, =) is locally finite),
then with the discrete topology, (S, <) is a topological positive semigroup.

Lemma 1. Suppose that S and T are LCCB spaces. If f: S — T is one-to-one
and continuous, then f(A) € B(T) for any A € B(S).

11



Proof. Since f is one-to-one, the following properties hold for any subsets A C S,
B CS,and A; C S, i € I where I is any nonempty index set:

f(U&)zUﬂ&)

i€l el
f(ﬂ&)ﬂﬂ&)
iel el

f(B—=A)=[f(B)—f(4)

Now let F = {A € B(5): f(A) € B(T)}. By the above identities, if A, € F
for i € Z, then U;A; € F and M;A; € F and if A, B € F then B— A € F.
Moreover, since f is continuous, F contains the compact sets. Since S is o-
compact, S € F. Finally, B(S) is generated by the compact sets and hence
F = B(S9). O

Note 12. If (S, -) is a topological positive semigroup, then the Borel sets are
closed under left translations, i.e. if A € B(S) and x € S then zA € B(S) and
x71A € B(S). These statements hold since the mapping y — zy from S into S
is continuous and one-to-one.

Definition 15. Suppose that (S, <) is a toplogical poset. The poset dimension
of S is the smallest number of chains (total orders) on S whose intersection
gives <. We denote the poset dimension by dim(S, <).

Definition 16. Suppose that (.S,-) is a positive semigroup. Then S has semi-
group dimension n € N4 if there exists B = {x1,x2,...,z,} C S such that if ¢
is a continuous homomorphism from (S, -) into the group (R, +) with ¢(z;) =0
for each ¢ then ¢(z) = 0 for each x € S; moreover, no set with n—1 elements has
this property. The set B will be called a critical set. S has semigroup dimension
0 if there is no nontrivial continuous homomorphism from S into (R, +). S has
semigroup dimension oo if for every finite subset of S there exists a nontrivial
continuous homomorphism from S into (R, +) which maps the finite subset onto
0. We denote the semigroup dimension by dim(S,-). These definitions are due
to Székely [31],

Problem 2. If (S,-) is a positive semigroup, then we have two definitions of
dimension, one corresponding to the semigroup structure and one corresponding
to the associated partial order. How are these definitions related? They are
certainly not the same. The semigroup corresponding to the subset partial
order on finite subsets of Ny in Chapter 15 has semigroup dimension 1 and
poset dimension greater than 1.

Proposition 6. Suppose that (S,-) is a standard, discrete positive semigroup
with I as the set of irreducible elements. If z € S, then x can be factored finitely
over I. That is, x = iyis - - - i, where i, € I for each k.
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Proof. Let x € S. Since (5, %) is locally finite, there exists a finite path in the

Hasse graph from e to z, say (xo,z1, 22, ..., Z,) where g = e, z, = x, and 41
covers zy for each k. But then xy11 = ziy for each k where i, € I. Hence

Note 13. Of course, the factoring of x over I is not necessarily unique, and
different factorings of x over I may have different lengths.

Proposition 7. Suppose that (S, ) is a standard, discrete positive semigroup,
with I as the set of irreducible elements. Then dim(S,-) < #(I).

Proof. Suppose that ¢ is a homomorphism from (S,-) into (R,+) and that
varphi(i) = 0 for each i € I. If € S, then from Proposition 6, 2 can be
factored over I so that x = 414 - - -1, where i}, € I for each k. But then

p(@) = p(in) +¢(iz) + -+ ¢(in) =0
Hence I is a critical set and so dim(S,-) < #(1) O

Note 14. We can certainly have dim(S, ) < #(I). The semigroup correspond-
ing to the subset partial order on finite subsets of N in Chapter 15 has infinitely
many irreducible elements but semigroup dimension 1.

1.3 Measure

Our last basic ingredient is a measure that is compatible with the algebraic
and topological structures. Thus, suppose that (S, <) is a topological poset.
The term measure on S will refer to a positive Borel measure on B(S); that
is, a positive measure A on B(S) such that A\(K) < oo for compact K C S.
Because of the topological assumptions, X is o-finite, so there exists a sequence
A, € B(S) with S = J,~, A, and A(A,) < oo for each n. Also, X is regular;
that is,

A(A) = sup{A\(K): K compact, K C A} = inf{\(U): U open, A C U}

We will also usually assume that a measure A has support .S; equivalently A(U) >
0 for any open set U

Definition 17. A measure A on a topological positive semigroup (S, -) is said
to left-invariant (or a left Haar measure) if

AMzA)=X4), z€S, AecB(S)

Recall that ¢ — zt is an order-isomorphism from S onto S = {y € S :y =
x}; thus x A is the image of A under this isomorphism. Hence, a left-invariant
measure is compatible with the semigroup operation - and the self-similarity of
the partially ordered set (5, <).

Most of the positive semigroups that we will study have a left-invariant
measure that is unique up to multiplication by positive constants.
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Definition 18. If (5, <) is a topological, partially ordered set and A is a fixed
reference measure, then (S, <, \) will be referred to as a standard poset. If (S, -)
is a topological positive semigroup and A is a fixed left-invariant measure for .S,
then (S, -, \) will be referred to as a standard positive semigroup.

Discrete posets and discrete positive semigroups are always standard. If
(S, =) is a discrete poset, then by the topological assumptions, D[z] is finite for
each x € §. We wil always use counting measure # as the reference measure.

Proposition 8. If (5, ) is a discrete positive semigroup then counting measure
# is left-invariant and is unique up to multiplication by positive constants.

Proof. Recall that B(S) is the power set of S, since {z} is closed (and hence a
Borel set) for each z € S. Next note that

#(zA) =#(A), z€8 ACS

since u — xu maps A one-to-one onto xA. If p is another left-invariant measure

on S then
n({z}) = plz{e}) = p({e})
Hence (A) = u({e})#(A). O

Proposition 9. Suppose that (5,-) is a positive semigroup with left-invariant
measure A. If AM{z} > 0 for some = € S then (S, ) is discrete (and then A is a
multiple of counting measure).

Proof. Suppose that AM{z} > 0 for some = € S. Then
Mz} = Mafe}) = Me}
so M e} > 0 and as before,
Myl = AMyler) = Me}p, yes§

Hence )\ is a multiple of counting measure. Since A is regular, we must have
AMK) < oo for each compact K and hence compact sets must be finite. But S
is locally compact and has a countable base, and thus is o-finite. It follows that
S is countable. O

Much more generally, Szeékely [31] has given sufficient conditions for the
existence of a left-invariant measure on a semigroup. These conditions are rather
technical, but there may be more natural conditions for a positive semigroup.

Problem 3. Find sufficient conditions for the existence of a left-invariant mea-
sure on a positive semigroup, unique up to multiplication by positive constants.

Proposition 10. If (S, -) is a non-trivial positive semigroup with left-invariant
measure A, then A\(S) = occ.
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Proof. Suppose that A(S) < co. For every = € S,
A(S —2S) = A(S) = MaS) = A(S) = A(S) =0

But [e,z) € S — xS and hence A[e,z) = 0 for every x € S. Since S is non-
trivial, there exists a € S, a # e. But [e,a?) is a neighborhood of a and hence
Ae,a?) > 0—a contradiction. O

Proposition 11. A measure A on the positive semigroup (.5, -) is left-invariant
if and only if

/ms Pz y)dA(y) Z/w(z)d/\(z)

s
for every x € S and every bounded measurable function ¢ : S — R.

Proof. Let ¢ = 14 where A € B(S). Then for y € x5, p(x~1y) = 1 if and only
x~ 'y € Aif and only if y € xA. Therefore
| _eta™ i) = Aa)

[ e = 24)
The general result now follows in the usual way. O

Corollary 1. A measure A on B(S) is left-invariant for the postive semigroup
(S, -) if and only if

/ ()N (y) = / b(2)dA(2)
TA A

for every € S, A € B(S), and every bounded measurable function ¢ : S — R.

Note 15. Besides left invariance, there are other, related invariance properties
which have been studied (Mukherjea and Tserpes [21]). A measure A is [*-
invariant if

Az7tA) = \(A)
for any x € S and A € B(S). A measure A is left contra-invariant if

AMz7tA) > \(A)

for any z € S and A € B(S). It is not reasonable to expect such properties
to hold for positive semigroups. In most cases, there exists an open set A and
x € S such that no y € A satisfies < y. Thus 27 'A is empty. Mukherjea
and Tserpes [21] have a number of results which state that if a semigroup has
an [*-invariant measure then the support of the measure is a left group. Such
results do not apply here.

2 Operators and Cumulative Functions

In this chapter, we assume that (S, <, \) is a standard poset.
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2.1 Lower and upper operators

Let D(S) denote the set of measureable functions from S into R, that are
bounded on D[z] for each x € S. Recall that D[] is compact for each = € S.

Definition 19. Define the lower operator L on D(S) by
L) = [ gloare), ses
Dl[z]

For n € N, let L™ denote the n-fold composition of the operator L. Thus
L°%(g) = g and for n € N, L™ (g) = L(L™(g)). Thus,

L™ g)(x) = " d)
(9)(x) /D @O0

The operator L is linear and is well defined on D(S). To see this, let g €
D(S). and y € S. There exists Cy, such that |g(¢)| < C for t € D[y]. Moreover,
Diz] C Dly] for each = € D[y]. Hence for z € D[y]

/ a()dA()
Diz]

]
< /D g0 < /D  CaD) = CADD)

1L(g)(x)| =

< /D ol

Proposition 12. If g € D(5) is nonnegative, then L(g) is increasing (and hence
L™(g) is increasing for each n € N_).

Proof. Clearly L(g) : S — [0,00). If z <y,

L(g)(x) = /D RCCUE / g(D)dN(t) = L(g)(y)

Dly]

Next, consider the usual Banach space £(.5), consisting of measurable func-
tions g : S — R, with

loll = [ la@)are) <o
and recall that B(S) is the set of measurable functions from S into R.

Definition 20. Define the upper operator U : L(S) — B(S) by
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Of course, U is a linear operator. The lower operator L and the upper
operator U are complementary:

o) = [ anan, e
U(g)(x) = / IROCIONEEE

Moreover, we have the following duality:

Theorem 3. Suppose that f € D(S) and that g € £(.5). Then, assuming that
the integrals exist,

[ Lh@e@ire = [ @U@
S S

Proof. By Fubinni’s theorem,

/S L(f)(@)g(x)dA(x) = /S ( /D ’ f(t)dA(t)) o)A (x)

_ / / F(D)g(x)dA(t)dA(x)
S J Dz

_ / F(H)g(x)dA(z)dA(t)
s 1

_ /S 10 /1 [t]g(x)dk(x)dA(t)

_ /S FOU(g)(1)dA(2)

Note 16. In the notation of the £2 inner product,

(u,v) = / u(z)v(x)dA(z)
s
Theorem 3 becomes the adjoint condition

(L(f),9) = (£, U(9))

Note 17. Both operators can be written as integral operators with a kernel
function. Define r: S x S — R by

(2.9) 1 ifz=xy
r(x,y) =
4 0 otherwise
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so that r is the Riemann function in the terminology of Md&bius inversion (see
Section 2.4). Then

2.2 Cumulative functions

Definition 21. Define A\, = L™(1) (where 1 is the constant function 1 on S).
The function A, is called the cumulative function of order n corresponding to
A

Thus, A\g =1 and
Ant1(z) = / An(t)dA(t), xz €S
Dlz]

By Proposition 12, A,, is increasing for each n € N.

Definition 22. For n € N, let A" denote the n-fold product measure on S",
corresponding to the reference measure A on S. Let

D, ={(z1,22,...,2p) €ES" 1 x1 K2 X -+- R x}
For z € S, let
Dplz]) ={(z1,22,...,2,) € S" 121 S22 X+ 21, S}
Note that D;[z] is simply D|x] as defined earlier.
Proposition 13. For n € Ny, A\, (z) = A"(Dy[z]).

Proof. By definition,
M) = [ 1a@) = ADlal) = A(Dile)
Dlz]

so the result holds for n = 1. Suppose that the result holds for a given n > 1.
Then

A YDy [2]) = / A{w € D" : (u,t) € Dyyr[z]} dA(t)
S

But (u,t) € Dy y1]z] if and only if ¢t € D[z] and w € D, [t]. Hence

N Dyle) =

(D, [t]) dA(t) = / M) AA(E) = Mg (2)
Dz]

Dlz]
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Proposition 14. Suppose that (S, <) is a discrete standard poset (with count-
ing measure # as the reference measure, of course). Then x € S is a minimal
element if and only if #;(x) = 1, in which case #,(z) =1 for all n € N.

Proof. Note that € S is a minimal element if and only if D[z] = {z} if and
only if #1(z) = 1. Inductivley, if #,(x) = 1 then

Hap1(@) = D Haly) = #ale) =1

yeD|z]

Definition 23. We can define a generating function of sorts. Let

o0

Aa,t) = Ap(2)t"

n=0

for x € S and for ¢ € R for which the series converges absolutely. Let r(x)
denote the radius of convergence, so that the series converges absolutely for
[t] < r(x).

Since A, is increasing for each n € N, z — A(z,t) is increasing for fixed ¢,
and hence the radius of convergence r is decreasing. The generating function A
turns out to be important in the study of the point process associated with a
constant rate distribution.

2.3 Convolution

Definition 24. Suppose that (S, -) is a positive semigroup and that p and v
are measures on S. The convolution of p with v is the measure uv defined by

uv(A) = /Sy(xflA)du(:r), A € B(S)

Definition 25. Suppose that A is a measure on S and that f, g: S — R are
locally bounded (that is, bounded on compact subsets of S). The convolution
of f with g, with respect to A, is the function f * g defined by

(f *g)(x) = [ ]f(t)g(flx)d/\(t), zes

If f: S — R is locally bounded, then for n € N, we denote the convolution
power of f of order n by f*™ = fxfx*---xf (n times). If there is any uncertainty
about the underlying measure A, we use ).

Note 18. The definition makes sense. For fixed z € S, [e, 2] and {t 2 : t < x}
are compact. Hence, there exist positive constants A, and B, such that |f(¢)| <
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A, and |g(t~'z)| < B, for t € [e,z]. Therefore

F(t)g(t™ x) dA(x)

e,z]

< /[ WOl el xa)
< / AyB, d\(z) < ApBi\e, ] < o0
lea]

Note 19. Convolution is associative: f* (g*h) = (f % g) * h, and the common
value at = € S is given by

(f xg*h)( / f(8)g(s7 At x) dN(s)dA(t), x€ S
le,z] J[e,t]
However, since the semigroup operation is not in general commutative, neither

is the convolution operation.

Note 20. In the case of a positive semigroup (.S, -), the lower operator L on
D(S) can be simply expressed interms of convolution: L(g) = g * 1, and hence
L"(g) = g x 1*". In particular, A\, = ¥+ for n e N.

2.4 Mobius inversion

Suppose that (S, <) is a discrete standard poset. In particular Dlx] is finite for
each z € S and hence (S, <) is locally finite [3].

Definition 26. An arithmetic function is a function f: S x S — R with the
properties

flz,y) #0ifz =y
flay)=0ifz Ay
The set A of arithmetic functions on S is a group with the operation
(f-9@y) = > flat)lty
te[z,y]
The identity element is the Kronecker delta function § € A:

5z, ) 1, ifz=y
‘/I:, - .
Y7 N0, itaty

The inverse of f € A is the function f~! € A defined inductively as follows:

- 1
frne = 7o

1 ;
fH(zy) = f(yy te%:yf fty)ifz <y
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Definition 27. The Riemann function r € A is defined as follows:

1 ifzx<
r(a:,.w{ -V

0 otherwise
The Mébius function m € A is defined inductively as follows:

m(z,z) =1

m(x,y) = — Z m(z,t)ifz <y
telz,y)

The functions r and m are inverses of each other. The Modbius inversion
formula states that if f and g are real-valued functions on S and

f(x): Z g(t), r€S

teD[x]

then

g@)= Y fm(tx) zes

teD[x]

Restated in terms of the operator L, the inversion formula gives a formula for
the inverse L1

Lig)(x)= > g(t), z€8

teD[x]

L)) = Y fymtz), ze€S

teD[x]

3 Basic Constructions

There are several important ways to build new posets and positive semigroups
from old ones.

3.1 Isomorphism

Posets (S, =) and (T, <) are isomorphic if there exists a one-to-one function @
from S onto T such that z <y in S if and only if ®(x) < ®(y) in T.

Positive semigroups (5, -) and (T, -) are isomorphic if there exists a one-to-
one function ® from S onto T' such that

D(ry) = @(2)@(y), =, y€S

It follows that the partially ordered sets (S, <g) and (T, <7) are isomorphic as
well.
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If the posets or positive semigroups are topological, we require the isomor-
phism ® to be continuous and have a continuous inverse. In this case, if \ is a
measure on S, then u defined by

w(B) = (@ 1(B)), BeB(T)

is a measure on T, and for any bounded, measurable f: T — R,

/&@@@:/f@mmww
T S

In the semigroup case, if A is left-invariant on (.S, -) then u is left-invariant on
(T, ).

Suppose now that (S, -) is a positive semigroup, and that ®: S — T is
one-to-one and onto. We can define an operation - on 7" by

w=2e (@ (w)e '(v), uveT
Proposition 15. (T, ) is a positive semigroup isomorphic to (S, -).
Proof. Let u, v, w € T. Then

(wv)w = P[P~

=
S
<
B
]
il
<
=
<
=
9
B

Thus (7, -) is a semigroup. Let e denote the identity in S and let ¢ = ®(e) € T'.
Foru e T,
wi = ®[® (u)e] = u, iu = ®le® ' (u)] = u

and therefore ui = 4u = u. Thus 7 is the identity of (T, ). Suppose u, v, w € T
and uv = vw. Then

Therefore @1 (u)®~1(v) = @1 (u)®~(w) and hence &~ (v) = &~ (w) and so
v = w. Suppose u, v € T and uv = i. Then ®[®~1(u)d 1 (v)] =i = B(e)
and hence ®~!(u)®~1(v) = e. Therefore ®~!(u) = e, ®~!(v) = e and therefore
u=v="1 O

Again, if the spaces are topological, and ® a homeomorphism, then (S, -)
and (T, -) are isomorphic as topological positive semigroups, and so our previous
comments apply.

3.2 Sub-semigroups

Suppose that (S, -) is a positive semigroup. A non-empty subset 7" of S is a
sub-semigroup if x, y € T implies xy € T, so that (T, -) is a semigroup in its
own right. If T' is a sub-semigroup of S and e € T then (T, -) is also a positive
semigroup. Note that the nonexistence of inverses, the left cancellation law, and
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the associative property are inherited. If T is a sub-semigroup of S and e ¢ T,
then T'U {e} is also a sub-semigroup, and hence the previous comments apply.
Thus, unless otherwise noted, we will only consider sub-semigroups that contain
the identity.

The partial orders on S that are compatible with the semigroup operation -
can be completely characterized in terms of the sub-semigroups of (S, -). Specif-
ically, if T is a sub-semigroup of S we define the relation <7 on S by

x 37y if and only if zt = y for some t € T

Theorem 4. Suppose that (.5, ) is a positive semigroup.

1. If T is a sub-semigroup of S then (5,-, <) is a left-ordered semigroup
and =<7 is a sub-order of <g.

2. Conversely, if (5, -, X) is a left-ordered semigroup and < is a sub-order of
=g then < is < for some sub-semigroup 7" of S.

3. If T and U are sub-semigroups of S then <7 and <y are the same if and
only if T=U.

Proof. Suppose that T is a sub-semigroup of S. If x € S then x =<p x since
re =z and e € T. Suppose that x <r y and y <7 . Then zs =y and yt =z
for some s,t € T. Hence xst = = so st = e by left cancellation, and hence
s = t = e since there are no non-trivial inverses. Suppose that x <p y and
y =7 z. Then y = s and z = yt for some s, € T. Hence z = xst and therefore
x 27 z since st € T. Trivially, if ¢ <7 y then z <g y. Suppose that x <7 y and
a € S. Then y = zt for some t € T so ay = axt and hence ax <7 ay. Conversely,
suppose that ar <7 ay. The ay = axt for some t € T. By left-cancellation,
y = xt so x <r y. Thus, (S,-, <7) is a left-ordered semigroup.

Conversely, suppose that < is a sub-order of <g and that (5, -, <) is a left-
ordered semigroup. Define

T={teS:e=xt}

Let s,t € T. Then e <t and hence s = se < st. Also e =< s, so by transitivity,
e =X st and hence st € T. Of course e < e so e € T. Thus T is a sub-semigroup
of S. Suppose that zxy € S and x < y. Since < is a sub-order of <g, there
exists t € S so that y = xt. Thus we have x = xe < 2t and hence e < t. Hence
t € T so x <7 y. Conversely, suppose that x, y € S and = <p y. There exists
t € T such that y = xt. But e <t and hence x = xe < 2t = y. Thus < is the
same as <.

Finally, suppose that T" and U are sub-semigroups of .S and a € T—U. Then
a =7 a® but a £y a®. O

Note 21. In particular, <7 is the same as <g if and only if T = S. At the
other extreme, if T'= {e} then =< is the equality relation: z <7 y if and only
if x = y. Of course, <7 restricted to T is the partial order associated with the
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positive semigroup (7, -). Note again however, that <, restricted to T is not
the same as <g restricted to T in general. Specifically, for x, y € T, © <r y
implies  <g y but the converse is not true unless 'y € T. This leads to our
next definition.

Definition 28. A sub-semigroup 7T is (algebraically) complete in S if , y € T
and  <g v imply z "ty € T.

Note 22. If T is complete in S then =<7 restricted to T is the same as <g
restricted to T', and thus we may drop the subscripts. We will seldom need to
refer to topological completeness, so the term complete will mean algebraically
complete unless otherwise specified.

Proposition 16. Suppose that T; is a sub-semigroup of S for each i in a
nonempty index set I. Then 7' = (,.; T; is a sub-semigroup of S. If T; is
complete in S for each ¢, then so is T'.

Proof. Suppose z, y € T. Then z, y € T; for each ¢« € I and hence zy € T; for
each i € I. Therefore zy € T. Suppose T; is complete in S for each i € I, and
let z, y € T with x < y. Then z, y € T} for each i € I and hence 2~y € T; for
each i € I. Therefore z71y € T. O

Definition 29. Suppose that A C S. The sub-semigroup of (5, -) generated
by A is the intersection of all sub-semigroups containing A:

Sa= ﬂ{T: T is a sub-semigroup of S and A C T}

The complete sub-semigroup of (S, -) generated by A is the intersection of all
complete sub-semigroups containing A:

Sy = ﬂ{T: T is a complete sub-semigroup of S and A C T'}

Note 23. S, is the smallest sub-semigroup containing A, and can be written
as the set of all finite products of elements in A:

Sa={z1z9--zp:neN z; € Afori=1,2,...n}
As usual, an empty product is interpreted as e. Of course, the products
x1x2 PR .’L‘n

do not necessarily represent distinct elements in S4, unless S4 is a free semi-
group (see Section 13). Similarly, S4 is the smallest complete sub-semigroup
containing A.

Proposition 17. Suppose that (S, -) is a topological positive semigroup and
that T is a sub-semigroup of S. Then cl(T'), the closure of T is also a sub-
semigroup of S.
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Proof. Suppose that =, y € cl(T). Then there exist sequences z, € T and
yn € T (n € N}) such that z, — x and y, — y as n — oco. But T is a sub-
semigroup, so x,y, € T for each n € Ny. By continuity, z,y, — zy as n — oo.
Hence zy € cl(T). O

Proposition 18. Suppose that (S, -) is a topological positive semigroup and
that T is a closed, complete sub-semigroup of S. Then (7} -) is also a topological,
positive semigroup (where T is given the relative topology).

Proof. Since S is locally compact and T is a closed subset of S, T is locally
compact, as a subspace of S. Trivially, T is Hausdorff and has a countable
base, since S has these properties. Suppose that x,, € T for n € Ny and that
x €T. Then z,, — z as n — oo in T if and only if x,, — x asn — oo in S.
Hence the mapping (z,y) — xy from T2 to T is continuous. Similarly, because
of completeness, the mapping (x,y) — 2=ty from {(z,y) € T?: x <y} to T is
continuous. For z € T, [e,z]r = [e,x] NT is compact in S and in T. If z, y € T
and z < y then [e,y] is a neighborhood of = in S, so [e,y]r = [e,y] N T is a
neighborhood of z in T', and xS is a neighborhood of y in S, so 2T = zSNT is
a neighborhood of y in T'. O

Example 1. Suppose that (5, -) is a positive semigroup. The sub-semigroup
generated by e is just {e}. If t # e, the sub-semigroup generated by ¢ is

Sy ={t":neN}

where by convention, t° = e. Note that e = t* < t! <2 < -, so in particular
the elements are distinct. Note also that S; is complete in S: ™ =< t" in and
only in m < n, in which case (™)~ 1" = ¢"=™,

Proposition 19. Suppose that (S, -) is a (topological) positive semigroup. If
t # e then S; does not have a convergent subsequence. Moreover, S; is closed
and the relative topology is discrete.

Proof. Suppose that t"* — a as k — oo where ny is strictly increasing in k.
If U is a convex neighborhood of a then t"* € U for k sufficiently large. But
then t" € U for n sufficiently large by convexity, since t" € [t"9,¢"*] for some
j and k. Hence t" — a as n — oo. But then t"t = t"*!, so taking limits and
using continuity we have at = a. But then ¢t = e by left-cancellation, which
is a contradiction. It now follows that S; is closed. Finally, for each n there
exists a convex neighborhood U of t" that does not contain ¢"~! or t"*! by the
Hausdorff property. But then by convexity, U does not contain t™ for m > n+1
or m < n — 1. Thus, {¢t"} is open in S;. O

Proposition 20. If A C S is increasing, then T'= AU {e} is a sub-semigroup.
If T is non-trivial (T' # {e} and T # S) then T is not complete in S.

Proof. If x € A and y € S then < zy and hence, by definition, zy € A. In
particular, if z, y € A then zy € A, so T is a sub-semigroup. Suppose that T'
is non-trivial. Then there exists u ¢ T and a € A, a # e. But then a € T and
r=au€T and a <2, but a™*z =u ¢ T, so T is not complete. O
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Example 2. Suppose that (5, -) is a positive semigroup and A C S. Then
AS ={x € S: x> afor someac A}

is the increasing set generated by A. Thus, T4 := {e} U AS is a sub-semigroup
of S, and is not complete in S, unless T is trivial. Since T4 contains A, we
have Sy C T4.

Suppose that (S, -) is a positive semigroup and that 7' is a sub-semigroup
of S. Recall that cl(T), the closure of T is also a sub-semigroup, so we will
frequently assume that T is closed. We will always assume at least that T' € B(.S)
and that T with the relative topology satisfies the topological assumptions.
Recall, in particular, that this is true when T is closed and complete. If A is a
measure on S and A(7) > 0, then Ap, the restriction of A to B(T) is a measure
on T. If X\ is left-invariant on S, then Ap is left-invariant on 7. Recall that
a locally compact topological group has a left-invariant measure, unique up to
multiplication by positive constants, and that many positive semigroups are
embedded in such groups.

3.3 Direct product

Suppose that (S, <1, 1) and (T, <o, v) are standard posets. The direct product
(SxT,=,A) is also a standard poset, where S x T is given the product topology,
=< is the product order

(u,v) <X (z,y) if and only if u <; z and v <5 y

and where A = p® v, the product measure. Also, B(S xT) = B(S)® B(T) (the
o-algebra generated by the measurable rectangles). The cumulative functions
are related as follows:

Proposition 21. A\, (z,y) = pn(x)vp(y) forn e N,z € S, and y € T,

Proof. Of course A\o(z,y) =1 = po(z)vo(y) for (z,y) € S x T. Assume that the
result holds for n € N.Note that Dsxr[(z,y)] = Dg[z] X Dr[y]. Thus

Ant1(2,y) =/ An (s, t)dA(s, 1)
Dsxrlz,y]

- /D y /D PACIACEZCET

O

Note however that the generating function of (A, : n € N) has no simple
representation in terms of the generating function of (u, : n € N) and the
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generating function of (v, : n € N):

ZA @, y)r Zun

Zun y,r) =y viyr"
n=0 n=0

Suppose now that (5, -) and (7, -) are topological positive semigroups. The
direct product is the semigroup (S x T, -) with the binary operation - defined by

(@, y)(u, v) = (zu, yv)

and with the product topology. The direct product is also a topological positive
semigroup. If e and € are the identity elements in S and T respectively, then
(e, €) is the identity element in S x T. If <g and =<t are the partial orders corre-
sponding to (S, -) and (T, -) respectively then the partial order < corresponding
o (S x T, -) is the product order described above.

Proposition 22. If y and v are left-invariant measures for (S, ) and (7, -),
respectively, then p ® v is left invariant for (S x T, -). If (S,-) and (7)) are
standard positive semigroups, then so is (S x T} ).

Proof. Forx € S, ye T, A e B(S), and B € B(T),
(k@ v)[(z,y)(Ax B)] = (n@v)(zA x yB)
= w@A)v(yB) = n(A)v(B) = (1@ v)(A x B)
Therefore, for fixed (z,y) € S x T, the measures on S x T'

Cr (pev)(z,y)C]
Cr—(pav)(C)

agree on the measurable rectangles Ax B where A € B(S) and B € B(T). Hence,
these measures must agree on all of B(S x T'), and hence p ® v is left-invariant
n (SxT,-).

Suppose now that (5,-) and (7,-) are standard, so that the left-invariant
measures p and v are unique, up to multiplication by positive constants. Let
C(T') denote the set of compact subsets of T. Suppose now that A is a left-
invariant measure for (S x T,-). For C € C(T), define

pe(A) = MAxC), AeB(S)

Then pc is a regular measure on S (although it may not have support S).
Moreover, for z € S and A € B(S),

pe(zA) = AzA x C) = A((z,6)(A x C) = A(A x C) = uc(A)
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so pc is left-invariant for (S, ). It follows that for each C' € C(T'), there exists
p(C) € [0,00) such that pue = p(C)u; that is,

MAx C) =p(A)p(C), AeB(S), CeC(T) (1)
Fix A € B(S) with 0 < u(A) < oco. If C, D € C(T) and C C D then
1(A)p(C) = MA x C) < MA x D) = pu(A)p(D)
so p(C) < p(D). If C, D € C(T) are disjoint then
p(A)p(CUD)=AXAx (CUD))=XN(AxC)U(Ax D))
= AA x C) + AMA x D) = pu(A)p(C) + p(A)p(D)
so p(CUD) =p(C)+p(D). If C, D € C(T) then
u(A)p(CUD)=XAXAx (CUD))=XN(AxC)U(Ax D))
SAMAXC)+ MA x D) = u(A)p(C) + u(A)p(D)

so p(CUD) < p(C)+ p(D). Thus, p is a content in the sense of [15], and hence
can be extended to a regular measure on 7' (which we will continue to call p).
Thus, from (1) we have

MAXC)=(pop)(AxC), AeB(S),BelC(T)

By regularity, it follows that A = p®p. Again fix A € B(S) with 0 < p(A) < oo.
If y e T and B € B(T) then

1(A)p(yB) = MA x yB) = M(e,y)(A x B)) = M(A x B) = u(A)p(B)

so it follows that p(yB) = p(B) and hence p is left-invariant for (7). Thus,
p = cv for some positive constant ¢ and so A = cu ® v. Therefore p ® v is the
unique left-invariant measure for (S x T,-) , up to multiplication by positive
constants. O

)
)

The direct product (S x T, -) has several natural sub-semigroups. First,
{(x,€): x € S} is a complete sub-semigroup isomorphic to S and {(e,y): y € T'}
is a complete sub-semigroup isomorphic to 7. If S = T, then {(z,z): € S} is
a complete sub-semigroup isomorphic to S. On the other hand, {(x,y): © <y}
is a sub-semigroup that is not complete in general.

Naturally, the results in this subsection can be extended to the direct product
of n positive semigroups (51, ), (S2,-),...(Sn,) and in particular to the n-fold
direct power (S™,-) of a positive semigroup (.5, -).

Suppose that (S;,-) is a discrete positive semigroup for ¢ = 1,2,.... We can
construct an infinite product that will be quite useful. Let

T = {(z1,x2,...) : 2; € S;for each i and z; = e; for all but finitely many ¢}
As before, we define the component-wise operation:

(r1,22,...) - (Y1, 92, .- .) = (X1Y1, T2y2, . . .)

so that the associated partial order is also component-wise: & < vy if and only if
x; =; y; foreach i = 1,2,.... The set T is countable and hence with the discrete
topology and counting measure is a discrete positive semigroup.
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3.4 Ordered groups

Definition 30. The triple (G, -, <) is said to be a left-ordered group if (G, -)
is a group; < is a partial order on G and for z,y, z € G,

T XY= 202y

If e denote the identity of G, then S = {z € G: e =< z} is the set of
positive elements of G (although more accurately, it should be called the set of
nonnegative elements of S).

Proposition 23. If (G, -, <) is a left-ordered group and S is the set of positive
elements, then (S, -) is a positive semigroup, and for x, y € G, = < y if and
only if there exists u € S such that xu = y. In particular, < restricted to S is
the partial order associated with S. Conversely, if (G, -) is a group and S is a
positive sub-semigroup of G, then < defined by = < y if and only if there exists
u € S such that xu = y makes G into a left-ordered group with S as the set of
positive elements.

Proof. Suppose that (G, -, <) is a left-ordered group and S is the set of positive

elements, Let x, y € S. Then e < y so
eXzr=zxexY

and therefore zy € S. Of course S inherits the associativity property from G
so (S, -) is a semigroup. Next e < e so e € S so S has an identity. Also S
inherits the left cancellation law from G. Suppose that z, 7' € S. Then e < x
soz ' =zle<z7lz =e Butalsoe=<z"!sox ! =eand hence z = e.
Therefore S has no nontrivial invertible elements.

Now let z € G, u € S. Then e =< u so x = ze < zu. Conversely, suppose
z,y € G and x < y. Then

e=x"'z = x_ly

soz "ty € S. But z(x7ly) =y.

Now suppose that (G, -) is a group and S a positive sub-semigroup. Define
x = y if and only if there exists u € S such that xu = y. Then =z < x since
e € S and xe = x. Suppose z = y and y =< x. There exists u,v € S such that
zu =y and yv = z. But then

TUV = Yv =T = xE

so uv = e and hence u = v = e. Therefore x = y. Suppose x < y and y = z.
Then there exist u, v € S such that xu = y and yv = 2. But wv € S and
ruv = yv = z so & = z. Suppose that z < y so that there exists u € S with
zu =y. For any z € G, zzu = zy so zx = zy. Hence, (G, -, X) is a left-ordered
group. Finally, if e < = then there exists v € S such that u =eu=2,s0x € S
and conversely, if u € S then eu = u so e < u. Thus S is the set of positive
elements of G. O
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Note 24. In particular this result applies to the special case of a commutative
ordered group and an ordered vector space. In any of these cases, the set of
positive elements forms a positive semigroup. Conversely, if a positive semigroup
(S, ) can be embedded in a group (G, -), then G can be ordered so that S is
the set of positive elements. As the next result shows, this is always the case if
the semigroup is commutative.

Proposition 24. Suppose that (S, :) is a commutative positive semigroup.
Then S is isomorphic to the positive elements of a commutative ordered group.

Proof. The method is similar to the construction of the positive rationals from
the positive integers. We define an equivalence relation ~ on S? as follows:

(z, y) ~ (2, w) if and only if zw = yz
First (z, y) ~ (x, y) since zy = yx. If (x, y) ~ (2, w) then zw = yz so 2y = wx
and hence (z, w) ~ (z, y). Finally if (u, v) ~ (z, y) and (z, y) ~ (z, w) then

uy = vx and Tw = Yz so
UYW = VTW = VY2

Hence yuw = yvz so canceling gives uw = vz. Therefore (u, v) ~ (2, w).
Let [z, y] denote the equivalence class generated by (x, y) under ~. Define

G={[z,y]: z,y € S}
Define a binary operator - on G by
[z, Y][z, w] = [xz, yw]

Suppose that (z, y) ~ (z1, y1) and (2, w) ~ (21, wy). Then xy; = yx; and
zwy = wz,. Hence

(22)(y1w1) = (zy1)(zw1) = (yz1)(wz1) = (yw)(z121)
so (xz, yw) ~ (z121, y1w1) and therefore the operator is well defined. Next

([u, o]z, Y]z, w] = [uz, vyllz, w] = [uzz, vyw]

= [u, v][zz, yw] = [u, v]([z, y][z, w])
so the associative property holds and
[z, yllz, w] = [z2, yw] = [z2, wy] = [z, w][z, Y]

so the commutative property holds. Note that (z, z) ~ (y, y) for any =, y € S
and

[z, 2]y, 2] = [zy, 2] = [y, 7]

so [z, x] =: € is the identity. Also

[z, Yy, =] = [xy,yz] = [zy, zy] = €
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so every element of G has an inverse. Thus (G, -) is a group.

Next, the mapping x — [z, €] defines an isomorphism from S to the following
sub-semigroup of G:

S ={[x, e]: z € S}

Note that = # y = [, €] # [y, €] so the mapping is one-to-one, and[z, e[y, e] =
[xy, €] so the mapping is a homomorphism. It follows that (S’, -) is a positive
semigroup so the partial order < defined by [z, y] = [z, w] if and only if there
exists [u, €] € S’ such that [z, y][u, €] = [z, w] makes G into an ordered group
with S’ as the set of positive elements. O

3.5 Simple sums

Suppose first that (S;, <;, \;) is a standard poset for each i € I, where I is a
countable index set. We assume that S;, ¢ € I are disjoint. Now let

s=Js

il
and define < on S by z <X y if and only if x,y € S; for some ¢ € I and = =<; y.

That is, < is the union of the relations =<; over i € I. We give S the topology
which is the union of the topologies of S;, over i € I. We define A on B(S) by

A(A) =) " Xi(Sin A)
iel
The poset (S, =, A) is the simple sum of the posets (S;, <;, \;) over i € I. In the
discrete case, the covering graph of the new poset is obtained by juxtaposing
the covering graphs of S;, i € I.

3.6 Lexicographic sums

Suppose that (R, =g, i) is a standard poset and that for each x € R, (Sy, =4, Vz)
is a standard poset. We define the lexicographic sum of S, over x € R as follows:
First, let
T={(z,y):veRyeS}=]J{z} xS,
TER
Define the partial order < on T by

(u,v) < (z,y) if and only if u <g x or (u =2 and v =, y)

In the special case that (R, <g) is a discrete antichain, the lexicographic sum
reduces to the simple sum of S, over x € R, studied in Section 5.5. Since we
have already studied that setting, let’s assume that (R, <g) is not an antichain,
and that S, is compact for each z. In this case, there is a natural topology that
gives the usual topological assumptions and we can define the reference measure
Aon T by

A(C) = /S ve(Cy)du(x), C € B(T)
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where C,, = {y € S, : (z,y) € C}, the cross section of C at x € R. In the
special case that (S;, <z,Vs) = (S, <g,v), independent of x € R, we have the
lexicographic product of (R, =g, 1) with (S, <g,v). .

In the discrete case, the covering graph of the lexicographic sum can be
constructed as follows:

1. Start with the covering graph of (R, <g).

2. Replace each vertex x of the graph in step 1 with the covering graph of
Sz.

3. If (x,y) is a directed edge in the graph in step 1, then in the graph in
step 2, draw an edge from each maximal element of S, to each minimal
element of §,,.

We give an example of a construction with positive semigroups whose asso-
ciated partial order is a lexicographic sum. This construction will be useful for
counterexamples.

Example 3. Suppose that (S, -) is a standard discrete positive semigroup with
minimum element e, and let I be a countable set with 0 ¢ I. Define

T={e0u| |J {=}x1I

zeS—{e}

We define a binary operation - on T as follows: First (e, 0) is the identiy element
of T so that (e,0)(z,4) = (x,i)(e,0) = (z,4) for (z,7) € T. Less trivially,

(z,9)(y,5) = (xy,5), wyeS—{e}, i,jel

Proposition 25. In the setting of Example 3, (T,-) is a standard discrete
positive semigroup with minimum element e and associated partial order

(z,7) < (y,j) if and only if z <y

Moreover, this partial order corresponds to the lexicographic sum of (I, <,)
over x € S where I, = {e} and where I, = I and =<, is the equality relation for
z €S —{e}.

Proof. First, note that e is the identity of T by construction, so the basic prop-
erties of a positive semigroup need only be verified for non-identity elements.
The operation - is associative:

((z,9)(y,9))(z, k) = (zy,7)(2, k) = (vyz, k)

and
(z7l)((y7])(zvk)) = (I7i)(yz7k) = (zyz,k)
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The left-cancellation property holds: if (x,4)(y,j) = (x,%)(z, k) then (zy,j) =
(xz,k) so xy = xz and j = k. But the left-cancellation law holds in S so y = z.
Thus (y,j) = (2, k). Clearly there are no non-trival inverses.

Now, suppose that (z,4) < (y,j). Then there exists (z, k) such that

(x,i)(z, k) = (y,])

But then (xz,k) = (y,J) so in particular, xz = y so = < y. Conversely, suppose
that * < y and ¢,j € I. Then there exists z € S with zz =y so

(z,9)(2,J) = (x2,J) = (¥, ])
so (x,1) < (y,])- O

Note that for z € S — {e}, the points (x,i),7 € I are upper equivalent in the
sense of Definition 13

3.7 Uniform posets

Definition 31. A discrete standard poset (S, <) is uniform if for every z, y € S
with 2 < y, all paths from z to y have the same length. We let d(z,y) denote
the common length.

Proposition 26. If (S, <) is a discrete standard poset with minimum element
e, then (S, <) is uniform if and only if for every x € S, all paths from e to x
have the same length.

Proof. If (S, <) is uniform, then trivially all paths from e to x have the same
length, for every x € S. Conversely, suppose that all paths from e to x have the
same length for every x € S. Suppose that < y and there are paths from « to
y with lengths m and n. There must exist a path from e to z, since the poset
is locally finite; let k& denote the length of this path. Then we have two paths
from e to y of lengths k+m and k+n, so k+m = k+n and hence m =n. 0O

If the partially ordered set (S, =) is associated with a positive semigroup,
then (.5, <) is uniform if and only if, for each x, all factorings of x over I (the set
of irreducible elements) have the same length. A rooted tree is always uniform,
since there is a unique path from e to x for each x € S.

3.8 Quotient spaces

Suppose that (5, -) is a standard positive semigroup with left-invariant measure
A and that T is a standard sub-semigroup of S with left-invariant measure pu.
Let
S/T={z€8:[e,z]NT ={e}} = ﬂ (S —1t5).
teT—{e}

Note that e € S/T, but if y € T and y # e then y ¢ S/T. Thus, TNS/T = {e}
and so S/T is a type of quotient space. We are interested in factoring elements
in S over the sub-semigroup 7" and the quotient space S/T.
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Proposition 27. Suppose that € S. Then z = yz for some y € T and
z € S/T if and only if y is a maximal element (with respect to <r) of [e,z]NT
(and z = y~ o).

Proof. Suppose that © = yz for some y € T and z € S/T. Then y < x by
definition. Suppose that ¢t € T, t < x, and y <7 t. There existsa € Sand b e T
such that x = ta and ¢t = yb. Hence x = yba. By the left cancellation rule,
z="ba,sob =<z But z€S/T sob=e and hence t = y. Hence y is maximal.
Conversely, suppose that y is a maximal element of [e,z] N T. Then y < x so
x = yz for some z € S. Suppose that ¢ € T and ¢t < z. Then 2z = tb for some
b e S sox=yth. Hence yt < x and yt € T. Since y is maximal, yt = y and so
t = e. Therefore z € S/T. O

For the remainder of this section, we impose the following assumptions:

Assumption 1. For each z € S, [e,2]NT has a unique maximal element @ (x)
(with respect to =7). The function ¢r: S — T is measurable.

Thus S/T ={z € S: pr(z) = e}, so S/T is measurable as well. For x € S|
let ¥r(z) = prp'(z)r € S/T so that € S can be factored uniquely as z =
pr(x)r(x). This quotient space structure does correspond to an equivalence
relation: if we define u ~ v if and only if ¢ (u) = ¥7(v), then ~ is an equivalence
relation on S and the elements in S/T = range(¢r) generate a complete set of
equivalence classes. However, ~ is not a congruence in the sense of [13]. That
is, if w ~ v, it is not necessarily true that zu ~ zv (unless, of course, z € T).
Finally, note that the mapping (o, ¥r): S — T x (S/T) is one-to-one and
onto. This mapping also preserves the measure-theoretic structure:

Proposition 28. There exists a measure v on S/T such that
MAB) = u(Av(B), AeB(T), BeB(S/T)

Proof. For C' € C(S/T) and A € B(T), let uc(A) = AMAC). Then uc is a
regular measure on T for each C € B(T) (although pe may not have support
T). Moreover, for y € T and A € B(T),

pe(yA) = AMyAC) = AMAC) = pc(4)

s0 puc is left-invariant for (7', -). It follows that for each C € C(S/T), there exists
v(C) € [0,00) such that pc = v(C)p; that is,

MAC) = u(Av(C), AeB(T), CeC(S/T)
Fix A € B(T) with 0 < p(A) < o0. If C, D € C(S/T) with C C D then
W(AW(C) = NAC) < A(AD) = (A (D)

and hence v(C) < v(D). If C, D € C(S/T) are disjoint then AC and AD are
also disjoint and hence

p(A)v(CUD)=AA(CUD))=XACUAD)
= AMAC) + MAD) = u(A)v(C) + p(A)v(D)
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Therefore v(C U D) = v(C) + v(D). Finally, if C, D € C(S/T) then
p(A)v(CUD)=XA(CUD))=XACUAD)
< AAC) + A(AD) = p(AW(C) + j( Au(D)

and so v(CUD) < v(C) + v(D). It follows that v is a content on S/T in the
sense of [15], and hence can be extended to a measure on S/T (which we will
also call v). It now follows from regularity that

MNAB) = u(A)w(B), A€ B(T), B e B(S/T)
O

The following examples should help clarify the assumptions. In particular,
the assumptions are satisfied in our most important special case when T = S;.

Example 4. Let (S, :) be a positive semigroup and let ¢ € S — {e}. The
sub-semigroup S; = {t": n € N} has quotient space S/S; = S — tS. Since
[e,z] is compact and S is locally convex, it is straightforward to show that
{n € N:¢" <z} is finite for each z, and hence has a maximum element n(z).
Thus, Assumption 1 is satisfied and ¢;(x) = ™).

Example 5. Consider the standard positve semigroup ([0,00)*, +, \*) where
A is k-dimensional Lebesgue measure, of course. The associated order < is the
ordinary (product) order. Let T = N*, so that T is a discrete, complete, positive
sub-semigroup of S. The quotient space is S/T = [0,1)* and the assumptions
are satisfied. The decomposition is

r=n-+t

where n is the vector of integer parts of « and t is the vector of remainders. The
left-invariant measure on 7' is counting measure, of course, and the reference
measure on S/T is k-dimensional Lebesgue measure. Moreover, the partially
ordered set (S, <) is the lexicographc product of (T, <) with (S/T, <).

Example 6. Again, let (S, -) be a positive semigroup and let t € S — {e}. The
sub-semigroup T3 = {e} UtS also has quotient space S — ¢S, but Assumption 1
of a unique decomposition is not satisfied in general.

Example 7. Consider the direct product (.5, -) of standard positive semigroups
(S1, +) and (52, -), with identity elements e; and e, and with left-invariant mea-
sures \; and Ag, respectively. Let 77 = {(x1,e2) : 21 € S1}. Then T3 is a closed
sub-semigroup of S satisfying Assumption 1. Moreover, the quotient space
S/Ty = {(e1,x2) : x2 € S2} is also a positive semigroup. In this example, the
spaces T1 and To = S/T are symmetric; T; is isomorphic to Sy and T5 is iso-
morphic to So. The unique decomposition is simply (x1,x2) = (21, e2)(e1, z2).
The measures p and v are

m(A) = A(Ar), AeB(T)
I/(B) = )\2(32)7 B e B(Tg)

where A; = {x1 € S1 : (x1,e2) € A} and By = {3 € S2 : (e1,22) € B}.
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Part IT
Probability Distributions

In this part we study probability distributions on partially ordered sets and
positive semigroups. We are particularly interested in distributions that have
exponential-type properties. The constant rate property requires only a partial
order. The memoryless and full exponential properties require the complete
semigroup structure. Interestingly, the most important secondary properties
flow just from the simpler constant-rate property.

4 Preliminaries

As usual, we start with a standard poset (S, <, A). Frequently, we will also need
the additional strucutre of a positive semigroup (.5, -, A). Recall that all density
functions are with respect to the reference measure A.

4.1 Distribution functions

Definition 32. Suppose that X is a random variable taking values in S. The
upper probability function of X is the mapping F' given by

Flz)=PX »=z)=P(X €Iz]), z€S8

In the case of a positive semigroup (.5, -), we can also write the upper probability
function as
Fz)=P(X €xzS5), z€8

The lower probability function of X is the mapping G given by
Glx)=P(X 22)=P(X € D[z]), z€S8

Note 25. If X has probability density function f, then the upper probability
function is F = U(f) and the lower probability function is G = L(f), where as
usual, U and L are the lower and upper operators.

Note 26. We will primarily be interested in the upper probability function.
Since I[x] contains an open set for each = € S, the upper probability function
F is strictly positive if the random variable X has support S. Also, of course,
F(z) <1forall z € S, and F is decreasing on S. What other properties must
it have?

Problem 4. Find conditions on F' : S — (0, 1] so that F is an upper probability
function. That is, find conditions on F' so that there exists a random variable
X with support S and F(z) =P(X = ) for all x € S.

Even when F' is an upper probability function, the corresponding distribu-
tion is not necessarily unique. That is, the distribution of X is generally not
determined by its upper probability function.
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Example 8. Let A be fixed set with k elements (k > 2), and let (S, <) denote
the lexicographic sum of the anti-chains (4,,=) over (N, <), where Ag = {e}
and A, = A for n € N;y. Thus, (0,e) is the minimum element of S and for
n,m €Ny and z, y € A, (m,x) < (n,y) if and only if n < m. Moreover, (S, <)
is associated with a positive semigroup, as in Section 3.6.

Now let f be a probability density function on S with upper probability
function F. Define g by

otna) = 5n.) + (— 25 ) o )

and let

G(n,z) = Z g(m,y)

(m,y)=(n,z)

Then

Gnz) = gln,a)+ 3. glm,y)

m=n+1ycA
—tma+ (—2) @t X 3 [rmw e (1) |
m=n+1yeA
= F(n,z) + co <1€i1> + Z keco <ki1)
m=n+1

F(n,z) + co <ki1)n — ¢ (ki1>n = F(n,z)

In particular, G(0,€) = 3_, ,)es 9(n,2) = 1. It follows that if we can choose
¢o so that g(n,z) > 0 for every (n,z) € S, then g is a probability density
function with the same upper probability function as f. For any k& > 3, there
exists distinct PDFs f and g with the same upper probability function F. For
example, define f by

6

f(n,z) = m,

neN,zeA

Thus, if (N, X) is the associated random variable, then N + 1 has the zeta
distribution with parameter 2 and given N = n, X is uniformly distributed on
A,. The condition that g(n,z) > 0 is satisfied if

6(k — 1) > cokn?(n + 1)?

In turn, this condition will hold for any k£ > 3 if 0 < ¢y < ﬁ
Conversely, if g is a PDF on S with upper probability function F', then it’s
not hard to show that g must have the form given in (2).
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Note 27. However, since the partial order =< is topologically closed, that is
since
{(z,y) € S*: 2z <y}

is closed in S? (with the product topology) then a distribution on S is completely
determined by its values on the increasing sets in B(S). That is, if x and v are
distributions on S and p(A) = v(A) for every increasing A € B(S), then p =v
[17].

Problem 5. Find conditions sufficient for the probability distribution of X to
be completely determined by its upper probability function z — P(X » x).

Problem 6. Find conditions sufficient for the probability distribution of X to
be completely determined by its lower probability function z — P(X < z).

Proposition 29. If (S, <) is a discrete standard poset, then the distribution of
a random variable X taking values in S is completely determined by its lower
probability function.

Proof. Suppose that X has lower probability function F' and probability density
function f. Then

F(z) = Z f), eS8

teD|z]
and hence by the Md&bius inversion formula,
f(z) = Z F(t)m(t,z), ze€S
teD(x]
where m is the Mobius function. O

Definition 33. We can define a more general upper probability function. If A
is a finite subset of S, define

F(A) =P(X = z for each x € A)

Note 28. For a finite A C S, the set {y € S : y = x for all x € A} is clearly
increasing. So the question becomes whether a probability distribution is com-
pletely determined by its values on this special class of increasing sets.

Proposition 30. If (S, =) is a dscrete standard poset, then the distribution
of a random variable X is completely determined by the generalized upper
probability function.

Proof. Let X be a random variable with probability density function f and
(generalized) upper probability function F. For x € S,

{(Xzay={X=a}Uu{X-a}={X=2}u | {(X=y}
y€el(z)
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Suppose that I(z) has n elements. By the inclusion-exclusion rule,

F(o)=fla)+) (D" > F(4)

k=1 ACI(z),#(A)=k
Suppose that I(z) = {x1,x9,...} is countably infinite, and let

I,(z) = {z1,22,..., 2}

Then

F(x) = fle)+ lim P | | {X=y}
T \veho

By another application of the inclusion-exclusion rule,

n

F(z) = f(z) + lim » (-1 > F(A)

n—oo
k=1 ACI,, (), #(A)=k

So in any event, f(z) is determined by F(A) for finte A. O

Problem 7. An extension of Problem 5 is to find the smallest n such that the
distribution of X is completely determined by F(A) for A C S with #(A) <n.
We will refer to this as the distributional dimension of the poset (S,=). In
particular, distributional dimension 1 means that a probability distribution on
(S, <) is uniquely determined by the upper probability function F.

Proposition 31. If (S, <) is a discrete upper semilattice, then (.5, <) has dis-
tributional dimension 1.

Proof. It A C S is finite, then sup(A) exists, so F(A) = F(sup(4)). O

Proposition 32. If (5, <) is a rooted tree then (S, <) has distributional di-
mension 1.

Proof. For x € S recall that A, denotes the set of elements that cover z. (These
are the children of x since S is a rooted tree.) Let f be a probability density
function on S with upper probability function F. If x is not maximal (not a
leaf) then

fl@)=F@)— Y Fly)

yEA(z)
If  is maximal, f(z) = F(x). O

Example 9. Consider the poset (S, <) in Example 8. Suppose that X is a
random variable taking values in S with probability density function f and
upper probability function F. Then for (n,x) € S,

f(n,x) =F(n,x) — F{n+ 1} x A)
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Thus, the distributional dimension of (S, <) is no more than k. Is it exactly k?
No. For example, suppose that k =4 and A = {a,b,¢,d}. For (n,z) € S,

fn,z) =F(n,z) — F{(n+ 1L,a),(n+ 1,0)} = F{(n+ 1,b),(n+ 1,¢)}
—F{(n+1,¢),(n+1,d)} + F(n+1,b)+ F(n+1,¢)

Thus, the distributional dimension is no greater than 2. But Example 8 shows
that it is not 1 and hence must be exactly 2. Similar arguments show that the
distributional dimension is 2 for any k > 3.

On the other hand, for £ = 2, the distributional dimension is 1. Let A =
{a,b}. For (n,x) € S,

f(n,z) = F(n,z Jrz F(n+1i,a) + F(n+1,b)]

Problem 8. For each n € N, construct a standard, discrete poset whose distri-
butional dimension is n. If this cannot be done, what distributional dimensions
are possible? In particular, is the distributional dimension always either 1 or 27

Proposition 33. Suppose that (S, <) is a standard discrete poset, and that X
is a random variable with upper probabiltiy function F. If 1 < x9 < x3--- is
an infinite chain in S then F(z,) — 0 as n — oo.

Proof. The events {X = z,} are decreasing in n, and (), {X = z,,} = 0 since
S is locally finite. Hence F'(z,,) — 0 by the continuity theorem. O

A consequence of the next proposition is that the upper probability function
is measurable in the case of a positive semigroup.

Proposition 34. Suppose that (S, -) is a standard positive semigroup and that
X is a random variable taking values in S. If A € B(S) then z — P(X € zA) is
measurable.

Proof. Let g: S? — S? be defined by g(z, y) = (z, xy). Then g is continuous
and one-to-one and hence g(C) € B(S?) for any C € B(S?). In particular, if
A€ B(S)

g(S x A) = {(z,zy): x € S, y € A} € B(S?)

Therefore by Fubinni’s Theorem,
X E <1g(SXA)(x,X))

is measurable. But for fixed x € S, (z,2) € g(S x A) if and only if z = zy for
some y € A if and only if z € zA. Therefore z — P(X € zA) is measurable. O

Problem 9. Under what conditions is the mapping x — P(X € xA) continuous
on S for each A € B(S)? It is clearly not sufficient that X have a continuous
distribution, so that P(X = z) = 0 for each € S. For example, consider
the positive semigroup ([0, 00)?, +), the direct power of the standard semigroup
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([0,0),+). A random variable (X,Y") could have a continuous distribution on
[0, 00)% and yet place positive probabiity on a vertical line = xo. The UPF F
would be discontinous at (zg,y) for each y € [0,00). There are clearly lots of
other examples.

Definition 34. Suppose that X has upper probability function F' and probabil-
ity density function f. The rate function of X with respect to A is the function
r: S — (0,00) defined by

Roughly speaking, r(x) dA(z) is the probability that X is in a small neigh-
borhood of = (with measure d\(x)), given that X > z. If the semigroup is
([0, 00), +) and X is Lebesgue measure, then the rate function is the ordinary
failure rate function; the value at x gives the probability density of failure at x
given survival up to z. Of course, in the generality of our setting of posets and
semigroups, the reliability interpretation does not have much meaning; we are
using “rate” simply as a convenient term.

Definition 35. Random variable X has constant rate if r is constant on S,
increasing rate if r is increasing on S and decreasing rate if r is decreasing on S.

We are particularly interested in distributions with constant rate; these will
be studied in the next chapter.

Proposition 35. Suppose that (S, X) is a standard discrete poset, and that X
is a random variable with support S and rate function . Then 0 < r(z) <1
for x € S and r(x) =1 if and only if z is maximal.

Proof. As usual, let f denote the probability density function of X and F' the
upper probability function. For z € S,

F(z)=f(z) +P(X > z) =r(x)F(z) + P(X > )

Hence
P(X »=2)=[1—r(z)]F(x) (3)

Since X has support S, we must have r(z) > 0 for all , and by (3) we must also
have that r(z) <1 for all x € S. If z is maximal, then P(X = z) = P(})) =0
so r(x) = 1. Conversely, if x is not maximal then P(X > z) > 0 (since X has
support S) and hence r(z) < 1. O

Suppose that the standard posets (5, <, A) and (T, <, ) are isomorphic and
let ®: .S — T be an isomorphism. Thus, A and p are related by

w(B) =X (®Y(B)), BeB(T)
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Proposition 36. Suppose that X is a random variable taking values in S
and let Y = ®(X). If X has upper probability function F' then Y has upper
probability function G = F o ®~L. If X has probability density function f then
Y has probability density function g = f o ®~1.

Proof. First note that
Gly) =P =7 y) =P (®(X) =1 y)
=P(X =5 @ '(y) =F(27'(y), yeT
Next, for B € B(T),
P(Y € B)=P(®(X)e B)=P (X € 2 '(B))
[ @@= [ 1@ w) ditw)
-1(B) B

so fo® ! is a density function for Y. O

Proposition 37. Suppose that the standard poset (S, <, ) is a lower semilat-
tice, and that X and Y are independent random variables taking values in S,
with upper probability functions F' and G respectively. The random variable
X A'Y has upper probability function F'G.

Proof. Note that for z, y € S, xAy = zif and only if x > z and y > z. Therefore
PXAY =2)=P(X = 2,Y = 2)=P(X = 2)P(Y > z) = F(2)G(2)
O

In particular, if S is a lower semilattice, the collection of upper probability
functions forms a semigroup under pointwise multiplication.

Problem 10. Suppose that (S, <) is a standard poset (with no special struc-
ture). If F' and G are upper probability functions on S is it true that F'G is an
upper probability function? If not, under what additional conditions will this
be true?

Problem 11. Suppose that (S, =) is a standard poset, and that F is an upper
probability function on S. For what values of r > 0 is F" an upper probability
function?

4.2 Residual distributions

In this section, we suppose that (S, -, \) is a standard positive semigroup. The
conditional distribution of 7' X given X > x will play a fundamental role in
our study of exponential distributions in the next chapter. We will refer to this
distribution as the residual distribution at x.
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Proposition 38. Suppose that X has upper probability function F'. For z € S,
the residual distribution at = is given by

P(X € zA)
Pr'XecA|Xr-a)=———2, A
(@7 X eA[X =) Fa) @ A€ B(S)
The upper probability function F, of the residual distribution at x is given by
F(zy)
Fz - s esS
) ) Y

If X has density function f, then the residual distribution at x has density f,
given by

Proof. Let A € B(S). Then

_ CP@'XeAXraz) PXexd) PXeazd)
Ba X ed|Xra)= =5 =pXc9) ~  F)

If we let A = yS in this equation we get

Finally, suppose that X has density f. Returning to our first equation above,
and using the integral version of the left-invariance property, we have

f(zy)
F) dA(y)

}P’(x1X€A|X>_—x)_F(1m)/Af(z)d>\(z)_/A
0

Note 29. If the semigroup is ([0, o), +) and the random variable X is inter-
preted as the lifetime of a device, then the upper probability function is the
survival function or reliability function and the residual distribution at x is the
remaining lifetime distribution at x, i.e., the conditional distribution of X — x
given X > x.

4.3 Expected value

In this section, we assume that Xis a random variable taking values in a standard
poset (S, =<, ). The following proposition gives a simple but important result
on the expected values of the cumulative functions. Suppose that g € D(S),
and recall the cumulative functions L™(g) associated with ¢ in Definition 19

Theorem 5. For n € N,

/S L"(g)(@)B(X = 2)dA(z) = E[L" (g)(X)]
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Proof. Using Fubinni’s theorem,

LH@WWthMw:/UWMWMXtMMM

S
- (/ L%@@MM@)
DIX]
— E[L"(g)(x)
O

Note 30. In the case that X has a PDF f, Theorem 5 follows from Theorem
3. The proof as the following form, where F' is the UPF and f PDF:

/iwmwﬂmwm=/i%mmWﬁwww>
S S
=LL”HQ®HWMM@=EM“%QMN
Corollary 2. For n € N,
LAM@MXixﬂM@ZEMMNXH

Corollary 3. In particular, when n = 0, Corollary 2 gives

| PUX = 2)dA(@) = EA(DLX)) ()
s
Corollary 4. When S is discrete and n = 0, Corollary 2 gives

Y P(X = 2) =E(#(DIX]))

zeS

Corollary 5. In particular, when the poset is (N, <), then we get the standard
result

iP(X >n) =E(X)+1
n=0

Corollary 6. When the poset is ([0, 00), <), X is Lebesgue measure, and n = 0
then Corollary 2 reduces to the standard result

/OOIP’(X > x)de = E(X)
0
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4.4 Moment generating function

Suppose again that (S, <, ) is a standard poset. Recall the generating function
Aa,t) = Aa(2)t", z €S, [t| <r(x)
n=0
where A, is the cumulative function of order n and where r(x) is the radius of

convergence for a given x € S. If X is a random variable with values in S, then
we can define a moment generating function of sorts:

Ax(t) = E[A(X,1)] = i EA (X)]E"
n=0

The power series will converge for |¢| < r where r is the radius of convergence
of the series. Assuming that r > 0, we can compute the cumulative moments
in the usual way:

(n)
_AX(0)
T

E[\, (X)] neN

Theorem 6. Suppose that X is a random variable with values in S and upper
probability function F. Then

Ax(t) =14t /S Az, ) F(2)d\(2)
Proof.

Ax () = EDo (X)) + D EXpa (O =14 Y E[Apgr (X))t
n=0 n=0
But from Corollary 2, we can rewrite this as

Ax() =1+ i@ ( /S /\n(fU)F(J:)d/\(x)) (o

From Fubinii’s theorem,

Ax(t) =1 —|—t/S (i )\n(m)t”> F(z)d\(z) =1 —|—t/SA(:c,t)F(x)d)\(x)
n=0

4.5 Joint distributions

Suppose that (S, <, ) and (T, <, v) are standard posets, Recall that the direct
product (S x T, <, u ® v) is also a standard poset, where S X T is given the
product topology and where

(u,v) X (z,y) in S x T if and only if u <z in Sand v <y in T
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In this subsection, suppose that X and Y are random variables taking values in
S and T, respectively, so that (X,Y) takes values in S x T. The first proposition
is a standard result.

Proposition 39. If (X,Y) has density h then X has density f and Y has
density g, where

f(z) = /T Wz, y)dv(y), © €S
o(y) = /S Wz, y)dp(z), yeT

If X and Y are independent, X has density function f, and Y has density
function g, then (X,Y") and density function h where

h(z,y) = f(z)g(y), (z,y) € ST

When the posets have minimum elements, there is a simple relationship
between the upper probability functions of X, Y, and (X,Y).

Proposition 40. Suppose that S has minimum element e and 7' has mini-
mum element €. Let F' and G be the upper probability function of X and Y,
respectively, and let H denote the upper probability function of (X,Y’). Then

F(z)=H(z,¢), Gly)=H(e,y); z€S,yeT
If X and Y have independent upper events then
H(z,y) = F(z)G(y), (z,y)eSxT

Proof. For x € S,

Flz)=P(X =2)=P(X =2,Y = ¢) =P((X,Y) = (z,¢)] = H(z,¢)
Similarly for y € T',

Gly) =P(Y =y) =P(X = e,Y = y) =P[(X,Y) = (e,y)] = H(e,y)
If X and Y have independent upper events, then for (z,y) € S x T,

H(z,y) =P[(X,Y) = (z,9)] =P(X = 2,Y = y)
=PX = 2)P(Y = y) = F(z)G(y)

O

Note 31. The results of Propositions 39 and 40 extend in a straightforward
way to the direct product of n posets ((S;, <;): i € {1,2,...n}). In particular,
the results extend to the n-fold direct power of a poset (S, <).
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4.6 Products of independent variables
In this section, we suppose that (5, -, \) is a standard positive semigroup.

Proposition 41. Suppose that X and Y are independent random variables
taking values in S. Then (X, XY) takes values in Dy = {(z,2) € S? : # < z}.
If X and Y have densities f and g respectively, then the density of (X, XY)
(with respect to A\?) is the function h given by

h(z,2) = f(z)g(z™'2) (z,y) € Ds
Proof. Note that technically, Ds is the partial order <. Let A, B € B(S). Then
P(X €A XY eB)=E(P(X €4, XY € B|X))=E(P(Y € X_lB|X);A) .

Therefore

P(XE/LXYEB)Z/
A

(/WB g(yﬁ“(y)) Fl@)dA(x)

But by an integral version of the left-invariance property of A,

/ o(y)dA(y) = / 9() L 5 (9)AA(y)
x—1B

S

= /Sg(x_lz)lle(a:_lz)d/\(z)
:/ gz 2)1p, (z, 2)d\(2)
B
Therefore
P(X € A, XY € B) = /A /B F@)g(a=22)1p, (z, 2)d\(2)dA(2)

O

Corollary 7. Suppose that (X1, Xs,...) is a sequence of independent random
variables taking values in S and that X; has density f; for each 7. Let Y, =
X -+ X, for n € N;. Then the density of (Y1,Ys,...Y,,) (with respect to A\™)
is the function h,, given by

(Y1, Y2 - yn) = frn) fo(yr o) -+ fa(Untam), (W1, 92, -5 yn) € Dn
where we recall thatD,, = {(y1,y2,.--,9n) € S": 1 S Y2 X+ Jyn}.

Corollary 8. Suppose that (X1, Xo,...) is a sequence of independent, identi-
cally distributed random variables taking values in S, with common probabiity
density function f. Let Y, = X;---X,, forn € Ny. Then Y = (¥1,Y5,...) is a
homogenous Markov chain with transtion probability density function g given
by

9(y,2) = fly~'2), yeS zelly
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In this case, the joint density of (Y1,Ys,...Y;,) (with respect to A™) is the
function h,, given by
hn(ylayQa e yn) = f(yl)f(yflyQ) U f(y’;ilyn)7 (y17y25 ey yn) S Dn

Proposition 42. Suppose again that X and Y are independent random vari-
ables taking values in S, with densities f and g, respectively. Then XY has
density f * g (all densities are with respect to A).

Proof. For A € B(S5),

IP’(XYGA):/

S

-/ ( / g<y>1x1A<y>dx<y>) F(@)aA()

But by one of the integral versions of left-invariance,

/ 9(0) Lo a(y)dA(y) = / g(2712) Ly 4 (2 2)dA(2)
S

xS

(/xlAg(y)dA(y)) f(@)dA(x)

= / g(x712)14(2)d\(2)
xS

Therefore
P(XY € A) = /S / 96T LA @A)
= [ [ _seTomes@a@ac)
and hence
P(XY € A) = /A /[ 9T @)
It follows that the density of XY is t7h6 convolution f x g. O

4.7 Ladder Variables

Suppose again that (5, =<, ) is a standard poset. Let X = (X1, X5,...) be a
sequence of independent, identically distributed random variables, taking values
in S, with common upper probability function F and density function f. We
define the sequence of ladder times N = (N1, Na,...) and the sequence of ladder
variables Y = (Y1,Ys,...) associated with X as follows: First

Ny =1

V=X,

and then recursively,

Npt1 =min{n >N, : X,, = Y,,}
Yn+1 = XN

n+1
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Proposition 43. The sequence Y is a homogeneous Markov chain with tran-
sition probability density g given by

g(y,Z)ZJJ;((Z)), yES’ZEI[y]

Proof. Let (y1,.-.,Yn—1,9,2) € Dyy1. The conditional distribution of Y, 11
given {Y1 = y1,...,Yn-1 = yn—1, Y, = y} corresponds to observing independent
copies of X until a variable occurs with a value greater that y (in the partial
order). The distribution of this last variable is the same as the conditional
distribution of X given X > y. This conditional distribution has density z —

f(2)/F(y) on Iy]. O
Corollary 9. The random vector (Y1, Y5, ...,Y,) has density function h,, given
by

f(y2) f(yn)
hn(yhy%"wyn):f(yl) ) (ylayQ,'“;yn)eDn
F(yl) F(yn—l)
Proof. Note that Y7 = X7 has probability density function f. Hence by Propo-
sition 43, (Y7,Y3,...,Y,) has probability density function

ho(y1, 92, - yn) = F(y1)9(y2ly1) - 9(yYnlyn—1)

B f(y2) f(yn)
_f(yl)F(y1) "'F(yn71)7 (ylay27~--ayn) €D,

O

Note 32. The density function of (Y1, Ys,...,Y,,) can also be written in terms
of the rate function r as

hn(ylvyZa cee 7yn) = T(yl)T(yz) o 'r(ynfl)f(yn)v (yhy?» LR yn) € Dn

Corollary 10. The density function g, of Y,, is given by
gn(y) = f(y)/D [ }T(yl)f(yz)~--r(yn—1)dA"_1(y17yz,---yn_l), yes
n—1Y

Corollary 11. The conditional distribution of (Y3,...,Y,_1) given Y;, = y has
density function

hn—l(yl, v ,yn—1|y) = Cnfll [y]r(yl) T r(yn—1)7 (yh ey yn—l) € D[y]

where Cp1ly] = [ ,7(y1) 1 (Yn—1)dN" " (y1, ... yn—_1) is the normalizing
constant.
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4.8 The point process

Suppose that (S, <, A) is a standard poset, and suppose that Y = (Y7,Y3,...) is
an increasing sequence of random variables with values in S. One special case
is when Y is the sequence of ladder variables associated with an IID sequence
X = (X;,Xs,...), as in Section 4.7. When (S, <, \) is the poset associated
with a standard positive semigroup (5,-,\), then another special case occurs
when Y is the partial product sequence corresponding to an IID sequence X =
(X1, Xs,...). Of course, in this latter special case, the ladder sequence and the
partial product sequence will be different in general.
In any event, we are interested in the corresponding point process. Thus,
for x € S, let
Ny =#{neN;:Y, 2z}

That is, N, is the number of random points in D[x]. We have the usual inverse
relation between the processes (Y, : m € Ny ) and (N, : z € S):

Proposition 44. Y,, <z if and only if N, > n forn € N, and z € S.

Proof. Suppose that Y,, < x. Then Y; <X = for k£ < n so N, > n. Conversely,
suppose that Y, Zx. Then Y, Ax for k >nso N, <n O

For n € N, let G,, denote the lower probability function of Y, so that
Gp(x)=PY, 2z), z€S8
Then by Proposition 44, for x € S,
P(N, >n) =PY, 22) =G,(x), neNy

Of course, P(N, > 0) = 1. Let’s adopt the convention that Go(x) = 1 for all
x € S. Then for fixed x € S, n — G,(x) is the upper probability function of
N,. Thus we have the following standard results as well, for z € S:

]P(Nm:n):Gn(‘r)_Gn+1(x)a n €N

E(N:) =Y Gn(2)

A bit more generally, we can define

N(A):#{neN+:YneA}:il(YneA), A€ B(S)

n=1
Thus, A — N(A) is a random, discrete measure on S that places mass 1 at Y,
for each n € Ny. Of course, N, = N(DJz]) for z € S. Also,

E[N(A)] = ip(yn € A)
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4.9 Entropy

In this section, we assume that (S, <, ) is a standard poset. Suppose that X is
a random variable taking values in S and that the distribution of X has density
function f. The entropy of X is

H(X) = -E[ln(f(X))] = —/Sf(ilr) In[f(z)]dA(x)

The following proposition gives a fundamental inequality for entropy.

Proposition 45. Suppose that X and Y are random variables on .S with density
functions f and g respectively. Then

H(Y) = —/89(96) Ing(z)]dA(z) < —/Sg(af) In[f (x)]dA(x)

with equality if and only if Mz € S: f(z) # g(z)} = 0 (so that X and Y have
the same distribution).

Proof. Note first that In(t) <t —1 for ¢t > 0, so —In(¢) > 1 — ¢ for t > 0, with
equality only at t = 1. Hence,

—n@:—n x niglx - — X
w (29 = —ni) + nig) 2 1- 28, wes

Multiplying by g(z) gives
—g(x) In[f(z)] + g(z) In[g(x)] > g(z) — f(z), z€S

Therefore

- /S g(x) In[f (2))dA(z) + /

S

g(2) Infg(z)] > /S o)A (x) - /S f(@)dA(z)
=1—-1=0

Equality holds if and only f(z)/g(x) =1 except on a set of A measure 0. O

5 Distributions with Constant Rate

5.1 Definitions and basic properties

As usual, we start with a standard poset (S, <, ). Let X be a random variable
taking values in S. We can extend the definition of constant rate to the case
where the support of X is a proper subset of S.

Definition 36. Suppose that X has upper probability function F'. Then X has
constant rate a > 0 if f = oF is a probability density function of X.
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Theorem 7. Suppose that g € D(S). If X has constant rate «, then

1
E[L"(g)(X)] = —Elg(X)], neN
Proof. Let F' denote the upper probability function of X, so that f = aF is a
density function of X with respect to A. By Theorem 5,

Mm“@uﬂa/w@uwmw@

S

:l/mwmﬁ@wmzéﬂm@ﬂﬂ
S

and of course, E[L°(g)(X)] = E[g(X)] since L°(g) = g. O

Corollary 12. If X has constant rate «, then
1
J?

In particular, E[A1(X)] = E[NDI[X])] = 1/a, so the rate constant is the
reciprocal of E[A;(X)], which must be finite.

E[\, (X)) = neN

Corollary 13. If X has constant rate « then the generating function of X is
@
Ax(t)=——, [t|<a

Proof. Recall that Ax(t) = E[A(X,t)] = Y07 (E[A.(X)]t". Hence if X has
constant rate,

=/ t\" 1 «
Ax(t):Z(a> “1—t/a a—t lt] <

n=0

O

The converse of Theorem 7 also holds, and thus gives a characterization of
constant rate distributions.

Theorem 8. Suppose that random variable X satisfies

1
E[L(g)(X)] = ~Elg(X)] (5)
for every g € D(S). Then X has constant rate a.

Proof. Suppose that (5) holds for every g € D(S). Let F dentoe the upper
probability function of X. For g € D(S5),

E[L(9)(X)] = E

/ g(t)d)\(t)] _E [ / (1t < X)dA(®)
DIX] s
_ / JOP(X = 1) = / g(O)F(£)dA(D)

S

S
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Thus (5) gives
| st1aF(®ix®) = Blo(x)
It follows that aF is a density of X and hence X has constant density. O

Theorem 9. The poset (5, <, \) supports a distribution with constant rate «
if and only if there exists a measureable function G : S — (0, 00) that satisfies

/SG(x)d)\(a:) < 0 (6)
[, conw = 0w, wes M)

Proof. If F is the upper probability function of a distribution with constant
rate «, then trivially (6) and (7) hold with G = F, since f = oF is a proba-
bility density function of the distribution. Conversely, suppose G : S — (0, c0)
satisfies (6) and (7). Let

C= /SG(x)d/\(m)
and let F' = G/(aC). Then from (6),

1
/S aF(@)iAx) = /S G(2)dA) = 1

so f = «F is a density function with respect to A. Next, from (7),

s = [ b =g [ i = 506 = Fe

I[z]
so I is the upper probability function corresponding to f. O

Note 33. If the poset (S, <) has a minimum element e (in particular, if the
poset is associated with a a standard positive semigroup (S, -, A), then condition
(6) is unnecessary. Letting x = e in (7) gives

/ Gl2)d\(z) = / Gly)dry) = LG(e) < o0
S Ile] «

From Theorem 9, it’s clear that finding constant rate distributions is an
eigenvalue-eigenvector problem for the upper operator U. From Theorem 9,
(S, =<, A) supports a distribution with constant rate « > 0 if and only if there
exists a positive g € £(S) satisfying U(g) = 1g. That is, if and only if there is a
strictly positive eigenfunction of the operator U corresponding to the eigenvalue
i. The upper probability function F' of a distribution with constant rate « is
a positive eigenfunction of the operator U with the additional property that
[|F|| = 1/a. It’s interesting that we can characterize constant rate distributions
in terms of both of the lower and upper operators.
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5.2 Discrete Posets

Suppose that (5, <) is a standard discrete poset, so that the reference measure
is counting measure #. Suppose that X has constant rate o on S. Recall from
Proposition 35 that if € S then

l1-a)PX =2)=P(X =2), €S8 (8)

If @ = 1, then P(X = z) = 0 for every z € S, so X must be concentrated
on the set of minimal elements of S (which form an anti-chain). Conversely,
any distribution concentrated on the minimial elements has constant rate 1. In
particular, if S is an anti-chain, then every distribution on S has constant rate
1 since

PX=x)=P(X =x), z€8

On the other hand, if P(X > z) > 0 for some = € S, then we must have
0<a<l

Suppose now that x is a maximal element of S. Then P(X = z) = 0, so
from (8), either F'(x) = 0 or « = 1. Thus, either F(z) = 0 for every maximal
element = of S, or « = 1 and X is concentrated on the minimal elements of S.

Suppose that X has constant rate a on S and is not supported by the
minimal elements. Thus the maximal elements of S are not in the support
set and hence can be removed. Repeating the argument, we can remove the
maximal elements of the new poset. Continuing in this way, we see that if x is
in the support set of X then there must be an infinite chain in S containing z.

Suppose that X has constant rate a on S and upper probability function
F. If z, y are upper equivalent (Definition 13), then P(X > z) = P(X > y) so
from (8), F(x) = F(y). Thus, the upper probability function (and hence also
the density function) are constant on the equivalence classes.

Note 34. If F is an upper probability function of a distribution with constant
rate  on (S, <), then F is well defined on the partially ordered collection of
equivalence classes (II, <) (see Theorem 2). However in general, the mapping
[x] — F(x) on II = S/ = is not an upper probabiltiy function, let alone one
with constant rate. In general, it’s not clear how to go from constant rate
distributions on (S, <) to constant rate distributions from (II, <), or the other
way around.

5.3 Entropy

Theorem 10. Suppose that X has constant rate and upper probability function
F. Then X maximizes entropy among all random variables Y on S for which
E[ln(F(Y))] is constant.

Proof. Suppose that X has constant rate «, so that f = aF is a density of X.
Suppose that Y is a random variable taking values in S, with density function
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g. From Proposition 45 we have

H(Y) = —/Sg(x)ln[g(x)]d/\(x) < —/9(33) In[f(z)]dA(x)

S

_ /S o) {In(a) + In(F(2))}dA(z)

— (@) - [ o) m[F(@))dAw) = - In(a) - Eln(F(Y)
s
Of course, the entropy of X achieves the upper bound. O

Note that since the upper probability function F' typically has an “expo-
nential” form of some sort, E[ln(F(Y))] often reduces to a natural moment
condition.

5.4 Sub-posets

Suppose that (S, <, \) is a standard poset and that X has constant rate « on S
with upper probability function F. Suppose further that 7' C S and A(T") > 0.
In this section, we are interested in the conditional distribution of X given
X € T on the poset (T, <, \). The upper probability function of the conditional
distribution of X given X in T is

P(X =z,XeT)

Fr(z)=P(X =z|XeT) = PXeT)

xeT 9)

The density of the conditional distribution is

_ aF(x)  aP(X =)
fr@) = pxen = Pxen) €T (10)

So the conditional distribution of X given X € T has constant rate § if and
only if
PXr-z)=pPX =2,XeT), z€T (11)

In particular, we see that if we take T to be the support of X then P(X € T) =1
so the conditional distribution of X given X € T also has constant rate . Thus,
we are particularly interested in the case when X has support S; equivalently, we
are interested in knowing when a poset S supports distributions with constant
rate.

Theorem 11. Suppose that S has a minimum element e and that e € T. Then
the conditional distribution of X given X € T has constant rate on 7" if and only
if {X € T} and {X > z} are independent for each # € T'. The rate constant of
the conditional distribution is a/P(X € T)).

Proof. Suppose that {X € T} and {X > z} are independent for each z € T.
Then from (9), Fr(xz) = F(z) for z € T and from (10),

_,, F@
fT(J?) = am, zeT
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Thus, the conditional distribution has constant rate a/P(X € T'). Conversely,
suppose that the conditional distribution of X given X € T has constant rate
(8. Then taking x = e in (11) we have @ = SP(X € T) and then substituting
back we have

P(X>2)P(X eT)=P(X =2, X €T), zeT
so {X € T} and {X > 2} are independent for each z € T. O

Theorem 12. If t € S with F'(¢f) > 0, then the conditional distribution of X
given X = t has constant rate « on I[t] = {z € S : z = t}.

Proof. From (9), the upper probability function of the conditional distribution
of X given X >t is

F(z)

Sl

F(t)

From (10), the conditional density of X given X > ¢ is

Ft(:v) =

aF(x)
O

fi(z) =

Hence fi(xz) = aFi(x) for x = t, so the conditional distribution of X given
X = t also has constant rate «. O

Proposition 46. Suppose (5, -, A) is a standard positive semigroup and that X
is a random variable taking values in S and that X has constant rate a. Then
the conditional distribution of 7' X given X > x also has constant rate « for
every x € S.

Proof. Let F' denote the upper probability function of X. Recall from Proposi-
tion 38 that the upper probability function F, of z71X given X = x is

Fz<y>:§ffj)), yes

If f is the density function of X, then the density function f, of the conditional
distribution is
fzy)

fw(y) = F(l’) s

Since X has constant rate o, we have f = aF' and therefore

yes

aF(ry) _ F(zy)

fz(y): F(.’L‘) :aF(x) :Cva(y), yGS
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5.5 Mixtures

Many important distributions are actually parametric families of distributions.
New distributions can be created by randomizing one or more of the parameters;
the new distributions are miztures of the given distributions. This process can
be applied to a family of distributions with constant rate on a standard poset
(S, X, A); the constant rate property is preserved.

Specifically, suppose that X; is a random variable taking values in S for each
i € I, where (I,7) is a measurable space. Suppose that U is a random variable
taking values in I, independent of (X;: ¢ € I). Thus, the distribution of X is
mixture of the distributions of (X;: ¢ € I), and U is the mixing variable.

Theorem 13. If X; has constant rate « for each ¢ € I then Xy has constant
rate .

Proof. For i € I, let F; denote the upper probability function of X;, so that X;
has density function aF;. Let G denote the upper probability function of Xy .
Then

Gz)=P(Xy =2) =E[P(Xy = 2|U)] =E[Fy(z)], €S
Next, for A € B(S5),
]P’(XU S A) ZE[P(XU S A‘U)]

=E [/A aFU(x)d)\(x)} = /Aa]E [Fy(2)] dA(x)

Hence Xy has density function g(x) = oF [Fy(z)] and thus Xy has constant
rate a. O

We consider two applications of mixing—to simple sums and to simple joins.
Suppose first that (S;, =;, \;) is a standard poset for each i € I, where I is a
countable index set. Let (S, <, A) be the simple sum of (S;, =<;, A;) over i € I as
defined in Section 3.5.

Suppose now that X; is a random variable taking values in .S; for each i € T
and that X; has constant rate a and upper probability function F;, for each
1 € I. Without loss of generality, we can assume that X;, ¢ € I are defined on
a common probability space. Then X; also has constant rate o considered as
a random variable taking values in S (although, of course, the support of X; is
a subset of S;). If we extend the upper probability function F; and density f;
of X; to all of S, then for x € S;, fi(z) = aF;(x) while for ¢ S;, Fi(z) =0
and fi(z) = 0. Now let U take values in I, independent of (X; : i € ¢). Define
Y = Xy, so that Y takes values in S. Then Y has constant rate o on S.

This construction leads to an interpretation of mixtures generally, in the
setting of Theorem 13. Let S; be a copy of S for each ¢ € I, where S; are
disjoint. Modify X; so that it takes values in S;, and we are in the setting of
this section. Thus, we can think of random variable U as selecting the copy 5.
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Puri and Rubin [25] have shown that in ([0, c0)*, 4), the only distributions
with constant rate with respect to Lebesgue measure are mixtures of exponential
distributions. This result does not hold for general posets.

Suppose that (T, <) is a standard discrete poset with minimal element .
Suppose there exist subsets R and S of T with the property that RUS =T,
RNS ={u}and for x € R— {u} and y € S — {u}, = || y. Conversely, given
disjoint standard discrete posets (R, =) and (S, <) with minimal elements a and
b, respectively, we could create a new poset (T, <) by joining a and b to create
a new vertex u.

Suppose now that F' is the upper probability function of a distribution with
constant rate @ on (R, <) and that G is the upper probability function with rate
a on (S,=). We can extend F to T by F(x) =0 for x € T — R, and similarly,
we can extend G to T by G(z) =0 forx € T — S.

Proposition 47. F and G are the upper probability functions of distributions
with constant rate « on T' (but of course, not support T in general).

Proof. We prove the result for F'; the proof for G is identical. First

Z aF(z) = Z aF(z) =1

zeT TER

Next, for x € R,

Y aF(y)= Y. aF(y) =F(x)

y€el[z] yel[z]NR
while for z € S — {u},
S aFp) = Y aF(y) =0=F()

y€el[z] yel[z]NS
]

It now follows from our general Theorem 13 that for p € (0, 1), the mixture
distribution with upper probability function H given by

H(z)=pF(x)+ (1 —-p)G(z), z€T

has constant rate o on 7. In particular, if (R, <) and (S, <) support constant
rate distributions, then so does (7', <) (and with an additional free parameter,
namely p).

5.6 Special constructions

In this section we describe two special constructions for a standard discrete
poset (S, ).

For the first construction, we fix v € S and then add a new element u so that
v covers u. Thus, we have constructed a new poset (T, <) where T'= S U {u}.
The new partial order is defined as follows: for z, y € S, * <y in T if and only
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ifr <yinS. Forx € S, z > win T if and only if z > v in S. Finally, no z € S
satisfies * < w in T. Thus, u is minimal in 7T'.

Suppose now that F' is the upper probability funciton of a distribution with
constant rate « on (S, <X). Define G on T by

Glz) = %;TF(U)F(@, zes
_ F(v)
Glu) = 1—a+aF(v)

Theorem 14. The function G is the upper probability function of a distribution
with constant rate o on (T, X).

Proof. Let C =(1—-a)/(1 —a+ aF(v)). Forz € S,

Y aGly)=C> aF(y) = CF(x) = G(x)

Also,
Y aGy) = aG(u) + C Y aF(y) = aG(u) + CF(v)
) _ aF@) | (1-)F()
l—a+aF(v) 1—a+aF(v)
__ F) _
l-—a+aF(v) = G)
Finally,

ZaG(m) = aG(u) +C’ZaF(m) =aGu)+C
zeT zeS
B aF(v) e B
Cl—a+aF(v) * 1—a+ aF(v) =1

O

Our next construction requires a definition. A point u € S is a chain point
if for every z € S, either x < uw or u < z. For a fixed chain point © € S we
can split v into two new vertices v and w, to create a new set 1. We define the
partial order on T as follows:

1. For x € S, if x covers u in S then x covers v and = covers w in T.
2. For z € S, if u covers x in S then v covers x and w covers x in T'.

3. For z,y € S — {u}, if y covers x in S then y covers = in T
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Theorem 15. Suppose that (S5, <) is a standard discrete poset with a chain
point u. Suppose that F' is the upper probability function of a distribution with
constant rate « on S. Let (7T, <) be the poset obtained by splitting S at the
chain point u (into new points v and w). Define the function G on T by

L F(u) if x € {v,w}

T+a
G(z) = H%F(w) ifx>=wuinS
F(x) ifr <uin S

Then G is the upper probability function of a distribution with constant rate «
onT.

Proof. In the definition of G note that « > u in S if and only if > v in T and
x> win T. Similarly x < w in S if and only if x < v in T and x < w in T.
Also, since w is a chain point in S, € T if and only if x € {v,w} or £ < u in
S or z > uin S and these statements are mutually exclusive.

First we show that aG is a probability density function.

Z aG(z) = aG(v) + aG(w) + Z aG(x) + Z aG(x)
zeT U r<u
= - j_‘ —F(v) + %F(w) + % 1LLO[F(Q;) +3 aF(x)

r<u

But since F' is the upper probability function of a constant rate distribution on
S, and since v is a chain point,

ZaF(m)zl—ZaF(m)zl—F(u)

r<u Tru

Also,

> - j_‘aF(x) = H% > aF(z) — aF (u)
1 B 11—«
= TP —aF(w)] = {—F(u) (12)

Substituting gives

;Taa(x) = 1?@F(u) + L_FZF(U) +1—F(u)=1

so aG is a probability density function on 7'
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Finally, we show the constant rate property. First

Z aG(y) +ZaG

y=Tv y=u
« «
=—F F
14+« (u)—i_;l—ka Y

1 1
T 1ta y}uaF(y) = mF(U) =G(v)

Similarly,

> aG(y) = G(w)

yrrw

Next, suppose > v in T' (so that > u in S). Then

Y aGly) =Y aGly) =Y " F(y)

y=rx y=x yizlJra
L S aF(y) = ——F() = Gla)
= = z)=G(x
14+ yrx i 14%

Finally, suppose that z < u (so that # <7 v and z <7 w. Then

Z aG(y) = Z aG(y) + aG(v) + aG(w) + ZaG

y=rx r=<y=<u y=u
o
Za (y)+1+a ()+ +Zl+a
ry=<u
:ZaF ZaF F(u)—l—l_aF(u)
1+«
y=x y=u
= F(z) = F(u) + F(u) = F(z)
Note that we used (12) in the next to the last line. O

5.7 Joint distributions

In this section, suppose that (S, <g, ) and (T, <7, v) are standard posets, and
that (S x T, j,)\) is the direct product. Suppose that X and Y are random
variables taking values in S and T, respectively, so that (X,Y) takes values
in § xT. Let F denote the upper probability function of X, G the upper
probability function of Y, and H the upper probability function of (X,Y).

Theorem 16. If (X,Y) has constant rate v and X and Y have independent
upper events, then X and Y are completely independent and there exist o > 0
and B > 0 with a8 = y such that X has constant rate « and Y has constant
rate 3. Conversely, if X and Y are independent and have constant rates o and
B, respectively, then (X,Y) has constant rate v = af.
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Proof. Suppose that (X,Y) has constant rate v with respect to A and that X and
Y have independent upper events. Then H(z,y) = F(2)G(y) for x,€ S,y € T,
and hence (X,Y) has density h with respect to A given by h(x,y) = vH (z,y) =
vF(z)G(y) for z € S,y € T. It follows from the standard factorization theorem
that X and Y are independent. Moreover, there exists o and § such that X
has density f with respect to u given by f(z) = aF(z); Y has density g with
respect to v given by g(x) = SG(z); and af = 7.

Conversely, suppose that X and Y are independent and have constant rates
« and [ with respect to p and v, respectively. Then X has density f = oF with
respect to p and Y has density g = SG with respect to v, and by independence,
(X,Y) has density h with respect to A given by

hz,y) = f(2)9(y) = aF(2)BG(y) = abF (2)G(y) = afH(z,y), (z,y) € Sx T
Hence (X,Y’) has constant rate a3 with respect to A. O

In the second part of Theorem 16, if we just know that X and Y have
constant rates and have independent upper events, then we can conclude that
H is the upper probability function of a distribution with constant rate on
S xT. and that this distribution is the joint distribution of independent random
variables. However, we cannot conclude that this distribution is the distribution
of our given variables (X,Y"), unless we know that upper probability functions
on S x T completely determine distributions (that is, unless (S x T, =) has
distributional dimension 1.

In general, there will be lots of constant rate distributions on (S x T, <) that
do not fit Theorem 16.

Example 10. Suppose that (S x T') is a discrete poset and that S and T
have minimum elements e and ¢, respectivley. Suppose that (X,Y) is a random
variable taking values in S x T" with constant rate . As usual, let F', G, and H
denote the upper probability functions of X, Y, and (X,Y), respectivley, and let
f, g, and h denote the corresponding density functions. The upper probability
function of X is F(x) = H(x,€) while the density function is

fl@)=>"ha,y)=> aH(zy)

It certainly seems possible that (X,Y) could have constant rate without X and
Y having constant rate.

In particular, we can typically construct mixtures of constant rate distribu-
tions (Section 5.5) that do not satisfy the setting of Theorem 16.

Example 11. In the simplest example, suppose that (X7,Y7) and (X3,Y3) are
random variables taking values in the discrete poset (S x T, <). We assume that
(X1,Y1) and (X32,Y>) are independent and both have constant rate . Let U be
an indicator variable independent of (X7,Y7) and (X»,Y3) and let

(X,Y)=U(X1,Y1) 4+ (1 = U)(Xa,Y2) = (UX1 + (1 = U)X2,UY; + (1 — U)Y2)
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Then (X,Y) has the mixture distribution and hence it also has constant rate
v, although clearly X and Y will not be independent in general and may not
have constant rate. Speciallizing further, suppose X; and Y7 are independent
with constant rates oy, (31 respectively, with ;87 = v and that similarly X,
and Y5 are independent with constant rates s, B2 respectively, with as(G; = 7.
Then X and Y are still not independent and would still not have constant rate,
unless oy = ag and (51 = (.

The results of this section extend in an obvious way to the direct product of a
finite number of posets (S1, <1, p1), (S2, <2, t2), - - -, (Sn, =n, tn). On the other
hand, given a countably infinite collection of posets ((Sn,=<n,tn):n € Ny),
where S; has minimum element e; for each i, define

T ={(z1, z2, ...): z; € S; for all ¢ and x; = e; eventually in i}

Using component-wise constructions, the result of this section extend to the
poset (T, =, ).

5.8 Lexicographic sums

As in Section 3.6, suppose that (R, <g, 1) is a standard poset and that for each
x € R, (Sz, =4, V) is standard poset. We let (T, <, \) denote the lexicographic
sum of (S, <) over x € R.

Suppose now that (X,Y) is a random variable taking values in 7. Then X
takes values in R, and given X =z € R, Y takes values in S,. Unconditionally,
Y takes values in UzcrS,. We will let F' denote the upper probability function
of X and f the density function of X (relative to ). For x € R, we will let G,,
and g, denote the upper probability function and density (with respect to v)
of the conditional distribution of Y given X = x. Finally, we will let H and h
denote the upper probability function and density (with respect to A) of (X,Y).
Then

h(z,y) = f(x)g2(y), (x,y)eT
Also

H(z,y) =P(X,Y) = (z,9)]

[X =sxzor (X =zand Y =, y)]

(X =3 :C)JFIP(X =ux,Y =, y)

F(z) = p{ztf(x) + p{a} f(2)Ga(y)
=F(z) - p{z}f(@)[1 - Ga(y)], (w,y) €T

There are a couple of obvious special cases. If X has a continuous distribution,
so that p({z}) =0, then

P
P

H(z,y)=F(x), z€R,yeS,
If X has a discrete distribution, so that u is counting measure, then

H(z,y) = F(z) = f(z) + f(2)Ga(y) = F(z) = f(2)[1 = Ga(y)], (z,9) €U
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Suppose now that X has constant rate o on R, so that f = aF'. Then (X,Y)
has density h given by

Mz, y) = aF(2)g2(y), (z,y) € T

and upper probability function H given by

H(z,y) = F(x)l — apf{a}F(2) + op{z} F(2)Ga(y)
= F(2)[1 — ap{z} + ap{z}Ga(y)l, (z,9) €T

If X has a continuous distribution (and constant rate «), then (X,Y") will
have constant rate g if

ozF(ac)gx(y) = ﬁF(.’lﬁ), (x,y) eT

or equivalently we need g,(y) constant in (x,y) € T. This can only happen
if v;(S;) is constant in x and the conditional distribution of ¥ given X = x
is uniform on S,. In the special case that S, = S for each z, the condition
for (X,Y) to have constant rate is that X have constant rate o, X and Y be
independent, and Y uniformly distributed on S.

If X has a discrete distribution (and constant rate a), then (X,Y") will have
constant rate g if

aF(2)g.(y) = BF(2)[1 — a+aG.(y)], (z,y) €T

or equivalently,

LI

9e(y) = =[1 —a+aG.(y)], (v,y)eT (13)

That is, we need g, (y)/[1 — o + G4 (y)] constant in (z,y) € T. In the discrete
case, when S, is finite for each x, so we might be able to satisfy (13) by working
backwards from the maximal elements of .S,.

5.9 Pairs of independent variables

First we consider independent random variables X and Y taking values in a
standard poset (S, <,\). Let F and G denote the upper probability functions
of X and Y, respectively.

Proposition 48. Suppose that X has constant rate o and let

1
;:/SF({L')G(I')CZ)\({L‘)

Then P(X <Y) = o/ and the conditional density of X given X <Y is vFG.

Proof. By assumption, f = aF is a density of X with respect to A and therefore

P(X <Y)=E[P(X <Y | X)] = E[G(X)] = /SaF(x)G(x)d)\(a:) - %
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Next, if A € B(S), then
PXeA X <XY)=EPX €A X=<Y|X)

=E[G(X), X € A] = /AG(:L')aF(x)d)\(x)

and therefore
PXeA|X<Y)= / YF(2)G(z)dA(x)
A

so the conditional density of X given X <Y is vFG. O

Problem 12. Find conditions on X and Y so that the conditional distribution
of X given X <Y has constant rate. That is, find conditions on X and Y
so that the conditional distribution of X given X < Y has upper probability
function FG.

= (/7. If X has constant rate «

If Y has constant rate 3, then P(Y < X)
= 0 (which would be the case if X or

and Y has constant rate § and P(X =Y)
Y have a continuous distribution) then

a+p

PXY)=1-

On the other hand, suppose that S is discrete (with counting measure as the
reference measure, of course). Suppose that X has constant rate o and that Y
has constant rate 3. As above let

v=Y F)G(x)

zeSs

Then as above, P(X <Y) = «a/y and P(Y < X) = /7. Moreover,

P(X =Y) =E[P(X =Y | X)] = E[BG(X)] = aﬂ%p(x)g(m) _ 0475
Therefore
IE”(X<Y)a(17m, IP(Y<X)5(170‘)
IE”(XLY)ZM, P(X | y)zw

Problem 13. Recall that if (S, =) is a lower semi-lattice, then the upper prob-
ability function of X Ay is F'G. Find conditions on X and Y so that X AY has
constant rate.
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5.10 Gamma distributions

As usual, assume that (S, <, A) is a standard poset. Recall the cumulative func-
tions A,, n € N discussed in Section 2.2 and the discussion of ladder variables
in Section 4.7.

Suppose that F' is the upper probability function of a distribution on S with
constant rate a. Let X = (X7, X3, ...) be a sequence of independent, identically
distributed random variables with this distribution, and let Y = (Y1, Y3,...) be
the corresponding sequence of ladder variables. The following results follow
easily from the general results in Section 4.7.

Proposition 49. Y is a homogeneous Markov chain on S with transition prob-
ability density g given by

g9(zly) = a?g;7 ye S, zely

Proof. From Proposition 43, Y is a homogeneous Markov chaing with transition
probability g given by

o(y,2) = j;(y) yes, zelly

so if X has constant rate «,

g(yaz):ai“gzi? y€S7Z€I[y]

O

Proposition 50. (Y7,Y5,...,Y,,) has probability density function h,, given by

hn(ylay27"'7yn):anF(yn)a (yl,y27~--7yn)€Dn

Proof. From Corollary 9, (Y1,Y2,...,Y,,) has probability density function h,
given by

P (1,92, -+ yn) = 1(W1) f(y2) - 7 (Wn-1)F(Un),  (Y1,Y25---,Yn) € Dy

where r is the rate function. Hence, if X has constant rate «,

P (1,92, -+ yn) = " F(yn), (1,92, Yn) € Dy

Proposition 51. Y,, has probability density function g, given by

gn(y) =" A1 (y)F(y), yeS
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Proof. From Corollary 10, Y, has probability density function g, given by
gn(y) = f(y)/ [ ]r(y1)7"(y2) o (Yn)AN T Y1, Y2, Yn), Y ES
Dyn-1ly

Hence, if X has constant rate «,

gn(y) ="M\ (y)F(y), yeS
O

Proposition 52. The conditional distribution of (Y7,Ys,...,Y,_1) given Y,, =
y is uniform on D, _1[y].

Proof. By Corollary 11, (Y1,Ys,...,Y,,_1) given Y,, = y has probability density
function given by

1
hn—l(yla e ayn—1|y) = C 71[y]7’(yl) T T(yn—1)7 (y17 e ayn—l) € Dn—l[y]

where C,,_1[y] is the normalizing constant. Hence, if X has constant rate,
hn—1(-]y) is constant on D,,_1[y] (and then of course the constant is 1/\,—1(y)).
O

We will refer to the distribution with density g,, as the gamma distribution of
order n associated with the given constant rate distribution. When X is an IID
sequence with constant rate a, the sequence of ladder variables Y is analogous
to the arrival times in the ordinary Poisson process. By Proposition 52, this
process defines the most random way to put a sequence of ordered points in S.
The conversse of Proposition 52 is not quite true.

Example 12. Consider the poset (5, =) that consists of two parallel chains.
That is,
S = {ao,al,. . } U {b07b17~ . }

where ag < a1 < -+, bp < by <---, and a; || b; for all 4,5. Let f: S — (0,1)
be defined by

flan) =pa(l = )", f(by) = (1 =p)B(1=B)"; neN

where o, 3,p € (0,1) and « # 3. It’s easy to see that f is a PDF with corre-
sponding UPF given by

Fla,)=p(l—-a)", F(b,)=1—-p)(1-p5)"; neN
Hence the rate function r is
r(an) =a, r(by) =0; neN

if X is an IID sequence with PDF f and Y the corresponding sequence of ladder
variables then from Proposition 52, the conditional distribution of (Y7,...,Y,_1)
given Y,, = y is uniform for each y € S, yet X does not (quite) have constant
rate.
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Proposition 53. Suppose that (S, =< A) is a standard, connected poset, and
that Y is the sequence of ladder variables associated with a sequence of IID
variables X. If the conditional distribution of Y7 given Y5 = y is uniform on
D[y], then X has a distribution with constant rate.

Proof. The conditional distribution of Y7 given Yo =y is

ha (41 ) = %Mr@l), v € Dly]

But this is constant in y; € D[y] and hence r is constant on D[y] for each y € S.
Thus, it follows that r(z) = r(y) whenever L y. Since S is connected, for
any z,y € S, there exists a finite squence (xg,x1,...,x,) such that x = zo L
x1--- L x, =y. It then follows that r(z) = r(y). O

Problem 14. Suppose that Y = (Y1,Y5,...) is an increasing sequence of
random variables in S with the property that the conditional distribution of
Y1,Ys,...,Y,_1) given Y,, = y is uniform on D,,_1[y| for every n € N, and
y € S. What, if anything, can we say about the finite dimensional distributions
of Y? In particular, under what additional conditions can we conclude that
Y is the sequence of ladder variables associated with an IID sequence X with
constant rate?

5.11 The point process

Let F be the upper probability function of a distribution with constant rate
a on a standard poset (S, <X,A). Let X = (X1, Xs,...) be a sequence of in-
dependent random variables, each with the constant rate distribution, and let
Y = (Y1,Y2,...) be the corresponding sequence of ladder variables as in Section
5.10. Recall the basic notation and results from Section 4.8 on point processes.
Thus, for x € 5, let

N, =#{neN;:Y, <z}

That is, N, is the number of random points in D[z]. Then Y,, < z if and only if
Ny >nforneNyand xz € S. For n € Ny, let G, denote the lower probability
function of Y,,, so that

Gn(@) =P(Yo, 22), z€S

For xz € S,

so that for fixed x € S, n — G,(x) is the upper probability function of N,.
Recall also that for z € S:

P(N, =n) =Gp(z) — Gpy1(z), neN
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Now, using the probability density function of Y;,, we have

() = /D R OF D) = /D ORI
:E[Oénil)\n_l(X),le‘], TLGN_A,_, resS

where X is a variable with the constant rate distribution (that is, X has prob-
ability density function f = «F'). Thus for fixed « € S, the upper probability
function of N, is given by

P(N, >0)=1
P(N, >n) =a" 'E[\,_1(X), X <z], neN,

while the probability density function is given by

P(N, =0)=1-P(X <)
P(N, =n) =a" 'E[\,_1(X) — o\ (X),X <2], neN,

Also,

E(N,) = iE[a”’l)\n_l(X),X < 1]

E|> o™ 'N\a(X), X 22| =E[A(X,a), X < 1]

n=1

where, we recall, the generating function associated with A is
Az, t) = Zt”)\n(aﬁ)
n=0
The function m : S — [0, 00) defined by
m(z) =E(N,) = Y Gu(z) = E[A(X,q), X < 2]

is the renewal function.

Our next topic is thinning the point process. As above, suppose that Y =
(Y1,Y5,...) is the sequence of gamma variables corresponding to a distribu-
tion with constant rate o and upper probability function F. Let N have the
geometric distribution on Ny with rate parameter r € (0,1) so that

P(N=n)=r(1-7r)""', neN,

Moreover, we assume that N and Y are independent. The basic idea is that we
accept a point with probability r and reject the point with probability 1 — r, so
that Yy is the first point accepted. We are interested in the distribution of Y.

69



Theorem 17. The probability denstiy function g of Yy is is given by
g(z) =ral[z,a(l —r)|F(z), xz€S
where again, A is the generating function associated with (A, : n € N).

Proof. For x € S,

= Z r(1—r)"ta"\,_1(2)F(2)
n=1
= arF(zx) Z[a(l M) A1 (2)
n=1

= arF(x)Alz,a(l — )]

In general, Yy does not have constant rate.

6 Memoryless and Exponential Distributions

In this chapter, we assume that (S, -, \) is a standard positive semigroup. Be-
cause of the algebraic, topological, and measure-theoretic assumptions, this is
the natural home for exponential properties, aging properties, and related con-
cepts.

6.1 Basic definitions

Suppose that X is a random variable taking values in S. Most characterizations
of the exponential distribution (and its generalizations) in Euclidian spaces are
based on the equivalence of the residual distributions with the original distribu-
tion, in some sense. In the setting of a positive semigroup, such properties take
the form

Pz 'X € A| X =x)=P(X € A),

or equivalently,
P(X € zA) =P(X = 2)P(X € A) (14)

for certain z € S and A € B(S).

Definition 37. We will say that X has an exponential distribution if (14) holds
for all x € S and A € B(S). We will say that X has a memoryless distribution
if (14) holds for all € S and all A of the form yS, y € S.
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Note 35. Thus, if X has a memoryless distribution then
P(X =ay) =P(X = 2)P(X =y), x,ycS
Equivalently, if F' is the upper probability function of X then
Flay) = F(2)F(y), =,y€S

A random variable with an exponential distribution has the property that the
conditional distribution of x=1X given X > x is the same as the distribution
of X. If X has only a memoryless distribution, then the conditional upper
probability function of 7' X given X > z is the same as the upper probability
function of X. An exponential distribution is necessarily memoryless, but as we
will see, a memoryless distribution may not be exponential. On the other hand,
if the distributional dimension of (.S, -) is 1, that is if the upper probability func-
tion of a distribution uniquely determines the distribution, then a memoryless
distribution is necessarily also an exponential distribution.

Note 36. Recall from Halmos [15] that a positive measure u on a locally com-
pact topological group S is said to be relatively invariant if

w(zA) = F(z)u(A), =xze€S, AecB(S)

for some function F': S — (0, c0). Suppose that we replace group with positive
semigroup in this definition, and let p be a probability measure. Then letting
A = S gives F(z) = p(xS), so that F is the upper probability function of the
distribution. Thus an exponential distribution is simply a relatively invariant
probability measure.

6.2 Invariant pairs

Definition 38. Suppose that X is a random variable taking values in S. If
xz € Sand A € B(S), we will call (x, A) an invariant pair for X if the exponential
property holds for (x, A):

P(X € 2A) =P(X = 2)P(X € A)
Definition 39. If X is a random variable taking values in S, let
Sx ={xeS:P(X €xA)=P(X = 2)P(X € A) for all A € B(S)}

That is, Sx consists of all z € S such that (z, A) is an invariant pair for X for

all A € B(S).

Proposition 54. If X is a random variable taking values in S, then Sy is a
complete sub-semigroup of S.
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Proof. Let z, y € Sx and let A € B(S). Then

PIX € (zy)A] = P[X € 2(yA)] = P(X = 2)P(X € yA)
=P(X = 2)P(X = y)P(X € A)

In particular, letting A = S we have
P(X = zy) = P(X = 2)P(X = y)
Substituting back we have
PIX € (2y)A] = P(X > zy)P(X € A)

and hence 2y € Sx. Now suppose that 2, y € Sx and z < y. Let u = 271y so
that zu = y. Let A € B(S). Since x € Sx we have

P(X € zud) =P(X = 2)P(X € uA)
On the other hand, since y = zu € Sx we have

P(X € zud) =P(X = zu)P(X € A)
Again, since z € Sx we have

P(X = 2u) =P(X € 2uS) =P(X > 2)P(X € uS) =P(X = 2)P(X = u)
Substituting we have
P(X = 2)P(X € ud) =P(X = 2)P(X = u)P(X € A)
Since P(X = x) > 0, we have
P(X € ud) =P(X = v)P(X € A)

and therefore u € Sx. O

Note 37. If P(X € Sx) > 0, then the conditional distribution of X given
X € Sx is exponential on the positive semigroup (S, -). In particular, this
holds if (5, -) is discrete. However, it may well happen that Sx = {e}. For any
random variable X on a discrete positive semigroup, the conditional distribution
of X given X = e is exponential.

Definition 40. If X is a random variable taking values in S, let
Bx(S)={AeB(S):P(X €zA) =P(X = 2)P(X € A) for all z € S}

That is, Bx (S) consists of all A € B(S) such that (z, A) is an invariant pair for
X forall z € S.

Proposition 55. Bx(.9) is closed under countable disjoint unions, proper dif-
ferences, countable increasing unions, and countable decreasing intersections
(and hence is a monotone class).
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Proof. Let (A1, Aa,...) be a sequence of disjoint sets in Bx(S) and let z € S.
Then (zA1,xAs,...) is a disjoint sequence and

IP(XExGAl) :IP(XE G$A1> :iIP’(XEJ:Ai)
i=1 i=1 i=1

:iP(X>x) P(X € A;)

Hence (J;2, A; € Bx(S). Let A, B € Bx(S) with A C B and let z € S. Then
zA C B so

PX € 2(B—-A)=PX € (ekB—2A)|=P(X € 2B) —P(X € z4)
=P(X > 2)P(X € A) —P(X > 2)P(X € B)
—P(X = 2)[P(X € B) — B(X € A)
— P(X = 0)P[X € (B — 4))
and hence B — A € Bx(S). Of course S € Bx(S) and hence the other results
follow. O

Proposition 56. Suppose that X is a random variable taking values in S.
Then X has an exponential distribution on (S, -) if and only if Bx (S) contains
the open sets if and only if Bx (S) contains the compact sets.

Proof. Of course if X has an exponential distribution, then by definition, Bx (.5)
contains all Borel sets. On the other hand, if Bx (S) contains the open sets, then
it also contains the closed sets and hence the algebra of open and closed sets.
By the monotone class theorem, Bx (S) = B(S).

Similarly, if X has an exponential distribution, then Bx(S) contains the
compact sets. Conversely, if Bx (S) contains the compact sets, then it contains
the algebra of compact sets and their complements. By the monotone class
theorem, Bx (S) = B(S) . O

6.3 Basic properties and characterizations

Proposition 57. Suppose that X takes values in S. Then X has an exponential
distribution on (S, -) if and only if
Elp(z7'X) | X = 2] = E[p(X)]

or equivalently
Elp(a™!X), X = 2] = P(X = 2)E[p(X)]

for every bounded, measurable ¢: S — R.
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Proof. Let ¢ =14 where A € B(S). Then
Elp(z ' X | X = 2] =Pz ' X € A| X = 2) =P(X € A) = E[p(X)]

That is, equation for the expected values is precisely the exponential property.
The general result now follows by the usual methods. O

Corollary 14. Suppose that X has an exponential distribution on (S, -) and
that ¢: § — R is bounded and measurable. Then

E[p(X), X € 24] = B(X = 2)E[$(zX), X € 4]
Proof. Let ¢(z) = 14(2)1(22) and apply the previous theorem. O

Lemma 2. Suppose that X has an exponential distribution on S with upper
probability function F'. Then F is continuous.

Proof. Suppose that z, , € S for n € Ny and z,, — « as n — oco. Let y,
z € S satisfy x < y < z. Then e, y] is a neighborhood of x so there exists
N € N; such that x,, € [e, y] for n > N. Also yS is a neighborhood of z so
there exists a compact neighborhood K of z and an open neighborhood U of z
with K C U C yS. Since S is locally compact and Hausdorff, there exists a
continuous function ¢: S — [0, 1] such that ¢ =1 on K and ¢ = 0 on U°. Tt
follows that for n > N,

E[p(X), X = an] = E[p(X), X = 2] = E[p(X), X € U]

Next note that for n > N, E[o(x,X)] > 0 and E[p(zX)] > 0 since p(x,t) =1
for t € 2,;'K, and ¢(zt) = 1 for t € 27'K and these sets have nonempty
interior. By continuity and bounded convergence,

Elp(z,X)] — Elp(zX)] as n — o0
From the exponential property (see Corollary 1),
Elp(X); X = 2] = F(2)E[p(xX)]

But as noted above, E[p(X), X = z] = E[p(X), X € U] and therefore we have

 Elp(X), X € U]
Fo) = =g (@]
Similarly,
Y Fla,) = E[p(X), X € U]
Y Elp(en X))

Taking limits we have F(z,) — F(z) as n — oo and hence F' is continuous.
Also, since xS has nonempty interior and X has support S, F(x) > 0 for each
x. O
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Corollary 15. Suppose that X has an exponential distribution on S. Then
z — P(X € xzA) is continuous on S for each A € B(S).

Proof. This follows immediately from the previous lemma, since for fixed A €
B(5),
P(XezA)=F(x)P(X € A), z€8

O

Theorem 18. Suppose that X is a random variable taking values in S. Then X
has an exponential distribution if and only if X is memoryless and has constant
rate with respect to a left-invariant measure on S.

Proof. Let F denote the upper probability function of X. Suppose that X has
an exponential distribution. Then trivially, X is memoryless. Let p be the
positive measure on S defined by

1
A =E(—=—=,X€A AeB(S
W) =B (g X €4), AcB(s)
That is, u has density function 1/F with respect to the distribution of X and
hence, since F' is positive, X has probability density function F' with respect to
. That is, X has constant rate 1 with respect to u:

P(X € A) = /A F(z)dp(z), Ac B(S)

Let x € S and A € B(S). By the expected value version of the exponential
property and by the memoryless property,

p(zA) = E (F(lX)X e a:A> _ F(2)E (F(;X)X € A)

=F(z)E (F(a;)lF(X)’X € A) =E (F(lX)’X € A) = u(A)

Thus, p is left-invariant.

Conversely, suppose that X is memoryless and has constant rate a with
respect to a left-invariant measure A on S. Thus f = aF is a density function
of X with respect to A\. Let x € S and A € B(S). Then, using the memoryless
property and the integral version of left-invariance, we have

P(X € zA) :/

A

aF (y)d\(y) = / aF(xz)d)\(z)

A
= F(x) /A aF(2)d\(z) = F(z)P(X € A)

Hence X has an exponential distribution. O
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Note 38. This proof is essentially the same as the characterization of relative
invariant measures in locally compact groups given in Halmos. Note also that
since S has a unique left-invariant measure, up to multiplication by positive
constants, the exponential distribution with a given upper probability function
is unique.

Theorem 19. Suppose that F': S — (0, 1] is measurable. Then F is the upper
probability function of an exponential distribution if and only if

F(zy) = F(2)F(y); z,y€S (15)
[5 Fz)dA\(z) < o0 (16)

in which case the rate constant is the reciprocal of the integral in (16).

Proof. Suppose that F' is the upper probability function of an exponential dis-
tribution that has rate . Then the distribution is memoryless so (15) holds,
and

1 1
/SF(x)d)\(x) —/Saf(x)d)\(x) =

Conversely, suppose that F': S — (0, 1] is measurable and that (15) and (16)
hold. Let f = aF where « is the reciprocal of the integral in (16). Then f is a
probability density function by (16). Suppose that X is a random variable with
this distribution. For z € S and A € B(S), using (15) and the integral version
of left-invariance, we have

PO ead) = [ Jwaxe) = [ aFuasy) = [ aF@a)are)
~ F2) / aF(2)dN(z) = F(z) / F(2)AN(z) = F(2)P(X € A)
A A

Letting A = S we see that F is the upper probability function of X, and hence
X has constant rate o with respect to A. And then, of course, X is memoryless
by (15). O

Note 39. Since S has a unique left-invariant measure, up to multiplication by
positive constants, this theorem gives a method for finding all exponential dis-
tributions on S. It also follows that the memoryless property almost implies the
constant rate property. More specifically, if F' is an upper probability function
satisfying (15) and (16), then f = «F' is the probability density function of
an exponential distribution (where again, « is the reciprocal of the integral in
(16)), but (if (S,-, A) does not have distributional dimension 1), then there may
be other PDFs with upper probability F' that do not have constant rate. This
can happen, as we will see, in Section 11.2. The only other possiblity is given
in the follow problem.

Problem 15. Is it possible to have an upper probability function that satisfies
the memoryless property in (15), but for which the integral in (16) is infinite?
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Corollary 16. Suppose that X has an exponential distribution on S with upper
probability function F' and constant rate o. Let r > 0. If

1 T
o :/SF (x)dA(z) < o0

(in particular if » > 1) then F" is the upper probability function of an expo-
nential distribution with rate «..

Proof. Clearly F"(xzy) = F"(z)F"(y) for z,y € S. Thus the result follows
immediately from the previous theorem. O

In particular, it follows that if a positive semigroup has an exponential dis-
tribution, then in fact it supports at least a one-parameter family of exponential
distributions.

Proposition 58. Suppose that f is a probability density function on .S, and
that

f@)fly) =G(zy), ze€S yeS

for some measurable function G : S — [0,00). Then f is the density of an
exponential distribution.

Proof. First we let y = e to conclude that G(x) = a.f(x) where o = f(e) > 0.
Let F' denote the upper probability function of f. Then

/ —G(y)dA(y /Gxud)\

/f M) = = f(@), ze8

F(z)

Thus, the distribution has constant rate a with respect to A. Finally,

1 1
F(zy) = —f(ay) = = Glay) = 5 f(2)f(y) = F2)F(y)
so the distribution is memoryless. O

Suppose that the positive semigroups (S, -) and (7, -) are isomorphic, and
let ®: S — T be an isomorphism. Recall that if A is a left-invariant measure on
S, then the measure p defined by

u(B)=\(®71(B)), BeB(T)
is left-invariant on 7.

Theorem 20. Suppose that X is a random variable taking values in S and let
Y = &(X). If X is exponential or memoryless or has constant rate with respect
to A, then Y is exponential or memoryless or has constant rate with respect to
i = AP~ respectively.
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Proof. Suppose that X has an exponential distribution. For y € T and B €
B(T),
P(Y € yB) =P(®(X) € yB) =P (X € @ ' (yB))
=P(Xed '(y2 ' (B)=P(X =2 '(y)P(X €@ '(B))
=P(Y =z y)P(Y € B)

Hence Y has an exponential distribution. Suppose that X has a memoryless
distribution. For y, z € T,

G(yz) = F (' (y2)) = F (2~ ()@ '(2))
_F(71(y) F (27(2) = G)G(2)

Hence Y has a memoryless distribution. Suppose that X has constant rate
a > 0 with respect to A\. Then X has density function f = aF" with respect to
X and hence Y has density function g = (aF) o ®~! = a(F o ®~!) = aG with
respect to u. Thus Y has constant rate o with respect to u. O

Note 40. Suppose that (S, -) is a positive semigroup and that T is a topological
space which is homeomorphic to S. Let ®: .S — T be a homeomorphism. Define
the binary operation - on T by

uv = @@ (u)@ 1 (v)]

Recall that (T, -) is a positive semigroup isomorphic to (5, -). In particular, the
previous proposition holds.

6.4 Conditional distributions

Theorem 21. Suppose that X and Y are independent random variables taking
values in S. Suppose also that X has an exponential distribution with upper
probability function F' and Y has a memoryless distribution with upper prob-
ability function G. Then the conditional distribution of X given X < Y is
exponential, with upper probability function F'G.

Proof. First, since both distributions are memoryless, we have
(FG)(zy) = F(xy)G(zy) = F(z)F(y)G(z)G(y)
= F(2)G(z)F(y)G(y) = (FG)(z)(FG)(y), x,y€S

Since X has an exponential distribution, it has constant rate o for some a > 0.
Since G: S — (0, 1] we have
1 1
— = / F(z)G(z)d\(x) < / F(z)d\(z) = — < 0
s

Y s «

Thus, from our Theorem 19, it follows that F'G is the upper probability function
of an exponential distribution that has constant rate . It remains to show that
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this distribution is the conditional distribution of X given X <Y . Towards this
end, note that

P(X <Y)=EP(X <Y | X)] =E[G

/G )aF (z)dA(z —a/G ):%

Next, if A € B(S), then
PXeAX<Y)=EPX €A XY |X)
=E[G(X), X € A] = /AG(m)aF(x)d)\(m)

and therefore
PXeA|lX<Y)= / ~F(2)G(z)dA(x)
A

so the conditional density of X given X <Y is vFG. In particular, the condi-
tional upper probability function is FG:

P(X = 2| X <Y) —7/ Fly)Gy)dA(y) = 4 /SF(a:z)G(scz)d)\(z)

/ F(2)G(2)dN(z) = F(2)G(z), w €8

O

Note 41. Suppose that X and Y are independent variables with values in S,
and that each has an exponential distribution. Then the conditional distribution
of X given X <Y and the conditional distribution of Y given Y < X are the
same (both exponential with upper probability function F'G).

Proposition 59. Suppose that X and Y are independent random variables
taking values in S and that the distribution of Y is exponential with upper
probability function G. Then given X =< Y, the variables X and X 'Y are
conditionally independent and X 'Y has the same distribution as Y. The
conditional distribution of X given X XY is

E[G(X), X € A]

P(X € A| X 2Y) = ==

A€ B(S)

Proof. As in the previous theorem, let
1

~=B(X XY) =E[P(X 2 | X)) = E[G(X)]
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Then for A, B € B(S5),

P(X € A, XY € B,X <Y)

P(X <Y)
YP(X € A,Y € XB)
VE[P(X € A,Y € XB | X)]
FEP(Y € XB | X), X € 4]
FE[PY = X | X)P(Y € B| X), X € A]
VE[
VP(

P(XcAX 'YEB|X=2Y)=

E[G(X)P(Y € B), X € A
P(Y € B)E[G(X), X € A]

It follows from the standard factorization theorem that X and X 'Y are con-
ditionally independent given X <Y. Letting A =5,

P(X"'YeB|X=<Y)=PY € B)

Letting B = S,
E[G(X), X € A]

PXEA|X=<Y)= s

The following proposition gives a partial converse.

Proposition 60. Suppose that X and Y are independent random variables
taking values in S, and that X and X 'Y are conditionally independent given
X =XY. Suppose also that  — P(Y € zA) is continuous for each A € B(S).
Then the distribution of Y is exponential.

Proof. Let A, B € B(S). Form the independence assumptions, we have
PXeAY e XBP(X<Y)=PXecA X <XY)PY € XB)

Let p denote the distribution of Y, so that u(4) = P(Y € A) for A € B(S).
Then the last equation can be written

E[14(X) (X B)E[u(X S)] = E[14(X) (X S)E[u(X B)]
or equivalently,
E(La(X)u(XB)E[p(XS)]) = E (La(X)u(XS)E[u(X B)))
This holds for all A € B(S). Therefore for each B € B(S),
P(u(XB)E[u(XS)] = p(XS)E[u(X B)]) =

Since X has support S and © — p(2S) and x — p(xB) are continuous, it follows
that
p(xB)E[p(XS)] = p(@S)E[n(XB)], =< S, B eB(S)
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Letting x = e we see that

Substituting back, we have
w(@B) = p(zS)u(B),B € B(S), x€S, BeB(S)
so u is an exponential distribution on S. O

The collection of homomorphisms from (S, -) into ((0, 1], -) forms a commu-
tative semigroup under pointwise multiplication. The identity element is the
mapping 1 given by

1(z)=1, z€S8

Of course, many of these homomorphisms (such as 1) are not upper probability
functions for probability measures on S. Clearly this semigroup of homomor-
phisms has no nontrivial invertible elements and satisfies the left cancellation
law. Hence the collection of homomorphisms is a positive semigroup.

Note 42. Suppose that X and Y are independent random variables with upper
probability functions F' and G, respectively. Suppose also that X is exponential
and Y is memoryless. We showed earlier that the conditional distribution of X
given X XY is exponential, and has upper probability function F'G. But from
Proposition 37, if (S, <) is a lower semi-lattice, X AY also has upper probability
function FG. If (S, -) has distributional dimension 1, then it follows that the
distribution of X AY is the same as the conditional distribution of X given
X <Y, and in particular, that this distribution is exponential.

6.5 Joint distributions

Suppose that (S, -) and (T, -) are standard positive semigroups with identity
elements e and €, and with left-invariant measures p and v, respectively. Recall
that the direct product (S x T} -) is also a standard positive semigroup, where
S x T is given the product topology and where

(@, y)(u, v) = (zu, yv)

The measure A = p ® v is left-invariant.

Suppose also that (X,Y) is a random variable with values in S x T and upper
probability function H. Let F and G denote the upper probability functions of
X and Y, respectively.

Lemma 3. Suppose that X and Y are random variables taking values in S and
T respectively. If X and Y are independent, and (z, A) is an invariant pair for
X and (y, B) is an invariant pair for Y, then ((z,y), A x B) is an invariant pair
for (X,Y). If ((z,€),A x T) is an invariant pair for (X,Y) then (z, A) is an
invariant pair for X. If ((e,y), S x B) is an invariant pair for (X,Y") then (y, B)
is an invariant pair for Y.
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Proof. Suppose that (x, A) and (y, B) are invariant pairs for X and Y respec-
tively. Then by independence,

P(X,Y) € (z,y)(Ax B)) =P((X,Y) € zA x yB)
X ezAY e yB) =P(X € 2zA)P(Y € yB)

(
(
(X = 2)P(X € A)P(Y = y)P(Y € B)
(
(

X=2,Y=yP(XecAY cB)

P
P
=P
P(X,Y) = (z,9))P((X,Y) € Ax B)

Hence ((z,y), Ax B) is an invariant pair for (X,Y"). Suppose that ((z,€), AxT)
is an invariant pair for (X,Y’). Then

P(X €ezA) =P((X,Y) € (zA) xT) =P(X,Y) € (z,¢e)(A xT))
—P((X,Y) = (z,))P((X,Y) € Ax T) = P(X = 2)P(X € A)

Thus, (z, A) is an invariant pair for X. Note that independence of X and Y is
not required. By a symmetric argument, if ((e,y), S x B) is an invariant pair
for (X,Y) then (y, B) is an invariant pair for Y. O

Theorem 22. (X,Y) is memoryless on (S x T, -) if and only if X is memoryless
on (S,), Y is memoryless on (7, -) and

H(z,y) = F(2)G(y), z€S,yeT (17)

Equation (17) is equivalent to the statement that {X >g z} and {Y > y} are
independent for all x € S, y € T

Proof. Suppose that (X,Y") is memoryless on (S x T\ -). For each x, u € S,
F(zu) = H(zxu,e) = H((x,€)(u,€)) = H(x,€)H(u,¢) = F(x)F(u)
so X is memoryless. By a symmetric argument, Y is memoryless. Moreover,
H(z,y) = H((z,€)(e,y)) = H(z,e)H(e,y) = F(z)G(y)

Conversely, suppose that X and Y are memoryless and (17) holds. Then for
(z,y), (u,v) € S xT,
H((z,y)(u,v)) = H(zu,yv) = F(zu)G(yv) = F(z)F(u)G(y)G(v)
= [F(z)GW)][F(u)G(v)] = H(z,y)H (u,v)

so (X,Y) is memoryless. O

Note 43. If (Sx T, -) has distributional dimension 1, then (X, Y) is memoryless
on (S xT,-)if and only if X and Y are memoryless on (5, -) and (7, -), respec-
tively, and X and Y are independent. However, not every positive semigroup
has the given property.
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Theorem 23. (X,Y) is exponential on (S x T, -) if and only if X is exponential
on (S,), Y is exponential on (7)), and X, Y are independent.

Proof. Suppose that X is exponential on (S, -), Y is exponential on (Y] -), and
X and Y are independent. From Lemma 3, for every z € S, y € T, A € B(S),
and B(T), ((x,y), A x B) is an invariant pair for (X,Y"). It follows that for fixed
(z,y) € S x T, the probability measures on S x T

C—Pl(X,Y) € (a,9)C]
C—P(X,Y) = (z,9)|P(X,Y) € C]

agree on the measurable rectangles A x B, where A € B(S), B € B(T). It follows
that these measures must agree on all of B(S x T). Conversely, suppose that
(X,Y) is exponential on (ST, -). For every z € S and A € B(S), ((z,€), AxT)
is an invariant pair for (X,Y). From Lemma 3, (z, A) is an invariant pair for
X, and therefore X is exponential on (S, -). By a symmetric argument, Y is
exponential on (7, -). But by Theorem 22, the upper probability function H of
(X,Y) factors into the upper probability functions F' of X and G of Y. Since
(X,Y) is exponential, it has constant rate with respect to A = p ® v. Thus
(X,Y) has a probability density function h of the form

ha,y) =vH(z,y) =vF(2)G(y), (2,y) € ST

where v > 0 is the rate constant. From the standard factorization theorem, it
follows that X and Y are independent. O

Note 44. The results of this section extend in an obvious way to the direct
product of a finite number of positive semigroups ((S1, -), (Sa, *), ..., (Sn, *)).
If (S;,-) is a discrete semigroup for ¢ = 1,2,..., then the results of this section
also extend in an obvious way to the semigroup

T ={(x1,22,...) : ; € S; and x; = e; for all but finitely many i}

Note 45. A generalized “exponential distribution” on a product space can
be defined by requiring certain invariant pairs. For example, in the positive
semigroup ([0, 00)?, +), suppose that we require the following to be invariant
pairs for a random variable (X,Y):

((z, ), C), ((, 0), A x[0, 00)), ((0, x), [0, 00) x A))

for any x € [0, c0), C € B([0, 00)?) and A € B([0, 00)). Then (X,Y) has a “bi-
variate exponential distribution” in the sense of Marshall and Olkin [19]. Note
that this is equivalent to requiring X and Y to have exponential distributions
individually, and for (X,Y") to have the memoryless property at pairs of points
of the form (z, z) and (z, w):

PX>z+zY2>2ae+w)=PX>zY >2)P(X >2Y >w)
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6.6 Gamma distributions

As usual, we assume that (.59, -, A) is a standard positive semigroup. Suppose that
X = (X1, Xo,...) is an IID sequence in S, with a common eponential distribu-
tion with PDF f and UPF F. Let Y = (Y1,Y5,...) denote the corresponding
partial product sequence, so that Y,, = X; X5 --- X,,.

Theorem 24. The distribution of (Y7, Ys,...,Y,,) has probability density func-
tion h,, given by

hn(ylay27"'7yn):anF(yn)7 (y17y27"'7yn)€Dn
Proof. By Corollary 8,

hn(yl7y2a tee ’yn) = f(y1>f(y1_1y2) e f(y’r:ilyn)’ (yla Ya,. .. ayn) S DTL

But by the constant rate and memoryless properties,

B (Y1, Y2, - Yn) = Q" F(y1)F(yy 'y2) - F(yn1yn) = o F(yn)
0

It follows that the sequence of ladder variables associated with X and the
partial product sequence associated with X are equivalent (that is, the two
sequences have the same finite dimensional distributions).

Corollary 17. The partial product sequence Y is a homogeneous Markov chain
with transition probability density g given by

9(y.2) = fly ') = ) Y€ S, z € I[y]

Corollary 18. Y,, has the gamma distribution of order n. That is, Y, has
probability density function

f*n _ Ozn)\nle

Corollary 19. The conditional distribution of (Y1,Ys,...,Y,,) given Y11 =y
is uniform on D, [y].

The condition in Corollary 19 characterizes the exponential distribution.

Theorem 25. Suppose that X and Y are independent, identically distributed
random variables taking values in S. If the conditional distribution of X given
XY = z is uniform on e, z] for every z € S then the common distribution is
exponential.

Proof. If A C S is measurable, then

P(X € A) = E(P(X € A|XY)) =E <W6XY]>

Me, XY
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and therefore X is absolutely continuous with respect to A. Let f denote a
density of X with respect to A, so that fo = f % f is a density function of XY
Then, with an appropriate choice of f,

= , Tz
f2(2) Ae, 2]
for each x >~ e. Equivalently,
_ fa(=y)
f@)fy) = New] ©€ S,yeS, ay e

It now follows from the characterization in Proposition 58 that f is the density
of an exponential distribution. O

The equivalence of the sequence of ladder variables and the sequence of
partial products also characterizes the exponential distribution.

Proposition 61. Suppose that X = (X1, Xs,...) is an IID sequence taking
values in S. Let Y denote the sequence of ladder variables and Z the sequence
of partial products. If Y and Z are equivalent then the distribution of X is
exponential.

Proof. As usual, let f denote the probability density function of X and F' the
upper probability function. Since Y7 = Z; = X7, the equivalence of Y and Z
means that the two Markov chains have the same transition probability density.

Thus,
f(z)

F(y)

=fly 'z), yeS zelly

Equivalently,
few) = F@)f(w), o, ues

Letting u = e we have f(z) = f(e)F(x), so the distribution has constant rate
a = f(e). But then we also have aF (zu) = F(z)aF (u), so F(zu) = F(x)F(u),
and hence the distribution is memoryless as well. O

Proposition 62. Suppose that F' is the upper probability function of a mem-
oryless distribution on S. Then (A, F) *« F' = A1 F.

Proof. Let x € S. From the memoryless property,

(O F) + Fl(z) = / M (D F()F(t12)d\ ()

[e,]

~ (o) /H An()AA(E) = F(2)Ans1 ()

85



6.7 Compound Poisson distributions

As usual, suppose that (S, -, \) is a standard positive semigroup. A random
variable X taking values in S has a compound Poisson distribution if

X =UUy---Uy

where (U1, Us,...) are independent, identically distributed random variables on
S and where N is independent of (U, Us,...) and has a Poisson distribution.

Proposition 63. Suppose that (X1, Xa,...) is a sequence of independent, iden-
tically distributed variables whose common distribution is compound Poisson.
Then for n € N, the partial product Y,, = X; X5 --- X,, is compound Poisson.

Proof. For each i € {1,2,...,n} we have

where (U;1, Ui, . . .) are independent and identically distributed, and where N; is
independent of (U;1,Uja, . ..) and has a Poisson distribution. Since (X1, Xo,...)
are independent and identically distributed, we can take U;; to be IID over all
i,j € Ny and we can take (Np, Na,...) IID with common parameter A, and
independent of (U;; : 4,7 € N1 ). Hence we have

n N;
Y. =110
i=1j=1

But this representation is clearly equivalent to Y,, = 1_[,]:'[:1 Vi where (V1, Va,...)
are IID (with the same distribution as the U;;), and where M = """ | N;. But
M has the Poisson distribution with parameter nA. Hence Y;, has a compound
Poisson distribution. O

We will see that exponential distributions are compound Poisson in many
special cases. Whenever this is true, the corresponding gamma distributions are
also compound Poisson.

Problem 16. Find conditions under which an exponential distribution on a

positive semigroup is compound Poisson.

6.8 Quotient spaces

As usual, we start with a standard positive semigroup (S, -, A). Suppose that T'
is a standard sub-semigroup of S and that X is a random variable taking values
in S with P(X €T) > 0.
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Proposition 64. If X has an exponential distribution on (.9, -) then the con-
ditional distribution of X given X € T is exponential on (7T, -), and the upper
probability function of X given X € T is the restriction to T of the upper
probability function of X:

PXrrz|XeT)=PX>z), z€T
Proof. For A€ B(T) and z € T,
P(X € zA)
P(X €1)
P(X = z)P(X € A)
P(X € T)
=PX>-2)P(XecA|XeT)

PXexzA|XeT)=

In particular, letting A = T, we have P(X =r z | X € T) = P(X » z) and
therefore

PXczA|XeT)=P(Xrra|XecT)P(XcA|XeT)
O

We will generalize and extend this basic result. Consider the setting of
Section 3.8 and suppose that X is a random variable taking values in S. We
impose Assumption 1, so that X can be decomposed uniquely as X = YrZp
where Y = o7 (X) takes values in T, and Zr = ¢ (X) takes values in S/T.
Our goal is the study of the random variables Y7 and Zp. When T = S, for
t € S — {e}, we simplify the notation to Y; and Z;. Note that Y; = ¢Vt where
N; takes values in N. The following theorem is our first main result.

Theorem 26. Suppose that X has an exponential distribution on S. Then
1. Y7 has an exponential distribution on T

2. The upper probability function of Y7 is the restriction to 7" of the upper
probability function of X.

3. Ypr and Zp are independent.

Proof. Let y € T, A € B(T), and B € B(S/T'). Then by the uniqueness of the
factorization and since X has an exponential distribution,

P(Yy € yA,Zy € B) = P(X € yAB) = P(X = y)P(X € AB)
=P(X = y)P(Yr € A, Zy € B). (18)

Substituting A =T and B = S/T in (18) gives

P(Yr =7 y) =P(X = y)
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so the upper probability function of Y is the restriction to T of the upper
probability function of X. Returning to (18) with general A and B = S/T we
have

P(Yr € yA) =P(Yr =1 y)P(Yr € A)

so Y7 has an exponential distribution on 7. Finally, returning to (18) with
A =T and general B we have

P(YT =T Y, Jr € B) = P(YT 7 y)IP(ZT € B)

so Zr and tail events of Y7 are independent. To get full independence, recall
that X has constant rate o with respect to A, so X has density f with respect
to A given by f(z) = aP(X * z) for x € S. Similarly, Y7 has constant rate with
respect to g on T. Thus the function g on S x S/T given by g(y, z) = f(yz) is a
density function of (Y7, Z1) with respect to u®v. By the memoryless property,

9, 2) = flyz) = oP(X Zyz) = aP(X Zy)P(X = 2), y€ S, z2€5/T
and so by the standard factorization theorem, Y and Zp are independent. [

Example 13. Consider the direct product of positive semigroups (Si,-) and
(S2,-) with the sub-semigroup and quotient space discussed previously. In this
case, Theorem 26 gives another proof of the characterization of exponential
distributions: (X7, X») is exponential on S7 x Sq if and only if X7 is exponential
on Sp, X is exponential on S, and X, Xo are independent.

Proposition 65. Suppose that X is a random variable taking values in S.

1. If P(X € T) > 0 then the conditional distribution of X given X € T is
the same as the distribution of Yy if and only if Y and {Z; = e} are
independent.

2. If P(X € S/T) > 0 then the conditional distribution of X given X € S/T
is the same as the distribution of Zp if and only if Zp and {Yr = e} are
independent.

Proof. Suppose that A € B(T). Then {X € A} = {Yr € A, Zr = e} and in
particular, {X € T'} = {Zr = e}. Thus,

P(X € A|IX €T)=P(Yr € A|Zr =e).
The proof of the second result is analogous. O

Corollary 20. Suppose that X has an exponential distribution on S.

1. If P(X € T) > 0 then the conditional distribution of X given X € T is
the same as the distribution of Y7, and this distribution is exponential on
T.

2. If P(X € S/T) > 0 then the conditional distribution of X given X € S/T
is the same as the distribution of Z.
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Corollary 21. Suppose that X has an exponential distribution on S and t €
S — {e}. Then N; has a geometric distribution on N with parameter p; =
1-—P(X = t):
P(Ny =n)=p:(1 —p)", neN.

Proof. By Theorem 26, Y; has an exponential distribution on S; and therefore
N; has a geometric distribution on N, since (S, -) and (N, +) are isomorphic.
Next, Ny > 1lif and only if Y; = ¢t if and only if X > ¢. Thus, the rate (or success)
parameter of the geometric distributionis p; = 1-P(N;, > 1) = 1-P(X = ¢). O

The following theorem is our second main result, and gives a partial converse
to Theorem 26.

Theorem 27. Suppose X is a random variable taking values in S and that
for each t € S — {e}, Y¥; and Z; are independent, and Y; has an exponential
distribution on Sy. Then X has an exponentially distribution on S.

Proof. Let p, denote the parameter of the geometric distribution of N, so that
P(N, =n) =p.(1 —p)", neN.

Let x € S and let A € B(S). Because of the basic assumptions, we have
A = U2 gz By, where B,, C S/S, for each n; the collection {z"B,, : n € N} is
disjoint. Similarly, 4 = U2 42" ™! B,, and the collection {z"*!'B,, : n € N} is
disjoint. From the hypotheses,

P(X € 2A) = ZIP’(X € z"'B,) = Z]P’(Nw =n+1,7Z, € By)
n=0

n=0

oo
= Zp:c(l - px)n+1P(Zx € Bn)-
n=0
Butalsol—p, =P(N, >1)=PY, = z) =P(X > z) so

P(X = 2)P(X € A) = (1 —p,) i P(X € 2"B,)

n=0

~(1 fpx)iP(Nr =n,Z, € B,)

n=0

= (1=p2) Y a1 = p2)"P(Z, € Bn).
n=0

If follows that P(X € zA) =P(X = z)P(X € A) and hence X has an exponen-
tial distribution on S. 0
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Part III
Examples and Applications

7 The positive semigroup ([0, ), +)

The pair (][0, 00),+) with the ordinary topology is a positive semigroup; 0 is
the identity element. The corresponding partial order is the ordinary order
<. Lebesgue measure A is the only invariant measure, up to multiplication by
positive constants. The cumulative function of order n € N associated with
Lebesgue measure A is

_Fv .’EG[0,00)

Hence the generating function associated with (A, : n € N) is given by

oo xn
Az, t) = Z = el
n=0

n!

This semigroup has dimension 1 in every sense.

7.1 Exponential distributions

A distribution is memoryless if and only if it has constant rate with respect to
Lebesgue measure if and only if it is exponential. The exponential distribution
with constant rate o > 0 has upper probability function F(z) = e~** and
probability density function f(z) = ae™ .

Let X have the exponential distribution on ([0, 00),4+) with rate parameter
a > 0 and upper probability function F', as given above. If Y is a random
variable taking values in [0, 00) then from our general discussion of entropy in
Section 4.9,

H(Y) < —In(a) — E[In(F(Y))] = —In(a) — oE(Y)

It follows that X maximizes entropy over all random variables with E(Y) =
E(X) = 1/a; the maximum entropy is

H(X)=1-In(a)

7.2 Gamma distributions and the Point Process

Suppose that X = (X, Xo,...) is a sequence of independent variables, each
having the exponential distribution with rate a. Let Y = (Y7, Ya,...) denote
the partial sum process, or equivalently, the sequence of ladder variables. The
distribution of (Y1, Y3,...,Y,) has density

hn(ylvaa"'ayn):O‘neiynv OSyISyQSSyn
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The transition density of Y is
g(y,2) =ae”¥D 0<y <z
Finally, Y,, has the gamma distribution with rate constant a and order n, with

probability density function

xn—l

fo(x) =" Ap_1(2)F(x) = a"me_m, x € [0, 00)

Of course, this is the standard gamma distribution.

The counting process {N,: z € [0,00)}, of course is the standard Poisson
process. To check our results, we will compute the renewal function via the
formula derived in Section 5.11:

m(z) = E(N,) = E[A(X, ), X <] =E(e**, X <)
= / e“ae”dt = ax, x€[0,00)
0

We also check the thinning result from Section 5.11: The probability density
function of Yy, the first accepted point is

g(x) = raA[z, (1 — r)a]F(z) = rae =% % = rae "% g € [0,00)

so Yy has the exponential distribution with parameter ra.

7.3 Sub-semigroups and quotient spaces

For ¢ € (0, 00), the sub-semigroup generated by ¢ is {nt : n € N} and the corre-
sponding quotient space is [0,t). The assumptions in Section 3.8 are satisfied;
thus, z € [0, 00) can be written uniquely as

x = tng(z) + z¢(x).

where n.(z) = |z/t] € N and z,(z) = x — tny(x) = z mod t € [0,?).
Suppose that X has the exponential distribution on [0, co) with rate param-
eter a. From Theorem 26,

1. N; and Z; are independent.

2. N, has the geometric distribution on N with rate parameter p; = 1 —e ™%,

3. The distribution of Z; is the same as the conditional distribution of X
given X < t and has density function s — ae=**/(1 — e~ ") on [0, ).

In this standard setting, we can do better than the general converse stated
in Section 3.8. Suppose that X is a random variable taking values in [0, 00).
Galambos & Kotz [8] (see also [1]) show that if N; has a geometric distribution
for all ¢ > 0 then X has an exponential distribution. We now explore a con-
verse based on independence properties of N; and Z;. Suppose that X has a
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continuous distribution with density function f and distribution function F. If
Zy and {N; = 0} are independent for each ¢ > 0 then we can assume (by an
appropriate choice of the density function) that

t)Zf(nt—i—s). (19)
n=0

for t € (0,00) and s € [0,t). However, it is easy to see that if X has an
exponential distribution, then (19) holds for all ¢ > 0 and s > 0. Thus, our
converse is best stated as follows:

Theorem 28. Suppose that (19) holds for s = 0 and for s = ¢, for all ¢ > 0.
Then X has an exponential distribution.

Proof. The hypotheses are that

Z f(nt), (0, 00) (20)

t) Z f((n+1)t), te(0,00) (21)
n=0

Thus from (21) we have
o oo
Z f(nt) (Z f(nt) )

Applying (20) gives f(t) = f(0) f(0) for t € (0,00). It follows that f
is differentiable on (0,00) and f’ ( ) —f(0)f(t) for s € (0,00). Therefore
f(t) = ae for t € (0,00), where o = f(0), and hence X has an exponential
distribution on [0, 00). O

Note 46. The quotient space here can also be viewed as a lexicographic product.
That is, (][0, 00), <) is isomorphic to the lexicographic product of (¢N, <) with

([0,t), <).

7.4 Compound Poisson distributions

Suppose that X has the exponential distribution on ([0, 00),+) with rate pa-
rameter v as above. Then it is well known that X has a compound Poisson
distribution.

8 The positive semigroup (N, +)

The pair (N, +) (with the discrete topology, of course) is a positive semigroup; 0
is the identity element. The corresponding partial order is the ordinary order <.
Since the space is discrete, counting measure # is the only invariant measure,
up to multiplication by positive constants.
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Proposition 66. The cumulative function of order n € N for counting measure

is given by
n+ax
#n(x)—< - >, xr e N4

Proof. The expression is correct when n = 0. Assume that the expression is
correct for a given value of n. Then

#nt1(z) = g#”(z) - i (NIZ> B <”+;+x)

2=0
by a well-known combinatorial identity. O

The generating function associated with (#, : n € N) is

L (nta " 1
A(x,t):Z( . )t :W, [t| <1, z €N

n=0

This semigroup has dimension 1 in every sense.

8.1 Exponential distributions

A distribution is memoryless if and only if it has constant rate with respect to
# if and only if it is exponential. The exponential distribution on (N, +) with
constant rate p € (0, 1) has upper probability function F(z) = (1 — p)* and
probability mass function f(z) = p(1 — p)*. Of course, this distribution is the
geometric distribution with success parameter p. This distribution governs the
number of failures before the first success in a sequence of Bernoulli trials with
success parameter p.

Suppose that X has the exponential distribution on (N, +) with rate pa-
rameter p € (0,1) and upper probability function F' as given above. If Y is a
random variable taking values in N then from our general discursion of entropy
in Section 4.9

H(Y) < —In(p) — E[(F(Y))] = —In(p) — E(Y) In(1 - p)

It follows that X maximizes entropy over all random variables Y with E(Y) =
E(X) = (1 — p)/p. The maximum entropy is

H(X) =—In(p) = (1 =p)In(1-p)/p

8.2 Gamma distributions and the point process

Suppose that X = (X7, X»,...) is a sequence of independent variables, each with
the exponential distribution on (N, +) that has constant rate p (that is, an IID
sequence of geometric variables). Let Y = (Y1, Y5,...) denote the corresponding
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sequence of ladder variables, or equivalently, the sequence of partial sums. Then
(Y1,Y2,...,Y,) has PDF

hn(ylay27 e ayn) = pn(l _p)ynv (y17y2a e ayn) S Dn

The transition probability density of Y is

9(y,z) =p(L—p)*7Y, y,z€N, y<z
Finally, Y,, has density function

n+x—1
T

fo(x) =p"#n-1(z)F(z) = p"( )(1 —-p)¥, zeN
which of course we recognize as the negative binomial distribution with param-
eters n and p. This distribution governs the number of failures before the nth
success in a sequence of Bernoulli trials with success parameter p.

Consider next the counting process (N, z € N) associated with Y. The
upper probability function of NV, is

Gn(z) = zx:p"<n+z_ 1)(1 —p)*, neN;

k=0

This does not seem to reduce to a simple closed-form expression, so let’s compare
our point process to one that’s more familiar. The variable Z, =Y,, + n is the
trial number of the nth success, in the usual Bernoulli trials formulation; Z,, has
the alternative negative binomial distribution. For the corresponding counting

process,
M, =#{k eNy : Z, <z}

is the number of successes in the first x trials, and of course has the binomial
distribution with parameters x and p. For our point process we have

N, =4#{keN;: Yy <z} =#{keN;:Z; —k <z}

The renewal function of our point process, on the other hand, is easy to compute:

T 1 . D
m(x)zE(Nm):;Wp(l—p) = 1_p($+1)7 reN

For the thinned point process, the probability density function of the first ac-
cepted point Yy is

g(x) =rpAlz, (1 —r)p|F(z) = rp[

1_ x
= P P , €N
l—p+rp\1l—p+rp

so Yn has the exponential distribution with constant rate rp/(1 — p + rp).
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8.3 Compound Poisson distributions

Suppose that X has the exponential distribution on (N, +) with rate parameter
p, as above. It is well known that X has a compound Poisson distribution.
Specifically, X can be decomposed as

X=U+Us+---+Upn

where (Ui, Us,...) are independent and identically distributed on Ny with a
logarithmic distribution:

(1-p"

A== )

5 ’I’LENJ,_

and where N is independent of (U, Us, . ..) and has a Poisson distribution with
parameter — In(p). From the general theory, if Y has the corresponding gamma
distribution on (N, +) with parameter n, then Y also has a compound Poisson
distribution. Specifically,

Y=Ui+Us+- + Uy

where the structure is the same, except that N has the Poisson distribution
with parameter —nIn(p). We will also need the following related result:

Proposition 67. Suppose that X,, has the Poisson distribution with parameter
A = (1 = p)"/n for n € N; where p € (0,1). Then Y = Y 77  nX, has the
geometric distribution with rate parameter p.

Proof. The probability generating function of X, is

E (t*) = exp(A,(t — 1)) = exp ((1_np)n(t - 1))

Hence the probability generating function of Y is

E(t) = ﬁ E (t"X) = ﬁ exp ((1 —n)" (t" — 1))

—(1—=p)t’

But this is the probability generating function of the geometric distribution with
rate parameter p. O
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8.4 Sub-semigroups and quotient spaces

For t € N, the sub-semigroup generated by ¢ is {nt : n € N} and the corre-
sponding quotient space is {0,...¢ — 1}. The assumptions in Section 3.8 hold.
Thus, = € N can be written uniquely as

x = tng(x) + 2z ()

where ny(z) = |z/t] € Nand z(r) =z — y(r) =2z mod t € {0,1,...¢t —1}.
Suppose that X has the geometric distribution on N with rate parameter p.
From Theorem 26,

1. N; and Z; are independent.

2. N; has the geometric distribution on N with rate parameter 1 — (1 — p)?,
and this is also the conditional distribution of X/t given X € T;.

3. Z; has probability density function k& — p(1 — p)*/(1 — (1 — p)!) on
{0,...,t — 1}, and this is the conditional distribution of X given X €
{0,1,...,t—1}.

As before, we are interested in a converse that is stronger than the general
converse in Section 3.8. Thus, suppose that X is a random variable taking
values in N, with density function f and (lower) distribution function F'. Then
the independence of Z; and {N; = 0} is equivalent to

fk)=F(t—=1))_ f(nt+k) (22)
n=0
for all t € Ny and all k € {0,...,t — 1}. However, as in the continuous case,

it is easy to see that if X has a geometric distribution, then (22) holds for all
k € N, not just k € {0,1,...,t —1}.

Theorem 29. Suppose that (22) holds for £ = 0 and for k = ¢, for all t € N
Then X has a geometric distribution.

Proof. The hypotheses are

f0) = Ft =13 f(nt), teN, (23)
n=0

F&)=F@t—=1)Y f((n+1)1), teNy (24)
n=0

From (23) and (24), it follows that

f@O) = FO-F(-1), teNy

and therefore F(t) = 1 — (1 — p)! for t € N where p = f(0). Thus, X has a
geometric distribution. O
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However, there are non-geometrically distributed variables for which N; and
Zy are independent. The following result is easy to verify.

Theorem 30. . Suppose that the support of X is {0,1} or {0,2} or {c} for
some ¢ € N. Then N; and Z; are independent for all ¢t € N .

The following theorem gives a partial converse:

Theorem 31. Suppose that X takes values in a proper subset of N and that
Z; and {N; = 0} are independent for all ¢. Then the support of X is one of the
sets in Theorem 30.

Proof. As usual, let f denote the density function and F' the distribution func-
tion of X.

First, we will use induction on a € N to show that if X takes values in
{0,1,...,a}, then the support of X is one of the sets in Theorem 30. If a = 0
or a = 1, the result is trivially true. Suppose that the statement is true for a
given a, and suppose that X takes values in {0,1,...,a+ 1}. With t = a + 1,
(22) becomes

oo

Zf Zf 1)+k), ke{0,...,a} (25)

But 337, f(j) =1 — f(a+ 1). Hence (25) gives

fO0) =1 = fla+DIf0) + fla+1)], (k=0 (26)
fR) == fla+DIf(k), ke{l,....a} (27)

Suppose that f(k) > 0 for some k € {1,...,a}. Then from (27), f(a +1) = 0.
Hence X takes values in {0,...,a}, so by the induction hypothesis, the support
set of X is {0,1}, {0,2}, or {c} for some c. Suppose that f(k) = 0 for all
ke {1,...,a}. Thus, X takes values in {0,a + 1}. But then (22) with t = a
and k =0 gives f(0) = £(0)f(0). If f(0) = 0 then the support of X is {a + 1}.
If f(0) =1 then the support of X is {0}.

To complete the proof, suppose that X takes values in a proper subset of
N, so that f(k) = 0 for some k € N. Then F(t — 1) > 0 for ¢ sufficiently large
and hence by (22), f(t + k) = 0 for ¢ sufficiently large. Thus X takes values
in {0,1,...,a} for some a, and hence the support of X is one of the sets in
Theorem 30. O

Problem 17. If X has support N and if Z; and {N; = 0} are independent for
each t € Ny, does X have a geometric distribution?

9 Positive semigroups isomorphic to [0,00), +)

9.1 The positive semigroup

Now let I be an interval of the form [a, b) where —oco < a < b < oo or of the
form (a, b] where —oo < a < b < oo; I has the relative topology. Let ® be a
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homeomorphism from I onto [0, co). If we define the operator x on I by
rxy =0 ' [0(z) + O(y)], =z yel

then (I, %) is a positive semigroup isomorphic to ([0, o), +) and ® is an iso-
morphism. The partial order < induced by * on [ is the ordinary order < if
I =[a, b) (P must be strictly increasing) and is the reverse of the ordinary order
if I = (a, b] (® must be strictly decreasing). If z,y € I and x < y then

2y = 07 [B(y) - B(a)]

The rule for exponentiation under * is 2*¢ = ®~1[c®(x)] for x € I and ¢ > 0.
A left-invariant measure p for (I, ) (unique up to multiplication by positive
constants is given by

H(A) = N@(4)], AeB(I)

where ) is Lebesgue measure on [0, 00). If ® is a smooth function with derivative
¢ then

dpu(x) = |p(x)|dA(z)

9.2 Exponential distributions

Because the semigroups are isomorphic, a random variable X taking values in
I is exponential for the positive semigroup (I, *) if and only if ®(X) is expo-
nential for the standard, positive semigroup ([0, 0),+) (that is, ®(X) has an
exponential distribution in the ordinary sense). In particular, a distribution will
be exponential relative to (I, *) if and only if it is memoryless, if and only if it
has constant rate with respect to p. It therefore follows that the exponential
distribution relative to (I, *) which has constant rate a > 0 with respect to u
is the distribution with upper probability function

F(x) =exp[—a®(z)], ze€l

The probability density function of X relative to the left-invariant measure p,
is of course,
f(@) = aexp[—a®(z)], ze€l

by the constant rate property. The probability density function of X relative
to Lebesgue measure A is

9(x) = aexpl-ad(a)]|é(x), @€l

In particular, note that «|¢| is the rate function of X in the ordinary sense.
Suppose that X is a random variable taking values in I with a continuous

distribution (with support I of course). Then X is exponential with respect to

some semigroup (I, *) isomorphic to ([0, 00), +). Specifically, if I = [a, ), let

O(z)=—In[P(X >z)], z€la,b)
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and if I = (a, b], let
®(z) =—In[P(X <z)], =€ (a,b

This is essentially a restatement of the fact that ¥ = ®(X) has a standard
exponential distribution. However the semigroup formulation provides some
additional insights.

Let X have the exponential distribution on (I, *) with rate parameter « and
upper probability function F' given above. If Y is a random variable taking
values in I, then from our general discussion of entropy in Section 4.9,

H(Y) < —In(a) — Eln(F(Y))] = — In(a) + aE[3(Y)]

it follows that X maximizes entropy over all random variables with E[®(Y)] =
E[®(X)] = 1/«; the maximum entropy is 1 — In(a).

9.3 Gamma distributions

Similarly, a random variable Y;, taking values in I has the gamma distribution
on (I, x) with rate a and order n if and only if ®(Y},) has the gamma distribution
on [0, 00), +) with rate o and order n (that is, a gamma distribution in the usual
sense). It follows from the usual change of variables formula that the density of
Y,, with respect to Lebesgue measure A is

ina) =" T expl-a@(@)o(o), e

Hence, the density function of Y,, with respect to the left-invariant measure p
is

(bn—l
fulz) = an(n—(lx)!) exp[—a®(z)], xze€l
Therefore, the cumulative function of order n € N for p is
@”(1‘)
pn(x) = T rxel

Of course, we could also derive this last result directly.

Our characterization of exponential distributions based on IID variables goes
like this: if X and Y are independent and identically distributed on I, then the
common distribution is exponential if and only if the conditional distribution
of X given X *Y = z is uniform on [a, 2] if I = [a,b) or uniform on [z, b] if
I="{(a,b)].

In the remainder of this chapter we explore a number of specific examples.

9.4 The positive semigroup ((0, 1], -)

Let I = (0, 1] and let ®(x) = —In(z). Then ® is a homeomorphism from I onto
[0,00) and the associated operation # is ordinary multiplication. The associated
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partial order is the reverse of the ordinary order. The invariant measure p is
given by dp(x) = (1/x)dA(z). The exponential distribution with constant rate
a > 0 has density

fl@)=ax*, x€(0,1]

with respect to p and density
g(x) =zl z e (0,1]

with respect to Lebesgue measure A Note that this is the beta distribution with
parameters « and 1 and the special case a = 1 gives the uniform distribution
on (0, 1].

Suppose that X has the exponential distribution on ((0, 1], -) with rate pa-
rameter o as given above. From our general discussion, X maximizes entropy
over all random variables Y taking values in (0, 1] with E[—In(Y)] = 1/c.

The gamma distribution on ((0, 1], -) with rate parameter « and order n has
density function

lnn—l(

fn(@) = an(—l)n%mﬂ?a, z € (0,1]

with respect to u, and density

n—1 lnnil(x)

a—1
(n—l)!x , x€(0,1]

gn(2) = a" (1)

with respect to Lebesgue measure A. The cumulative function of order n € N
for p is given by

, € (0,1]

9.5 The positive semigroup ([1,0), )

Let I = [1,00) and let ®(z) = In(z). Then & is a homeomorphism from I
onto [0,00) and the associated operation * is ordinary multiplication. The
associated partial order is the ordinary order <. The invariant measure p is
given by du(xz) = (1/x)d\(z), where X is Lebesgue measure. The exponential
distribution with constant rate a > 0 has upper probability function

F(z)=27% x€[l,00)
The distribution has probability density function

flz)=az™, ze€[l,o0)
with respect to 1 and density

g(x) = az=*V, 2 € [1,00)
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with respect to Lebesgue measure A. This is the Pareto distribution with shape
parameter «.

Suppose that X has the exponential distribution on ([1,00), -) with rate
parameter « as given above. From our general discussion, X maximizes entropy
over all random variables Y taking values in [1, 00) with E[ln(Y)] = 1/c.

The gamma distribution on ([1,00), -) with rate parameter « and order n
has density function

folz) =a"——12%, x€][l,00)

with respect to u, and density

1 n—1
gn(z) = a”wzo‘l, x € [1,00)
with respect to Lebesgue measure A. The cumulative function of order n € N
for p is
In"(z)
n!

pn(x) = , T €[l,00)

9.6 An application to Brownian functionals

Let I =0, 1/2) and let ®(x) = 2/(1 — 2z). Then ® is a homeomorphism from
I onto [0,00) and the corresponding semigroup operation * is given by

= 1/2
TRy = z, y €10,1/2)
The invariant measure p is given by
() = s dA(2)
T) = —=d\(z
K (1—22)2

where A is Lebesgue measure, and the associated partial order is the ordinary
order <. The positive semigroup ([0,1/2), *) occurs in the study of generalized
Brownian functionals [16]

The exponential distribution on ([0, 1/2), %) with rate o has upper probabil-
ity function

F(z) = exp <—a1 _”3296) , 2 €e0,1/2)

Suppose that X has the exponential distribution on ([0,1/2),*) with rate pa-
rameter « as given above. From our general discussion, X maximizes entropy
over all random variables Y taking values in [0,1/2) with E[Y/(1—2Y)] = 1/a.

The gamma distribution on ([0, 1/2), ) with rate o and order n has density
function

fulz) = (noinl)! <1 xzx)n_lexp (—al xQI) .z e0,1/2)




with respect to p and has density

a” ! T
(z) = - 1/2
(@) = T A =2y eXp( O‘1—2x)’ zel0.1/2)

with respect to Lebesgue measure A. The cumulative function of order n € N
associated with p is

n \1—22

Mn(x):1< x >n z€[0,1/2)

9.7 Applications to reliability

The positive semigroup formulation provides a way to measure the relative aging
of one lifetime distribution relative to another. In this section, we fix an interval
I = [a,b) with —co < a < b < 00, and we consider only random variables with
continuous distributions on I. If X is such a random variable then the upper
probability function of X has the form

Flz)=P(X >z)=e¢B@  zer

where R is a homeomorphism from I onto [0, 00). If X is interpreted as a random
lifetime, then F' is called the reliability function and R is called the cumulative
failure rate function. (For a basic introduction to reliability, see [12].) As noted
in the last section, if we define

r+xy=R'R(x)+R(y), =z, yecl

then (I,x*) is a standard, positive semigroup isomorphic to ([0, c0), +), and X
has an exponential distribution on (I, ).

Suppose now that X and Y are random variables on I with cumulative
failure rate functions R and S, and semigroup operations e and *, respectively.
A natural way to study the relative aging of X relative to Y is to study the
aging of X on (I,%). Note that the cumulative failure rate function and the
reliability function of X are still R and e~ %, respectively, when considered on
(I, ), because the associated partial order is just the ordinary order <. Thus,
these functions are invariants.

First we say that X is exponential relative to Y if X has an exponential
distribution on (I, *).

Theorem 32. X is exponential relative to Y if and only if e = x. The expo-
nential relation defines an equivalence relation on the collection of continuous
distributions on I.

Proof. Note that X is exponential relative to Y if and only if S = ¢R for some
positive constant c. O
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Next we consider the increasing failure rate property, the strongest of the
basic aging properties. If R and S have positive derivatives on I, then the
density function of X relative to the invariant measure on (I, x*) is

f(l‘) — 67R(av) R/(x)

Sz)’ zel

Thus, the failure rate function of X on (I,x) is obtained by dividing the density
function by the reliability function, and hence is R'/S’.

Lemma 4. Show that R’'/S’ is increasing on [ if and only if R is convex on
(I,%):

R(z+h) — R(xz) < R(y x h) — R(y), for every z,y,h € I withz <y

Thus, we will use the convexity condition for our definitions, since it is more
general by not requiring that R and S be differentiable. Specifically, we say
that X has increasing failure rate (IFR) relative to Y if R is convex on (I, %),
and X has decreasing failure rate (DFR) relative to Y if R is concave on (I, ).

Theorem 33. X has increasing failure rate relative to Y if and only if Y has
decreasing failure rate relative to X if and only if

(xxh)ey<(yxh)exforal z,y,h €l withz <y

The IFR relation defines a partial order on the collection of continuous distri-
butions on I, modulo the exponential equivalence in Theorem 32.

Proof. Note that X has increasing failure rate relative to Y if and only if the
distribution on [0,00) with cumulative rate function R o S=! is IFR in the
ordinary sense. O

Next, the failure rate average over [a,x) is the cumulative failure rate over
[a,z) divided by the length of this interval, as measured by the invariant mea-
sure on (I,*). This length is simply S(z), and hence the average failure rate
function of X on (I,x*) is R/S. We say that X has increasing failure rate aver-
age (IFRA) relative to Y if R/S is increasing on I and decreasing failure rate
average (DFRA) relative to Y if R/S is decreasing on I.

Theorem 34. X has increasing failure rate average relative to Y if and only if
Y has decreasing failure rate average relative to X if and only if

z** <zg*%forallz€land a>1

The IFRA relation defines a partial order on the collection of continuous distri-
butions on I, modulo the exponential equivalence in Theorem 32.

Proof. Note that X has increasing failure rate relative to Y if and only if the
distribution on [0,00) with cumulative rate function R o S=1 is IFRA in the
ordinary sense. O

103



Next, X is new better than used (NBU) relative to Y if the conditional
reliability function of z*(=1 % X given X > z is dominated by the reliability
function of X, equivalently

PX >zx*xy) <P(X >2)P(X >y), x,v€ [a,b) (28)

Similarly, X is new worse than used (NWU) relative to Y if the inequality in
(28) is reversed.

Theorem 35. X is new better than used relative to Y is and only if Y is new
worst than used relative to X if and only if

zey<axxyforz,yel

The NBU relation defines a partial order on the collection of continuous distri-
butions on I, modulo the exponential equivalence in Theorem 32.

Proof. X is new better than used relative to Y if and only if the distribution on
[0, 00) with cumulative rate function Ro S~! is NBU in the ordinary sense. [

Theorem 36. The relative aging properties for distributions on [a, b) are related
as follows:
IFR = IFRA = NBU

Equivalently, the NBU partial order extends the IFRA partial order, which in
turn extends the IFR partial order.

Proof. Tt’s well known that the standard aging properties on [0, 00) are related
as stated. O

9.8 More examples

We consider several two-parameter families of distributions. In each case, a is
the exponential parameter while 3 is an “aging parameter” that determines the
relative aging.

Example 14. Let I = [0, 00) and for fixed 8 > 0, let R be given by R(z) = 2.
The corresponding semigroup operator * is given by

zxy= (2" +y)P 2,y €0,00)
The exponential distribution on (I,*) with rate a > 0 has reliability function
F(z) = exp(—azP), z€0,00)

Of course, this is a Weibull distribution with shape parameter 5. In the usual
formulation, the rate parameter « is written as o = R(c) = ¢ where ¢ > 0 is
the scale parameter.

In the ordinary sense, the Weibull distribution has decreasing failure rate if
0 < B < 1, is exponential if § = 1, and has increasing failure rate if 5 > 1. A
stronger statement, from Theorem 33 is that the Weibull distribution with shape
parameter [3; is IFR relative to the Weibull distribution with shape parameter
ﬂg if and only if ﬁl S ﬁg.
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Example 15. Let I = [0,00) and for fixed 8 > 0, let R be given by R(z) =
ef® — 1. The corresponding semigroup operator * is given by

1
THRY = Bln(eﬁere’Byfl), x,y € [0,00)

The exponential distribution on (I,*) with rate a > 0 has reliability function
F(z) = expl-a(e™ —1)], z € [0,00)

This is the modified extreme value distribution with parameters o and f.

In the ordinary sense, these distributions are IFR for all parameter values.
On the other hand, a distribution with parameter 3; is IFR with respect to a
distribution with parameter s if and only if 8, < .

Example 16. Let I = [0,00) and for fixed § > 0, let R be given by R(z) =
In(z + 8) — In(B). The corresponding semigroup operator * is given by

2y
/8 )
The exponential distribution on (I,*) with rate a > 0 has reliability function

B
x4+ 0

Trxy=x+y-+ x,y € [0,00)

F(a:)—( )a, z € ]0,00)

This is a two-parameter family of Pareto distribution.

In the ordinary sense, these distributions are DFR for all parameter values.
On the other hand, a distribution with parameter (; is DFR with respect to a
distribution with parameter g if and only if 8, < .

Example 17. Let I = [0,1) and for fixed 8 > 0, let R be given by R(x) =
—In(1 — 2=7). The corresponding semigroup operator # is given by

zxy= (2" +y" —a"y)P 2y eon)
The exponential distribution on (I, *) with rate o > 0 has reliability function
F(x) = (1—335)(1, z€10,1)
Note that if « = 1 or 8 = 1, the distribution is beta; if &« = § = 1, the
distribution is uniform.
In the ordinary sense, these distributions are IFR if § > 1, but are neither

NBU nor NWU if 0 < 8 < 1. On the other hand, a distribution with parameter
(1 is DFR with respect to a distribution with parameter 3, if and only if 8; < (5.
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9.9 Strong aging properties

Consider an “aging property”, and the corresponding improvement property,
for continuous distributions in the standard semigroup ([0, c0),+). We are in-
terested in characterizing those aging properties that can be extended to rela-
tive aging properties for continuous distributions on an arbitrary interval [a, b).
Moreover, we want the relative aging property to define a partial order on the
distributions, modulo the exponential equivalence in Theorem 32, just as the
IFR, IFRA, and NBU properties do. Such a characterization would seem to
describe “strong” aging properties.

Definition 41. A strong aging property satisfies the following conditions:

1. A distribution both ages and improves if and only if the distribution is
exponential.

2. The distribution with cumulative rate R ages if and only if the distribution
with cumulative rate R~! improves.

3. If the distributions with cumulative rates R and S age, then the distribu-
tion with cumulative rate R o S ages.

4. If a distribution is IFR then the distribution ages.

The last condition is to ensure that the property does capture some idea
of aging, and to incorporate the fact that the IFR condition is presumably the
strongest aging property.

Suppose now that X and Y are random variables with continuous distribu-
tions on [a,b) having cumulative rate functions R and S, respectively. We say
that X ages (improves) relative to Y if the distribution on [0, c0) with cumula-
tive rate function Ro S—! ages (improves).

Theorem 37. Consider a strong aging property. The corresponding aging re-
lation defines a partial order on the equivalence class of continuous distributions
on [a,b), modulo the exponential equivalence.

Proof. The proof is straightforward. O
Theorem 38. The IFR, IFRA, and NBU properties are strong aging properties.
Proof. This follows from our previous theorems on IFR, IFRA, and NBU.. O

From our point of view, the conditions in Definition 41 are natural for a
strong aging property. Conditions 1 and 4 are often used in the literature to
justify aging properties, but Conditions 2 and 3 seem to have been overlooked,
even though they are essential for the partial order result in Theorem 37.

Not all of the common aging properties are strong. A random variable X
with a continuous distribution on [0, 00) is new better than used in expectation
(NBUE) if

EX—-t|X>t)<EX), te]0,00)
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and of course is new worse than used in expectation (NWUE) if the inequality
is reversed.

Proposition 68. NBUE is not a strong aging property.
Proof. Define R : [0,00) — [0,00) by
at, 0<t<l1

R(t)=<a+0bt—1), 1<t<?2
a+bt—1)+ct—2), t>2

Positive constants a, b, and ¢ can be chosen such that the distribution with
cumulative rate function R is NBUE, but the distribution with cumulative rate
function R~! is not NWUE. O

9.10 Minimums of exponential distributions

If X and Y are independent variables which are exponential in ([0, c0), %) and
have failure rates a and @ with respect to A, then X AY is exponential in
([0, 00), *) and has failure rate a+3. If &« = ®(a), 8 = ®(b) then a+5 = P(axb).

Proof. The variables X and Y have upper probability functions F' and G given
by
F(z) = exp[-a®(z)] G(z) = exp[-[P(z)]

Hence X A'Y has upper probability function F'G which can be written
F(z)G(z) = exp[—(a + B)2(z)]

and hence X AY is exponential in ([0, 00), *) with failure rate o + 5. The last
statement follows from the definition of *. O

10 The positive semigroup (N, -)
10.1 Definitions

The pair (N4, ) where - is ordinary multiplication is a discrete positive semi-
group. The corresponding partial order is the division partial order

r 2y & xdivides y

and the identity element is 1. Of course, we use counting measure as the invari-
ant measure.

Let I denote the set of prime numbers; these are the irreducible elements of
(N, ). Each x € N has the canonical prime factorization

el
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where n; € N for each ¢ € I and n; = 0 for all but finitely many . Thus, (N -)
is isomorphic to the semigroup (M, +) where

M={n=(n;:i€Il):n; e Nforiel, n; =0 eventually in i} (29)

and where + is componentwise addition. An isomorphism is

(ni:iel) >—>Hi""

iel
Proposition 69. dim(N,,-) is co.

Proof. By Proposition 7, dim(N_,-) < #(I) = oo. Suppose that C C N is
finite. Let D denote the set of all primes in the prime factorings of the elements
of C. Of course, D is also finite. Define (i) = 0 for ¢ € D and (i) = 1 for
i € I — D. Extend ¢ to Ny by

p(ivig - in) = @(i1) + @(ia) + -+ @(in), diyiz,...0n €1

This definition is consistent, since the factoring of x over I is unique, except for
the ordering of the factors. Thus ¢ is a homomorphism from (N, -) into (R, +),
p(x) =0 for z € C, but ¢ is not identically 0. O

On the other hand, since (N, <) is an upper semilattice, the distributional
dimension is 1. That is, a distribtion on N is uniquely determined by its upper
probability function.

For J C I, let N; denote the sub-semigroup generated by J. The elements of
N, are positive integers whose prime factors are in J. Then (N, -) is isomorphic
to the direct product of (Ny,-) and (N;_j,-).

Recall that the cumulative function of order k at x € N4 gives the number
of k + 1 factorings of x. This is an important function in number theory, so
we deviate from our standard notation and denote it by 7 instead of #. In
particular, 71 (z) = #{u € N} : v < z} is the number of divisors of z. In terms
of the canonical factorization,

Th <Hz”> =11 <k;nl>, (ni:iel)eM

iel i€l
It’s well known [23] that 71 is multiplicative, that is 71 (zy) = 71 (x)71 (y) if  and

y are relatively prime . It follows that 7 is multiplicative for each k € N.

Problem 18. Find a closed form expression for the generating function

A, t) =Y ma(@)t"

n=0

If X is a random variable taking values in N then from Theorem 5 we have
the interesting result

Tk (2) P(X = 2) = E[7e41(X)]

r=1
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10.2 Exponential distributions

We will first characterize the exponential distributions in terms of the prime
factorization.

Theorem 39. A distribution is exponential on (N, ) if and only if it has a
upper probability function of the form

F <Hi”"> = H(l —p)", (niriel)eM
iel el

where p; € (0,1) for each @ € I and [];,.;p; > 0. This product is the rate
constant.

Proof. The memoryless property for a upper probability function F is

F(ay) = F@)F(y) for 2, y € N,
In the language of number theory, F' is completely multiplicative. It follows that

F (H z”“) = H[F(z)]”l, neM
iel il
Let F(i) =1 — p; where p; € (0,1) for each ¢ € I. Then
F (Hz"l> = H(l —-p)", meM
iel iel

Next note that

SPEED W11 D o) (R

zeN, neM iel neM iel
oo
1
n
“TI>0-nr =115
i€l n=0 iel DPi

Thus, the result follows from Theorem 26. The probability density function of
this distribution is

f <H1n> Zsz‘(l—pi)m’ (niziel)eM
i€l il
]

The exponential distribution given in Theorem 39 corresponds to indepen-
dent, geometric distributions on the prime exponents. That is, if X is a random
variable with this distribution then

X =][" (30)

icl
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where (N; : i € I) are independent random variables and N; has the geometric
distribution with rate parameter p; for each ¢ € I. This characterization of
the exponential distributions could also be obtained from Section 6.5 and the
identification of (N, -) with the semigroup (M, +) in (29).

The strong exponential property has the following interpretation: The condi-
tional distribution of X/x given that x divides X is the same as the distribution
of X. Thus, knowledge of one divisor of X does not help in finding other divisors
of X. This property may have some practical applications.

Note 47. That X is a well defined random variable also follows from the Borel-
Cantelli lemma. With probability 1, N; = 0 for all but finitely many ¢ € I.

We will now give a different characterization of the exponential distributions.
First recall that a Dirichlet series is a series of the form

=1

xT

where a : N — [0, 00) is an arithmetic function. If the Dirichlet series converges
for some s > 0, then the series converges (absolutely) for s in an interval of the
form (sp, 00). If the coefficient function a is completely multiplicative, then the
function A also has a product expansion:

A(s)zHl_alW, s> Sg

icl

There is a one-to-one correspondence between the coefficient function a and the
series function A. Given a, we compute A, of course, as the infinite series in the
definition. Conversely, given A defined on (sg, 00), we can recover the coefficient
function a (see [11]).

Given the coefficient function a (or equivalently the series function A), we can
define a one-parameter family of probability distributions on N, parameterized
by s > sg. This family is called the Dirichlet family of probability distributions
corresponding to a. The probability density function of the distribution with
parameter s > sg is proportional to a(z)/2%; of course the proportionality con-
stant must then be A(s). Thus, X has the Dirichlet distribution corresponding
to a with parameter s if

—S

—TS), SCEN+

The most famous special case occurs when a(z) = 1 for all z € N1 (note that
a is completely multiplicative); then the Dirichlet series gives the Riemann zeta

Sfunction:
1 1
= _—= ) > 1
C(S) ; xs H 1—14—s §

iel

110



The corresponding one-parameter family of probability distribution on N is
the zeta family of distribution:

P(X:m):m x €Ny

Theorem 40. A distribution on (N, ) is exponential if and only if it is a
member of a Dirichlet family of distributions with a strictly positive, completely
multiplicative coefficient function.

Proof. Suppose that a is strictly positive and completely multiplicative and that
X has the Dirichlet distribution corresponding to a with parameter s. Then

szm=§fgg=zr@%g)
= a(z)a(z)z7 27 a(@)r T o s
- ; A(s) = T A(s) ;“(z)z
_a(x)r® B s
As) A(s) =a(z)z™®, zeNy

Hence X has constant rate. Also, X is memoryless, since a is completely mul-
tiplicative:

P(X = ay) = a(zy)(zy) ™ = a(@)a(y)z™*y° = P(X = 2)P(X = y)

Therefore X has an exponential distribution.

In a sense, the converse is trivially true. Suppose that X has an exponential
distribution with upper probability function F. For fized ¢ > 0, let a(z) =
z'F(z) for x € N, and let A(s) = > o2 a(z)z~*. Then a is completely
multiplicative and A is the corresponding series function. Moreover, t is in the
interval of convergence. The probability density function of X is

a(z)r~t
P(X—.T)—W7 :EGN+
and so X has the Dirichlet distribution corresponding to a with parameter t.
Note that since a is completely multiplicative, all members of this Dirichlet
family are exponential, from the first part of the theorem. O

Thus, a Dirichlet distribution with completely multiplicative coefficient func-
tion (in particular, the zeta distribution) has the representation given in (30).
The geometric parameters for the random prime exponents are given by

lmpi=P(x =)= e

s’

This result was considered surprising by Lin and Hu [18], but is quite natural
in the context of positive semigroups.
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We give yet another representation in terms of independent Poisson vari-
ables. This was also obtained in [18], but we give an alternate derivation based
on the exponential distribution.

Proposition 70. Suppose that X has the exponential distribution with pa-
rameter vector (p;: ¢ € I). For x € {2,3,...}, let Ay, = (1 —p;)"/n if x =™ for
some ¢ € I and n € N, and let A, = 0 otherwise. Then X can be written in

the form
o0
X = H zVe
=2

where V, has the Poisson distribution with parameter A,, and (V5,V5...) are
independent.

Proof. We start with the representation (30). By Proposition 67, we can write

n=1

where {V;, : i € I, n € N, } are independent and V;,, has the Poisson distribu-
tion with parameter (1 — p;)™/n. Substituting we have

X = H H WVin — H H(ln)Vm

i€l n=1 i€l n=1

Now, for x € {2,3,...}, let V, =V,,, if z =" for some i € I and n € N, and
let V, = 0 otherwise. Then (V2,Vs,,...) are independent, V, has the Poisson
distribution with parameter A, given in the proposition, and

[e%S)
x -1l
=2

O

The following corollary restates Proposition 70 in the language of Dirichlet
distributions. Recall that the Mangoldt function A : Ny — (0, 00) is defined as
follows:

In(z) if x =4" for some ¢ € I and n € N4
Az) = :
0 otherwise

Corollary 22. Suppose that X has the Dirichlet distribution with completely
multiplicative coefficient function a and parameter s. Then X can be decom-

posed as
o0
X = H zVe
=2

where (V2,V3,...) are independent and V, has the Poisson distribution with
parameter
a(z)A(z)

A = In(z)xs
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10.3 Constant rate distributions

New constant rate distributions for (N4, <) can be constructed by mixing ex-
ponential distributions with the same rate. In general, these distributions will
not be memoryless and hence not exponential.

To illustrate the simplest possible case, suppose that X; has the exponen-
tial distribution with parameter vector (p; : i € I), X2 has the exponential
distribution with parameter vector (¢; : i € I), and that

sz' = H qi (31)

i€l iel

so that the rate constants of X; and X, agree. Of course, one way that (31)
could happen would be for (¢; : ¢ € I) to be a permutation of (p; : ¢ € I).
We will let a denote the common product in (31). Now let X be the random
variable whose distribuiton is the mixture of the distributions of X; and X,
with mixing parameter r € (0,1). By Theorem 13, X also has constant rate «
and upper probability function

Fz)=rJ-p)™ + @ -] -a)™

el iel
Of course, F' will not in general be completely multiplicative (memoryless).

Problem 19. Are all constant rate distributions on (N, <) mixtures of expo-
nential distributions on (N4, -)?

10.4 Moments

In this section, we assume that X has an exponential distribution on (N4, -).
Thus, X can be characterized in terms of its geometric parameters (p; : ¢ € T), as
in Theorem 39, or in terms of a Dirichlet series A with completely multiplicative
coefficient function a, interval of convergence (sg,00), and a parameter s > sg,
as in Theorem 40.

From Proposition 8, the expected number of divisors of X is

Blr (X)) = [[ = = As)

er Pi

In the special case that X has a zeta distribution with parameter s, the expected
number of divisors of X is

((s) = E[r (X)]

From Theorem 10, X maximizes entropy over all random variables

v =]]" eNy
i€l
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with E(U;) = (1 — p;)/p; for each i € I, The maximum entropy is

H(X)=— Z (hl(pi) +In(1 —p;) ! ;m)

iel ¢

Equivalently, X maximizes entropy over all random variables Y € N, with
E[ln(Y)] = E[ln(X)] and E[ln(a(Y))] = E[ln(a(X))]. But from [11],

1 < —s_ Al
A(s);ln(ac)a(x)x = A0

=1

E[ln(X)] =

Note 48. If p; < 1/i" for all ¢ € T then

E(Xn):H 17pi

jer L~
Equivalently, if s > sg + n then
A(s —n)
EX") = ——=
(X™) A0)

For the special case of the zeta distribution with parameter s we have the
standard result
s—n
]E(X"):M ifs>n+1
¢(s)
Next we obtain a result from [18]. Our proof is better because it takes
advantage of the general theory of positive semigroups.

Proposition 71. Suppose that b : N — [0,00) is a nonnegative arithmetic
function, not identically zero. Let B be the corresponding Dirichlet function,
which we assume converges for ¢ > to, and recall that L(b)(z) = >_, -, b(y)
for x € Ny. Suppose that X has the zeta distribution with parameter s >
max{tg,1}. Then

EL(5)(X)] = B(s)

Proof. 1t follows immediately from Proposition 8 that

since 1/((s) is the rate constant of the exponential distribution of X. But

(BB = ¢(5) Y ng)s) I G

r=
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10.5 Gamma distributions

Now suppose that X,,, n € N, are independent variables, each with the ex-
ponential distribution with parameters (p; : @ € I) as in Theorem 39. Let
Y, = Xi1---X, be the corresponding gamma variable of order n. It follows
immediately that

Y, =[]

where U,,; has the negative binomial distribution with parameters n and p;, and
where U,;, i € I are independent. Hence

: (Y” = Hih) =11 (HZ B 1)(1 —p)Epy, (kiiel)eM

icl el

Of course, the density function of the gamma variable Y,, is a special case of
Proposition 51

P(Y, =z) = <Hp?> Tn—1(2)F(z), =eNy

iel

where F' is the upper probability function of the exponential distribution.

We can reformulate these results in the notation of the Dirichlet distribu-
tions. Specifically, suppose that X has the Dirichlet distribution corresponding
to the completely multiplicative coefficient function a, Dirichlet function A, and
parameter s. Let X = (X1, X5,...) be an IID sequence with the same distri-
bution as X. Let Y = (Y1, Y5, ...) denote the corresponding sequence of ladder
variables, or equivalently, the corresponding sequence of partial products. Then
(Y1,Ya,...,Y,) has PDF h,, given by

a(yn)
hn(yl7y2a"'7yn)zma <y17y27"'7yn)eDn

The Markov chain Y has transition density function g given by

= = N
9(y,yz) = f(2) As)zs Yy, 2 € Ny
Finally, Y,, has PDF g, given by

Tn-1(y)a(y)

ansyy YN

9n (y) -

Thus, Y,, also has a Dirichlet distribution, but corresponding to a multiplicative
coefficient function instead of a completely multiplicative coefficient function. It
follows that

Z Tn—lE:;)a(x) :An(s)

=1

115



In the special case of the zeta distribution with parameter s, we have

guly) = 10

= ., yEN
O

so it follows that

Z Tn_xls(x) =("(s), neNy, s>1
=1

10.6 Compound Poisson distributions

Suppose that X has the exponential distribution on (N, ) with parameter vec-
tor (p;: @ € I). According to Gut [11], X has a compound Poisson distribution.
In our notation, X can be decomposed as

X=WVs---Vn

where (V1, Vs, .. .) are independent and identically distributed on the set of prime
powers {i" :i € I, n € Ny}, with common probability density function

pi

T S I hEe )

1€l,neNL

The random index N is independent of (V1,Va,...) and has the Poisson distri-
bution with parameter In(E(7(X))).

Problem 20. Interpret this result in the context of positive semigroups.

11 Lexicographic Sums

For n € N, let A,, be set with k,, points, where k, € Ny for n € Ny. Now
let (S, =) be the lexicographic sum of the anti-chains {(A4,,=) : n € N} over
(N,<). Thus, for (n,a) € S, (m,b) € S. we have (n,a) < (m,b) if and only
if n < m. The elements of {0} x Ay are minimal, and in particular if no = 1,
the element (0,e) is the minimum element (where Ag = {e}). Note also that
the equivalence classes under the upper equivalence relation are {n} x A, for
n € N.

11.1 Constant rate distributions

Now let f be a probability density function on S and F' the corresponding upper
probability function. Then

F(nva):f(n’a)+ Z Z f(m’b)

m=n+1beA,,
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Equivalently,
F(n,a)—f(n,a): Z Z f(mab)
m=n+1bcA,,

Suppose now that the distribution has constant rate . Then f = aF and
F(n,a) is constant over a € A,; let p, denote this constant value. Then we
have

00 0o
Pomopn= ), ) apm= ), aknpm
m=n+1beA,, m=n+1

Solving we have

o 00
Pn = Z kmpm

11—«
m=n-+1

It then follows that p, = ;22 knt1Pn+1 + Pnt1 Or equivalently

l1—«

Prs1 = pn, nEN (32)

akpi1+1—a
Solving (32) gives

_ (1—a)
bn I-a+ak)(l—a+aky) - (1—a+aky,)

po, nmEN

Now fix a € Ag. Then

F(0,a)+ > f(0,b)=1
beAg—{a}

But F'(0,a) = po and f(0,b) = apg for a, b € Ag. Therefore po+(ko—1)apy = 1.

Hence
1

- 1—a+ kya

Thus, the upper probability function and probability density function of the
distribution with constant rate a are

Po

B (1—a)
Fin,a) = (1—a+aky)(l—a+ak)) - (1—a+ak,)’ (n,a) €5
f(n,a) = all ~ o) (n,a) € S

(1—a+aky)(l—a+ak) - (1—a+ak,)’

Now suppose that (X,Y) is a random variable taking values in S with this
constant rate distribution. The probability density function of X is

g(n) =Y fn,a)

ac€A,
a(l — o)k,
1—a+ak)(l—a+aky) (1 —a+ak,)’

g(n) = ( neN  (33)
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On the other hand, the conditional density of Y given X = n has density
function

1
h(aln) = =—, ac€4,,neN
g(n) kn
so given X = n, Y is uniformly distributed on A,
We can verify directly that ¢ in (33) is a probability density function on N.
Writing «k,, in the numerator of g(n) as 1 — a + ak, — (1 — ) and expanding
we have

(1—a) (1— )t

g(n) = (1—a+aky) --(1—a+ak, 1) - (1—a+aky)---(1—a+aky,)

so Y 2 ,9(n) is a collapsing sum that reduces to 1. It then also follows that
the upper probability function of X on N is

(1—a)"
(1—a+aky) - (1—a+ak,_1)’

G(n) = neN

Hence the rate function is

g(n) ak,,

G(n) T 1-a+ak, nel

If k,, is increasing in n, decreasing in n, or constant in n, then X has increasing
rate, decreasing rate, or constant rate, respectively. In the latter case, of course,
X has a geometric distribution. In the decreasing case, k,, must eventually be
constant in n

Equation (33) defines an interesting class of distributions on N. Here are
some special cases:

Example 18. If k,, = k for all n € N, then (as noted above) X has the geometric
distribution with rate parameter ak/(1 — a + ak). In particular, if k = 1, X
has the geometric distribution with parameter a.

Example 19. If k, =n+ 1 for n € N we get

B a(l—a)"(n+1) _a(l—a)"(n+1)
9= v a)i+20) ~(Arna) - Lo "N
o (1—a)" -
= mire atm-Da = MLa. o "N

where we are using the generalized permutation noation:
[a,]; = ala+s)- - (a+(j - 1)s)

for a, s € R and j € N. It’s easy to see that g(n + 1) > g(n) if and only if n <
(1 — @)/ and hence the distribution is unimodal with mode at | /(1 — «)/«].
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Example 20. If a = 1/2 we get
kr

= , eN
9 = TR k) (k) "
1
G(n) = , meN
") (1 +ko) -+ (L + k1)
Example 21. If both k, =n+1 and a = 1/2 we get
n+1 1 1
= = — N
I = o T el €
1
= — N
G(n) CESIL n e
An easy computation shows that the probability generating function is
tel —et +1
E(t¥) = —

11.2 Positive semigroups

In the general lexicographic construction considered in this section, only one
case corresponds to a positive semigroup. Let ko = 1 and k, = k (constant)
for all n € Ny. Thus, we can take A, = A for all n € N where A is a
fixed set with k elements. In this case, (S, =) has the self-similarity property
that characterizes a positive semigroup. The correct semigroup operation is
(n,a)(m,b) = (n+ m,b) for n, m € Ny and a,b € A. Of course, (0,¢) is the
identity where Ay = {e}. Note that we are in the setting of Example 3.
The memoryless property for a upper probability function F is

F(n,a)F(m,b) = F(n+m,b), (n,a)€ S, (m,b) €S —{(0,e)}
In particular, for each a € A,
F(n,a)F(m,a) = F(n+m,a), n,mé&cN;

It follows that for each a € A, there exists g, € (0,1) such that F(z,a) =
g¥,x € Ny. But then another application of the memoryless condition gives
aq) = q;)”m for any n,m € Ny and a,b € A and therefore ¢, = ¢ for all a,b.
We will denote the common value by ¢ so that F(n,a) = ¢" for any n € N4
and any a € A.

Let f be a probability mass function associated with this upper probability
function. For a,b € A,

F(nva) :f(nva)+ Z Zf(mau)

m=n+1lucA

F(n,b) = f(n,b)+ > > f(m,u)

m=n+1ucA
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Since F(n,a) = F(n,b), if follows that f(n,a) = f(n,b) forn € Ny and a,b € A.
Thus, let ¢(n) denote the common value of f(n,a) for any a € A and let
»(0) = f(0,¢e). Tt follows that

¢" =) +k Y @(m)
m=n+1

for any n € N. Subtracting gives

(1—=a9)¢" =¢n)+(k—1p(n+1)

Using this result recursively gives an explicit formula for the probability mass
function of a memoryless distribution:

f(n,a) = (1-q)q" n )" [ -(1-9

_1_q+kq (k‘—l)" 1_q+kq+f(07€) ’ (n,a)eS

If we pick f(0,0) = (1 —q)/(1 — g+ kq) then

(1-q)q"

flna) = 140

neNy,ae A
This is the probability mass function of the distribution with constant failure
a=(1-4q)/(¢d—q+kq).

The choice of f(0,e) above is not the only possible one. Indeed, any choice
of f(0,e) such that f(n,a) >0 for all (n,a) € S will lead to a probability mass
function whose corresponding upper probability function is F(n,a) = ¢". In
particular, the upper probability function does not uniquely specify the prob-
ability mass function, even for a countable, locally finite semigroup like this
one.

For example, suppose that k = 4 and that ¢ = 1/2. The memoryless proba-
bility mass function

fln.a) = £ K;) ¥ (‘;H . (mayes

has upper probability function

has the same upper probability function F'.
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Suppose that F' is the upper probability function of a distribution which has
constant rate o € (0, 1). Then

(1—a)” 11—« "
Fin,a) = ()(1 —a+ak)® <1 —a+ak) » (na)jes
Hence the distribution is memoryless as well, and hence exponential. Thus,
every distribution with constant rate is memoryless (and hence exponential),
but conversely, there are memoryless distributions that do not have constant
rate.
This example shows that a semigroup satisfying the basic assumptions but
which cannot be embedded in a group may still have exponential distributions.
Of course, if & = 1 then (S, ) is isomorphic to (N, +) and the distribution
defined by ¢ in (33) is the geometric distribution with rate «.

12 Trees

In this section we consider a standard discrete poset (S, <) whose covering graph
is an ordered tree. Our interest will mostly be in the special case where S has a
minimum element e, so that the covering graph is a rooted tree with root e. In
this case, B(z) has a single element, which we will denote by 2~ for each x # e.
On the other hand, A(x) can be empty (if = is a leaf), nonempty and finite,
or countably infinite. There is a unique path from e to x for each x € S, and
more generally, a unique path from z to y whenever z < y. We let d(z) denote
the distance from the root e to =, and more generally, we let d(x,y) denote the
distance from z to y when x < y. Using results from Section 8, The cumulative
function of order n € N for a rooted tree is

oy = (VIO (1)

The corresponding generating function is

1

Az, t) = Do

zeS, |t <1
Recall also some other standard notation from the Section 3.7 on uniform
posets: For z € S and n € N,
Ap(z) ={y€ Sz 2y, d(z,y) =n}
Thus, Ao(z) = {x}, and {4, (x) : n € N} partitions I[z] = {y € S : z < y}.
When = = e, we write A,, instead of A, (e).
12.1 Upper Probability Functions

Suppose again that (S, <) is a rooted tree with root e. Let X be a random
variable with values in S having probability density function f and upper prob-
ability function F'. Then of course

Fz)=PX = 2)=P(X =2)+P(X > 2)
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But {X > 2} = Uyca){X = y}, and the events {X = y} are disjoint over
y € A(z). Hence

Fla)=P(X=x)+ Y PY =y)=fl@)+ Y Fly)

yeA(x) yeA(z)

It follows that
fla)=F@)— Y Fly), =z€S
yEA(z)
In particular, F’ uniquely determines f, and so the distributional dimension of .S

is 1. Moreover, we can charaterize upper probability functions mathematically.

Proposition 72. Suppose that F : S — [0,1]. Then F' is the upper probability
function of a probability distribution on S if and only if

1. Fe) =1
2. F(x) =2 X} eaq F(y) for every z € S.
3. D wea, F(z) = 0asn — oo.

Proof. Suppose first that F is the upper probability function of a random vari-
able X taking values in S. Then trivially F'(e) = 1, and as above,

F(z)— > Fy)=PX =2)>0
yEA(x)

Next, d(X) > n if and only if X > z for some = € A,,. Moreover the events
{X > z} are disjoint over x € A,,. Thus

P(X) = n] = 3 Fla)

T€EA,

But by local finiteness, the random variable d(X) (taking values in N) has a
proper (non-defective) distribution, so P[d(X) > n] — 0 as n — o0).
Conversely, suppose that F' : S — [0, 1] satisfies conditions (1)—(3) above.
Define f on S by
f@)=F(@) - > Fly, z€$

yEA(x)
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Then f(x) > 0 for z € S by (2). Suppose z € S and let m = d(x). Then

n—1 n—1
o tw=>Y. > |[Fw- > Fl2)

k=0 yeAy(x) k=0 ye Ay () 2€A(y)
n—1 i
= > P - > > F)
k=0 |yeAk(z) yEAR(z) zEA(Y)
n—1 i
k=0 |yeAx(x) YyEAp+1(x)
yEAL ()

since Ag(z) = {z} and since the sum collapses. But
0< Z F(y) < Z F(y) —0asn— oo
yEAn(ac) yEAern
Thus letting n — oo we have
> ) =F), wze$
yel[z]

Letting z = e we see that 3 5 f(y) =1 so f is a probability density function
on S. Then we also see that F' is the upper probability function of f. O

Note 49. To characterize upper probability functions F' with support S, we
require that F': S — (0, 1] and we replace the weak inequality in (2) with strong
inequality.

Note 50. Recall that (S,=) is a lower semi-lattice. Hence if X and Y are
independent random variables with values in S, with upper probability functions
F and G, repsectivley, then X A'Y has upper probability function FG.

Lemma 5. Suppose that F': S — [0, 1] satisfies the decreasing property (2) in
Proposition 72. Then for x € S and k € N,

> Fly) < Fla) (34)
YEA(z)
In particular, 3 ., F(z) < F(e) for n € N.

Proof. The proof is by induction on k. Trivially, (34) holds for k¥ = 0, and by
assumption for k = 1. Assume that (34) holds for a given k € N. Then

Y Fy= > > Fy< Y F{t)<F()

yEAk+1 () teAy(z) yeA(t) teEAL(z)

where the last step holds by the induction hypothesis. O
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Corollary 23. Suppose that F : S — [0, 1] satisfies conditions (1) and (2) of
Proposition 72 and let p € (0,1). Then G : S — [0, 1] defined by

Gz)=p?@F(z), ze8

is an upper probability function on S. In particular, if F'is an upper probability
function on S with probablitiy density function f, then G is an upper probability
function with probability density function g given by

g(z) =p"@ f(2) +p"P(1=p) Y Fly), zeS
yeA(z)
Proof. First, G(e) = p°F(e) = 1. Next, for z € S,

Z Gly Z plW F(y) = pd@)+1 Z F(z)

yEA(x) yEA(x) yEA(z)
< p!OHF(2) < p" @ F(x) = G(2)

Finally,
ZG pr)F ZF <p"F(e) > 0asn— oo
T€EA, T€EAR TEA,

so it follows from Proposition 72 that G is an upper probability function.

Suppose now that F' is an upper probability function with probability density
function f, and let g denote the probability density function corresponding to
G. Then

g(x) =Gx) = Y Gy) =p"F(x)— > p"WF(y

yEA(x) yEA(z)
=p" @ F(x) - p" ™ Y F(y)
yeA(x)
=p"@F(x) - p"™ > Fy)+p"™ > Fy)—p"@* Y F(y)
yEA(x) yEA(x) yEA(z)
=p"Df (@) +p" D1 -p) D Fly
yEA(x)

O

Note that = — p“*) is not itself an upper probability function, unless the
tree is a path, since properties 2 and 3 will fail in general. Thus, we cannot
view G simply as the product of two UPFs in general. However, We can give
a probabilisitc interpretation of the construction in Corrolary 23. Suppose that
X is a random variable taking values in S with UPF F and PDF f. Moreover,
suppose that each edge in the tree (S, <), independently of the other edges, is
either working with probability p or failed with probability 1 — p. Define U by

U = max{u < X : the path from e to u is working}
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Corollary 24. Random variable U has UPF G and PDF g given in Corollary
23.

Proof. First, P(U = u|X = u) = p®¥, since the path from e to u must be
working. For u < z, P(U = u|X = z) = p? (1 — p) since the path from e to u
must be working, but the first edge on the path from v to = must have failed.
Let g denoting the PDF of U, and f and F denote the PDF and UPF of X,
Conditioning on X we get

g(u) =" fl) + D f@)p" (1= p)
U
=p" ) "1 =p) Y F(y), weS
yEA(u)

12.2 Rate Functions

Next we are interested in characterizing rate functions of distributions that
have support S. If r is such a function, then as noted earlier, 0 < r(z) <1
and r(z) = 1 if and only if x is a leaf. Moreover, if F' is the upper probability
function, then

1. Fle)=1

2. Y yeaw Fly) =1 —r()]F(z)

Conversely, these conditions give a prescription for constructing an upper prob-
ability function corresponding to a given rate function. Specifically, suppose
that r : S — (0,1] and that r(x) = 1 for every leaf z € S. First, we define
F(e) = 1. Then if F(z) has been defined for some z € S and z is not a leaf,
then we define F(y) for y € A(z) arbitrarily, subject only to the requirement
that F'(y) > 0 and that condition (2) holds. Note that F' satisfies the first two
conditions in Proposition 72. Hence if F satisfies the third condition, then F
is the upper probability function of a distribution with support S and with the
given rate function r. It seems complicated, and probably not worthwhile, to
completely characterize functions r for which the third condition in Proposi-
tion 72 is satisfied. However, the following proposition gives a simple sufficient
condition.

Proposition 73. Suppose that r : S — [0,1) and that r(x) = 1 for each leaf
x € S. If there exists a > 0 such that r(z) > « for all z € S, then r is the rate
function of a distribution with support S.

Proof. Let F' : S — (0,1] be any function constructed according to the pre-
scription above. Then as noted above, F satisfies the first two conditions in
Proposition 72, so we just need to verify the third condition. We show by

induction that
Y Fl@)<(1-a)", neN (35)
TEA,
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Inequality (35) holds trivially if n = 0. Suppose that (35) holds for a given
n € N. Then

Yo Fl@y=3) Y Fay=Y L-rmF@

Tz€An+1 teA, z€A(t) teA,
< 3 (- a)F(t) = (1 - )t
teA,

O

Note 51. Condition (35) means that the distribution of d(X) is stochastically
smaller than the geometric distribution with rate constant «.

Note 52. If (S, =) is not a path, then the rate function does not uniquely
determine the distribution. Indeed, if x has two or more children, then there
are infinitely many ways to perform step 2 in the prescription above.

Example 22. Suppose that F' is an upper probability function on S, with
corresponding rate function r. Let G denote the upper probability function
constructed in Corollary 23, and let p denote the corresponding rate function.
Then

12.3 Constant rate distributions

If (S, =) has leaves, then the only constant rate distribution has rate constant
1, and then the distribution must be point mass at the root e.

Corollary 25. Suppose that (S, <) has no leaves. Then F' : S — (0,1] is the
upper probability function of a distribution with constant rate « if and only if
F(e) =1 and

Y Fly)=(1-a)F(x), z€S (36)

yEA(x)
Proof. This follows immediately from Proposition 73 O

Corollary 26. Suppose that X has constant rate o on (S, <). Then d(X) has
the geometric distribution on N with rate c.

Proof. For n € N,

Pd(X)>n]= Y P(X=z2)= Y F(z)=(l—-a)

TEA, TEA,
So P[d(X) =n] = a(l — )™ O
As a special case of our previous comment, we can construct the upper

probability functions of constant rate distributions on (S, <) recursively.
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1. Start with F(e) = 1.

2. If F(x) is defined for a given = € S, then define F(y) for y € A(x)
arbitrarily, subject only to the conditions F(y) > 0 and that (36) holds.

Equivalently, we can realize the distributions with constant rate as the in-
variant distributions of certain upward run chains on (S, =<). Thus, let X =
(Xo, X1, ...) be an upward run chain on (S, <) with transition probability func-
tion P. Suppose that X has the property that P(x,e) = a € (0,1) for each
xz € S. Let F(x) =P (T, <T.), where as usual, T, is the first return time to z
for z € S. Note that F(z) = P"(e,z) if z € A,,. Thus, for z € A4,

Y Fly)= > P"ey) = > P'(e,x)P(x,y)
yEA(x) yEA(z) yEA(x)

= P"(e, x) Z P(z,y) = (1 —a)P"(e,z) = (1 — a)F(z)
yeA(z)

Hence (36) holds, so F is the upper probability function of a distribution with
constant rate a. Moreover, f = aF' is the invariant distribution of the chain X.

12.4 Gamma distributions and the point process

Again, let (S, =) be a rooted tree with root e. Let F' be the upper probability
function of a distribution with constant rate «, so that F' satisfies the conditions
in Corollary 26. The gamma distribution of order n € N has probability density

function ) -1
fn(z) = 04”( d(z) >F(a?), zeS

Note that if x € S and y € A(x) then d(y) = d(x)+ 1. It then follows from (36)
that

n+d(y) —1
fn( ): o™ F( )
yg‘\;x) ! yg‘\%ﬂv) ( d(y) ) !

() 5 -1

yeA(x)

Consider now the thinned point process associated with (Y7,Y3,...), where
a point is accepted with probability r and rejected with probability 1 — r, in-
dependently from point to point. The probability density function of the first
accepted point is

1

g(x) =ral(z,(1 —r)a)F(z) = 7"04[1 T = r)ajd@

ra F(x)

= , es
l—a+ra(l—a+ra)i®) *
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Consider the function G : S — (0, 1] given by

F(z)

Gle) = (1—a+ra)d@’

res

Note that G(e) =1 and for x € S

F(y)

Y Gy = Y, ———L——

_ (y)

yEA(z) yeatn It re)
1

= F(y)
_ d(z)+1 Z
(1—a+ra)i= veats)

11—«

= F(x)

(1 — a+ ra)d@)+1
11—«

=—G(2)

T 1l-a+ra

Hence, the distribution of the first accepted point has constant rate

ro
l—-a+ra

Note 53. The UPF F is related to the UPF G by the construction in Corollay
23 (so the notation is reversed). That is, suppose Y denotes the first accepted
point in the thinned process. Then the basic random variable X that we started
with can be constructed as

X = max{x 2 Y : there is a working path from e to x}

where each edge is working, independently, with probability 1 — a + ra.

12.5 General trees

Corollary 27. Every ordered tree without maximal elements supports a con-
stant rate distribution.

Proof. Suppose that (S, <) is a standard discrete poset without maximal ele-
ments, whose covering graph is a tree. Then (S, <) can be constructed from a
rooted tree by successively adding points, as in Theorem 14 and joining other
trees, as in Section 5.5. Thus, the result follows from Theorems 25, 14, and
13. O

13 The Free Semigroup

13.1 Definitions

Let I be a countable alphabet of letters, and let S denote the set of all finite
length words using letters from I. In particular, e denotes the empty word of
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length 0. Let - denote the usual concatenation operation on elements of S: if
r=x1- - Tm E€Sandy=y;-- -y, €5, then

TY =T1 " TmY1 - Yn

Clearly (S, -) is a discrete, positive semigroup, and is known as the free semi-
group generated by I. For the associated partial order, z < y if and only if x
is a prefix of y, and then 'y is the corresponding suffix. The digraph of the
partially ordered set is a regular tree rooted at e in which each element x has
distinct successors zi, ¢ € I. In particular, if #(I) = k, then the digraph is a
regular k-tree. Specializing further, when k = 2 and I = {0, 1}, the elements of
S are bit strings and the corresponding digraph is the binary tree. The elements
in I are the irreducible elements of S.

For © € S and i € I, let N;(z) denote the number of times that letter ¢
occurs in z, and let N(x) = >, ; Ni(x) denote the length of x. Note that
N;(z) = 0 for all but finitely many ¢ € I. Note also that N(z) is the distance
from e to z, denoted d(x) earlier for uniform posets. Let

M:{(ni:iEI):nieNforiEIand Zni<oo}
il

Mn:{(ni:iEI):nieNforiEIand Zni:n}, neN
i€l
Thus, {M,, : n € N} partitions M. We define the multinomial coefficients by
Cng:iel)=#{xe€S: Nj(x)=n,; foriel}

_ (Sierm)! (nisicl)e M

Hie] n;! '
The free semigroup has the property that the elements of [e, z] are totally
ordered for each x. Moreover, it is the only discrete positive semigroup with
this property.

Theorem 41. Suppose that (5,-) is a discrete positive semigroup with the
property that [e, z] is totally ordered for each € S. Then (.5, ) is isomorphic
to a free semigroup on an alphabet.

Proof. Let I denote the set of irreducible elements of (S,-). If x € S — {e} then
11 = x for some i1 € I and hence x = i1y for some y € S. If y > e then we
can repeat the argument to write y = iz for some is € I and z € S. Note
that x = 71922 and hence i1i5 < . Moreover, i1 and i1i5 are distinct. Since the
semigroup is locally finite, [e, z] is finite and hence the process must terminate.
Thus, we can write « in the form x = iyi9--- i, for some n € N, and some
i1,12,...,1in € I. Finally, we show that the factorization is unique. Suppose
that * = 4149 -+ -1, = J1J2 - - jm where i¢1,...,%, € I and j1,...,5m € I. Then
i1 2 x and j; < 2. Since the elements of [e, 2] are totally ordered, we must have
11 = j1. Using left cancellation we have i5 -4, = jo - j,. Continuing in this
fashion we see that m = n and i1 = jo, i3 = jo,.. .9y = jn O
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Proposition 74. Suppose that (5,-) is a discrete positive semigroup with the
property that every x € S has a unique finite factoring over the set of irreducible
elements I. Then (5, ) is isomporphic to the free semigroup on 1.

Proof. Form Proposition 6, every z € S has a finite factoring over I, so that
X = i1ig - - - ip. If this factoring is unique, then clearly (i1,is,...%,) — i1 ip
is an isomorphism from the free semigroup (I*,-) onto (.5, -). O

From Theorem 41 and our discussion in Section 8, it follows that the cumu-
lative function of order n associated with counting measure # is given by

#n(z) = (N(x) +n>, resS

n

If X is a random variable with values in S then from Theorem 5,

Z (N(I2L+n>HD(X - 5)—E [(N(szi;z+1>]

zeS

Since the digraph of the free semigroup is a tree, there is a unique distribution
with a given upper probability function The probability density function f of a
distribution is related to its upper probability function F' as follows:

fla) = F(a) =Y Flaj) (37)
JeI
Thus, the distributional dimension of the free semigroup is 1. On the other
hand, the semigroup dimension is the number of letters.
Theorem 42. dim(S,-) = #(I).

Proof. Note first that a homomorphism ¢ from (S, -) into (R, +) can uniquely
be specified by defining ¢(7) for all i € I and then defining

¢(i1i2 e ivl) = ¢(Zl) + ¢(12) +o ¢(in)
Thus, if ¢ is a such a homomorphism and ¢(i) = 0 for all ¢ € I, then ¢(x) =0
for all z € S. Now suppose that B C S and #(B) < #(I). We will show that
there exists a nonzero homomorphism from (5, -) into (R, +) with ¢(z) = 0 for
all z € B. Let Ip denote the set of letters contained in the words in B. Suppose
first that I if a proper subset of I (and note that this must be the case if T
is infinte). Define a homomorphism ¢ by ¢(i) = 0 for ¢ € Ip and ¢(i) = 1 for
i € I —Ig. Then ¢(x) = 0 for € B, but ¢ is not the zero homomorphism.
Suppose next that Ig = I. Thus T is finite, so let k = #(B) and n = #(I),
with £ < n. Denote the words in B by

1052 Ggmy,  J = 1,2,...,k
The set of linear, homogeneous equations

has n unkowns, namely ¢(i) for i € I, but only k equations. Hence there exists
a non-trivial solution. The homomorphism so constructed satisfies ¢(x) = 0 for
z € B. O
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13.2 Exponential distributions

Theorem 43. An exponential distribution on (.5, ) has upper probability func-
tion F' of the form

F@) = (1- ) @ T[N, wes
el

where a € (0,1) is the rate constant, and where p; € (0,1) for each ¢ € I with
Zie] p; = 1.

Proof. We apply Theorem 26. Let F'(:) = §; for ¢ € I. Then §; > 0 for each
¢ € I and the memoryless condition requires that

x) = HﬂiN'i(x), zesS

iel

The constant rate property requires that ) o F(x) < oo (and the reciprocal
of this sum is the rate parameter). But from the multinomial theorem

ZF(m):ZZ{ nZzGIHﬁ"": (ni:iel) EM} Zﬁ"
n=0

zeS i€l

where 3 = ., ;. Hence we must have 3 € (0,1) and the rate constant is
1 — . Finally, we re-define the parameters: let « =1 — 8 and let p; = 3;/0 for
iel. O

The probability density function f of the exponential distribution in Theo-
rem 43 is
fx)=a(l-a) T)le zes (38)
i€l
We could also obtain (38) directly from (37). In particular, in the free
semigroup, every memoryless distribution has constant rate and hence is expo-
nential. There is a simple interpretation of the exponential distribution in terms
of multinomial trials.

Corollary 28. Consider a sequence of IID variables (X7, Xo, .. .) taking values
in I with P(X,, =) =p; forn € N; and i € I. where 0 < p; < 1 for each ¢
and ) ,.;p; = 1. Let L be independent of (X1, X»,...) and have a geometric
distribution with rate parameter o € (0,1). Let X be the random variable in
S defined by X = X;---X;. Then X has the exponential distribution with
parameters a and (p;: i € I).

Proof. Let x € S. Then

=2)=Y P(X=x|L=n)P(L=n)
n=0
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The conditional probability is 0 unless n = N(x) so we have

P(X =2) =P[X1++ Xy =2 | L= N(@)la(l - o)
(X1 Xy = 2)a(l — a)N@)

(X1 =21) P(XNn@) = on@))a(l — a)N(x)
(

1— N(I HpN i(w)
i€l

1
g =

«

O

In the following corollaries, suppose that X has the exponential distribution
on (S, -). with parameters a and (p;: i € I).

Corollary 29. The joint distribution of (N;(X): ¢ € I) given N(X) =n € N
is multinomial with parameters n and (p;: i € I):

Corollary 30. The distribution of N;(X) is geometric with rate parameter
afla+ (1 — a)p;] for each i € I.

Corollary 31. Random variable X maximizes entropy over all random vari-
ables Y € S with

11—«

E[N:(Y)] = E[Ni(X)] = o b i€l

13.3 Gamma distribution

From Corollary 28, it’s easy to construct the gamma variables corresponding to
the exponential distribution in Theorem 43. Let (X7, Xs,...) be IID variables
in I with P(X; =1¢) = p; for i € I. Let (Ji, J,...) be IID variables each with
the geometric distribution on N with rate «, and with (Jy, Ja,...) independent
of (Y1,Ya,...). Thus K,, = >, J; has the negative binomial distribution with
parameters o and n. Then Y,, = X;.-- Xk, has the gamma distribution of
order n. The probability density function is

P(Y,=y) = (N(y) +n— 1>a”(1 _ a)N(y) le{\/,:(y)’ yes

n—1
iel

Of course, this also follows from Proposition 51.

Corollary 32. The conditional distribution of [NV;(Yy,): i € I] given N(Y;,) =
m € N is multinomial with parameters m and (p;: ¢ € I):

Corollary 33. The distribution of N;(Y,,) is negative binomial with parameters
a/la+ (1 —a)p;] and n for each i € I.
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13.4 Distributions with constant rate

Corollary 34. Suppose that F': S — (0, 1] and 0 < @ < 1. The F is the upper
probability function of a distribution which has constant rate « if and only if
F(e) =1 and
(1-a)F(z) =Y F(zi), z€8 (39)
i€l
Proof. This follows directly from Theorem 26 U

Using the characterization in Corollary 34, F'(x) can be defined recursively
for z € S to produce many constant failure rate distributions other than the
exponential ones.

Example 23. Suppose that I = {0, 1}, so that S consists of bit strings. Let
a>0,b>0,a#b,and a+b < 1. Define F: S — (0, 1] as follows:

F(e) =1, F(0z) = a™M@+1pNo@)  p(1g) = oM @pNe@+ e g

Then F' is a upper probability function for a distribution with constant rate
1—a—>b but this distribution is not exponential or even a mixture of exponential
distributions.

In summary, every distribution on the free semigroup which is memoryless
has constant rate (and hence is exponential), but there are distributions with
constant rate that are not memoryless (and hence not exponential).

13.5 Compound Poisson distributions

Proposition 75. Suppose that X has the exponential distribution on (.5, -)
with parameters « and (p;: i € I) as above. Then X has a compound Poisson
distribution.

Proof. Recall from Corollary 28 that X can be decomposed as
X=XX5 - X

where (X1, Xs,...) are independent and identically distributed on the alphabet
I, with probability density function (p;: ¢ € I'), and where L is independent of
(X1, X5,...) and has the geometric distribution on N with rate parameter a.
But from Section 8, L has a compound Poisson distribution and can be written
in the form

L=M; +My+---+ Mg

where (Mj, Ms, . ..) are independent and identically distributed on N with the
logarithmic distribution
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and where K is independent of (M, Ms,...) and has the Poisson distribution
with parameter — In(«). It follows that we can take (X1, Xo,...), (M1, Ma,...),
and K mutually independent, and thus

X =UU,-Ug

where U; = Xy, 41+ X, Note that (Uy, Us, . ..) are independent and iden-
tically distributed on S and thus X has a compound Poisson distribution. O

14 Positive Semigroups with Two Generators

In this chapter we consider discrete, positive semigroups with two irreducible
elements a and b. In a sense, we start with the free semigroup on the alphabet
{a,b}, and impose “equations” that must hold.

Example 24. If we impose no conditions, we are left with the free semigroup
itself.

Example 25. If we impose the condition ab = ba (the commutative law), then
the resulting semigroup (S, -) is isomporhic to the standard semigroup (N2, +).
To see this, note that by the commutative and associative laws, every element
in S can be written uniquely in the form a™b" for some m, n € N. With this
canonical representation, the semigroup operation is

(a'V?) - (a™b™) = o' T

Thus, the mapping (m,n) — a™b" is an isomorphism from (N2, +) to (S, -).

Example 26. Suppose we impose the equations ab = b%, ba = a?. Then the

resulting positive semigroup (S, -) is isomporphic to the lexicographic semigroup
in Section 11.2, with k£ = 2. To see this, note that that every element in .S can be
written as ™ where x € {a,b} and n € N. With this canonical representation,
the semigroup operation (on non-identity elements) is
am . bn — bern bn . am — am+n
)
Thus, the mapping that takes (0, e) to e and takes (n,x) to ™ (where z € {a, b}
and n € N ) is an isomorphism from the lexicographic semigroup of Section 11.2

to (S, ).

Example 27. Suppose that we impose the condition ba = a? (but not the
complmentary condition ab = b?). It’s easy to see that every element in S can
be written uniquely in the form a™b™ for some m, n € N. With this canonical
representation, the semigroup operation is

(a'V?) - (a™b™) = oMY if m e N

(azbj) . (bn) _ aibj—i-n
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It’s straightforward to verify directly that (.5, ) is a positive semigroup. More-
over, (S, ) is clearly isomorphic to the semigroup (N2, -) where

The corresponding partial order is given by
a't’ < a™b" if and only if i +j < m or (i = m and j < n)

Note that the elements that cover a™b™ are a™ "1 and a™b" L.
Suppose now that F' is the upper probability function of an exponential
distribution on (S,-). Then from the defining condition of this semigroup we

have
F(b)F(a) = F(ba) = F(a?) = [F(a)]

and therefore F(a) = F(b). Let p € (0,1) denote the common value. Then
F(a™b™) = p™*t™ and

1
— m+tn _
ZF(x)_ th _(1—p)2
z€S (m,n)eN?
Hence the corresponding probability density function f is given by
f(@™v™) = (1 —p)*p™*™, (m,n) € N?

thus, a random variable U = a*b¥ has an exponential distribution on (S, -)
with rate (1 — p)? if and only if X and Y are IID geometric (i.e. exponential)
variables on (N, +) with rate 1 — p.

Example 28. If we impose the condiiton ba? = a2, then b™a™ = a™ for every
m € N and n € {2,3,...}. In particular, b"a < a? for every n € N, so (S,-) is
not locally finite.

15 Finite Subsets of N

Let S denote the set of all finite subsets of N,. Clearly, (5, C) is a standard
discrete poset. Interestingly, this poset is associated with a standard discrete
semigroup as well.

15.1 Preliminaries

We identify a nonempty subset x of Ny with the function given by
z(¢) = ith smallest element of =

with domain {1,2,...,#(x)} if = is finite and N if x is infinite. We will
sometimes refer to x () as the element of rank i in x. If = is nonempty and finite,
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max(z) denotes the maximum value of z; by convention we take max(()) = 0
and max(z) = oo if x is infinite. Note that #(x) < max(z) for every z. If x
and y are nonempty subsets of Ny with max(y) < #(z), we let z oy denote the
subset whose function is the composition of x and y:

(zoy)(i) = x(y(i))

We also define z o) = @) for any « C N,. Note that z oy is always defined when
x is infinite. The results in the following two propositions are simple:

Proposition 76. Suppose that z and y are subsets of N with max(y) < #(x).
Then

1. zoyCx

2. #(zoy) =#(y)

3. if y is nonempty and finite then max(z o y) = x(max(y))
4. if x is infinite then (z o y)¢ = 2° U (z o y°)

Proposition 77. Suppose that z, y, and z are subsets of N;. Assuming that
the operations are defined,

1. zo(yoz)=(zoy)oz

2. zo(yUz)=(xoy)U(xzoz).
3. zo(yNz)=(xoy)N(xzoz).
4. fxoy =202z then y = z.

Note that the right distributive laws cannot possibly hold; (x U y) o z and
(z 0 2)U(yoz) do not even have the same cardinality in general, and neither
do (zNy)ozand (xoz)N(yoz). Similarly, the right cancellation law does not
hold: if z 0z = y o z, we cannot even conclude that #(x) = #(y), let alone that
x =y. Note that N is a left-identity: Ny oz = z for any 2 C N,..

15.2 The positive semigroup

Recall that S denotes the collection of all finite subsets of Ny (represented as
functions as in Section 15.1). We define the binary operation - on S by

xy =z U (20 y) = z U {ith smallest element of 2°: i € y}

Note that the operation is well-defined since x¢ is infinite. Essentially, xy is
constructed by adding to x those elements of z¢ that are indexed by y (in a
sense those elements form a copy of y that is disjoint from x).

Theorem 44. (S, -) is a positive semigroup with the subset partial order.
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Proof. The associative rule holds, and in fact
z(yz) = (zy)z =2 U (z¢oy) U (z° 0y o 2)
The empty set is the identity:

W=azU@ol)=2U=2a
lr=0U(Niox)=0Ur=ux

The left cancellation law holds: Suppose that zy = xzz. Then z U (2o y) =
x U (2€ o z) by definition and hence z€ oy = ¢ o 2z since the pairs of sets in
each union are disjoint. But then y = z. There are no non-trivial inverses: if
zy = () then z U (z¢ oy) = 0. Hence we must have z = @) and therefore also
zoy=Nioy=y=0.

Finally, the associated partial order is the subset order. Suppose first that
zu =y. Then z U (z€ou) = y so x C y. Conversely, suppose that  C y. Let
u={i €Ny :2°) €y}. Then xU (z°ou) =1y so zu=y. O

Note 54. The irreducible elements of (.5, -) are the singletons {i} where i € N,.
Note also that

(i = {ii+ 13 (40)
{i+1}{i} = {i,i+ 1} (41)
{ii+1}={i,i+2} (42)

Comparing (41) and (42) we see that the semigroup is not commutative, and
comparing (40) and (41) we wee that the right cancellation law does not held.
Thus, (S, ) just satisfies the minimal algebraic assumptions of a positive semi-
group; in particular, S cannot be embedded in a group. Finally, if i1 < is <

.-+ < iy, then
{inHin-1}--{in} = {in,d2, -+ yin}
Proposition 78. dim(S, ) =1

Proof. suppose that ¢ is a homomorphism from (S, -) into (R, +) with ¢({1}) =
0. Then using (40) and 41) it follows that ¢({i}) = 0 for each ¢ € N, and
then ¢(z) = 0 for every z € S. On the other hand, there do exist non-trivial
homomorphism—for example, the cardinality function #, as shown in the fol-
lowing proposition. U

Proposition 79. For z, y € S,

#(xy) = #(x) + #(y) (43)

max(xy) = max(z), if max(y) < max(z) — #(x)
max(y) + #(x), if max(y) > max(z) — #(z)
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Proof. #(zy) = #lzU(z°0y)| = #(x)+#(2°oy) since z and z°oy are disjoint.
But from Proposition 76, #(x¢ o y) = #(y).

Equation 44 is trivial if z or y is the identity (), so we will assume that x
and y are nonempty. Note that, by definition,

max(zy) = max[z U (z° o y)] = max{max(z), max(z®oy)}

Let i = #(z) and n = max(x). Then n € x and the remaining ¢ — 1 elements of
x are in {1,2,...,n— 1}. Hence, x¢ contains n — i elements of {1,2,...,n— 1},
together with all of the elements of {n + 1,n + 2,...}. If max(y) < n — 4, then
max(z¢oy) = z°(max(y)) < n—1so max(zy) = n = max(x). If max(y) > n—i,
then max(zxy) = max(z€ o y) = x¢(max(y))—the element of rank max(y) in z¢.
Given the structure of 2° noted above, this element is n + (max(y) — (n —14)) =
max(y) + . O

Note 55. Since the cardinality function is a homomorphism, the poset (S, C)
is uniform. That is, if z € S can be factored into singletons

T =ULUg - Unp
where #(u;) = 1 for each i, then n = #(x).

The following proposition explores the relationship between a probability
density function and the corresponding upper probability function. In particu-
lar, a upper probability function completely determines a distribution on S.

Proposition 80. Suppose that f is a probability density function on .S, and
let F' denote the corresponding upper probability function:

F($)=Zf(y), r€eS

yexS
Forze Sandn eN, let A,(z) ={y € S:y 2Dz, #(y) =#(x) +n}. Then
fl@y=Y (=" Y Fly), z€S
n=0 YEAL (z)
Proof. First note that
DD YT F =) (D" > D f(=)
n=0 yEAL(T) n=0 yEA, (z) z€yS

Now consider z € S with z D = and #(z) = #(x) + k, where k& > 0. For
i €{0,1,...,k}, there are (k) subsets y with z C y C z and #(y) = #(x) + i.

(2
Hence the total contribution to the sum for the subset z is

(—1)#(:6)]‘(2); (]:) (-1)'=0

Hence the only surviving term in the sum (corresponding ton =0 and y = z =

x) is f(x). O
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Proposition 81. The cumulative function of order n € N for counting measure
# on (S,-) is given by

#a(z)=(n+1)*® zes

Proof. The result is trivially true when n = 0, since #¢(z) = 1 for € S. Thus,
assume the result holds for a given n. Using the binomial theorem,

#(x)
tCax k=0 tCux, #(t)=k

#(@)

Z< )n+1)k(n+2)#(‘”), res

O

When n = 1, we get the usual formula for the number of subsets of x:
#1(z) = 2#(@),

Proposition 82. the Mobius function is
m(z,y) = (~)#FW#E g ye s aCy (45)
Proof. The proof is by induction on #(y) — #(x). First, m(z,z) = 1 by defini-

tion. Suppose that (45) holds for  C y when #(y) = #(z) + n. Suppose that
z Cy with #(y) < #(x) + n+ 1. Then

m(z,y) == — Z ):—ZZ{m(m,t):te[x,y),#(t)z#(w)"’k}

telz,y)
=—ZZ{ Pt € lo,y), B (0) = #(o) + k)
:—z(”21)<—1>’“

n+1

= —Z <n+ 1) ~DF 4 (1) =04 (—1)"H!

We can now verify the Mobius inversion formula in this special case, with
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#,(2) = (n+1)#@): Forz € S,

Z H#nr1(t)m(t,z) = Z (n+ 2)% (t)(—1)#@=#O)

teDlz] teD[x]
#(x)
=3 S+ FO)FOFO  Ca H(t) = k)
k=0

#()

=S (FE 1ok @k
> (7)o 2ren

= (n+ D# = ,(a)

15.3 The sub-semigroups

The semigroup (5, -) has an interesting structure. In particular, it can be parti-
tioned into sub-semigroups where the difference between the maximum element
and the cardinality is constant.

Definition 42. For k € N, let
Sk ={x € S : max(z) — #(z) = k}
T, = {0} U Sk
For (n,k) € {(0,0)} U (N4 x N), let
Spr={r € S:#() =nmax(z) =n+k} ={z e S;:#(x)=n}
Tn,k = {@} U Sn,k
Note 56. Of course, Spo = {0}. If n € N; and k € N, then

#s0=("TETY) (46)

n—1

since x € S, must contain the element n + k& and n — 1 elements from
{1,2,...,n+k—1}. If we interpret the binomial coefficient (j) as 1, then (46)
is valid for n = k = 0 also. Suppose that x € S,,, and y € Sy, ;. f m+j5 < k
(so that j < k — m, then from our previous work, max(zy) = max(z) =n+k
and #(xy) = n + m. Therefore

max(zy) —#(xy) =(n+k)—(n+m)=k—m (47)

80 Y € Sptm k—m- On the other hand, if m + j > k (so that j > k — m then
max(zy) = max(y)+#(z) = m+j+n and as before, #(xy) = n+m. Therefore

max(zy) — #(zy) = (m+j+n) = (n+m)=j (48)

SO TY € Sntm,j-
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Proposition 83. T} is a complete sub-semigroup of S for each k € N.

Proof. We first need to show that xy € T} for x, y € Ty. The result is trivial
if x = 0 or y = ), so we will assume that  and y are nonempty. Then
max(y) > max(xz) — #(z), since the left-hand side is k + #(y) and the right-
hand side is k. By (44), max(zy) = max(y) + #(x). Hence

max(zy) — #(zy) = (max(y) + #(x)) — (#(z) + #(y)) = max(y) — #(y) =k

Therefore xy € Ty.

To show completeness, Suppose that x,y € T, and = C y so that zu =y
for some u € S. If x = y then u = ) € T}, and if x = ) then u = y € T.
Thus, suppose that x is a proper subset of y (so that u # 0). If max(u) < k
then from (44), max(y) = max(z) and from (43), #(y) = #(x) + #(u), so
max(y) —#(y) = k — #(u) < k, a contradiction. Thus, max(u) > k. From (44
max(u) = max(y) — #(z) and from (43), #(u) = #(y) — #(z), so max(u)
#(u) = max(y) — #(y) = k. Thus, u € Ty,

~—

)

O

Note 57. Note that
So={{1,2,...,m} :m e N}
If y € S with #(y) = n, then
{L,2,....m}y={1,2,....m}U{m+yl),m+y2),...,m+y(n)}
In particular,
{1,2,...,mH1,2,...,n} ={1,2,...,m+n}

so (So, +) is isomorphic to (N, +) with isomorphism x — #(x). Finally, note
that 0 € Sy so Ty = Sp.

To characterize the exponential distributions on T}, we must first character-
ize the minimal elements of Sy (which are the irreducible elements of T}).

Proposition 84. The set of minimal element of Sy is
M, ={x €Sy :x(i) <k forall i <#(z)}
There are 2¥ minimal elements.

Proof. First we show that if € Sy, is not a minimal element of Sy, then a ¢ M.
Thus, suppose that © = uv where u, v € Sy are nonempty. Then max(u) > k
and max(u) € u C uwv = x. Moreover, max(u) < max(x), so the rank of max(u)
in x is less than #(x) = #(u) + #(v). Therefore x ¢ Mj,.

Next we show that if x ¢ My, then x is not a minimal element of Si. Thus,
suppose that © € S, and z(i) > k for some i < #(z). Construct u € S as
follows: x(i) € u and u contains (i) — k — 1 elements of x that are smaller
than x(¢). This can be done since (i) — ¢ < k, and hence (i) —k — 1 <i—1,
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and by definition, 2 contains ¢ — 1 elements smaller than z(i). Now note that
max(u)—#(u) = z(i)— (x(i)—k) = k so u € Si. By construction, u C x so there
exists v € S such that uv = . Recall that v is the set of ranks of the elements of
x—u in u®. But u€ contains k elements less than x (i) together with the elements
x(i) + 1,z(i) + 2,.... The largest element of x — u is max(z) = #(x) + k which
has rank greater than &k in u°®. Therefore max(v) > k = max(u) — #(u) so by
Proposition 79, max(x) = max(v) + #(u). Therefore

max(v) — #(v) = (max(z) — #(u)) — (#(x) — #(u)) = max(z) — #(z) = k

so v € Si. Therefore = is not a minimal element of Sf.

Next, note that if z € S and #(z) > k + 2, then « ¢ Mj, since one of the
k+1 elements of = of rank less than #(z) must be at least k+ 1. For n < k+1,
the number of elements x € M}, with #(z) = n is (nfl), since x must contain
n+k and n — 1 elements in {1,2,...,k}. Hence

O

Example 29. The minimal elements of S; are {2} and {1,3}. The minimal
elements of Sy are {3}, {1,4}, {2,4}, and {1,2,5}.

Example 30. The number of elements in a factoring of an element in 7} into
irreducible elements is not necessarily unique. For example, in T} we have

{1,3{1,3} = {2}{2}{1,3} = {1,2,3,5}
Thus, (T}, C) is not a uniform poset.

Since (Tp, -) is isomorphic to (N, +), the cumulative function of order n € N
on Ty corresponding to counting measure # is

poior= (F4), cem

Problem 21. Find the cumulative functions for T}, corresponding to counting
measure, when k£ > 1.
15.4 Exponential distributions on T}

Theorem 45. There are no memoryless distributions on S, and hence no ex-
ponential distributions.

Proof. Suppose that X is a random variable on S with a memoryless distribu-
tion. Thus, X is a random, finite subset of N,. By the memoryless property,

P({i}{i} € X) =P(i € X)P(i € X)
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P{i+1}{i} CX)=P(i+1e€ X)Pi € X)
But {i}{i} = {i + 1}{i} as noted above, so we must have

P(i+1€X)=P(i € X)

for every ¢ € Ny. Next, note that if iy < is < --- < 4, then by another
application of the memoryless property,

P(Zl ceX,jioe X, ... i, GX) ZP({il,ig,...,in} QX)

= P({in}{in1} - {1} € X)
=P, € X)P(ip € X)---P(i, € X)

It therefore follows that the events {{i € X}:¢ € N,} are independent and

identically distributed. By the Borel-Cantelli lemma, infinitely many of the
events must occur with probability 1, so X is infinite—a contradiction. O

Although there are no exponential distributions on S, each of the sub-
semigroups T} has a one-parameter family of exponential distributions.

Theorem 46. A random variable X taking values in T} has an exponential
distribution if and only if the upper probability function F' and density function
f have the following form, for some « € (0,1):

F(z)=a"*® gzeT, (49)

flo) = =T e

T 50
(1—a)ktl +« » €Lk (50)

Proof. The function F(x) = a#(®) takes values in (0,1] and satisfies F(zy) =
F(z)F(y) for all zy € Ty. Moreover

SACED DD IRICED S ST

z€Ty, n=0x€Tk n n=0x€T),
=~ (n+k—1 (1—a)ff! +a
= 1 n_—-~ 7
+Z( n—1 )“ (1— )t

It follows that F' and f as given above are the upper probability function and
density function, respectively, of an exponential distribution.

Conversely, suppose now that F' is the upper probability function on T}, with
the memoryless property. Tp, as noted earlier, is isomorphic to (N, +), with #
an isomorphism. Thus, if & = 0, F' must have the form F(z) = a#(®) where
a = F({1}) € (0,1). For general k, we will show by induction on #(z) that
F(z) = a#® where a = F({k 4+ 1}) € (0,1). The result is trivially true if
#(x) = 0, since x = (. The result is also trivially true if #(z) = 1, since the
only such x € T}, is = {k + 1}. Suppose now that F(z) = a#® for all x € T},
with #(x) < n. Let x € T, with #(z) = n+1. If z is not an irreducible element,
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then x = wv where u, v € Ty, #(u) < n, #(v) < n, and #(u) + #(v) = #(z).
In this case,
F(x)=F(u)F(v) = (W # (V) = #(x)

On the other hand, if z is irreducible, let j = min{i € = : i + 1 ¢ z}. Note
that j < #(x) since max(x) = #(x) + k. Now let y € T}, be obtained by from
x by replacing j with j + 1. Note that #(y) = #(z) and moreover, y° can be
obtained from z¢ by replacing j + 1 with j. We claim that xz = yx; that is,
xUz = yUy°z. To see this, note first that if ¢ # j and ¢ # j+ 1, then i € z if
and only if ¢ € y, and ¢ € z€ if and only if ¢ € y°. On the other hand, j € x and
J € y°x since j = y°(z(1)) (by definition, there are x(1) — 1 elements less than
z(1) in y¢; the next element in y© is j). Similarly, j+1 € y and j+ 1 € z°x
since j + 1 = a°(x(1)). Since xz = yx, it follows from the memoryless property
that F(x) = F(y). Continuing this process, we find that F(z) = F(y) for some
y € Ty that is not irreducible, but with #(y) = #(z). It then follows that
F(z) = F(y) = a#® = o#() and the proof is complete. O

Example 31. To illustrate the last part of the proof, let z = {3,4,5, 8,15}, so
that « € Tyg. Then j =5, y = {3,4,6,8,15} and

zx =yr ={3,4,5,6,7,8,9,12,15,20}

Note 58. Suppose that X has the exponential distribution on T} given in
Theorem 46. From the general theory of exponential distributions, the expected
number of subsets of X in T} is the reciprocal of the rate parameter in the density
function. Thus,

«
E(#0,X]) =1+ A=)t
If k =0 (recall that Sy = Tp) note that
P(X =2)=(1—a)a®@ ze8 (51)

On the other hand, suppose that k£ € N;. Then

«

PX €5 =1-PX =0)=1-90) = g— e 4

Thus, the conditional distribution of X given X € Sy has density function

P(X =x)

=1 —-a)ftta#@-1 zcg, (52)

The density function of X depends on & € Ty only through #(x), so it is
natural to study the distribution of #(X). Of course, by definition max(X) =
#(X) + k on Tg, so the distribution of #(X) determines the distribution of
max(X).
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Corollary 35. Suppose that X has the exponential distribution on T} given in
Theorem 46, Then

—« k+1 n _
P[#(X) =n| = (1(_10[),“{1_’_&( —|—l]z 1)04", n €N (53)
Ef#(X)] = %@Lt k) (54)

S l-a(l-a)tl +a

When k& =0, (53) gives P[#(X) =n] = (1 —a)a” for n € N, so #(X) has a
geometric distribution on N. In general, #(X) has a modified negative binomial
distribution.

Corollary 36. Given #(X) =n, X is uniformly distributed on S,

Proof. Let x € Sy, . Using the probability density functions of X and #(X)

we have
P(X ==z 1
PIX =z |#(X)=n]= p[;(){) :)n] - ("R

n—1

O

It is easy to see from (54) that for each k € N, E[#(X)] is a strictly increasing
function of o and maps (0, 1) onto (0, 00). Thus, the exponential distribution on
T}, can be re-parameterized by expected cardinality. Moreover, the exponential
distribution maximizes entropy with respect to this parameter:

Corollary 37. The exponential distribution in Theorem 46 maximizes entropy
over all distributions on T} with expected value given by 54.

Proof. We use the usual inequality for entropy: if f and g are probability density
functions of random variables X and Y, respectively, taking values in T}, then

= > g@)nfg(x)] < = Y g(z) In[f(2)] (55)

x €Ty z€Ty

If X has the exponential distribution in Theorem 46, and E(#(Y)) = E(#(X))
then substituting into the right-hand side of equation 55 we see that the entropy
of Y is bounded above by

—In(cx.a) = ph,0 In(@)

where ¢y, is the rate parameter of the exponential density in equation 50 and
Ik o is the mean cardinality in equation 54. Of course, the entropy of X achieves
this upper bound. O

Theorem 47. Suppose that X has the exponential distribution on T} with
parameter a. If € S; (z # 0), then

a# @)+ .
PX20) = G gmiye I<F

(1_a)k+1 .7 x)+j— . .
P(X 2x) = T—a)firalj—k a# @R+ aH(j, ko), >k
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where H(j, k, ) = hyper([1,1+ j],[1+j — k], @).

Proof. Let © € S. Using the distribution of #(X) and the fact that X is
uniformly distributed on Sy, x, given #(X) = n, we have

o0

P(X 2a) =) PH#(X)=nP(X 2z)|#(X)=n)
n=0

-t Kntk -1\ L #{y € Sup:iyDa}
_(1—a)k+1+az< L )0‘ (n+k71)

k
(1—a)tt &, |
:(1—04)—]@4‘14—042)& #{yesn,k-ygilf}

n=0

Suppose first that z € Sy, ; where j < k. Then {y € S, : y 2 x} = 0 if
n < m. Suppose n > m so that m + j < n + k To construct y € S, with
y 2 x, we must add the element n + k£ and then add n — m — 1 elements from
{1,...,n+ k — 1} — z. The number of such subsets is ("+k_1_m). Therefore

n—m—1

(1 — a)ktt = L (n+k-m-1
PX 22) = g isa >«
n=m+1

1 _ k+1 o0 . )
_ ( OZ) aerl Z ? + k ot
(1—a)ktl + o —\ i

am+1

T - ta

Next, suppose that « € Sy, ; with j > k. If m+j > n+k then {y € S, 1 :
y 2z} = 0. Suppose m + j = n+ k. To construct y € S, with y D z, we
must add n —m elements from {1,...,n+k — 1} — 2. The number of such sets
is (";Tgk) = (]ik) Suppose m + j < n — k. To construct y € S, with y D =,
we must add n + k and n — m — 1 elements from {1,...,n+k — 1} —z. The

number of such sets is (";:”;i;l) Therefore

(1 — )+t
PXDOx)= ——"-——
( —‘T) (1—0()k+1 —I—le
. o0
J mti—k n—-m-1+k\ ,
(j - k>a - Z ( n—m-—1 @
n=m+j—k+1
Simplifying,
(1*a)k+1 J +ji—k .
P(X D = —_ mTJ 1 H
( _3:) (1—Oé)k+1+0é ]_k « [ +O( (j?k)a)]
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Problem 22. Find a closed form expression for the gamma density function
of order n on T. This is equivalent to the problem of finding the cumulative
function of order n — 1, corresponding to counting measure #.

Problem 23. Determine whether the exponential distributions of T} are com-
pound Poisson (and therefore infinitely divisible relative to the semigroup op-
eration).

Problem 24. If X has an exponential distribution on 7T}, compute the hitting
probability function on S. That is, compute P(X Nx # () for z € S.

15.5 Almost exponential distributions on S

There are no exponential distributions on S. However, we can define distribu-
tions that are “close” to exponential by forming mixtures of the distributions
in (51) and (52). Thus, suppose that X takes values in S with probability mass
function

P(X =2) = (56)

Bo(1 — ag)ad ™, x € Sy

Br(1 — ak)k“'lak#(w)_l, x € Sk, ke N,
where oy, B € (0, 1) for each k € N and > .-, Br = 1. Thus, the conditional
distribution of X given X € S is the same as the corresponding conditional
distribution of an exponential variable on Ty (with parameter ay). Note that
the conditional distribution of X on T} itself is not exponential. Nor can we
construct a distribution on S by requiring that the conditional distributions on
T} be exponential for each k, essentially because these semigroups share () and
thus are not disjoint. The distribution of X is as close to exponential as possible,
in the sense that X is essentially exponential on each of the sub-semigroups Sy,
and these semigroups partition S.

The probability mass function in (56) is equivalent to

P(X =2)= ckak#(m), xeS

where ay, € (0,1) for each k € N and where ¢ € (0,1), k € N are chosen so that
#()

Y owes kg = 1. Indeed, the equivalence is
Co — (1 — O[o)ﬁ()
1— k+1
CL = %7 ke I\]+
ag

There is not much that we can say about the general distribution in (56).
In the remainder of this section we will study a special case with particularly
nice properties. For our first construction, we define a random variable X on
S by first selecting a geometrically distributed population size N, and then
selecting a sample from {1,2,..., N} in an IID fashion. Of course, geometric
distributions are the exponential distributions for the positive semigroup (N, +).
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More precisely, let N be a random variable taking values in N, and having the
geometric distribution with parameter 1 —r € (0,1):

P(N=n)=(1-r)r", neN

Next, given N = n, X is distributed on the subsets of {1,2,...,n} so that
i € X, independently, with probability p for each ¢ € {1,2,...,n}. Of course, if
N =0, then X = 0.

Theorem 48. For x € S,

1—r
P(X = 2) = #@) (] — ) max(e)—# (@)
(X =) = Tt ()1 = ) (57)
]P)(X D .T) — p#(z)rmax(m) (58)

Proof. For x € S,
P(X =z) =Y PN =n)P(X =z|N =n)
n=0

If n < max(z) then z is not a subset of {1,2,...,n}, so P(X = z|N =n) = 0.
If n > max(x) then z is a subset of {1,2,...,n} and by assumption, P(X =
z|N =n) = p#@) (1 — p)»~#)_ Substituting gives

00
P(X =2z) = Z (1 — 7)r"p# @) (1 — p)n—#()
n=max(z)

which simplifies to (57). By a similar argument,

o0

P(X2z)= Y. (1—r)"p*®

n=max(z)
which simplifies to (58). O

Not surprisingly, the distribution of X depends on x € S only through #(x)
and max(x) —#(x). As before, let U = #(X) and now let V = max(X) —#(X).
The following corollaries will explore the relationships between the distributions
of U, V, and X, and provide another way of constructing the distribution of X.

Corollary 38. For (n,k) € {(0,0)} U (N4 x N),

P(U=n,V =k) :}P’(XESn,k)
1= n+k—1
a 1—r4+rp

ymwvumw

n—1

Corollary 39. For (n,k) € {(0,0)} U (N4 x N), the conditional distribution of
X given U =n, V = k is uniform on S, j.
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Corollary 40. For n € N, the conditional distribution of V given U = n is
negative binomial with parameters n and r(1 — p):

n+k—1

]P(Vku:n):( oo

)[r(l—pnk(l—rm)", FeN  (59)

Corollary 41. The distribution of U is geometric with parameter (1 —r)/(1 —
r 4+ rp). Thus,

. 1—17r D J .
PU =j) = 1—r+mp (1—r+rp) » JEN

Of course, Corollaries 39, 40, and 41 determine the distribution of X. In fact
these results give an alternate way of constructing the distribution of X in the
first place: We first give U a geometric distribution with a parameter a € (0, 1);
given U = n we give V a negative binomial distribution with parameters n and
b € (0,1); and finally, given U = n,V = k, we give X the uniform distribution
on Sy, ;. Our original construction, although simple, is perhaps unsatisfactory
because the population variable N is hidden (not directly observable from X).
The alternate construction has no hidden variables, and moreover, the geometric
distribution of U and the conditional uniform distribution for X given U =
n,V = k are natural. On the other hand, the conditional negative binomial
distribution of V' given U = n is somewhat obscure. The two constructions
are equivalent, since there is a one-to-one correspondence between the pairs of

parameters:
rp
¢ 1—r+pr r=p)
a(l —b)

r=a(l—0b)+b PZm

Our next goal is to study the distribution of the random subset X on the
sub-semigroups Sj. First note that

PX=2) 1-r
P(XDa2) 1—7r+rp

(1 _ p)max(a:)f#(a:)

Thus, for k € N, X has constant rate ﬁ(l —p)¥ on the sub-semigroup Sk.
In particular, for x € Sp,

1—r
P(X = 2) = #(z)
(X =) = {= )
P(X 2 ) = (rp)#™
Hence, X has the memoryless property on Sy (in addition to the constant rate
property). That is, for z,y € Sy,

P(X D zy) = (rp)*@Y) = (rp)#@+#W)
= (rp)#(r) (Tp)#(y) =P(X D 2)P(X D)
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To find the conditional distribution of X given X € Sy, we first need P(X € Sy),
or equivalently, the probability density function of V.

Corollary 42. V has a modified geometric distribution:
1—r
(I=r+rp)(1—rp)

P(X € So) = B(V = 0) =

k
PO € 50 =BV =) = e (P52 kem,

Corollary 43. The conditional distributions of X on Sj are as follows:
P(X = z|X € Sp) = (1 —rp)(rp)*®), 2 € Sy (60)
P(X = z|X € Si) = (1 —rp)*  (rp)* @1 2 e S, ke N, (61)
Thus, X has an almost exponential distribution in the sense of (56), with
ar = 1—rp for each k € N, and with the mixing probabilities given in Corollary
42.
Recall that by Theorem 45, no exponential distribution on S exists because
the events {{i € X} : i € N4} would have to be independent with a common

probability. The next corollary explores these events for the random variable in
Theorem 48.

Corollary 44. Suppose that X has the distribution in Theorem 48.
1. P(ie X)=pri forieN,.
2. If 41,49,...,i, € Ny with i; <ip <--- <, then
P(in € X|ir € X,...,in_1 € X) =P(ip, € X|in—1 € X)
=P(iy —in_1 € X) = prinTin=1
3. For j € N, the events {1 € X}, {2 € X},...,{j — 1€ X} are condition-
ally independent given {j € X} with P(i € X|j € X) =p for i < j.

Property 3 in Corollary 44 is clearly a result of the original construction of
X. Property 2 is reminiscent of a Markov property. This property implies that
the events {{i € X} : i € Ny} are positively correlated, but asymptotically
uncorrelated. In fact the correlation decays exponentially since

Pli+jeX|icX)=P(eX)=p’/ —0asj— o0

Problem 25. Characterize all random subsets of N that satisfy the “partial
Markov property” above.

From Corollaries 41 and 40, we can compute the expected value of U = #(X)
and W =max(X)=U+V:




It is easy to see from (62) and (63) that (E(U),E(W)), as a function of (r,p)
maps (0,1)? one-to-one and onto {(c,d) : 0 < ¢ < d < oo}. Thus, the dis-
tribution of X can be re-parameterized by expected cardinality and expected
maximum. Explicitly, if 0 < ¢ < d, then the values of r and p that yield
E(U) = c and E(W) = d are

Cc 62

—1_-_° - c
" d(1+¢)’ P ed—c

Moreover, the distribution of X maximizes entropy with respect to these pa-
rameters. The proof of the following corollary is essentially the same as the
proof of Corollary 37

Corollary 45. The distribution in Theorem 48 maximizes entropy among all
distributions on S with expected cardinality given by (62) and expected maxi-
mum given by (63).

Proposition 85. Let Z = min(X) if X # ), and let Z = 0 if X = (. Then Z
has a modified geometric distribution on N:

_ 1—1r
1 —r4+7rp
P(Z = k) =rplr(1 - p)]*"", keN.

P(Z = 0)

Of fundamental importance in the general theory of random sets (see Math-
eron [20]) is the hitting probability function G:

Gz)=PXnz#0), zCN,

This function completely determines the distribution of a random set. Note
that G is defined for all subsets of the positive integers, not just finite subsets.

Theorem 49. Suppose that X has the almost exponential distribution with
parameters p and r. Then

#(2) -
G(z)=>_ pl—p)'r", 2z CNy

i=1
where as usual, z(7) is the i’th smallest element of z.

Proof. Suppose first that z is finite (so that x € S). From the standard
inclusion-exclusion formula (or from [20]),

#()
Gla) =Y (-1 F(y)

k=1 yCx,#(y)=k
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Hence, substituting the formula for F(y) we have

#(z)
G(z) = Z (_1)k—1 Z p#(y)rmaX(y)
k=1 yCa,#(y)=k
#(z) #(x)
_ Z(_l)k—lpk Z Z ,rz(z)
k=1 i=k yCa,#(y)=Fk,max(y)==z(i)
#(z)

(_l)kflpk #iw:) i—1 ,rm(z)
=~ k-1

=1 k=1
)
=3 b1 )
i=1
For infinite z, the formula holds by the continuity theorem. O

Example 32. An easy computation from Theorem 49 gives

n

pr

,ne Ny
This is also P(max(X) > n), and agrees with our earlier results. In particular,
letting n = 1, we get G(N,) = P(X # 0):

rp

i

This agrees with 1 — P(X = {)) using the probability density function. The
probability that X contains an even integer is

2
pr

The probability that X contains an odd integer is

rp
G({1,3,...}) = T2

Example 33. The following list gives 10 simulations of X with r = 0.95 and
p = 0.65, corresponding to E(U) = 12.35 and E(W) = 18.5.

1. X={1,2,3},U=3W=3

2. X ={1,2,3,4,5,6,9,10,11,12, 16,17, 18, 19, 20, 21, 22, 25, 26, 27, 32},
U=21,W =32

3. X=1{2,35},U=3W=5
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4. X ={1,4,5,9,10,11,12}, U =7, W = 12
5. X ={2,5,6,7,8,12,13,15,17, 18, 20, 23, 24, 25, 26, 27, 29, 30, 31, 32, 35,
37,38,40,41}, U = 25, W =41
6. X ={1,2,6,8,10,12,15,16,17, 18, 20, 23, 25, 28, 29, 30, 31, 32, 34},
U=19, W =34
7.X={1,2,3,,U=3,W=3
8. X ={1,3,4,7,10,11,12,13,14, 21, 30, 32, 33, 34, 35, 37, 38, 40, 41, 42, 45,
46,47,49,50,51,52,53}, U = 28, W = 53
9. X ={1,4,5,6,9}, U =5, W =9
10 X ={5,7},U=2, W=7

Problem 26. Determine how the random sets in this section relate to the
random closed sets studied by Matheron [20] and others.

Problem 27. Compute the convolution powers of the probability density func-
tion of the almost exponential distribution with parameters r and p. That is, if
X1, X, ... are IID variables with this distribution, find the density function of
Y, =X1Xo-- X,.

15.6 Constant rate distributions on S

Recall that the standard poset (S, C) is a uniform; in the notation of Section
3.7, if  Cy then d(x,y) = #(y) — #(x). Let

A, ={z e S:#(x)=n}
An(z) ={y € S Cy, #(y) = #(x) +n}

So {4, : n € N} is a partition of S and {A,(z) : n € N} is a partition of I[z].

Recall that (S,-) does not have any exponential distributions. But does
(S, =) have constant rate distributions? We give some examples of distributions
that are not constant rate. These models are not mutually exclusive.

Example 34 (Independent elements). Suppose that X is a random variable
with values in S and the property that ¢ € X with probability p;, independently
over i € N. We must have [],.y, pi = 0 so that X is finite with probability 1.

For xz € S,
P(X =x)=]]p [T -p)
1€ET i€xc
while
P(X D) =[]m
1€ET

Hence X cannot have constant rate.
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Example 35 (Sampling models). Suppose that we pick a random population
size N € N with probability density function g and upper probability function
G. Given N = n, we put ¢ € X independently with probability pfori e 1,...,n
Then for x € S,

P(X D)= Z P(N = n)P(X D z|N = n)
n=max(z)

o0

> g)p*®) = G(max(z))p#™

n=max(z)

whereas

P(X=z)= Y P(N=nPX=z|N=n)

= Y g1 —pr#®

n=max(z)

o0

=p# 3" g (1 —p)"FE

n=max(z)

So X does not have constant rate. If we generalize this model so that, given
N =n, ¢ € X with probability p; independently for ¢ € {1,...,n} then

P(X D z) = G(max(x sz

1ET
whereas -
=2)=[[p > 9n) JI -p)
i€ n=max(z) ie{l,..n}—x

so again, it would seem impossible for X to have constant rate.

Example 36 (Conditionally independent elements). Suppose that X is a ran-
dom variable taking values in S, satisfying a generalization of the last con-
dition in Corollary 44. Specifically, for j € Ny the events {1 € X},{2 €
X},...,{j — 1€ X} are conditionally independent with

Piie X|jeX)=pj, i€{l,...;j—1}
Let g(i) =P(i € X) for i € Ny. Then for z € S,

P(X D x) = g(max(z)) ] pimax)

1€a(r)

]P(l‘ = I) max H Pi,max(z) H pi,max(w))
i€a(x) jeb(x)
where a(z) = ¢z — {max(z)} and b(z) = {1,...max(z) — 1} — a(z). Again, it’s
hard to see how X could have constant rate.
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Suppose that X has probability density function f and upper probabiltiy
function F'. Recall that the upper probability function F' determines the density

function f:
o0

fl@) =Y (-)" Y Fly), z€S (64)

n=0 YyEAn ()

Thus, if Xhas constant rate a then

f@)==3C0 Y ), wes (65)

n=0 yEA ()

15.7 The cardinality of a constant rate variable

Suppose that X takes values in S, and that X has constant rate a on the poset
(S, <) (although of course, we do not know that such variables exist). Our goal
in this subsection is to study the distribution of U = #(X).

Lemma 6. The distribution of U satisfies
U
aP(U=k)=E [(—1)U+k<k>} , keN (66)
Proof. Let f denote the probability density function of X, as above. From (65)
1 n
=Y @ = Y Y fw
TEA n=0 T€EAL yeA, (x)

The last two sums are over all z,y € S with #(y) = n+ k, and z C y. Inter-
changing the order of summation gives

PU=K) ==Y (0" Y S ) v e A rCy)
n=0 YEA 1k
1 & n+k
=3 1)
QZ:: y€§7;+k< k ) !
n+k
= — P(U =n+k)
()

Equivalently (with the substitution j = n + k),

B =) =3 (1 (i) B(U = j)

Jj=k

With the usual convention on binomial coefficients, that is (Z) =0ifb<0or

b > a, we have
o-Fr(ro-s-rfor ()

j=0
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In particular, when k = 0, (66) gives
aP(U = 0) = E[(-1)Y] = P(U is even) — P(U is odd) = 2P(U is even) — 1

But also, P(U = 0) = f(0) = aF(0) = . Thus, letting i denote the probability
density function of U, we have the curious property that

2(0) :Qih(Qn)—l
n=0

Now let G denote the probability generating function of U.

Lemma 7. The distribution of U satisfies (66) if and only if
G(t—1)=aG(t) =G0)G(t), teR (67)

Proof. Assume that (66) holds. Then

ah(k)t* =T {(—1)“’“ (Z) tk} , teR

and hence
a) h(k)t* =E l(—nU > (-1)F <Z> tk (68)
k=0 k=0
The sum on the right converges for all t € R and
U
aE(tY) = [ )Y (69)
2 ()
=E[(-1)7(1-)"] = E[(t - 1)"] (70)

But also, & = h(0) = G(0) so (67) holds. Conversely, suppose that G satisfies
(67). Then (70), (69), and (68) hold with & = G(0). Equating coefficients give
(66). O
Corollary 46. The distribution of U satisfies (67) if and only if
G(t—n)=a"G(t) =G"(0)G(t), teR, nelZ (71)

Proof. Suppose that G satisfies (67). Let t € R. By a simple induction, G(t —
n) = a™G(t) for n € N. But then for n € N,

Gt)=G{t+n—n)=a"G(t+n)

or equivalently, G(t + n) = a~"G(t). Conversely, (71) clearly implies (67). O
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Lemma 8. The distribution of U satisfies (67) if and only if

n

P(U—n)—aE[(Uﬂ, neN (72)

Proof. Suppose that (67) holds. Then aG™(t) = G (t — 1) for n € N and
hence aG(™ (1) = G™(0) for n € N. But G™ (1) = E[(U),] and G (0) =
n!P(U = n). Hence we have

P = n) = o2l _ o [(Uﬂ

n! n

Conversely suppose that (72) holds and let G denote the probability generating
function of U. Then we have aG™ (1) = G (0) for n € N. Let H(t) =
G(0)G(t +1) = aG(t +1). Then H™(0) = GM™(0) forn € N, so G = H.
Equivalently, G(t — 1) = aG(t) for t € R. O

Combining Lemmas 6 and 8 we have the curious property that

el ()] - [

if U satisfies any of the equivalent conditions in Lemmas 6, 7, and 8. Let

=) == 5]

This is the binomial moment of order n. Thus, the probability density function
h of U and the binomial moment function u are related by

h(n) = h(0)u(n), neN

Theorem 50. The Poisson distribution with parameter A > 0 satisfies the
equivalent conditions in Lemmas 6, 7 and 8 with o = e~*. Conversely, the

Poisson distribution is the only distribution that satisfies these conditions.

Proof. Suppose that U has the Poisson distribution with parameter A > 0 and
a = e, recall that
Git)=eMN"D teR

so clearly
Gt —1) = 72 = e A — o7 A(1)

Conversely, it’s easy to show that the equivalent conditions are in turn equivalent
to the famous Rao-Rubin characterization of the Poisson distribution [26]. O
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15.8 Constant rate distirbutions on S, continued

Now let g, denote the conditional probability density function of X given that
U =k, so that
gr(z) =P(X = z|U = k), =€ Ay

and suppose that U has the Poisson distribution with parameter A\. Then con-

dition (65) for X to have constant rate e~ is

o )\k: B e 1y y )\Tl+k A
€ ﬁgk(ff) = Z(_ ) Z € mgwrk(@/)a x € Ag
n=0 yEA, ()
or equivalently,
age(@) e (A"
n=0 yeAn(£)
Lemma 9. Condition (73) holds if
n+k
> ot = (") Yool ceanknen @
yEAn(aZ)

Proof. Suppose that (74) holds. Then for z € Ay,

(=" > (N (k)
> Inik(y) = gk (z)
| | 1!
= (n+k)! W o (n+ k) nlk!
_ k(@) 5~ N k(@)
TR 20 n ¢ R
and thus (73) holds. O
Condition (74) is equivalent to
1
(k) yEB, (x)

where B, = {z € S : #(z) = k} and B,(z) = {y € S : #(y) = n,z C y}.
Condition (75) has the following interpretation:
Proposition 86. Suppose that Y is a random variable taking values in B,

with probability density function g,. Let X be a randomly chosen subset of Y’
of size k < n. Then the density function g, of X satisfies (75).

Proof. The precise meaning of the hypothesis is that given Y =y, y € B,,, the
conditional distribution of X is uniform on the collection of subsets of y of size
k. Thus, for = € By,

@) =PX =2)= S Pu=pPX=aY =p) = = 5 gu(v)

yEB, () (k YEBn(x)
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Note 59. In particular, (75) is consistent. If g, is a probability density function
on By, for a given n € N, then we could define gi by (75) for k =0,...,n — 1;
these would also be probability density functions.

Proposition 87. No sequence of probability density functions (g, : n € N)
satisfying (75) exists.

Proof. Suppose that such a sequence does exist. Fix k € N and x € By and
then let n — oo in (75). Since

we must have gg(x) = 0. O

16 A Positive Sub-semigroup of (C, -)

16.1 Definitions

Let C denote the set of complex numbers z = x + iy with the topology of R?,
and let - denote ordinary complex multiplication. Let Cy = C — {0} and let

S={z€C: |z|>1}U{1}
both with the relative topology.

Proposition 88. (.5, -) is a positive sub-semigroup of the abelian group (Cy, -),
The induced partial order is given by

z < w if and only if |z| < |w|

Proof. z < w if and only if there exists u € S, u # 1, such that zu = w. But
this occurs if and only if |u| = |w/z| = |w|/|z] > 1. O

Proposition 89. The measure A defined by

1 1

is left-invariant on the group (C—{0}, -). Hence A restricted to S is left-invariant
on S.
Proof. Let f: S — R be measurable. It suffices to show that for w € Cy,
fw2)dA(z) = [ f(z)dA(z)
Co CU

Let z = e’ where (r, §) denote ordinary polar coordinates in C, 0 < 6 < 2.
Then

1 1 1
dA(z) = T—Qdacdy = T—QrdrdH = ;drd@
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Let w = pe*®. Then

27
f(wz)d\(z / / f(rpet@+9)) drde

Co

Now let # = rp, @ = 0 + ¢. Then dr = (1/p)d# and df = df so

flwz)dA(z /QW/ drd9 = f(z)d\(z)
Co

Co

16.2 Exponential distributions

Theorem 51. F : S — (0,1] is the upper probability function of an expo-
nential distribution on (S, -) if and only if F(z) = |2|~” for some 3 > 0. The
corresponding density function (with respect to p) is

f&)= D, zes

Proof. Suppose that F': S — (0, 1] satisfies F(zw) = F(2)F(w) for z, w € S. If
z, y € [1, 00) then F(xy) = F(z)F(y); that is, F' is a homomorphism restricted
to the multiplicative semigroup [1, o0). Hence there exists 3 > 0 such that
F(z) = 7P for € [1,00). If z > 1 then [F(—2)]? = F(2?) = 2% o0
F(—z) = 277 and therefore F(z) = |z|7? for z € (—o0, 1) U[1, 00). Next, if
r>1,mée&Nand n € Ny then

[F(Teiwm/n)]n — F[(,reinm/n)n] — F(Tnez'mw) — T—nﬁ

Hence F(re'™™/™) = r=8. By continuity, F(re?) = r=? for r > 1 and any 6.
Next note that

/F@M@:/MﬂHﬂMy
S
27 27 )
:/ / r*<ﬁ+2>rdrd0=/ / PB4 g gp = 27
0 1 0 1 ﬁ

From the basic existence theorem, F' is the upper probability function of an
exponential distribution on (S, -) and that f given above is the corresponding
density function (with respect to the left-invariant measure \). O

Note 60. Suppose that Z has the exponential distribution on (.S, -) with pa-
rameter 3 > 0, as specified in the previous theorem. Then the density function
with respect to Lebesgue measure is

B~ 3+2)
i
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In terms of polar coordinates, the density is

(r,0) — gr_(ﬁﬂ)

Y0

It follows that Z = Re'® where R > 1 and 0 < © < 27m; R has density
r+— Br—(F+1) (with respect to Lebesgue measure); © is uniformly distributed
on (0, 27); and R and © are independent.

17 Positive Sub-semigroups of GL(2)

17.1 Definitions

Recall the general linear group GL(n) of invertible matrices in R”*™ under the
operation of matrix multiplication and with the relative topology. A subgroup

of GL(2) is
= y| .
G_{{O 1].x>0,y€R}

Clearly G can be identified with (0, 00) x R, with the operation given by
(z,y)(u, v) = (zu, 2v + y)

In this notation, identity is e = (1,0) and the inverse of (z,y) is (1/x, —y/x).
According to Halmos [15], the left-invariant measure of G' (unique up to multi-
plication by positive constants) is given by

1
d\(z,y) = ﬁda:dy

Let T = {(x,y) : x > 1,y > 0}.
Lemma 10. T is a sub-semigroup of G. Moreover, T' is a positive semigroup.

Proof. Clearly T is closed: If (z,y) € T and (u,v) € T) then (z,y)(u,v) =
(zu,zv+y) € T. The identity element e € T. If z € T but « # e then ! ¢ T
so T has no non-trivial inverses. The other properties are inherited. O

Lemma 11. The partial order associated with (7)) is the ordinary product
order:
(z,y) X (z,w) ifand only if z < z, y < w

Proof. Suppose that (x,y) < (z,w). Then there exists (s,t) € T such that
(z,y)(s,t) = (z,w). That is, s = z and 2t + y = w. But s > 1 so z < z and
xt > 0so y < w. Conversely, suppose that (z,y) € T, (z,w) € T and that z < z
and y < w. Let s = z/x and t = (w —y)/xz. Then s > 1, ¢t > 0 and zs = z,
xt+y =w. Thus (s,t) € T and (x,y)(s,t) = (z,w), so (z,y) < (z,w). O
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Thus, the poset (T, <) is associated with two very different positive semi-
groups. One is the direct product of ([1,0),-) and ([0, 00),+), that is,

(z,y)(u,v) = (vu,y +v)

The other is the semigroup considered in this chapter, corresponding to matrix
multiplication
(z,y)(u, v) = (zu, 2v + y)

17.2 Exponential distributions

Proposition 90. T has no memoryless distributions and hence no exponential
distributions.

Proof. Note that (1,k) < (1,k+ 1) for £ € N and hence
(LE)T | 0ask — oo

To see this, note that if (z,y) € (1,k)T for all k € N then y < k for all kK € N.
Now suppose that F' is a nontrivial continuous homomorphisms from (7, -) into
((0, 1], -). Then F must satisfy

F(zu,zv+y) = F(z,y)F(u,v), (x,y) €T, (u,v) €T (76)

Letting « = v = 1 we have F(l,y +v) = F(1,y)F(1,u) for y > 0, v > 0 so
there exists 3 > 0 such that F(1,y) = e ?¥ for y > 0. Next letting v =y = 0
we have F(zu,0) = F(z,0)F(u,0) for x > 1, u > 1 so there exists a > 0 such
that F'(z,0) = 2~ for z > 1. But then (z,y) = (1,y)(x,0) so

F(z,y) = F(Ly)F(z,0) =2 %", z>1,y>0

But then one more application of the general homomorphism condition (76)
gives
(wu)—ae—ﬁ(wv-iry) — [x—ae—ﬂy] [u—ae—ﬁv] _ (xu)_ae_ﬁ(y'“’)

and this forces 8 = 0. Therefore F(x,y) = =% for (z,y) € T. In particular,
F(1,k) = 1 But in order for F' to be the upper probability function for a measure
on T we would have to have F'(1,k) — 0 as k — oo Therefore, there are no
memoryless, and hence no exponential distributions in S. O

Any positive semigroup of GL(2) that contains T as a sub-semigroup will
also fail to have memoryless and hence exponential distributions. For example,

let
S:{[x y]:le,xzzl}
0 =z

Then S is a positive sub-semigroup (with nonempty interior) of the subgroup of
upper triangular nonsingular matrices. This subgroup has left-invariant measure
given by

oyl _ 1
d {O Z]—zQZd:Edydz
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However, S has no memoryless distributions. Next let

S:{[m y} :x21,xz—wy21}
w oz

Then S satisfies the basic assumptions and is a sub-semigroup (with nonempty
interior) of the group GL(2) itself. This group has left-invariant measure given
by

Y Y dydwad:
woz] o (vz—wy)?

However, S has no memoryless distributions.
Theorem 52. T has no constant rate distributions. (I think)

Proof. Let F denote the upper probabiliy function of a distribution with con-
stant rate a. Then the density function relative to Lebesuge measure is given
by f(z,y) = %F(x, y). Hence the density function relative to A is g(z,y) =
22 f(x,y). Hence F must satisfy

0*F
0zxdy

Fle,y) = 5F@y), o>1y>0

with boundary conditions F(1,0) = 1, F(z,y) — 0 as * — oo or as y — oo. [
don’t think there are any solutions. O

17.3 Discrete positive semigroups

Now let T' = Ny x N with the same operation as before:
(z,9)(u,v) = (zu, zv +y)
As before this corresponds to matrix multiplication if we identify (z,y) € T
with the matrix [:(L; ﬂ . So, we have matrices with integer entries. For future
reference, note that
)( O)Z(y,O)(x,O):(xyﬂ), ‘T7y€N+
Lz)(l,y) =Ly (Lz)=1e+y), z,yeN
D(z,y) = (z,y +1), (z,y)(1,1) = (z,x+y), zeNy, yeN
70>($7y) = (nxany)7 (m,y)(n,O) = (nmay>7 n,r e NJr; Yy e N

Theorem 53. (T, ) is a discrete positive semigroup. The associated partial
order is
(z,y) = (z,w) if and only if x|z, y < w, z|(w — y)

The minimum element is (1,0) and the set of irreducible elements is

I={(1,1)}U{(n,0) : n is prime }
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18 Trees

There are a variety of semigroup operations that can be imposed on trees and
other graphs.

18.1 Merging trees

Consider the collection S of finite, rooted trees. The merge operation is defined
on S as follows: for z, y € S let x + y be the new tree obtained by merging
(identifying) the roots of « and y; this merged vertex is the root of the new tree.

Proposition 91. (S, +) is a commutative positive semigroup.

Proof. Clearly the operation is associative and commutative. The (degenerate)
tree e which consists of a single vertex is the identity. The left-cancellation law
holds: if z, y, and z are rooted trees and the merged trees x+y and z+ z are the
same, then y and z must be the same. Finally, there are no non-trivial inverses:
if  merged with y produces the single vertex e then clearly z =y =e. 0

Let m(z) denote the number of edges in z € S, so that m(x)+1 is the number
of vertices. Clearly, m is additive with respect to the semigroup operation:

m(z +y) = m(z) + m(y)

To understand the associated partial order, suppose that z, y € S and x # e.
Then z = y if and only if z is a subtree of y, with the same root, and the root
of y has degree at least 2.

Thus, the irreducible elements of (S, +) are the trees whose roots have degree
1. There are lots of these; in fact clearly, the set of irreducible trees can be put
into one-to-one correspondence with S itself. We can associate with z € S a
unique irreducible tree & by adding a new vertex to the root of x by a new edge.
The new vertex is the root of z.

19 Other Examples

We briefly describe related models that are not positive semigroups.

19.1 Equivalence relations and partitions

Consider a countably infinite set, which might as well be N, the set of positive
integers. Consider the set S of equivalence relations on N, or equivalently,
the collection of partitions of S. We can identify elements of S with functions
x: Ny x Ny — {0, 1} that have the properties

1. x(4,4) = 1 for each i € N (reflexive property).

2. z(i,7) = x(j,9) for all ¢, 7 € Ny (symmetric property).
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3. z(i,j) =1 and z(j, k) = 1 imply x(¢,k) = 1 for all ¢, j, k € N. (transitive
property).

The equivalence relation associated with x is ¢ ~ j if and only if x(¢, j) = 1.
Equivalently, z(7,-) is the indicator function of the equivalence class generated
by .

A natural operation on S is

(Z‘y)(l,j) = x(Z,j)y(l,j) = mln{x(z,j),y(z,j)}, i,j € Ny

If we view x as a partition (that is, a collection of non-empty, disjoint subsets
whose union is N, then

zy={anb:a€x,beyanb+#d}
In terms of equivalence relations on N,
i ~gy j if and only if 4 ~, j and i ~y j

Clearly the operation makes S a commutative semigroup. There is an identity
e given by e(i,j) = 1 for all 4, j; This corresponds to a partition with just one
element—the set N; as an equivalence relation, all elements are equivalent.
There are no non-trivial invertible elements, since xy = e clearly implies x =
y = e. However, the left-cancellation law does not hold. In particular, 22 = 2
for any x € S.

A natural partial order on S is refinement: x < y if and only if y refines x;
that is, y(7,7) = 1 implies z(i,j) = 1 or equivalently, if b € y then there exists
a € x with b C a. The partial order is compatible with the semigroup operation
in the sense of a previous proposition: x =< y if and only if zy = x.

Also, S has a maximum element m defined by m(i, j) = 1 if and only if i = 7;
m corresponds to the equality relation = and partitions N, into singletons.

In summary, (S, -, =) has some of the properties of a positive semigroup, but
not all. Clearly, no sub-semigroup of S could be a positive semigroup either.
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