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We use the random-product technique from [5] to study both the steady-state and time-
dependent behavior of a Markovian reentrant-line model, which is a generalization of
the preemptive reentrant-line model studied in the work of Adan and Weiss [2]. Our
results/observations yield additional insight into why the stationary distribution of the
reentrant-line model from [2] exhibits an almost-geometric product-form structure: indeed,
our generalized reentrant-line model, when stable, admits a stationary distribution with a
similar product-form representation as well. Not only that, the Laplace transforms of the
transition functions of our reentrant-line model also have a product-form structure if it is
further assumed that both Buffers 2 and 3 are empty at time zero.
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1. INTRODUCTION

We consider a reentrant-line model consisting of three buffers and two servers. The buffers
are labeled as Buffer 1, Buffer 2, and Buffer 3, and the servers are labeled as Server 1 and
Server 2. We assume there is an infinite supply of jobs present at Buffer 1, while additional
jobs arrive from outside of the system to Buffer 3 in accordance to a homogeneous Poisson
process with rate py. Server 2 always stays at Buffer 2 and processes jobs there in a First-
Come-First-Served (FCFS) manner, while Server 1 moves between Buffers 1 and 3, giving
preemptive priority to jobs at Buffer 3: this means that Server 1 always devotes its full
attention to jobs at Buffer 3, in an FCFS manner, whenever any jobs are present there.
Once Buffer 3 empties, Server 1 then devotes its full attention to the infinite pile of jobs at
Buffer 1 until a job arrives to Buffer 3, at which time it immediately stops serving at Buffer
1 to work at Buffer 3, only to resume processing at Buffer 1 whenever Buffer 3 is again
empty. Server 2 serves jobs at Buffer 2 at a rate us, while server 1 serves jobs at Buffers 1
and 3 with rates py and us, respectively.

Each job found among the infinite pile of jobs at Buffer 1 possesses three i.i.d. unit
exponentially distributed amounts of work to be processed at the three buffers, independent
of all other jobs present, and each job that arrives from outside of the system to Buffer 3
possesses a single amount of work that is unit exponentially distributed, and independent of
everything else. Observe, however, that not all work possessed by a job needs to be processed
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FIGURE 1. An illustration of our three-buffer, two-server reentrant-line model. Readers
should note that this diagram does not display that jobs leaving Buffer 2 could further
leave the system, and some of these jobs may also take a customer—waiting or in service—at
Buffer 3. The dashed lines represent the ability of Server 1 to move between Buffers 1 and 3,
where the time it takes to move from one buffer to another is assumed to be instantaneous.

in order for it to leave the system. More specifically, whenever a job finishes processing at
Buffer 1, it moves on to Buffer 2, but when a job finishes processing at Buffer 2, it will either
(i) leave the system and take a single job currently either waiting or in service at Buffer
3 (if such a job is present at Buffer 3) with probability «;, (ii) leave the system without
attempting to take a job from Buffer 3 with probability «s, or (iii) move on to Buffer 3 with
probability az: here a; + oo + a3 = 1. As soon as a job at Buffer 3 is processed by Server 1,
it leaves the queueing system. This deletion skill possessed by jobs leaving Buffer 2 makes
this process somewhat reminiscent of the negative customer models studied in Gelenbe [9].
Readers should note that when oy = as = g = 0, our model becomes the reentrant-line
model studied in Adan and Weiss [2]: the reentrant-line model from [2] is also covered in
the recent text of Adan et al. [3]. An illustration of our three-buffer, two-server reentrant-line
model can be found in Figure 1.

The dynamics of this modified reentrant-line model can be fully described by a
continuous-time Markov chain (CTMC) X := {X(¢);¢ > 0} having state space

Z% = {(i,j) :i,j € {0,1,2,3,...}}

where for each real number ¢ > 0, we write X (¢) := (X2(t), X5(¢)) with X;(¢) representing
the number of jobs present (either waiting or in service) at Buffer i at time ¢, i = 2, 3.
Figure 2 illustrates, through a transition rate diagram, the structure of the generator (i.e.
transition rate matrix) Q := [¢(z,y)](z,y)cp associated with X.

Our primary goal is to derive computable expressions for the Laplace transform of each
transition function of X, whenever X (0) = (0,0). More specifically, for each state (i, j) € E,
we seek to derive (g g),(;,j), Which is well-defined on the set C; := {a € C: Re(a) > 0} the
set of complex numbers having positive real part—as

T(0,0),(i,5) (@) 5:/0 e “'p0,0),a,5) (H)dt, aeCy

where for each real number ¢ > 0, the transition function p(g,gy,(;,5) : [0,00) — [0,1] is defined
for each real t > 0 as

P(0,0),(i.5) (1) = P(X(t) = (i,5) | X(0) = (0,0)).
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FiGURE 2. The rate diagram associated with the generator Q of X.
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Since throughout this paper our focus will always be on the case where X(0) = (0,0),
we denote each Laplace transform g o) (;,5) simply as 7(; j). Once these 7(; ;) transforms
are known, numerical transform inversion algorithms can be used to numerically compute
each of the corresponding transition functions, and this can give some insight into how
fast the reentrant-line model converges in distribution to its stationary distribution p :=
[Pi.5))(i.j)e > Whenever p exists. Observe that p(o,),z,;) is a transition function, whereas
P(i,j) is an element of p: clearly, since X is irreducible, when p exists we have

PG.g) = M po,0). (i) (1)

Our results contribute to the applied probability literature in the following ways. First,
our analysis of this generalized reentrant-line model provides a new understanding of why
the stationary distribution of the reentrant-line model considered in [2] admits a modified-
geometric product-form structure having computable parameters, and it gives us an idea
of how much we can generalize the transition dynamics of the reentrant-line model without
changing the overall tractability of the stationary distribution p. Second, our techniques
allow us to show that the Laplace transforms of the transition functions of our generalized
reentrant-line model also have a modified-geometric product-form structure that is com-
putable, when we further assume Buffers 2 and 3 are empty at time zero. Finally, this paper
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illustrates another application of the random-product technique introduced in [5] to the
study of the steady-state and/or the time-dependent behavior of continuous-time Markov
chains. This appears to be a new technique, and in future studies of Markov chains, it may
prove to be a key tool in ways that as of now are unknown.

2. MAIN RESULTS

Our approach towards deriving a computable expression for each Laplace transform (; ;)
consists of making use of the random-product technique. In order to use this technique, we
must select another CTMC {X (¢);t > 0} having the same state space E as {X(t);t > 0},
but with a generator Q that satisfies two properties: (i) ¢(z,2) = q(z,x) for each z € F,
and (ii) for any pair of distinct states z,y € E, ¢(z,y) > 0 if and only if ¢(y, x) > 0. Further
associated with { X (¢ t);t = 0} is its embedded DTMC {X,,}n>0, where X; := X (0), and for
each integer n > 1, X,, represents the state of X immediately after its nth state transition.

Given both {X( );t >0} and {X,},>0, we introduce a collection of functions
{wi,j}(i,j)e e defined on C; U {0}, where w(g,)(a) := 1 for @ € C U {0}, and for each state

(4,7) # (0,0),
77(00)
quaXl 1
w5 () :=Eq ) | 1(f0,0) < 00)e” 4700 , aeCypu{o} (1)
(4,4) (4.7) (0,0 zqufl’Xf)

where the hitting times 7o) and 7 o) are defined as
ii0,0) = inf{n > 1: X,, = (0,0)}, Fo0 :=inf{t >0: X (t—) # X(t) = (0,0)}

and where in (1), E¢; ;)[-] represents a conditional expectation, conditional on the event

Xo = (i,7), and P(; j(+) is its corresponding conditional probability. We could have omitted
the indicator function 1(7)(o,0) < o) from our definition of (1) when a € C, due to the fact
that under P(; ;, we have e~ 7.0 = 0 on the event {7 ) = co} when a € Cy.

It has been shown in [5]—see also [7] for a proper extension to the complex plane—that
for each state (i,7) € E,

ﬂ-(i,j)(a) = 7T(0’0) (a)w(ivj)(a), [ S C+. (2)

In particular, we may also say that when the stationary distribution p of X exists, its
elements can be expressed as follows: given Q, we have for each state (i,j) € E that

P(i.j) = P(0,0)W(i,5)(0) (3)
Note that (3) is a consequence of (2), since
PGi.g) = limam j) (@) = limam,o) (@)w,j) (@) = Po,0)wi.g (0)-

We focus primarily on deriving the Laplace transforms 7(; ;), for 7,7 > 0, but a quick com-
parison between (2) and (3) reveals that similar expressions can be derived for each element
of p as well. In fact, the w(; ;(0) terms themselves can reveal whether or not state (0,0) is
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positive recurrent, due to (see [5])

Y wiy(0) = a((0,0)E o) [T0.0)] » (4)

(i.5)€E

where 7(g0) :=inf{t > 0: X(t—) # X(t) = (0,0)} denotes the first time {X(t);t >0}
returns to state (0,0). The expectation found on the right-hand side of (4) denotes a con-
ditional expectation, conditional on X (0) = (0,0). We will always use the notation E, to
denote conditional expectation, when we condition on X (0) =z or X(0) = z: while this
is a somewhat sloppy practice to follow, readers should be able to infer from the form of
the random element within such a given conditional expectation precisely which type of
conditional expectation is being used. Readers interested in seeing other recent applications
of the random product technique are referred to [8,13].

We are now ready to state the main result of this paper, but before doing so, we first
need to introduce a few additional sets and functions, as well as additional notation. Given
integers i, 4,k € {1,2,3,4}, let p;; = p; + pj, and let pijp := p; + pj + pg. Let D(0,1) =
{z € C: |2| < 1} denote the closed unit disk in C centered at the origin, and define CY :=
C; U {0}. Next, define the functions §:C% — C, ¢: C% x D(0,1) —» C, and ¢ : C} — C

as
7(0,0) ~ =
~ —aF Q(XeaXZ—l)
Bla) :==we 0)(a) =Eq ) [1(70,0) < 00)e” >0 == (5)
an(@) =Eao | oo 255
(o 2) = (234 + @ — qopinz) £ \/(p23s + @ — aop22)? — 4(us + a1 pi22)(pa + azpnz)

2(ps + a1paz) ©
6

where the 4+ symbol is replaced with either plus or minus in order to ensure that |¢(«, z)| <
1—we will see in the Appendix that there is only one way to choose the sign when a € C.
and z € C satisfies |z| < 1—and

(3 + pa + @) — /(ps + pa + 0)% — dpispa

¥la) = o

(7)
Notice that 1 is only well-defined for the case where py > 0.

Both 8 and ¢ will be described further later in this paper, but readers should recognize
that ¢ is just the Laplace-Stieltjes transform of the busy period of an M/M/1 queue
having arrival rate p14 and service rate ps. From these functions, we construct the functions
Ip:CY —C, Ty :CY —C,and I'; : CY. — C, defined as

_ m2¥(a)B(e)(as + azd(a, f(a)) + and(a, B(a))?)

Fol@) = o) — (o, Bl@)) (1 = B(@)d(a, )
— L@ o] % o [e% (6% (0% « 2
Fi(e) = ey (o8 + 020(, 5(@) + ard(a B()],
and
2
Ta(a) = p2f(a)las + azd(a, B(a)) + ar¢(a, B(a)) ]

/”'3(1 - (b(aa B(Q))) +a
Our first result shows how to write each Laplace transform 7(; j)—for i > 1, j > 0—in
terms of the Laplace transform o) times a product of geometric terms.
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THEOREM 2.1: For each integer i > 1, and each integer j > 0, we have
(i) (@) = 70,0y (@) B(a) d(a, (@), aeCh
where () is a root of the polynomial g : C — C, defined as
g(x) = arpoa?
+ [-2(1 — ag)pa(pi2a + ) + (p124 + @) azpis
+ (1 — a3)p2(pazs + @) + aspapiz + agpiopg)
+ [(M124 + ) + 2up2(1 — as) — (124 + ) (p2sa + @) — agpipo + /J3M4] z’
+ [=2p1 (20 + @) + pa(p23a + Q)] + 7. (8)

The next three results address how to compute 7o j)(a) for each integer j > 0, but
three different cases need to be considered separately in order to carry out the calculations.
Theorem 2.2 considers the case where yq > 0, and where a € CY satisfies ¢(a, B(r)) #

p(a).

THEOREM 2.2: Suppose pug > 0, and o € C. satisfies ¢p(a, () # pw(a). Then the Laplace
transforms m z), for j = 0 are as follows. First, for a € C4,

"00(®) = 2oy (9)
where
_ e 1 [ 6laBa)
o) =1+ (1 Tute) | 20005 | o) [
Ble)
T 3@) - 6l @) (10)
Furthermore, for each integer j > 1, we have for a € C, that
(@) = 2y (1 Tola) (@) = Tola)otar Be)’] (11)

Our next result considers the case where uy > 0, and where « satisfies ¢(a, f(a)) =

py(a).

THEOREM 2.3: Suppose pg >0, and ¢(«, B(«)) = ptb(a)). Then the Laplace transforms
m0,5), J = 0 are as follows. First, for a € Cy

W(O,O)(a) = O(O(Oé)7 (12)
where
_ pi(a) o (O Bl@) \* B(o)
ot =1+ | 25505 ) (125250 Tt s 09
Furthermore, for each integer j > 1, we have for a € C, that
_ 1 j g1 j
70(0) = i | 0@ + D) (7] ot sty ]. (14)
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The Laplace transforms 7 j), for j > 0, change in form slightly when 4 = 0.

THEOREM 2.4: Suppose now that py = 0. Then the Laplace transforms m (g jy, for j > 0, are
as follows: for a € C,

m00(®) = 2oy (15)
where
it )
=1 RO 0 By F U@ - s sy
Furthermore, for each integer j > 1, we have for a € C that
1 -1
m(0,5) (@) = mFZ(a)‘ﬁ(avﬂ(O‘)) . (17)

In the next section, we will describe a procedure for determining which root of g
corresponds to 3(«), as this is a somewhat nontrivial problem. Fortunately, numerical exper-
iments indicate that this procedure appears to always yield a unique root, as well as correct
Laplace transform values: we verified this numerically in R for various cases using both
simulation, and the numerical transform inversion algorithm of Abate and Whitt [1].

3. PROOF OF THEOREMS 2.1-2.4

Our ability to simplify each Laplace transform m(; ;) depends heavily on our ability to
simplify each function wy; ;), and these functions are expressed in terms of expected values
of random functions of the CTMC {)Z'(t)7 t > 0} having generator Q. In order to simplify
these w; j) terms, we must first choose a proper generator matrix Q. First, we define the
interior transitions of Q as follows: for i, j > 1, define

and

Q((Zvj)v (Z +1,7+ 1)) = Q((Z +1,5+ 1)7 (Zvj)) = Qpp2.

We chose to define these transition rates from interior states in this way so that each
transition made by X from an interior state contributes the value of one to the random
product, which makes the random products found within each w; ;) term easier to study:
this will be clearer in our derivations.

The next step involves defining the transition rates made by X from the set
{(1,0),(2,0), (3,0),...}. For each integer i > 0, we set

q((3,0), (i = 1,0)) = 4((3,0), (@ + 1,0)) = ¢((4,0), (i, 1)) = ¢((3,0), (1 + 1,1)) = p12a/4.

Choosing this uniform transition structure is really not a crucial step, we mainly need to
choose these transition rates so that X has a homogeneous transition structure among the
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transition rates corresponding to transitions from states in the set {(i,7):i> 1,5 > 0}:
more specifically, these transition rates do not depend on ¢, for ¢+ > 1. We refrain from
choosing specific transition rates within Q from states of the form (0,7), j > 0, as these will
not be needed in our derivation: the reader will understand why this is the case as he/she
reads through the arguments in this section.

Our justification of Theorems 2.1-2.4 proceeds in the following manner. Step one is to
show that for each integer ¢ > 0, and each a € C,, that

(i.0)(@) = 0,0y () ()"

In Step two, we show that given any integers 7,j > 1, we have that for each o € C,,

1.5y (@) = m0,0) (@) B() p(a, Ba)).

Step three consists of showing that S(«) is a root of the polynomial defined in (8): these
three steps establish the validity of Theorem 2.1.

The next step is to express, for each integer j > 1 and each o € C, the Laplace trans-
form values 7(g ;)() in terms of 3(«), for each of the three cases addressed by Theorems
2.2-2.4. Once all of these expressions have been calculated, we can, for each a € C, com-
pute the normalization terms C'(«) appearing in Theorems 2.2-2.4, and we conclude by
explaining how to compute the remaining unknown £(«) term numerically.

3.1. Derivation of m(; )(c), for i > 0

Our first task is, for each integer i > 1 and each oo € C,, to express m(; g)() in terms of
T(0,0)(c) and B(c), and this can be achieved by writing w; g)(«) in terms of 3(a) when
i > 1. Due to the spatially homogeneous structure possessed by both Q and Q among
transitions from any states within the set {(i,7);4 > 1,7 > 0}, combined with the fact that
q((7,0), (i + 1,0)) = ¢((0,0), (1,0)) for each integer i > 0, observe that for each integer i > 1
and each a € Cy, the law (i.e. the distribution) of the random variable

M(i—1,0) (ij(é 1)

_ q
1(7)(i-1,0) < 00)e *T=10
(=L H §(Xo-1, X0)

under the probability measure P(; o)—which denotes a conditional probability, conditional
on X, = (i,0)—is the same as the law of the random variable

77(0 0)

—a7(0,0 H q X@aXf 1

1(7)0,0) < 00)e
©0 G(Xe_1, Xo)

=1

under the probability measure IP(; ). Furthermore, any feasible path X takes from state
(4,0) to state (0,0) must first eventually reach state (i — 1,0), then eventually (i — 2,0),
and so on, before reaching state (1,0), then eventually state (0,0). By the strong Markov
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property applied to the stopping time 7(;_1 o), we find

7(0,0) = 5
il — (T —T(i q X 3X -
w(i,O)(a) _ E(i,o) Hl(n(o,o) < c0)e (T(0,0) = T(i—1,0)) H (Xe, Xo 1)]

C=7(;—1,0)+1 Q(XZ*MXE)
ﬁ(i—l,g) ~ -
x 1(7i—1,0) < 00)e”YT(i-1.0) M
(=1 G(Xe—1, X0)
7(0,0)

- q(XfaXZ 1)
= [()E(i—1,0) | 1(7(0,0) < 00)e at,0) q(Xe; Xo—1)
B el_[l Q(Xe-1, X0)

= w(;—1,0)()B(a).

Repeated applications of this formula show, since w(q,g)(cr) = 1, that for each integer i > 1,

w(i,o)(a) = 5((1)1"

which implies 7; 0y () = 7(0,0) () B(c)".

3.2. Derivation of m(; jy(a), for i,5 > 1

Fix two integers ¢, j € {1,2,3,...}, where possibly i = j, and define the hitting-time random
variables

i) = inf{n > 1: X, € {(1,0),(2,0),(3,0),...}},
o) =1nf{t > 0: X(t) € {(1,0),(2,0),(3,0),...}}.

Then for each o € Cy, w(; jy(a) can be expressed as

i 7(-,0)
—aT(. 0)

Q(Xe,ffzfﬁ

——=——==| L(70,0) = T(-,0) < )
s A(Xe—1, X) 00 60

]E(,LJ) 1(7‘7(70) < OO) (&
Y g(Xe, Xe)

=i oy +1 (X1, Xe)

w |e—a(Fo.0=7.0)

Next, observe that due to the way we chose transition rates of Q corresponding to

transitions from states within the set {(4,7);i > 1,7 > 1}, on the set {7j. 0y < oo}, we have
7(-,0)

HO a(Xe, Xe—1)

G(Xe—1,X)

=1
with probability one under the measure PP(; ;). This then gives

—aT( )

w(; jy(a) =Eq ) [ 17,0 < 00)e
e q(XZa X@—l)

E:ﬁ(.,0)+1 Q(Xefl’ Xe)

1(i0,0) — .0y < 00)e 70O =TC0) (18)
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The next step is to keep track of how X first reaches the set {(1,0),(2,0),(3,0),
(4,0),...}, given X(0) = (i, 7). Define the random variable N(. oy so that it satisfies

X(7(.0)) = (N0, 0)
Then the right-hand side of (18) can be further simplified as follows:
7(0,0)

Eijy | 1(fi0) < 00)e™ 00 | 1(fj0,0) — 70y < 00)e” *TO0TC0) (X1, Xo)

£=7(.,0)+1 Cj
= Egi) [ 100 < 00)e™ 700 Ba) Ve
= B(a)'¢(av, B(a))’,

where the first equality follows from conditioning on the history of X up to the stopping
time 7. o) and applying the strong Markov property: more particularly,

71(0,0) q(f( X )
~ ~ —a(r T £y Al—1 = v
E |1(f0,0) — 7i(.,0) < 00)e~*T@0=T¢.0) I I = [ Fry | = Bla)Neo
5:ﬁ<-,o>+1 Q(Xf—laXE)

where {F; }+>0 is the filtration induced by {X(t);t > 0}, Foo := Viso Fy, and

F :Z{AE}-OOZAH{%(.’O)St}E}—t YV t>0}.

(-,0)

Readers should recall that N;(_YO) is the o-field that represents the history of {X(t);¢ > 0}
up to the stopping time 7. ). Finally, the second equality stems from (7. ¢y, N(‘,O)) having a

tractable joint Laplace—Stieltjes transform ¢ defined in (6), which we derive in the Appendix.

3.3. Showing 3(«) is a root of g

It remains to compute 3(cv), for e € CY.. Starting with the definition of 3(«), and applying
the first-step analysis gives

7(0,0) ~

q(Xe, Xo_1)

Bla) =E 10y | 1(fi0,0) < 00)e *T(0.0) AN -
v o o A(Xe—1, Xo)

1 (1 —as)ps 5 143
= + a)” + a)o(a, B(a
pa+ p2 £ pa o M1+uz+u4+aﬁ( ) u1+u2+u4+aﬂ( Jo(e Ale)

Q1ph2 5
p1 + pi2 + g + —B(a)¢(a, B(a)).

Further multiplying both sides by p124 + o gives

(124 + @) B() = 1 + (1 — az)paBa)? + psB(a)d(e, Bla)) + a1 pafa)*d(a, B(a))

or, equivalently,

(24 + @) B(r) — iy — (1 — az)p2B(a)? = [u3B(e) + a1 p2B(e)?]d(a, B(c)). (19)
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To simplify (19) further, we need to plug in our derived expression for ¢(a, («)), and then
isolate the square root term. Doing so yields

2 [(pa2a + @)B(a) = (1 — az)paf(@)? = pn] = Bla)(paza + @ — azpaf(a))
= £B(r)\/ (1a3s + @ — o B())? — 4(ps + a1 paB()) (s + aspzB(a)) (20)

and after squaring both sides of (20) to eliminate the square root term and simplifying
further, we find

4 (124 + )B(e) — (1 = as)pa(0)? — ]’
— 4 [(p12a + @) B(e) — (1 = as)paf(a)® — ] Bla) [p2ss + o — agpa ()]
= —48(a)? [us + a1p2B(a)] [pa + azpoB(a)] (21)

which establishes that 5(«) is the root of an at-most fourth-degree polynomial. Finally, after
applying some tedious algebra to further simplify (21), we conclude that 8(«a) is a root of
the fourth-degree polynomial g defined in (8). These observations prove Theorem 2.1.

3.4. Derivation of m(g ), for j > 1

The next step is, for each j > 1 and each a € C, to express m(g ;)(c) in terms of 7(g,0)(c)
and ((a), meaning we must write w j)(«) in terms of 3(a). The approach we use to
simplify w ;) () is a slight extension of the CAP method recently introduced in [6]. This
slight extension of the CAP method was also recently used in [14], within the context of
analyzing the time-dependent behavior of the 2-class M /M /¢ preemptive priority queueing
system.

Fix a subset A of E, and define the hitting times 4 and 74, where

Na:=inf{n >1: X, € A}
represents the index corresponding to the first transition time into the set A, and
=inf{t >0: X(t—) # X(t) € A}

represents the actual time at which this transition takes place.

Our method for computing each w ;)() term requires us to choose the set A as
A:={(0,0)} U{(i,j):i>1,j > 0}. Given a fixed integer j > 1, observe that under P ;,
summing over all ways at which the process X can first reach the set A from state (0, j)
yields, after repeatedly applying the Strong Markov property at the stopping time 74, the

equality
. T a(Xe, Xo )
w(o,4)(@) = E5) | 1(Xj, = (0,0))e™7™
(=1 q XZ 17XZ
~ _ q(Xe, X
+ E 0,5 1 k ata = W1 k (CY) (22)
> e, 1k [T

In order to simplify the right-hand side of (22) further, it will be helpful to have a
general result that allows us to pass back and forth between X and X. This result is not
formally stated in any previously written papers that feature the random-product technique,
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although it is really not a new result since it follows from a straightforward use of ideas
found in the papers [5,7,10,11]. We omit its proof.

THEOREM 3.1: Let A be a subset of E. Then for each state x € A, and each state y € A,
we have for each o € C, that

(q(z) + V)E, { /O b e (X (t) = y)dt]

=E,|1(fa < 00)1(X;, = x)e T4 (23)

e q(Xfa X@—l)
77 A( X1, Xo)

where T4 = 1inf{t > 0: X(t—) # X(t) € A}.
Applying now Theorem 3.1 to each expectation within (22) yields, for each « € C,

w(o,5) () = (¢((0,0)) + @)E(o,0 {/OTA e 1(X(t) = (O,j))dt}

+ Zw(l,k)(a)(Q((lv k) + a)E ) [/TA e (X (t) = (O,j))dt} . (29)
k=0 0

Readers should note that (24) could have also been derived from a formula found at the
top of page 124 of Latouche and Ramaswami [12].

Each of the unknown expectations found in (24) can be further simplified by applying,
to each term, a first-step analysis argument, a change-of-variable argument, and the strong
Markov property, here

(4((0,0)) + 0)Eqo.0) [ / M (x (1) = (o,j»dt} — 4((0.0), (0. 1))Eq.n
[ | et - <o,j>>dt}
0
(a((1,0)) + a)E (10 [ / " e (x(r) = (o,mdt}
— 4((1,0), (0, 1))Eqo. [ / " e (x () = <o,j>>dt}
¢(1.1)) + a)Eq [ / " e (x(r) = (o,j»dt}
— g(1,1), (0, 1))Eqo. [ / " e (x () = <o,j>>dt}

T g((1.1), (0.2) B0 [ / Mo (x () = <o,j>>dt}
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and for cach k > 2,
(11 + ) | [ 1000 = 0.3t
= a((1 1.0k = DBy | [ 00 = 0.0
(LR 0B | [ e = 0.0

(LR, Ok + 1)E ) [ / P (x () = <o,j>>dt} |

Plugging these observations into (24) and further simplifying gives

w.(@) = 1B [ [ e - (o,mdt]

# 3w (@B, { [ e - (o,j»dt]
+ ;w(u)(a)agugﬂﬂ(o’@ [/0 e~ (X (t) = (O,j))dt}

+ ;w(l,ul)(a)amQE(o,é) [/0 e I(X(t) = (O,j))dt} ) (25)

It remains to simplify the expectations found in (25).

PROPOSITION 3.1: Let ¢, 5 be two positive integers, and suppose a € C. When uyg > 0, the
following statements are true.

(i) For {,j satisfying 1 < €< j,

Egs [ [ e - <o,j>>dt] — Q) (@)Y (1 (@) (26)

where

Similarly, (i) for ¢, j satisfying € > j,

Eoe [ / M (x () = (o,j»dt] — 0()p(@) I(1— (pe(@)?)).  (27)

If instead pq = 0, the following statements are true: (i) for 1 <€ < j,

Bon | [ o100 = 0.0 0. (28)

Similarly, (ii) for £ > j,

Bon | [ a0 = 0.anar| = (L Q)H | (29)
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PrOOF: Both statements (26) and (27) have been established in [14]. Statements (28)
and (29) have been proven in the Appendix of [6] for the case where o > 0, but similar
expressions still hold for a € (Cg as well: we leave it to the reader to fill in the details. B

We are now ready to calculate each w ;) () term. Suppose first that p4 > 0: applying
both (26) and (27) to (25) gives

wo,5) (@) = (p()) + Qa)pzB(a) (asd(a, Ba) ™! + a2 + ard(a, B(a))) (30)

> bla, B() (pro(@) (1 = (po(@)*))
=1
+ 3 bl B(a) () I (1 = (pp()?)) | -
ra

The key to simplifying (30) further is to consider separately the case where o € CY sat-
isfies pt(a) # (o, B(w)), as well as the case where py(a) = ¢(a, f(a)). Assume first that
¢(a, B(a)) # pip(a), then

j—1

>l Ba) (@)~ (1= (pw()*)) + Z¢ (e, B(0)) 4 () 7 (1 = (pip(a)?)?)

{=1

_ (p()) éa, B(a)) — ptp(@) (e, Bl ))

ph(a) — oo Ba)
[< (@) p(0)2(cr, Bl0)) — pio(a)(p zb(oz)%(a,ﬂ(a)))]}
P(0) — pi(a)d(a, Bla)
0l A1 — (p(0)?))
= v(@)ea B(a))
o0 B(0))(1 — p()?) J
- [<p¢<a> (e, Be))(1 - ¢<a>¢(a,ﬂ<a>>>} (o)
o0, () (1 — pp(a)?)
[w( T~ oa ,ﬂ(a)))(l—w(a)¢(a,ﬁ(a)))} Pla fle)

Plugging this expression into (30) and performing some algebra finally yields

wo,j) (@) = (p(@))’ + To(e)(pv(@))’ — To(a)d(a, B(a))

or, equivalently,

0,5 (@) = m0,0)() [(p¥(@)) +To(a)(py(e))” — To(a)d(a, B(a)) ]

which establishes (11).
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In the case where py(a) = ¢(a, B(a)), we instead find that

> dla, Ba) ()~ (1 = (p())) + Y dla, Bler) (@) (1 = (pib(@)*))
=1 l=j
= ¢, B()) Y (1= (p(a)*)) + b, B()) (1 = (po(@)*)) D (4 (@)
=1 =3
(1Y e g [Lm 0@
= (77 otaustany - [ o sta)

1 i 1 (e Bla))
s | 48 | T g g | Vot )

= (77" elast@y

since, under the assumption ¢(a, f(a)) = pu(a),

1 B 1
1—pp(a)?  1—9(a)d(a,B(a))

=0.

This in turn yields

wo,5) (@) = (p()) + [QUa)pu2b(e) (asd(a, B(a)) ™" + az

+ anolas(@)] (7] ot sla)y

wiosfa) = (o)) +Ta(a) (7] ot sy
proving (14).

It remains to determine wq ;)(c) for the case where p4 = 0. Plugging both (29) and
(28) into (30) give

TA
w(o, ) (@ ZW(1 -1y (@)azpaE p) [/0 e MU(X(t) = (U,j))dt}
£ v (@)asmEoy [ e - oaal
=1 0
00 TA
3w (@amEan | [ X0 = 0.0
=1 0

_ 12B0) 1 andla, Bla)) + ardlas B@))?] Bl Bla)) !
M3+

<3 (ugdﬁjﬁia»)“

l=j
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_ [m2B(a)[as + azd(a, B(e)) + ard(a, 5(a))?]
p3(1 = ¢(a, B(a))) +

= Ta(a)é(a, Bla)) "

This establishes (17).

$la, Bla))y ™!

3.5. Computing 7(g,0) ()

It is now easy, for each o € C, to express each Laplace transform value 7 y(c) in terms
of B(«). Observe that {X(t);t > 0} is a regular CTMC, meaning that with probability one,
the number of state transitions it can take in the interval [0,¢] must be finite. This of course
implies that X (¢) € E with probability one, and as a consequence, for each o € C,

S )= 3 [ 0 = .3) | X0) 0.0 = [ et =

«
(i,j)EE (i,j)EE

This in turn implies

where
Cla) =Y wijl(e). (31)
(i,j)eE

Expression (31) makes it easy to calculate C'(a), but the form of C(«) will change
depending on both py4 and «. In the case, where s > 0 and a € C; satisfies ¢(«, f(«)) #

pi(a), we get

Cla) = 1+ 3 (pb(a))f +Tola) S (pb(a))f — To(a) 3 dla B(0))’
j=1 j=1 j=1
=+> ) Bla) (e, Ba))
i=1 j=0
B @) 6a,Be) Ba)
=L Aol 7= ry T T e pl)) T T B = ola. A@)))

which establishes (10), and furthermore Theorem 2.2. Similar arguments can be used to
prove statements (13) and (16), and furthermore Theorems 2.3 and 2.4.

3.6. Calculating 3(«) numerically

The last step in computing 3(«) numerically involves correctly selecting the root of g that
corresponds to B(«), when a € C,. One way to select this root is to make use of the fact
that G(a) must satisfy

|6(a)] < B(Re(a)) <1

so if g, with « replaced by Re(«), has only one real root ro in (0,1)—which must be
B(Re(a))—and only one root r of g satisfies |r| < rg, then r must be (). Numerical
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F1GURE 3. The graph on the left shows how the mean number of customers present at
Buffer 2 grows as t increases. Similarly, the graph on the right indicates how the mean
number of customers present at Buffer 3 grows as t increases. Here p; =4, us = ug =1,
and a3 = 1.
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FIGURE 4. Graph of the mean number of customers at Buffers 2 and 3, respectively, as a
function of ¢. Here p; = 2, uo = 1.5, uz = 3, and a3 = 1.

experiments seem to indicate that this procedure always correctly points out a single candi-
date root for (), but we do not have a proof that shows there is always exactly one root
satisfying this criterion.

Our transform expressions can be used, in conjunction with the numerical transform
inversion algorithm of [1] to numerically compute many time-dependent performance mea-
sures associated with our reentrant-line model. These graphs were created using R: readers
interested in running further numerical experiments may download from http://bfralix.
people.clemson.edu/preprints.htm the R code used and written by the author.

The parameter choices we used to create Figures 3 and 4 were made so that comparisons
could be made to the values found in Tables 2 and 3 on page 182 of [2]. In both cases, we
found that the time-dependent means converge to their corresponding steady-state mean
values, which were also calculated in [2]. Similar graphs may be generated for each transition
function as well.

The polynomial g simplifies in interesting ways whenever o = 0, as the next corollary
illustrates. Keep in mind that 5(0) must be a root in the interval [0, 1], since f(a) € (0, 1)
whenever a > 0, and 3(0) = lim, o 5(cv) by the monotone convergence theorem.
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COROLLARY 3.1: When o = 0, the polynomial g has a root at 1, and g can be factored as

9(@) = (z — Dp(=),
where

p(x) = arpaa® + pafus — p1 (20 + a2)]@? + py (pr2a — ps)x — 1.

ProoF: This is an immediate consequence of the form of the polynomial g under these
additional assumptions and follows from simple algebra. |

We conclude this section by further studying the polynomial p for the case where a; =
ag = g = 0. In this case, p is simply the quadratic polynomial

p(x) = papsx® + py(py + p2 — ps)a — 443,

which must have two real roots, one positive and one negative. The only non-negative root
of this polynomial is

—p1 (g + p2 — ps) 4+ pay/(pa + p2 — p3)? + 4pops
21243

and this is the only possible value for 5(0). A small amount of algebra shows that indeed,

—pua (1 + pio — ) + pan/(pn + pro — ps)? + dpopis
2p2p13

M| —pa — pe +ps Vi + p2 + p3)? — dpaps

12 2p3

which is the corresponding geometric parameter found in Theorem 3.1 of [2].
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APPENDIX A

Here we state and prove a result that is needed in our derivations and calculations. Suppose
{Y(t);t > 0} is a CTMC on the state space E = {(4,7) : 4,7 =0, 1,2,...} having generator Qy :=
lay (z,)]z,ycE- Here the states (0,0),(1,0),(2,0),... are all absorbing states, with the remaining
states having the following transition structure: for 7,5 = 1,2,3,...,

qY((17J)7(ZaJ+1)):M37 QY((ivj)v(i+17j_1)):O‘3//L27 qY((i7j)7(i+17j)):a2M2
ay ((5,7), i+ 1,7 + 1)) = capz,  qv((i,5), (i, — 1)) = pa.
Our goal is to derive the joint Laplace—Stieltjes transform of 7y and Ny, where
Ty =inf{t >0:Y(t—) #Y(t) € {(0,0),(1,0),(2,0),...}

is the amount of time it takes Y to reach an absorbing state, and Ny is a random variable satisfying
X(ry) = (Ny,0), in that (Ny, 0) denotes the absorbing state reached by ¥ when 7y is finite. Here
the random vector (7y, Ny ) will play the role of the random vector (7:(_,0), N(_’O)) in the study of
our reentrant-line model.

Our first lemma reveals a fairly obvious property of the joint LST of 7y and Ny, given
Y(0) = (i,7), fori >0, 5 > 1.
LEMMA A.1: For a € C4, z € D(0,1), we have

B [e7™ 2" ] = 6(a,2)

where
d(a,z) ==K ) [e_aTyzNY] .

Mor eover, we also have
_ i _ i _ J
]E(i,j) [e aTy Ny:| ZE(O,]‘) [ aTy Nyj| lE(O,l) [e aTy Ny:| )

PrOOF: The first statement can be verified through repeated use of the strong Markov property.
The second statement follows as a consequence of the homogeneous structure of Qy on the set of
all nonabsorbing states. |
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Our next result addresses the problem of computing ¢(«, ), when a € (Ci and z € C satisfies
|z] < 1.

THEOREM A.l: The quantity ¢(a, z) is the unique solution of the equation

(k3 + a1p22)d(a, 2)° — (234 + @ — aop2z)d(a, 2) + (ua + agpzz) =0

that is contained in the open disk {z € C: |z| < 1}. Furthermore, in the case where z € (0,1], and
a >0, we have

(p234 + @ — aguoz) — \/(H231 + a — aspaz)? — 4(us + arpoz) (s + aspuz?)
2(p3 + a1 p22)

(;5(04, Z) =

Proor: Using the first-step analysis, we have

|2 M3 2 g2 Qa2 12 2
a,z) = + a,z)” + Z+ zo(a,z) + ———zp(o, 2)7.
9(,2) 234+ p234 + Oc¢( ) H234 + H234 + 9(,7) 234 + @ ¢(a,2)

Multiplying both sides of this equality by p234 + « and collecting terms reveals that

(3 + a1p22)d(a, 2)° — (23 + o — aspaz)d(a, 2) + (4 + azpoz) = 0,

thus implying that ¢(a, z) is a root of a quadratic polynomial.

We next show that this quadratic polynomial has exactly one root within the unit circle
whenever « € C4, and z € C satisfies |z| < 1. Fix such an « and z, and define the polynomials f
and g as

F(@) = —(ua + p3 + pa + & — aspoz)z,  g(x) = (us + a1p2)3” + (pa + azpiaz).

One can show that when x € C satisfies || = 1, then |g(x)| < |f(z)]. Then since f has exactly one
root inside the unit circle, we can conclude through an application of Rouché’s Theorem (see e.g.
page 294 of [4]) that the polynomial f + g has exactly one root inside the unit circle as well.

Furthermore, since for each fixed z € (0, 1], ¢(-, z) is both continuous and decreasing on [0, o),
it must be the case that when o > 0, and z € (0, 1],

50, 2) = (1234 + a — agpuoz) — \/(u2s3a + @ — asp22)? — 4(us + a1 p2z)(pa + aspzz)
' 2(u3 + a1 p2z) '
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