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Abstract

We extend the definition of level-crossing ordering of stochastic processes, proposed by
Irle and Gani (2001), to the case in which the times to exceed levels are compared using an
arbitrary stochastic order, and work, in particular, with integral stochastic orders closed
for convolution. Using a sample-path approach, we establish level-crossing ordering
results for the case in which the slower of the processes involved in the comparison is
skip-free to the right. These results are specially useful in simulating processes that
are ordered in level crossing, and extend results of Irle and Gani (2001), Irle (2003),
and Ferreira and Pacheco (2005) for skip-free-to-the-right discrete-time Markov chains,
semi-Markov processes, and continuous-time Markov chains, respectively.
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1. Introduction

In this paper, we consider the level-crossing ordering of stochastic processes [2], [3], [5].
A process X is said to be slower in level crossing than Y if it takes X stochastically longer to
exceed any given level than it does Y. The definition for the case in which random variables
are compared through the stochastic order usual in distribution was proposed in [5], and will
hereby be denoted as level-crossing ordering in the usual sense (or st-sense).

Following this definition, we propose the definition of level-crossing ordering in the x-order
sense, where the associated order ‘<,’ is an arbitrary stochastic order for random variables,
as being the former definition with the times to exceed levels compared in the x-order sense
instead of the st-sense. In particular, we will consider orders for nonnegative random variables
that, using a terminology due to Whitt [9], belong to the class of integral stochastic orders. An
order ‘<,’is an integral stochastic order if, given nonnegative random variables W and Z,

W <. Z < E[g(W)] <E[g(2)] forallg € G,

whenever the expected values exist, where G, is some set of real functions.
More precisely, we will work with integral stochastic orders ‘<,’ such that G, contains only
functions that are increasing (more accurately, nondecreasing) on R = [0, 0co) and, moreover,
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are closed for convolution, i.e. integral stochastic orders for positive random variables with
increasing functions closed for convolution, or IPICC orders.

For the sake of completeness, we note that the class of IPICC orders includes, in particular,
the usual order (‘st’) as well as the Laplace transform (‘LT’), exponential (‘exp’), increasing
convex (‘icx’), increasing concave (‘icv’), moments (‘M’), expected value (‘EV’), and moment-
generating function (‘MG’) orders (see, for example, [6] and [8] for details of the definitions and
properties of these stochastic orders). In these cases, we can make the following identification
of G,: Gy is the set of all increasing functions, Grr = {gs, s > 0: gg(x) = —e™"},
Gexp = {85, 5 > 0: gs(x) = €}, Gicx is the set of increasing convex functions, Gicy is the
set of increasing concave functions, Gy is the set of integer-power functions, Ggy is a singular
set containing the identity function, and Gmg = {gs, 0 <5 < 1: go(x) = s*}.

In this paper, we derive sets of sufficient conditions for the level-crossing ordering, in
the IPICC order senses, of discrete-time Markov chains (DTMCs), continuous-time Markov
chains (CTMCs), and semi-Markov processes (SMPs) for the case in which the slower of the
two processes involved in the comparison is skip-free to the right. We recall that a path of a
stochastic process with ordered state space I, order-isomorphic to some bounded or unbounded
interval of Z, is said to be skip-free to the right if it does not have jumps up more than one
level. Moreover, the stochastic process itself is skip-free to the right if its trajectories are almost
surely (a.s.) skip-free to the right.

Our results include results of [5], [3], and the authors’ paper [2] for the level-crossing ordering
of DTMCs, CTMCs, and SMPs, under the relaxation of some of their assumptions. Our proofs
use a sample-path approach (see, for example, [1]) and, thus, are of particular interest for the
simulation of stochastic processes ordered in level crossing.

We end the introduction with a brief outline of the paper. In Section 2, we provide an
extension of the definition of level-crossing ordering of stochastic processes in the usual sense
[5] to other stochastic ordering senses, and introduce some notation and basic properties of
the IPICC orders and level-crossing ordering. In Section 3, we establish results for the level-
crossing ordering of two DTMC:s in the usual sense. These are used in Section 4 to establish
results for the level-crossing ordering of SMPs in the IPICC order senses. Finally, in Section 5,
we derive sufficient conditions for the level-crossing ordering of CTMCs in the usual sense.

2. Preliminaries

In this section, we introduce a few definitions and some notation. In addition, we provide
useful results on the level-crossing ordering of stochastic processes and on integral stochastic
orders.

We let I denote the set of natural numbers N = {0, 1,2, ...}, positive integers N} =
{1,2, ...}, or real nonnegative numbers R} = [0, oo0). Given a state space I of real numbers,
ACR,andy € I, we let T=1 \ {sup 1}, let I4 = I N A denote the restriction of I to states
in A, and let /=Y := (=¥ and =Y :== I1Y>° respectively denote the restrictions of I to
states smaller than or equal to y and greater than or equal to y. Moreover, if W = (W;),cr is a
stochastic process with state space I, we let R;V and S;’V respectively denote the hitting times
of the sets of values smaller than or equal to y and greater than or equal to y, i.e.

RY =inf{t eT: W, <y} and S} =inf{r eT: W, >y},

where inf @ = oco. Finally, to introduce the definition of level-crossing ordering of stochastic
processes, we let SE’ y denote the hitting time of the set of values greater than or equal to y when
departing from state x.
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Definition 2.1. Let X = (X;);cr and ¥ = (¥;);er be stochastic processes with common
ordered state space I, and let ‘<,’ be a stochastic order relation for random variables. Then
X is said to be slower in level crossing than Y in the x-sense, denoted X <, Y, if, for any
common initial state x, S{y <, S;fy forally € I,i.e.

X<aV &S, <85 forallx,yel

X,y

The level-crossing order in the usual sense, ‘<g;.’, is the level-crossing order introduced in
[5]. With similar notation, if W = (W;);cr is a stochastic process with ordered state space I,
we let W=Y and W=, y € I, respectively denote the restrictions of the process W to the state
spaces I=Y and =7 in such a way that state y is made absorbing and all states of W greater
than or equal to y, or, respectively, smaller than or equal to y, are collapsed into state y. That is,

W, t<S8W, W, t <RV,
wr=1" = W and wor=4"" = W
y, =SV, y, =R}

With this notation, we have the following two results on the level-crossing ordering of
stochastic processes.

Lemma 2.1. If X = (X;)ier and Y = (Y;)ser are stochastic processes with ordered state
space I and ‘<.’ is a stochastic order relation for random variables, then

X <Y & X= <. Y™ forally e I.

Proof. Note that if W = (W;),cr is a stochastic process with ordered state space 7, then,
foreachx,y € I, S)‘C)Ely = SE’;Z for all z > max(x, y). As a consequence, if X = (X;);er and
Y = (Y):er are stochastic processes with state space / and ‘<,’ is a stochastic order relation
for random variables, then

X<a Y &S, <8 forallx,yel
< S}:i < Ssz forallx,yel, z € JZmax{x,y}
<:>S;'§,Z <, Ssz forallzel, x,y e I=F
& X5P <, Y52 forallz el

Lemma 2.2. Let X = (X;)rer and Y = (Yy)ier be stochastic processes with state space I,
I C R, unbounded from below (i.e. I N (—o0, z] # &, for all z € R), whose paths are a.s.
bounded from below on any bounded time interval. Then

X7 <qc Y7° forallzel = X <qcY.

Proof. Let X, Y, and I be as stated and choose x, y € I arbitrarily. To simplify the notation,
set Xg = Yo = x and XOZZ = YOZZ = x forall z € I=*. Note that, for W = X, Y, t > 0, and
zel=",

P(SY >0 —PRY <1, 8} >1)=PRY > 1.5 >1)
=P(RY" >, 8V >0

=P >0 —PRY <1, 5 >0,
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Moreover, since the paths of W are a.s. bounded from below on any bounded time interval,

lim P(RY <1, 8 >0 = lim PR <1)=0,
’ z—>—00 '

7—>—00
lim P(RY™ <1, 8" >n= lim PRY <1 =o0.
7— —00 ’ > - ’

Thus, by taking the limit as z — —oo in the previous equation, we conclude that

P(SY > 1) = ZEIE‘OOP(S;VE >1), t>0.

Now suppose that X=% <. Y= for all z € I, meaning that P(S;(ZZ >1) < P(szz > 1)
forall z € I=* and ¢ > 0. Using the last equality, it then follows that

P(SY >0 = lim PSS >0 < lim PS>0 =P(S) >1)

forallx,yelandt > 0,ie. X <gc Y.

A result similar to the restatement of the previous lemma applied to DTMCs was proved in
the final part of the proof of Theorem 4.1 of [5], but there the definition of the process formed
from W by restricting the state space to I= is slightly different from ours, in that state z was
not made absorbing.

In order to integrate the results of Lemmas 2.1 and 2.2 into the next theorem, it is useful to
note that if W = (W;),cr is a stochastic process with ordered state space I and x,y € I are
such that x < y, then (W=¥)=Y = (W=Y)=* = W*¥] with WI*-Y] denoting the process W
restricted to the state space / N [x, y] in such a way that the states x and y are made absorbing,
all states of W smaller than or equal to x are collapsed into state x, and all states of W greater
than or equal to y are collapsed into state y.

Theorem 2.1. Let X = (X;)ier and Y = (Y})ser be stochastic processes with ordered state
space I, order-isomorphic to a subset of R unbounded from below, whose paths are a.s. bounded
from below on any bounded time interval. Then

Xl <oyl forallx,y € I suchthatx <y — X <gcY.

The next definition will be useful when we come to state some of the later results of the
paper.

Definition 2.2. Let A denote some property, and let W be a stochastic process on an ordered
state space I. Then W has the lower-A property if and only if the process W=* has the A
property forall x € I.

We next introduce some notation and properties of the IPICC stochastic orders that are used
in the rest of the paper. We let ‘>,’ denote the reverse of ‘<,’, and let ‘=,  denote stochastic
equality in the x-sense. Order relation symbols are applied to compare either random variables
or their associated distribution functions, e.g. W <, Z is equivalent to Fyy <, Fz, for random
variables W and Z with respective distribution functions Fy and Fz.

We recall that, given two random variables W and Z, the variable W is said to be smaller
than Z in the usual sense, W <y Z, it P(W > x) < P(Z > x) for all x € R. Accordingly,
given probability vectors p = (p;)ier and ¢ = (g;);e; With indices in an ordered set I, we
say that p is smaller than ¢ in the usual sense, p <q ¢, if } ;o ; pi < > ;. ;gi forall j € I.
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A stochastic order ‘<,’ is closed for convolution if Wi + Wy <, Z; + Z; for pairs, (W1, W3)
and (Z1, Z,), of independent random variables such that W; <, Z;, i = 1,2. As the usual
order is closed for convolution and G is the set of all increasing functions, it follows that, for
nonnegative random variables W and Z,

W <us. Z=>W<yqZ=>W<,Z foranyIPICC order x, 2.1

where ‘<, .’ stands for almost-sure ordering.

Finally, we state an important universal property of integral stochastic orders that is re-
lated to their property (also universal) of being closed under mixture — the property MI in
[6, Definition 2.4.1].

Lemma 2.3. Let X and Y be two random variables defined on a common product probability
space A = A1 X Ay, with A; = (2, Fi,Pi), i = 1,2, such that X (w1, ) and Y (w1, -) are
random variables on Ay for each w; € Q.

Then X <, Y for each integral stochastic order ‘ <,’ such that

X(wy, ) < Y(w1,-) Aj-as. (2.2)

Proof. Let <, be an integral stochastic order with an associated set of functions G. Then,
for W = X, Y and g € G,, we have

Ealg(W)] = / B, [g(W (@1, 1P (o),

Q

where, for each w; € 1,

Ep,[g(W(wi, +))] =/ g(W(wy, w2)) Pa(dwy).
Qo

As, in view of (2.2), Ep,[g(X (w1, -))] < Ea,[g(Y(@1,-))] Aj-as., it thus follows that

Ealg(X)] < Eplg(Y)] for any g € G,; thatis, X <, Y, as required.

We end the section with some notation used in the rest of the paper. Given a matrix A =
(Aik)iker, we let A;. = (A;j) jes denote the row vector comprising row i of A. In addition,
if p denotes a probability vector and Z denotes a random variable or distribution, such as the
exponential distribution with rate o (Exp()), then we let p~! and Z~! respectively denote the
generalized inverses of the distribution functions associated with p and Z. Moreover, we let 14
denote the indicator function of the statement A, i.e. 14 = 1if A is true and 14 = 0 otherwise.
Furthermore, we let I be a set that is order-isomorphic to some bounded or unbounded interval
of Z,and let X = (X;)ser and Y = (Y;):er be stochastic processes with common state space 1.

3. Discrete-time Markov chains

Irle and Gani [5, Theorem 4.1] asserted that the level-crossing ordering of two skip-free-to-
the-right DTMC:s in the usual sense follows from the ordering in distribution of their transition
probabilities for any common initial state. In this section, we provide a sample-path proof of
this result in a slightly more general form, as we only require the slower DTMC involved in
the comparison to be skip-free to the right. For convenience, as the result will subsequently
be used to prove results involving SMPs, we will denote the DTMCs involved in the result by
X and Y.
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Theorem 3.1. Let X and Y be two DTMCs with state space I and transition probability
matrices PX and PY, respectively. If X is skip-free to the right and PX <st Pilf foralli €1,
then X <gc Y.

Proof. Let X and Y be two DTMCs on I (an ordered set order-isomorphic to some bounded
or unbounded interval of Z) such that Pi’.( <qt Pl-),/ foralli € I. For j € I, let F X and
F ]Y respectively denote the distribution functions associated with Pj}.( and P}T . Note that

F/.X(x) > FJY(x) for each j € 7 and x € R, since Pj),( <q PIY_ for j € 1. Thus,

[FX17'(p) < [F]/17'(p) forall j €Tand p e (0,1).

We must prove that S 1 Sst SX for all i,] € I. As the result is necessarily true when
i =supl/andsupl €/ (smce then SSllp = ij]p 11 = 0), we will consider only the cases in
whichi € 1. Thus, we let i € T and/ €/ be two arbltrary states and prove that Sl 1 Sst S, ; by
constructlng two processes X and Y on a common probability space A1 = (21, J’~‘1 ,Pp), such
thatX =gt X|X0 =i Y =t Y|y —;»-and Sl (w1) < SIX(wl) forall w1 € ;. TheprocessesX and
Y are constructed from (Un)neN . and (V),en, , two independent sequences of independent
uniform(0, 1) random variables defined on A .

The construction of ¥ is similar to the usual generation (i.e. simulation) of a DTMC from
a sequence of independent and identically distributed uniform random variables, as presented,
fpr example, in [7]. That is, for each w; € €21, the sequence (U, (@1)),en, is used to construct
Y (w) recursively in the following way:

Yow) =i Yup(@) =1F; T Unpr(@)). meN.

As regards the constructlon of X(wl) we will use both (U, (w1))nen, and (Vi (@1))neN,
to simultaneously generate X (w1) and an increasing sequence of times (7}, (w1)),eN such that
To(w1) = 0 and, if T, (w1) is finite for some m € N,

X1, (@1) = Yo(o1),

Ts1(@1) = inf{n > Ty(1): Xp(@1) > Vg1 (@1},

r{leaning that )A(n(a)l) < )?mﬂ(a)]) when T, (w1) < n < T,41(w1). Specifically, we let
Xo(w1) =i and To(w1) = 0 and then proceed recursively as follows. When 7, (w1), m € N,
is finite, we first let

X1, 11(01) = FE o) Unsi(@1)

m (@1)
and then, starting with n = T, (w1) + 1 and while Xn (w1) < )A’m+1(a)1), let

Xue1(@) = [FF 17 (Vagr(@1)

and increment n by one unit. If this cycle ends then T;,,41(w1) is (set equal to) the value of n
at the end of the cycle, m is incremented by one unit, and the procedure repeated. Otherwise,
T;(w1) is set equal to oo for j > m + 1.

Note that, by constructlon X =g X |5 Ko=i and ¥ =g Y|YO_ and, moreover, since X is skip-
free to the right, X(wr) is skip-free to the right for all ; € €2;. Furthermore, 7, (w1) > m for
all m € N and, if T,,, (wy) is finite and m < inf{n : Y (w1) = sup I}, then

X1, (1) = Y(o1), j=0.1,....m, o)
Xi(o1) < Vjs1(@1),  Ti(w) <k < Tji(o1), j€{0,1,...,m}.
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We now argue that SIX (ag]) > SZY (w1). A§ the result is necessarily true when either i > /[
(since then Sl (w1) = Sl (w1) =0) or Sl (w1) = oo, we assume for the rest of the proof
that SX (w1) = n for some n € Ny, and let m < n be the natural number such that T, (w;) <
n < Tm+ 1(w1). Then, in view of (3.1) and the fact that X is skip-free to the right, it follows
that A .

SX1) =n = Tyu(w) +1>m+1=5 (w).

Thus, Slf((a)l) > S,? (w1), as required.

The previous result will be used in the next section to provide sample-path-based proofs of
results for the level-crossing ordering of SMPs in the IPICC order senses.

4. Semi-Markov processes

In this section, we use a sample-path approach to establish sufficient conditions for the
level-crossing ordering of two SMPs in the case in which the slower of the compared SMPs
is skip-free to the right. The derived results are an extension of [3, Theorem 2.1], which
is itself a generalization of [5, Theorem 4.1] (which corresponds to Theorem 3.1 with the
stronger assumption that both X and Y are lower-regular skip-free-to-the-right DTMCs). Irle [3,
Theorem 2.1] established that the level-crossing ordering (in the usual sense) of two skip-free-
to-the-right SMPs follows from both the ordering in distribution of their transition probabilities
from states and the reversed order (in the usual sense) of the holding times in states before the
processes make transitions.

Itis convenient to introduce some notation for SMPs. Let P = (P;});, je; denote a transition
probability matrix and F = (F{;, j))i jes a matrix of distribution functions such thatif P;; = 0,
then F; j)(x) = 1, x € Ry. We then say that the process W = (W;);cr, with state space [ is
an SMP with parametrization (P, F) if W, = Z,,, S, <t < S,+1, for some Markov renewal
process (Z, S) = (Z,, Sy)nen With phase space I and parametrization (P, F), i.e.

P(Zyy1=J, Suv1 = Su St | Zy =1) = PijFi j)(1), i,jel, teRy.

Thus, W is an SMP with kernel Q = P e F, where ‘e’ denotes the Schur or element-wise
multiplication of matrices.

We next state and prove the main result of the paper, which improves on [3, Theorem 2.1]
by removing the stochastic ordering conditions involving the transition probabilities from
the highest state (if it exists), removing the lower regularity and the skip-free to the right
properties of the faster of the two processes, and relaxing the conditions on the comparison of
the times between transitions in X and Y (namely that F( a.b) Zst ( 0.0) for alla,b,c e I)to
F( 0.b) >g F (@.c) foralla € T and b, ¢ € I such that b < c¢. In fact, we establish an analogous
result for the level- -crossing ordering of SMPs in the IPICC order senses.

Theorem 4.1. Let X and Y be SMPs with state space I and parametrizations (PX, FX) and
(PY, FY) such that _
PY <4 P!, i€l @.1)

1

and, for some IPICC order *,
F(a b = F(a o) 4.2)

holds simultaneously for alla € T and b, c € I, b < c, such that Pa)z Pr >o.
If X is skip-free to the right and lower regular, then X <, Y.
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Proof. Let X and Y be as stated, with the condition (4.2) holding for some IPICC order .
We must prove that Si),]l <s Sfl forall i,/ € I. Thus, we leti,] € I be two arbitrary states
and consider first the case in which X is regular; the case in which X is only lower regular
will be addressed at the end of the proof. To prove the desired result, we will construct two
processes, X* and Y*, on a common product probability space (2, F,P) = A; x Aj, with
A; = (@, Fi,Py), i = 1,2, such that X* =¢ X|xo=i, Y* =g ¥|y=i, and S} <, S¥". For
this purpose, we againlet (Uy),en, and (Vi) en, denoteindependent sequences of independent
uniform(0, 1) random variables defined on Aj. Furthermore, we let (A;)qen, and (By)yen,
denote independent sequences of independent uniform(0, 1) random variables defined on A».

For w = (w1, wp) € Q, we use U, (a)l))neN+ and (V, (col)),,eN+ to construct processes
X (w1) and )% (w1) on A1, such that X and Y are distributed equally to X |3 Xo= ; and Y | Fomi (exactly
as in the proof of Theorem 3.1), where X = (X,)),eny and ¥ = (¥;,)pen are embedded DTMCs
of Markov renewal processes with parametrizations (PX, F Xy and (PY, FY), respectively.
Thus, we will again employ the notation related to X(w))and ¥ (o 1) inthe proof of Theorem 3.1.
At the same time, the sequences (A, (w2))neN, > (Bn (wz)),1€N+, X(a)l) = (X (wl))neN» and
Y(a)l) = (Y (an)),,EN are used to generate the sequences HX (w) (H (a)))neN+ and
HY (w) = (H (a)))neN » which consist of the time intervals between state transitions in
X*(w) and Y*(w), in such a way that H, X and H, Y* have the respective distributions of the
corresponding time intervals between state transitions in X and Y.

Specifically, we construct HY" (w) recursively, using the sequences (A, (@2))neN ., and
(Y (w1))neN, as follows:

(@) =[F 7' Ant1(@2)),  nel 4.3)

(Yn Yn+l)(w1)

For the construction of H X*(a)) we will use the random sequences (A, (®2)),eN + and
(Bn(w2))nen, and the increasing sequence of times (7, (w1)),eN used, as explained in the
proof of Theorem 3.1, to construct X (w1). Starting with m = 0 and Tp(w;) = 0, we proceed
recursively, as follows. When T, (w1), m € N, is finite, we let

Hi 1 @) =TS o o] (Ams1 (©2)) (4.4)

and, for those n such that 7, (w1) < n < Tpy+1(w1), we let

HX\ (@) = [FX 17 (Bus1(@2) 4.5)

(X, Xn+1)(w )
and increment m by one unit. Finally, we define X*(w) and Y*(w) by letting

W) = Wa(w), SV (@) <t <8 (@, W=X.7Y, (4.6)

with S (w) = 0 and S} | () = SV () + HY' (@), m € N.
Note that we have X =g X|x,=i and Y* =g Yly,—;, by construction, and (3.1) holds,
meaning that

X7, (@1) = Yo(@1) A X7, 11(@1) < Yop1(@) forer € Qrandn < NV (o),  (4.7)
where N?(a)l) = inf{m: I?m (w1) = supl}. Since (A,+1),eN 1S a sequence of independent

and identically uniform(O 1)-distributed random variables defined on A2, the random variables
Hf{; (@1, -) and HY r1@1,0), n < N Y(a)l) are independent and have respective distribution
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functions FX and FY, . , in view of (4.4) and (4.3). By (4.7) and (4.2), this
. . (X1, X1 +1) (1) Y, Yn1) (1)
implies that

HY ((@1,) 24 HY (01, forw; € Qandn < NY (o)),

and, as the IPICC orderings are closed for convolution,
ZHT+1<w1, )z*Z Ti@1.). o€ Q. k< N (o). (4.8)

Now assume that X i is regular. Let SZ() {w1 € Q; Sl (w1) < oo} and Qb = Q(l) X 2.
As, by construction, Sl (a)) < oofor anya)such that SIX (w1) < oo, itfollows that SIX (a)) <00
for any w € Q®. Furthermore, as X* is regular and Sl (w1) = oo forall w; € 21\ Q(l), we
conclude that S¥ () = oo for almost any » € 2\ V. Thus,

= 5X (@) = S} (@) foralmostany w € 2\ Q® = (2, \ ") x Q.

As §; *(a)) > SIY* (w) is necessarily true when i > [ (since then SIX* (w) = SIY* (w) = 0), we
now assume that i < / and w; € le). Then, by construction and in view of (3.1), it follows
that

lfSl (w1)<Ty l(w1)+l<Sl (w1) < oo.

Thus, using (2.1), (4.8), and the fact that SIX (w) = ZS’ @ H; X (w), we conclude that

T, +1
s}’(w,)fl
S@= Y HF
n=1
Szy(“’l)—z Tin+1(@1)
_ x* X*
= > Y HY@+HY,
m=0  n=Tp(w))+1 St
s @n—1
> Y HY (019
m=0
Sﬁ(wl) 1
(601,-)- 4.9)

Accordingly, in view of (2.1) and the results obtained upon assuming that X is regular, we
conclude that Slx*(a)l, D > SIY* (w1, -) Ar-a.s. By Lemma 2.3, this implies that SIX* > S}”,
which is equivalent to having S,.)jl <s SZ(I, as required.

If, instead of being regular, the process X is only lower regular, then X=" is regular for all
m € I. By applying this result to the regular processes X =" and Y="", m € I, instead of the
processes X and Y, we conclude that X=" <,;. Y=" for all m € I when (4.1) and (4.2) hold.
In view of Lemma 2.1, this is equivalent to having X <, Y, which concludes the proof of the
theorem.
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As we state in the next result, the conditions (4.2) in Theorem 4.1 — on the stochastic ordering
of the holding times between transitions — can be further relaxed, at the cost of obtaining
conditions that are more difficult to check.

Theorem 4.2. Let X and Y be SMPs with state space I and parametrlzatlons (PX, FX) and
(PY, FY), respectively, such that both (4.1) holds, i.e. PX <t P; ,iel, and, for some IPICC
order x, the condition

X X X X Y
Foary® Fioprny ® Fipr1.p42) @ - @ Flnincc.at1)—1.min(c.a+1)) =+ Fla.cp (4.10)

where ‘@ denotes convolution, holds simultaneously for all a € Tandb,c €1, b < c, such

that
min(c,a+1)

PY >0 and PX 1_[ PkX—l,k > 0.
k=b+1
If X is skip-free to the right and lower regular, then X <, Y.

Proof. Let X andY be as stated, with the condition (4.10) holding for some IPICC order .
We must prove that Sl | = Sle for all i,] € I. To this end, we let i,/ € I be two arbitrary
states and construct two processes, X* and Y, on a common product probability space

A=(Q,F,P)=A1 x Ay x A3

with A; = (i, F1,P;), i = 1,2, 3,suchthat X* =g X|x,=i, V* =« Ylyy=i,and S}" <, S}’
As in Theorem 4.1, let (Uy),en, and (Vy),en, be independent sequences of independent

uniform(0, 1) random variables defined on Ay, and let (A, ), e, and (By)qen, be independent

sequences of independent uniform(0, 1) random variables defined on A;. Moreover, let

(a,b,c) (a,b,c) (a,b,c) (a,b,c)
R(m 1) (R(m t,0)° R(m t,1)’ " R(m t mm(c,a+1)fb))

wherem € Ny, t € Ry,and a, b, c € I, b < c, be independent random quantities defined on
A3 such that

min(c,a+1)
(@b _ X X X X X
R = [(Z(a,b)vzaa,bﬂ)’--~’Z(min(c,a+1>—1,min(c,a+1)))‘Z(a,hﬁ > Z(.i—l,j)zf]
j=b+1

where the Z (X k) are independent random variables with distribution functions F X

Forw = (a)1 , w2, 3) € 2, weuse (Uy(w1))en, and (Vy, (wl))neN+ to constmct processes
X(a)l) and Y(a)l) on A, and use (An(w2))pen, along with ¥ (w1) = (Yn(a)l))neN to con-
struct a process H Y (w) = (H (a))),,eN .» exactly as in the proof of Theorem 4.1. For the
construction of HX  (w) = (H (a))),,EN+ we will use the random sequences (A, (w2))neN,
and (B, (@w2))neN,  the random variables Efn I;)‘)(wg) and the increasing sequence of times
(T (w1))nen used to construct X(wl) (see the proof of Theorem 3.1).

Starting with m = 0 and Tp(w1) = 0, we proceed recursively, as follows. When T, (w1) is
finite, we let A . .

My (w1) = min(Yyy1(01), X7, (01) + 1) — X7, 41(01)

and define . .
Iy, (@) = inf {n > Ty (01) + 1: Xy(w1) > X7, 41(01) + k}
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fork =0,1,..., My (w1). Note that I}, k(wl) is the first time after 7;,, (w1) at which X(a)l)
reaches the level XT +1(w1) + k and, since X (w1) is sk1p -free totheright, I’ & (w1) isincreasing
in k and takes values in {7}, (w1) + 1, T, (w1) + 2, ..., Tn+1(w1)}. Then, with

(@,b,c) = (X1, (@1), X1, +1(@1), Vi 1(@1)),

we consecutively let

X X X -1
Cn1(w1, ) = [F(a,b) @D F(b,b+l) D---D F(min(c,a+1)—l,min(c,a+1))] (Amt1(w2)),
4.11)

x* X* _ plab,o)
(Hp (a)l)(a))’ le;,l(“)l)(w)’ s H[;‘Mm(‘“l)(w)) =R (@3),

(m,Cnt1(w1,02))

which specifies the construction of HnX* (w) for

M (@1)

ne )= |J (@)}

k=0

Forn suchthat 7, (w1) < n < Tyq1(wr) and (n+1) ¢ Iy (w1), we instead make the assignment
(4.5). After doing this, we increment m by one unit and continue with the recursion procedure.
Finally, we define X*(w) and Y*(w) as in the proof of Theorem 4.1 (see (4.6)).

Note that, by construction, we have X* =y X|x,= and Y* =g Y|y,— and, as in
Theorem 4.1, (4.7) holds. Since (A,+1)neN is a sequence of independent and identically
uniform(0, 1)-distributed random variables defined on A, the random variables Cy, (w1, -),
m < NY(w)), are independent and have distribution functions

X X X X
Flapy ® Fip o) @ Fiop1.642) D D Flnnin(e.at1)—1,min(c,a+1))

with . A A
(av b’ C) = (XTm (wl)» XTm-‘rl(a)l)v Ym-l—l(wl))’

whereas, by the same line of reasoning, the random variables H, H(a)l, ), m<N ¥ (w1), are

independent and have distribution functions F(); 2D F(); o By (4.7), (4.11), (4.3),
msdm w ’
and (4.10), this implies that e

Chn+1(w1, ) >« H Jrl(a)l,) for w; € andm<N (w1),

and that

k k
Y Cusi(@1,) =0 Y HY(@1,), @1 €Q1, k< NV (), (4.12)
m=0 m=0

since the IPICC orderings are closed for convolution.

We now assume that X is regular. For [ € I, let Q(l) {w) € Q: Sl (w1) < oo} and
Q0 = SZ(I) X Qz x €23. As, by construction, Sl (a)) < oo for any w such that SIX (w1) < o0,
it follows that Sl "(w) < oo for any w € Q®. Moreover, as X* is regular and Sl (1) =
for all @1 e 1\ Qi), we conclude that SX (w) = oo for almost any w € Q\ Q. Thus

= X (@) > 8 () for almost any 0 € \ QO = (@, \ Q) x 2 x Q. As
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Sl (a)) > Sl (a)) is necessarily true when i > [ (smce then Sl (a)) = Sl (a)) = 0), in the
remainder of the proof we assume thati </ and w; € ), in which case T, (w1) > m for all
meN, S¥(w) > Ty 57 (@D +1, andSY(a)l) > 0.
Since
s (@)
Sy = ) HY (@19,
n=1

by using (4.12) we conclude that

Sly(wl)—z Tin+1(@1) Slf((wl)
Sy = ) ' B @)+ Y HY ()
m=0 n=T, (w1)+1 n=TS}} 1(w1)+1
i
s7 (@n)-1
> > Y HY.)
m=0  nel}(w1)
$7 (@1)—1
= Y Cupilr,)
m=0
§7 (@n)—1
Y*
> HYi(er,)
m=
= 8" (@1, ).

By repeating the argument following (4.9) in the proof of Theorem 4.1, we find that Theorem 4.2
now follows.

5. Continuous-time Markov chains

In this section, we derive sufficient conditions for the level-crossing ordering (in the usual
sense) of CTMC:s for the case in which the slower of the compared CTMCs is skip-free to
the right. Similar to the sufficient conditions derived in the previous section for the compar-
ison of SMPs, these conditions for CTMCs involve only comparisons of transition rates and
probabilities for common departure states.

We recall that a CTMC W with state space I and generator matrix Q = (g;;);, jer, Whose
corresponding transition rate from state i is ¢; = —¢q;; = Y. j#i 4ij» may be interpreted
as an SMP with one-step embedded transition probability matrix P = (P;;); jes, Where
P;j = (1 = 6ij)qij/qi if g > 0 and P;; = §;; if g; = 0, and holding times in state i
exponentially distributed with rate g;, irrespective of the state visited at the next transition.
Moreover, ijk P;j = 1<y if ¢ = 0 and

un k>1i,

=k &

szi 1+un k<i,

=k &
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otherwise. In addition, if W is a CTMC with ordered state space / and generator matrix Q,
and x, y € I are such that x < y, then W1 is a CTMC with state space [ [x.¥1 and generator

. [x,y] [x,y] .
matrix Q""" such that qi‘;/ "= 0fori =x,yand

gij, x<i,j<y,

Wiyl ZCIik» x<i<j=y,

qo= e (5.1
Y au, x=j<i<y.
k<x

The next result follows from a convenient application of Theorem 4.1 to CTMCs.

Theorem 5.1. Let X and Y be CTMCs with state space 1, generator matrices Q% and QY,
vectors qX and q¥ of transition rates from states, and one-step embedded transition probability
matrices PX and PY, respectively. Then X <qc Y if either

(1) X is skip-free to the right and lower regular, and

g <ql and PX <« PV foralli eT, (5.2)
or
(i) X andY arelower regular, X is skip-free to the right, and there exists avector & = (;);
with entries in (0, 1], such that
Zqi)fl < Zq[); foralli e T andm € I. (5.3)

n>m n>m

Proof. Let X and Y be CTMC:s as stated. We treat the cases (i) and (ii) separately.

Case (i). Suppose that X is skip-free to the right and lower regular, and that X and Y are
such that (5.2) holds. Then, as (5.2) is a direct translation of the conditions of Theorem 4.1, for
the usual stochastic order, with the CTMCs X and Y viewed as SMPs, it follows that X <gyc Y.

Case (ii). Suppose that X and Y are lower-regular CTMCs and that (5.3) holds for a given
vector @ = (o;),; .7, @ € (0, 1]. For each x, y € I such thatx <y, the processes X1 and
YY1 are CTMCs with respective generator matrices QX and QY "such that, in view of
(CR)R) P ql)fllx Mg Zn>m q;, "foralli € I and m € 1], Thus, by appealing
to Theorem 2.1 we may, without loss of generality, assume that X and Y have a finite state
space, i.e. I is bounded. As a consequence, X and Y are uniformizable. Thus, we consider the
uniformized CTMCs X and Y with state-dependent uniformization rates in such a way that if,
at a certain instant, X and Y are in states j and k, respectively, then X and Y are uniformized
with rates oA ; and Ak, respectively, with A, > max{q,f, q,f /o, } being positive.

More specifically, we let A = (A,),er and consider the uniformized CTMCs X and Y with
one-step embedded transition probability matrices

PX =1+ [diag(@e2)]7' QX and PY =1 + [diag\)]~' @Y,

where o = («;);es with Qsup 1 chosen arbitrarily in (0, 1] if I is bounded. As the conditions
(5.3) imply that PX <st PY foralli € I, and a;A; < A; forall i € I, the result of case (i) for
the uniformized CTMCs X and Y gives X <y Y, as required.
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In the proof of the previous result, we have used state-dependent uniformization rates for both
CTMCs under consideration. This is similar to an idea suggested in a personal communication
by Irle [4]. For uniformizable skip-free-to-the-right CTMCs, Theorem 5.1 generalizes [2,
Theorem 3.1] in two ways: it requires only the slower CTMC to be skip-free to the right, rather
than both of them, and relaxes the conditions

Y g <ad gl forallieTandm eI,

n>m n>m

for some constant o € (0, 1], to (5.3).
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