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Homogeneous Row-Continuous Bivariate
Markov Chains with Boundaries

J. Keilson
M. Zachmann

In a previous paper [ 8] a theoretical treatment of finite row-
continuous bivariate Markov chains B(t) = [J(t), N(t)] was developed,
providing an algorithmic basis for finding their ergodic distributions
and associated passage time moments. The continuous time chain B(t)
with state space B = {(j,n) : 0 £ j £J, 0 <n < N} was described as
row-continuous in the sense that the marginal process N(t), indexed by
row coordinate n, changed at transition epochs by at most one. In the

present paper we restrict our discussion to those row-continuous chains

+ -

s ¥n o0 ¥y describing rates

for which the transition rate matrices, ¥g
local to row n,fare independent of n for each 1 sn <N - 1. Forn =0,
one has 25 = 0, and for n = N, 3; = 0. Such processes may be described
as row-homogenous, row-continuous processes modified by two retaining
boundaries, as for earlier similar univariate contexts [2].

For all such processes the behavior of the bounded process is
intimately related to that of the associated row-homogeneous process
§F(t) = [J(t), NH(t)] on state space BH ={(,n) : 0j<J, - ®<n <=}
with gg, g;, g; independent of n for all integer n. The distributions
governing the homogeneous process are as in [ 3] called Green's functions.

The treatment of the bounded process via such functions is brought about

through use of the same kind of compensation arguments and compensation




functions employed in the earlier univariate studies. A quick intro-
duction to the ideas is given in [3 ].

A treatment of the ergodic distribution for the single boundary
process B(t) where N = = has been given by M. Neuts [11], with some dis-
cussion of simple aspects of the transient behavior. For many applica-
tions in congestion theory, where finite buffering is present [ 9], the
second boundary is of essential interest. Here we focus on two bounda-
ries and study theoretically and algorithmically the transient behavior
of such processes.

In section 1 the Green's function is defined and developed. An
explicit generating function is derived and the functional relationship
of the Green's function to the first passage time distribution is estab-
lished. The compensation method is employed in section 2 to describe
the dynamical behavior of the bounded process. 1In section 3, the invert-
ibility of the Laplace transforms of the Green's function matrices and
the first passage time matrix forms is demonstrated. The primary matrix
geometric results are then exhibited in section 4, for both bounded and
unbounded chains. Section 5 then develops algebraic and algorithmic
means for finding the first passage time distributions. In the conclud-

ing section 6, the mean first passage times and exit times are obtained.
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§1 The Homogeneous Row-Continuous Markov Chain
and Related Green's Functions

To obtain the distribution of the process B(t) defined on the
state space B we first obtain that for the associated row-homogeneous
process gﬁ(t) defined on the infinite lattice B'. The latter distribu-
tion is the time-dependent Green's function §n(t) defined formally below.
Two procedures for finding gh(t) will be developed. The ergodic Green's
function on def f: gn(t)dt is shown to be finite for all n under simple,
intuitive conditions on the row-homogeneous process.

The row-homogenecus row-continuous process gg(t) = [J(v), NH(t)] is
defined on an infinite lattice g - {G,n) : 0<j <J, - ®»<n<=}, The

+

behavior of Eﬁ(t) is governed by three transition rate matrices Yy gé,

and 20 which define the transitions between the states of a row and the two

H
. < s + . s
contiguous rows. Specifically, vH'ij is the hazard rate for transitions

L

H;ij

is that from (i,n) to (j,n). As in [8], we uniformize by picking any

is that from (i,n) to (j,n-1), and vo

from (i,n) to (j, n+l), v H;ij

+ - 0 .
v > ?aX{§(vH;ij + VH;ij + VH;ij)} as a uniform rate. We then have, as
in [ 1],
+ 1 + - _1 - 0_1.0 1.D
Defll gy T BTy vt v
where
D . + - 0
Yy = Diag((yy + ¥y + YL .

The transition probabilities for the row-homogeneous chain, from (i,0) to
(j,n) are the components of the time-dependent matrix Green's function

gn(t) = [g (t)]. In particular, we have

ij;n
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Def 1.2 t) = PINT(t) = n,Jt) = j|N'(O) = 0, J(O) = i] .

gij;n

§

We will call the set {gh(t): - ® < n < o} the time-dependent Green's

function for B(t). Because of the row-homogeneity,

P[NH(t) = n, J(t) jINH(O) =m, J(O) =1i] =g (t). The generating

. ij;n-m
function g(u,t) = ?w gn(t)un for the two-sided sequence (gn(ta;fm will be

of value. Questions of summability and analytic structure have been dis-

cussed at length in [6,7].

Prop 1.3 The generating function g(u,t) = Z gn(t)un satisfies

proof: The forward Kolmogorov equations for E?(t) are
d _ + 0 -
(1.4 G 8a(8) = - v, (8] * vey , ()gy + vg, (g + ve,,, (Mg Yy

as the reader may verify from the component equations. Multiplying (1.4)

by u" and summing we get
d A + 0 1
(1.5) Ez'gcu’t) = - vg(u,t)[; - {ugH tapta H

and the result follows. O

Corollary 1.6 For the marginal process J(t) with transition proba-

bility matrix p(t) we have
= g(1,t) = e-vt[l-gﬂl and the principal left eigenvector

+ 3; + is the ergodic probability vector for J(t).
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Proof: The proof follows directly from (1.3).
Although Proposition (1.3) is usefrl for its structural insights, it may
also be used for direct calculation of the En(t) when, for example,
g; >> @ so that the cross-products converge quickly.
From (1.3) we have
vt (),

AN m® = LT by

--.k

. . < s n ., 0 + 1
where Qk,n is the matrix coefficient of u in [aH +ug, + = H] .

e

The following approach may be used to find
ln(s) = £[§n(t)] = f; e'St gn(t)dt when the upwards and downwards first
passage time probability matrices are known. Formally, as in [8] we

define the first passage times

‘ + + - -
Def 1.8 (a) gy(t) = [sij(t)], su(t) = [sij(t)]
+ + - -
(0) o (s) = L[gy(t)], o (s) = L[g, ()]
(c) where
sf.(t)dt = P[a first arrival at row n+l in ft,t+dt) and
1 that arrival is at state (j,n+1)| at state

(i,n) at time 0]

s;j(t)dt similary except to row n-1.

We first need a prelimary result

Lemma 1.9
v 0 + - -+ .. .
I- (s+v){§H +a,¢ (s) + 2, g (s)} 1is invertible
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for s 2 0, if g?[g; - g;] 1_22£=MH # 0, where e is the brincipal left
eigenvector of g, = gg + =+ + gﬁ .

It is known [6,7] that when the asymptotic drift rate MH >0
we have g+(0) stochastic and g~(0) strictly substochastic. Similarly,
when MH <0, g+(0) is strictly substochastic and g-(O) is stochastic.

In either case, 2y is stochastic and thus gg + g-(O)ga + g+(0)gﬁ
is strictly substochastic. This quantity, therefore, has a spectral
radius < 1 when s=0 and the lemma follows for that case. For s real,
s 2 0, the matrices g+(s), g-(s) are monotone decreasing (element-wise),
as is v/v+s so that the spectral radius of
C;%;J{gg + g'(s)g; + g+(s)g;} is decreasing [ 1]
and the lemma is proven. D
Notice that g? may be interpreted as the ergodic distribution of
- 0

the underlying row process J(t) governed by y = g* + +

n<
n<

The next two propositions describe the second procedure for finding

gn(t), in principle.

Prop 1.10 xo(s) = siv [I- (g%:ﬂ{gg + ggg-(s) + g&gf(s)}]-l,s > 0.

proof: The argument given in [ 8 ] is applicable immediately
for the case s > 0 in our row-homogeneous setting. One need only make

these identifications
(1.11) §0(t) = Bnn(t)vn, since gnn(t) = goﬂ(t) from row-homogeneity

(1.12) (g:,, 2y gg) <3 (g;, 2, gg)
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(1.13)

na

(s) <> g_,,(8) ; g'(s) < g;_l(S) .

The invertibility for s 2 0 is a consequence of (1.9)

Prop 1.14
(@) y,(s) = " ()1" Yp(s) forn 20,
®) y,(s) = [g-(s)]-n Yo(s) for n < 0.

Proof: In the scalar setting, where J=0, the equation
Yn(s) = [o+(s)]nyo(s) is the familiar counterpart of the general equation

= * : s .
pmn(t) smm(t) pnn(t) for any chain. For a scalar, skip-free spatially

homogeneous process, one has son(t) = sé?)(t). In our matrix setting,
§n(t) = §On(t)*§0(t) where §On(t) is, as in [ 8], the matrix p.d.f. for

the first passage time from row O to row n, since to be in row n at
time t, there had to be a first visit to row n at t', 0O<t'<t, and one
had to be in row n at time t. From the row-homogeneity and row-continuity
gon(t) = (§+(t))(n), so that gOH(s) = u+n(s) where n>0, and similarly,
for n<0.
Thus, knowledge of g*(s) and g-(s) enables us to calculate xn(s)
for all n.

The ergodic Green's density is another quantity of interest. We

next define the ergodic Green's density matrix g

Def 1.15

(-]

Zen = [Bun;13] 5 Bemyiy = S gyypn(0)ee
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§2 The Bounded Process and Compensation

We are now in a position to relate the probability distribution
for the bounded process B(t) to the Green's function g(n,t) of section 1.
By using the compensation method developed earlier [ 2 ] we are able
to express the distribution of B(t) in terms of the probability vectors
for the bouhdary rows at 0 and N.

The bounded process B(t) is the row-continuous process on
B={(j,n) : 0<j<J, 0<n <N} whose transition matrices coincide
with those of Eﬁ(t) for row 1,..,N-1, but differ at rows 0 and N. At

those rows the transition rate matrices Yo and 2; are replaced by 0.

. . s ps . + 0 - 0
(For some applications, the transition rate matrices y,, v, Yy» and yy
may have yet other values without affecting the applicability of the
method. In this paper we consider only the process B(t) specified.)

Let v, g+, a., and go be as for the underlying homogeneous matrix.
gn B, &
Let E:(t) be the probability vector for row n, i.e., let
T _ J _ s _ .
En(t) = (pj,n(t))o where pj,n(t) = P[J(t) = j, N(t) = n]. The forward

Kolmogorov equations for the process have the form

dp (t)
(2.1) = - vy (£) + vgag + vp; (tzy

D - upl(t) + vpr(t)ah + vBh ) (D)g + VEp,; (e

1 sn<N-1

e R HOEE MO R
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where gg and gﬁ differ from gg due to the modified boundary rates.

This finite set of equations may be replaced by the infinite set

of vector differential equations,

T
dp_(t)
(2.2) 'E%E—_ = - sz(t) + vgz(t)gg + vpi_l(t)g; *'VE§+1(t)§ﬁ

T T T
Y 8,058 Oy g L (8] 6y NGB+ 8

T
&N n,N+1 Sne1 @)

- < qQ < ® ,

T T T T . .
where Eo(t) , th(t), QN(t), and EN+1(t) will be chosen in such a way as

to have the resulting solution E:(t) coincide with that for (2.1) and

pT(t) £ 0 for n £ -1 and n 2 N+l. The functions Q?(t) which do this

are called compensation functions. Their intuitive meaning is asso-

ciated with the point of view motivating the compensation method.

The virtual transitions for the homogeneous dynamics are neutralized by
the injection at rows n = -1 and n = N+1 of negative source density into
the probability space and positive source density at rows n = 0 and n = N,
reflecting the dynamics of the bounded process. The source injection
rate at state (j,n) is Cj,n(t) and the rate vectors are Ez(t). A more
complete discussion of the procedure may be found in [2 ]. A quick
introduction is given in [ 4 ]. A more recent alternate development
that is concise and clear, is given in [5].

The probability vectors Pz(t) are the response, for the homogeneous
process, to the initial distribution and to the injected sources. One

then has, for any initial distribution (f:)g s
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2.3) T(t _ IE fT . CT(t . T "*
(2. By (%) = m=o'm§h-m(t) SoW g (M) + €, (1) g, (1)

* OGN () + G (D' gy

Equation (2.3) may also be obtained by taking the two-sided generating
function of both sides of (2.2), taking the Laplace transform, solving
for the resultant generating function transform and making the identifi-
cation (2.3).

We now have the tools for the major result of this section.

Theorem 2.4 For any initial distribution {fz : 0 €£n <N} we have

By (£) = Vg ()2 En(t) - VRo(t)ag*gy,q (1) + VRy(E)aig (®)
N

- “Eg(t)ig*én-(N+1)(t) )

L gn_m(t) , for all n

£
o M 2

where 35 = diag (gﬁl), 25 = diag (g;l) and the * denotes convolution in
time.

Broof:

Examination of (2.1) and (2.2) shows that setting

T I . + T _ T . -

(2.5)  Cy(t) = vpy(t) diag(ayl), Cy(t) = vp,(t) diag(a,1)
converts the subset of equations {(2.2n) : 0 < n < N} to those for the
set.of equations in (2.1). The formalism, as developed in [ 2 ],
demonstrates that the compensation functions gg(t), Q;(t) have precisely

that form and that one needs




-11-

(2.6)  Cp, (t) = - vpa(tday » (1) = - vp(t)ay,

with all other E:(t) £ 0. Equations (2.6) describe the neutralization
of the virtual transitions to rows -1 and N+1, and (2.5) the return of

the probability to rows 0 and N.

Theorem 2.4 provides the basis for relating E:(t) to Eg(t) and
pg(T) and subsequently g: to gg and gg. By setting n=0 and n=N in
(2.4) one obtains a coupled pair of integral equations for Eg(r) and
E;(t) permitting one in principle to evaluate these. An alternative
procedure for finding Eg(t) and/or pz(t) is to make use of the formalism

developed in [ 8] and, in particular, in sections 2 and 3 there. A

judicious combination of both procedures will be seen to be useful.




-12-

§3 Structure of First Passage Times and Invertibility
of the Green's Function Matrices xn(s)

The Green's function matrices are vital to the solution of Theorem 2.4.
. . + - . .
They are available as functions of g (s) and g (s), which we now find
+ -
equations for. We first demonstrate that g (s) and g (s) satisfy simple

matrix quadratic equations.

ProB 3.1
@ g*(s) = als) + g(s) g ()1°
) g (s) = B(s) + a(s) [g ()1
where

(3.2)  a(s) = vy*(s)ay » B(s) = vy*(s)gy

and

(3.3)  y*(s) = [(s+w)] - vagl ™!

Eroof:

The proof is based on the results in section 2 of [ 8 ].
The matrix y*(s) is the Laplace transform of the transition probability
matrix for the loss process on {(j,0) : 0 < j < J} governed by gg ,
g;, and g' when the adjacent rows n=1 and n=-1 are absorbing. Equation (3.3)
is the analog of (2.4) of [ 8] in the notation of this paper.
Associated with the loss process on row 0 are the pair of exit time
matrix densities a(t) = [ajk(T)] and b(t) = [bjk(r)] with the transforms

a(s) and B(s) respectively. Here ajk(T) is the probability density that
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exit is to state (k,1) at time T given start at state (j;O) at time 0O
and bjk(T) is the probability density that exit is to state (k,-1) at
time T given start at state (j,0) at time 0. The quadratic equation (a)
states that to reach row 1 at state (k,1) one either goes to row 1

(at state k) before row -1, or one goes to row -1 and thence to row 0 and
thence to row 1 at state (k,1). Equation (b) has the same meaning for
downward transitions. 0O

We will now discuss the non-singularity of the matrices g+(s),

g (s), and ¥, (s).

Prop 3.4
Let gg(t) be irreducible. Let the asymptotic drift rate MH be

non-zero. Then, for s 2 0
+ R . + . +
(a) ¢ (s) is non-singular <= Yy is non-singular (or QH)

(b) g (s) is non-singular <= gé is non-singular (or g

ne

proof:
From the proof of (3.1) we note that g(O) + B(0) is stochastic

and from irreducibility g(0) # 0 and 8(0) # 0. We have seen that

na

*(s) = a(s) + B(s)[o"(s)1%. Consequently [I - B(s)g’ (s)1g*(s) = a(s)
= y*(s)y"

Since g+(s) is substochastic and 8(s) is strictly substochastic

[1- g(s)g+(s)] is non-singular. Moreover, since gg is substochastic,

y*(s) is non-singular by (3.3) hence (a). Part (b) follows the same way. DI




-14-

Corollary 3.5

Under the conditions of Prop 3.2, for s20,
. . + . .
(a) ln(s) is non-singular, Vn>0<=9 gy is non-singular

(b)) y,(s) is non-singular, ¥ _,<=> g, is non-singular.

Proof:
From Lemma 1.9 and Prop 1.10 we have that lo(s) is non-singular

for 's20 when MH#O. From Prop 1.14 the result follows immediately.
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§4 The Ergodic Distribution

The results obtained in section 2 can now be employed to provide

ergodic probabilities. In particular, Theorem 2.4 leads to the follow-

ing result:

Theorem 4.1
Let B(t) be irreducible and ergodic, and let eT = lim E:(t). Then

el = veT{a-g -ag } o+ veT{a+g -ag }
-n —0'=D2«n  =H2on+1 =N"=Dz=e=n-N  =H2en- (N+1)

for 0 £n €N

proof:
This follows from Laplace transformation of (2.4), multiplica-

tion by s, and passage to the limit >0, In particular, sEﬁ(s)*gz,

zn(s)*gwn, and s;n(s)+0, by the usual Tauberian argument.

From 4.1 we can obtain at once the matrix geometric form of M. Neuts
[10,11] for the ergodic distribution when the homogeneous process is modi-
fied by a single boundary at n=0. We have

Corollary 4.2

For B(t) ergodic with one boundary at n=0 (i.e., N==) the

ergodic row probabilities are matrix geometric, that is,

T n

T _
En = EO P for alln =20

where
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-1
4.3 g =gy o @ g

and

T . . . .
e, is an eigenvector satisfying

(4.4 e {aH aHo 0) + ap, ~1 Q===_g b

proof: By the same method as that for Theorem 4.1 we can write

(4.5) e, = Ve

In particular, letting n=0, and using (1.9) we have
T T, - - +
(4.6) & = vgo{gD - g0 )} €00

We use prop 1.8 evaluated at s=0, then multiply (4.6) by (ngo)_l to

get (4.4).

We recall, from (1.8) that g_ = (o+(0))ng for n 2 0, hence
=N = 2w()

T T, - n
(4.7) e, = vey {gp - ayg Y0y} gwo(gwo (O)gmo)

Setting n=0 gives

T

(4.8) &

vgg[v{gg - g;g+(0)}§m0] .

Substituting into (4.7) gives the desired equations. O
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Remark:

The matrix b of (4.4) is irreducible when B(t) is irreducible.
Thus, gg is the principal eigenvector of b. To see that b is irreducible
we present the following argument:

We wish to show, for all i,j there exists a k20 such that (gk)ij¢o.
Now B(t) is irreducible, so there exists a path (in, say £ steps) from
(i,0) to (j,0). There are two cases:

(1) the path stays on the row n=0.

If so, we have (g);,#0. But, b 2 g, hence (b")

ij#o°
(2) the path leaves the row n=0 at the kth step. We then see that
{(gg)kg;g-(O)}ij#O. But, 2k+1 > (gg)kg;g‘(O) and the argument concludes. O

There is a matrix geometric result for the two boundary B(t). We see

. . +
that g: decreases in relation to the maximal eigenvalue of g (0).

Corollary 4.9

We have,

e = 2oz - 250" O)g B + exOigy - gig (OIg Py
where
(410)  py= g00 g » By = Bag? Ogeg

The proof is immediate from (4.1) and (1.9). O

We may let n=0,N in (4.9) to get 2 sets of matrix equations with
2 vector unknowns. The solvability of this set of equations has not

been proven.




-18-

We now use Theorem 4.1 to find the ergodic distribution for the

two boundary B(t) explicitly.

Prop 4,11

When g+(0) is strictly substochastic

o = el - angt g @M 11 - (af ¢ gy ¢+ apg O

Proof:

Let n=N in (4.1) to get
T _ T, - - T, + +
(4.12) ey = veglapgy - Bufaner? * Vex{2pEao ~ ZuEw-1t
Multiply by (\)gmo)-1 and use (1.9) to get
1 -1 _ T - +_ N -
(4.13) ey = olgpg @) - gg ©

Now, we let s=0 in (1.8) and note that 20 +a o+ a-c+(0) is strictly

=D =H=
substochastic, because g+(0) is strictly substochastic, while
. - 0 + - +
aH + g + aH is stochastic (gH #0). Therefore, } - (gH 3t g (0))

js invertible and (4.11) follows. O

The analogous result is presented without proof.
Prop 4.14
When g (0) is strictly substochastic

e = elig) - o ) O [1 - gf + 5 + g O
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§5 Algorithms for g+(0), g (0) and 80

The algorithms and results of section 4 assumed that g+(0), g'(O),
and .o WeTe known. We here present algorithms for their computation.
A procedure is available permitting the full evaluation of §+(r) and

g-(r) with substantial machine effort. This will be discussed elsewhere.

We first restate proposition 3.1 for the s=0 case.

Prop 5.1
() g'(0) = gg + 8, (g" (0)°
() g (0) = By + golg” (07
where
(©) 9= [L- 297" + Bo= [I- 290 gy

Proof: by (3.1) O

We note that (go)ij is the probability that, given start at (i,0),
the first transition out of row 0 is to state (j,1). Similarly, (go)ij
is the probability that, given start at (i,0), the first transition out
of row 0 is to state (j,-1).

When §P(t) is irreducible we have, of course, that 20 + @0 is

stochastic, and 29 Qo are strictly substochastic. This may be verified

by noting that




o
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1 [1 - ag]'1

(2 + gL

~
R
o
+
oo
o
[
ot
n"

=1 - a1t @- gl

fl
—
Lo}
]
[ain

Theorem 5.2
Assume, without loss of generality, that g+(0) is strictly
substochastic, g (0) is stochastic, then:

. . _ _ 2
(5.3) the recursion: gy = 0, Oxs1 = %0 ¥ ﬁogx

N +
converges monotonically to g (0), and

(5.4) the recursion: % arbitrary substochastic

2
0=K

ne

Ik+1 = B0 *

converges to g-(O). The convergence is monotonic if 90 = 0.

Proof:

This proof may be found in a slightly different form in [10,11]

We can find series expansions g*(s) and g_(s) for all real s20 by

use of (3.1).




-21-

Theorem 5.5

v def g (s)
Let Z= ryel 2(2)& 7

then g(Z) is finite for real 0 < Z 51

and

(5.6) $(2) = &' + Za0(2) + Z'a; $2(2) .

-
=

Proof:

By combining (3.1a) and (3.1le) we get:

(5.7) g"(s) = vI(s+w)I - vag) gy + vI(s+)I - vaplapg (1) .

Premultiplying by

=t

v ,.0 . .
- EIGQQH and substituting Z we have

(5.8) [1 - zanlg’(s) = za, + Zaglg’ ()1

Hence, dividing by Z,

(5.9)

This is (5.7) when we substitute ¢(2) for 5

The convergence of ¢ (Z) is assured by the convergence of g+(s) for s= 0.
Note that (5.7) is easily solved for ¢ (Z) by the usual techniques. An

expansion about Z=0 is available via the recursion:
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-22-

Corollary 5.8

+ _ + \ + + + _ 0.+
Let g (s) = jZO Ej (S+V) » then 20 = 8y Pl N gH: » and
+ _ .0+ - +, +
(5.9) 2k+1 = gku ta, .g Qigj for k21 .
i+j=k-1
i,j20
Proof: Trivial by Theorem 5.5. O
Corollary 5.10
_ © _ vji-l _ _ _ 0 -
Let g (s) = jzo Ej (g:;ﬂ . Then, 20 = gH’ 21 = 2.3 and

- _ 0, - + -
(5-11) byyy =2yl * gy L Bib

Proof:

This is the dual result to (5.8). O

When sufficient terms in the expansion of g+(s) and g’(s) have been
calculated, we use (1.8) to find 10(5) and then, via (1.9) we can get
;n(s) for any n. The convergence of Theorem 5.5 implies that §n(t) may
be written as a matrix sum of gamma distributions. Similarly, gz(t)

may be seen to be a vector sum of gamma distributions via (2.4).




-23-

§6. The Mean First Passage Times

In the earlier sections we described a procedure for finding
the ergodic distribution of a homogeneous row-continuous chain. To
discuss the dynamical behavior of a Markov process the first passage
time densities are needed. These densities describe the reaction
of the chain to perturbations as well as busy periods and saturation
times.

Although the densities g+(s) and g'(s) are available for the
homogeneous process, there is no generalizable method for deriving
first passage times for the bounded process. We will therefore
follow [8 ] in our approach towards a recursive method of obtaining
mean first passage times.

Formally, as in (1.8) we define the first passage time densities

+
n;ij

(t)] and g (t) = [

n

Def 6.1 Let 2; (t) = [s ..(t)] where

s

n;ij
sn;ij(t) = P [a first arrival at row n+l at (t, t+dt) and that arrival
is at state (j, n+l) | at state (i,n) at time 0]. And let s;'ij(t)

be similarly defined for arrival at row n-1.

Two related entities are the stochastic matrices

+°°+ S
(6.2) s = fo sp(t)dt , s = jo s (vdt
and the matrix pdf moments
o+ - S -
(6.3) p = fyts ()dt, p = [ ts (t)dt.
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In this section we are primarily concerned with finding the means

+

B, and T
Because the approach so closely parallels [8 ] we present the results,
without proof. Let g;(s) def £[g;(t)], =; dgf L[s (t)], then
Theorem 6.4

+ v 0 -1=1 . v |+
(@) go(s) = [I - () (g + gl (P

+ - 4+
B g () = [1- (57 {aH + 2y gn_l(S)}] 5+V)aH n=1,...,N

: . c s +
Mote that this is a recursive means for finding gn(s) and therefore

gg(t). The dual result for g;(s] is

Theorem 6.5

@ gy(s) = [I - G (g + a1 e

) gi(s) = [I - (o) (2 * grgny (D17 (odan n=0,...,N-1.
Of course, g} (0) = 5 and g (0) = 5, so that we may immediately write
Corollary 6.6

(@ sp=1I1- (zn+2))1 25 sy=I1- (g +2p)) ey

OEPER ER RS WND) P VIFEFRE 1 S RN ) i
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Using the previous results, along with the fact that
+ + - -
= - 0 s -
6.7) B, g ( )f ' % 0,
one obtains a recursive algorithm for the mean first passage times.

Corollary 6.8

(8 yp= % I - (gg + ag)]'1g+

1_4; = -\1; z- {gg + a g;_l}}-l [I - vay, gg_llg; n=1,...,N
® =30 a0+ an17s]

}_3;‘= S0 g+ anss 1170 I - ve RS n=0,...,N-1.

The last two corollaries provide an efficient recursive method for
finding the mean single-step passage times. The storage requirements

are only O(Jz) and the computation is O(NJS).

The sojourn time [3 ] TVm on the row-set {0,...,m} has density

T -+
Em-!-l = gm(t)}.
(6.9 5(t) = F——
o1 81 L

The corresponding mean sojourn time is, by [ 3],




m
' z eT 1
Pm({O,. .o ,m}) 1 j:o _j —
(6.10) E[T ] = : o
' m+l,m Em+1 gH -—

The ergodic exit time [3] Ty on the row-set {0,...,m} has density

E
T
nim En gn,m-i-l(t)-l
(6.11) SE (t) = ==
=r-m T
z gﬂ 1
n<m
with mean
m
T
j§0 Ej gjm+1 l
(6.12) E[TEm] = -
T
2. e. 1
j=0 =5 =

In a queueing context where row 0 is associated with no queue the
sojourn time on {1,...,N} corresponds to the busy period. As in

(6.10), this mean busy period is

T
l-go‘l
T «+

(6.13) E(T,) =
gonl

The passage time density from row n to row m, gnm(t), may be found

by recalling that, for 0 <m < n <N,

+ + +
(6.14) gmn(t) = gm(t)*§m+1 (t)*...*gn_l(t). We have, therefore, that,

for m < n, the mean passage time ¥ from row m to row n is

n-i
+ + +
gm = .E ( bit . gk) H. (. I gk)
j=m m<k<j j<k<n-1

(6.15)

and a similar result holds when n<m. Thus, arbitrary first passage
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times are readily available.
A more efficient approach is available when many arbitrary
first passage times are required, particularly when g; (or gﬁ) is invertible.

We refer the reader to [8], Section 6.




10.

11.
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