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Abstract

School of Information Sciences and Technology
Department of Statistics
Dimitra Pinotsi

Gated systems with an infinite number of servers have been studied as models of
industrial processes and communications systems. Due to the gating mechanism, an
exact analysis is typically not available and numerical methods (or simulation) is often
used for such systems. Interestingly, despite the fact that there is an infinite number of
servers, the presence of the gating mechanism makes even the question of stability of
the system an interesting question.

The stability of the gated M/G/o0 queue is investigated using a Foster—Lyapunov drift
criterion and it is established that the finiteness of the first moment of the service time
distribution is the necessary and sufficient condition for the positive recurrence of the
system.

A system consisting of m independent exponential servers in parallel, driven by the
same deterministic input was examined as a modification of the Flatto-Hahn-Wright
model of queueing theory which, unlike the original, turns out to be analytically
tractable. We focus on the time-stationary distribution of the number of customers
which is obtained using a Markov embedding approach together with the Palm
inversion formula.

A detailed analysis of the busy period of the gated M/G/co system is carried out. The
stage length Markov chain is analyzed and a series solution is given in the light traffic
case. Similarly, a gated GI/M/wo system is considered and again the Markov chain
analyzing the number of customers in each service stage is analyzed in light traffic. In

both cases the final results depend on the solution of infinite linear systems.
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OIKONOMIKO ITANEITIXTHMIO AGHNQN

Lepiinyn

2yoh] Emomuav & Teyvoroyiog g ITAnpogopiog
Tunpo Ztatiotikn
Aquntpa Ivdton

Ta cvotuata pe BUpeg pe anelpo MARNBOG EUMNPETOUVIWY €XOUV €DAPLIOYEG OF
Blopnxavikeg Stadlkacieg KoBwg Kol 0 TNAETUKOWWVLIOKA ocuoThuata. AOyw Tou
HUNXovIopoU tng Bupag Sev sivat Beutto va yivel pua akpBrig availuon kot yU autd
edapuolovral avaluTtikég pEbodol (N mpooopoiwaon). Mapd to yeyovog OtL to ANB0g
TwV €EUTINPETOUVTIWVY €lval ATELPO, N TIAPOUCIA TOU HnXaviopoU BUpac KAVEL TO
EPWTNUA TNG EVOTABELAG TOU CUOTAMATOG eVSLaPEPOV {ATNUAL.

H evotaBela tng oupdg M/G/e= pe BUpa, Slepeuvartal pe Tt Xpron evog KpLtnpiou
oAioBnong twv Foster—Lyapunov BAcel Tou omoiou amodelkvUETAL OTL TO va €ival
TIEMEPACUEVN N TPWTN POTIA TNG KATAVOUNG TwV XpOvwy eEumtnpétnong eival Lkavn
Kall avaykaia ouvenkn yla tn etk emavainyn Tou CUCTAHUATOG.

‘Eva cbotnua mou amoteAsital and m avefdptntoug, mapdAAnAoug Kot eKOETIKOUG
€EUTINPETOUVTEC, HE QVAAOYn VIETEPUWVIOTIK €lopor OlepeuviOnke w¢ pLa
tpomonoinon tou Flatto-Hahn-Wright povtélou tng Bewplag oupwv, to ormoio
avtiBeta pe to apxlkd e¢ehicoetal o o sUKoAa Slaxelpioo avadoplka PeE TV
avaAuon tou. Eotidloupe otnv euotabn Katavopr Tou Xpovou Tou xpeLalovtal ol
TIEAATEG, N OMOlO EMITUYXAVETOL HE TN Xpnon MG MapkoBlavig mpoogyylong
£l0aywYynG o€ cuvUAOUO TOV TUTIO AVTLOTPOdIC.

TéNog, mpaypatomolOnke Lo AeMTOPEPNG QvAAUCN TNG TEPLOSOU ALXUNG EVOG
ovotiuatog M/G/ee. AvallOnke n OSwdpkela tou otadiov poc MoapkoBLavng
aAuvoidag mapéxovrag mMANBo¢ AUCGEWV yLa TNV MEPLTTWON TTOU €XOUME UKPN Kivnon.
Kat otig U0 MEPUTTWOELC T TEAIKA amOTEAECMOTO E€QPTWVTAL ATTO TN AUCH ATIELPWV

YPOUUKWY CUCTNUATWV.
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1. STABILITY OF GATED INFINITE SERVER SYSTEMS

The question of stability for the M/G /oo queue with gated service is investigated
using a Foster—Lyapunov drift criterion. The necessary and sufficient condition for
positive recurrence is shown to be the finiteness of the first moment of the service
time distribution, thus weakening the stability condition given in Browne et al. [11].

1.1 The Gated, Exhaustive, Parallel Service System

We consider the model described in Browne et al. [11]. Customers arrive at an infinite
server system in a Poisson stream at rate A per unit time. Their service requirements
are assumed to be ii.d. random variables {o;};—12.., with common distribution
G(z) = P(oy < ). The servers, working in parallel, provide gated and exhaustive
service to the queue. Service is gated in that customers are served in stages as follows:
At the beginning of a service period which we shall call the stage, the gate opens to
admit waiting customers who are transferred from the queue to the servers, and then
the gate closes. The servers then begin serving all these customers in parallel (we
assume that there is an infinite number of servers available). The stage ends when
the service of all customers admitted is complete. A new stage begins immediately
by admitting to service all customers that have accumulated during the first stage
in front of the gate. In case where there where no arrivals during the first stage we
assume that the system waits until the first customer arrives. At this point the gate
opens and the customer is admitted immediately to service, thus initiating a service
stage with a single customer. In a possible variation to the above model, if at the end
of a service stage there are no customers waiting in front of the gate, then the servers
take a vacation (of random length) after which they return and a new service stage
starts by admitting the customers that have meanwhile accumulated in front of the
gate. (Service is ezhaustive in that no vacation period ever begins as long as there
are customers waiting in line.)

Denote the number of customers served in the nth stage by K, and the duration
of the nth stage by Y,,. Then it is not hard to see [11] that (K,)nen is @ Markov Chain
with discrete state space (the non-negative integers) while (Y},),en also constitutes
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a Markov Chain with continuous state space (the non-negative reals). An analysis
of these Markov Chains is given in [11], [12], together with approximations to the
stationary distribution of these chains in a number of cases. A heavy traffic analysis
of such a system has been carried in Tan and Knessl [29]. In the above papers however
the stability issue for this system has not been settled completely. Other queueing
systems with gated mechanisms have been considered in [10], [24], and [41].

Since the model in question has an infinite number of servers one expects that
there would be no need for a stability condition analogous to that of the single server
queue. If fact if we assume that the service time distribution has bounded support
and set T := inf{x : G(z) = 1} < oo, then the duration of all service stages is
bounded above by T and this guarantees stability. If the support of the service
time distribution however is not bounded, then arbitrarily large service times are
possible and the stability of the system is no longer obvious. If this were the ordinary
M /G /oo queue then the necessary and sufficient condition for the existence of steady
state would be the finiteness of the mean service time: Eo < oco. In fact, since the
performance of this system in terms of delays is worse than that of the corresponding
M /G /oo queue because of the existence of the gating mechanism, one expects that
the finiteness of the expected service time is a necessary condition for stability. In this
chapter we will show using a Foster—Lyapunov drift criterion that it is both necessary
and sufficient.

To see that this is not a trivial question let us envision the following scenario
described in different terms in Browne et al. [11]. Set My := max(oy,09,...,0%) and
let G* denote the distribution of M} where we have of course that G¥(x) = (G(x))*
for all x > 0. The duration of a service stage is the maximum of all service times of
customers served during this stage and thus, if we assume that the first stage serves
k, customers, its duration, Y;, has distribution G*'. If during Y} an unusually large
number of customers, ks >> k; arrives as a result of statistical fluctuations, the
second stage, Y5, will be distributed according to G*2 and thus be very likely much
larger than Y;. One can imagine such a process escalating, particularly if G is heavy—
tailed. Browne et al. [11] have shown that this escalation is not possible, provided that
the service time distribution G has finite second moment thus establishing stability
under this condition. We show that the finiteness of the first moment of G is in fact
not only necessary but also sufficient in order to establish the stability of this system.

1.2 The Markov Chain of service stages for lattice service time
distributions

In order to establish the stability of the system we will examine the Markov chain of
service stage lengths, (Y,)n=12.. . In fact in this section we will simplify our task by
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assuming that the service time distribution G is lattice with lattice size 0 > 0, i.e. that
all service times are integer multiples of . In particular we will set g; := P(o = j6),

= 1,2,...,. An immediate consequence of this assumption is of course that the
duration of the nth stage, Y,,, is also an integer multiple of 6. Thus (Y},) also becomes
a discrete state space Markov chain. For simplicity we will examine instead (®,,)
where ®,, :=Y,, /0, a Markov chain with state space the support of o /¢ i.e. the subset
of N defined as S = {j € N : g; > 0}.

It is easy to see that (®,,) is an irreducible chain on S. Thus if S is finite it must be
positive recurrent and hence the system must be stable since both the stage lengths
and the number of customers waiting in the queue are tight. Thus the only case of
interest is when S is not finite.

The transition matrix for (®,,) can be evaluated by first computing the conditional
probability that the (n + 1)th stage serves K,.; = m customers, given the length
of the nth stage. This amounts to computing the probability of m Poisson arrivals,
taking also into consideration that in the case where we have 0 arrivals during the
service stage we wait until the first arrival. Thus

L(Aig)me 0 form=12,3,...,
(Xid +1)e ™ form = 1.
Also, recalling that g; := P(0 = j6) and G, := P(o < j0) we have

(m ]')mZm mm
R B R L

- 2 (Ve

PY,i1=J0| Kpy1=m) = mg]Gm

Thus, if we denote the transition probability matrix for the Markov Chain (®,) by
P = P(®,41 =j | ®, = i), combining the above we obtain

Py — (A6 + 1), + Z )\2(5 o\ Z (7) g;»G;n,_ll.
1=1

Setting 5 := A\J, the above expression can also be written as

Pj = (iB+1) ‘Zﬁgg+z "ﬂZ( )
= e J+Zlﬁ e"ﬁi()

=1
ey ey O (7)9;(;;:1 - > e
m=0 :

e”ﬁ

Ms

l

I
o
3
]
=)
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The double sum above can be simplified considerably as follows

oo (ﬁ)m i m . m 0o o | . 3
> Zml e 5;(7)9§Gj—1l — Z{Zgj_ll(zﬁ) mﬁ}gée 3

m=0 =0 m=l

1 ; ; )

_ Z ( ﬁ) géefzﬁezﬁijl
1=0 ’

— eiﬂgjfi,ﬁ*H;,BGj,l

PGi=ih (1.2)

where, in the last equation we have used the fact that G; = (Gj-1 + gj). Thus,
from (1.1) and (1.2), using the notation Gj == 1 —G; = > ;7. g, the transition
probability matrix can be written as

Py = e G _ ¢G4 =By i,j=1,2,3,... (1.3)
We also point out for future reference the following inequality satisfied by the
transition probabilities:
Py = e P0G o781 4 o=y < iBePCig 4 e Py, (1.4)
The above is easy to see, if we note that, from the mean value theorem we have
o o iBGj 1 o - o
e WG _ TG -1 — / e “dx <if (Gjﬁ — Gj) oG
iBG;

and remember that éj_l — @j = gj-

1.3 Positive recurrence, finite mean stage length, and stability

In order to establish the stability of the system we have first to show the positive
recurrence of the Markov chain (®,). This problem is not easy to tackle directly
since the stationary equations for (®,,),

m=Y mPy,  j=1,2,..., (1.5)
=1

turn out to be intractable. It is however possible to address this problem using the
classical Foster criterion for positive recurrence (see Asmussen [1]). Nonetheless, this
is not sufficient for our purposes as the positive recurrence of (®,,) (and hence of (Y},))
is a necessary but not a sufficient condition for the stability of our system.
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To clarify this point consider an analogous situation in a simpler setting. Suppose
that (X,,) is a zero drift simple random walk, (with steps +1) on Z. Suppose that
Xo = 0 w.p. 1 and define Ty = 0, T,, = inf{k > T,,_1 : Xy = 0}. Thus (7))
are the corresponding epochs of return to 0. If we denote by Y,, := T, — T,,_1, the
corresponding durations of the excursions from state 0, then clearly (Y,,) is an i.i.d.
sequence or random variables (with infinite mean). Viewed as a Markov Chain, (Y;,)
is positive recurrent even though (X,,) is not.

Returning to our system, let us denote by X; = (U, V) the process whose first
component is the number of customers waiting behind the gate and the second com-
ponent the number of customers in service at time ¢. Let also {7},} denote the point
process of the epochs when the gate opens and K, the number of customers admitted
into the system at epoch T},. Then it should be clear that, (X}) is a semi-regenerative
process (e.g. see [1]) with respect to the Markov—Renewal process (7}, K,,). Thus it
is easy to see that the system will be stable (in the sense that it will possess a sta-
tionary distribution) if and only if in the synchronous version of the process (where
time ¢t = 0 coincides with a typical point Ty of the Markov—Renewal Process in the
sense that K is distributed according to the stationary distribution of the embedded
Markov chain), ET} — Ty < oco. This condition however translates to the requirement
of positive recurrence for the Markov Chain (®,,) and the finiteness of the mean of
its stationary distribution (1.5), i.e.

oo

> im < oo (1.6)

=1
1.4 The stability condition

The basic tool for establishing not only the positive recurrence of (®,,) but also the
finiteness of the first moment of the stationary distribution (1.6) is the following
generalization of the classic criterion of Foster. (This is Proposition 2.9 of Tweedie
[52]. See also Meyn and Tweedie [36] for a comprehensive account of Foster-Lyapunov
drift criteria in general state space Markov Chains.)

Theorem 1 (Foster-Lyapunov Criterion). Suppose that a Markov Chain with count-
able state space, say Z,, and transition probability matriz P;; is irreducible and let N
be a given natural number. If V : Z, — Ry, is a non-negative and f : Z, — Ry a
strictly positive function on the state space such that

Y PV(G) < b i <N, (1.7)
Y PV() < V(i) - f(i), i>N, (1.8)

jEE
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where b > 0, then the Markov Chain is positive recurrent and its (unique, due to its
irreducibility) stationary distribution, m, satisfies 3, w(j)f(j) < oc. Furthermore we

have 3, Pl f(5) — >2; 7 f(j) as n — oo.

We are now ready to state the following

Theorem 2. The Markov Chain (®,,) is positive recurrent with stationary probability
i that has finite mean Y72 mi < oo provided that Eo := 462 jg; < oo.

Proof: We will assume that g; > 0 for infinitely many j’s, i.e. {g;} has an infinite tail,
otherwise the Markov Chain (®,,) has finite state space and it is obviously positive
recurrent. Furthermore, in this case the mean expected stage length in steady state
is also finite and thus the system is stable.

We will use the Foster—Lyapunov drift criterion of theorem 1 with f(i) =i, V(i) :=
ci, where ¢ > 1. With this choice (1.8) is equivalent to

1 00
- E ij S 1—C71. (19)
]

j=1

Taking into account the inequality (1.4) we see that (1.9) is satisfied provided that
the following inequality holds:

00 e - 1 0o B ' B
D B g+ =y e g < 1-ch (1.10)
j=1

j=1
By the Dominated Convergence Theorem,
(e} o o0 o
. —ipGy .+ _ . —ipGy o+ _
ggoigﬁe 195 z;,grgoﬁe 1g;5 =0 (1.11)
j= j=

where we have used the dominating function jg;. (This is a valid dominating function
since Z]O'io jg; < co. We have also used the fact that G; > 0 for all j € N since
by assumption {g;} has an infinite tail.) Using again the Dominated Convergence
Theorem on the second term of the right hand side of (1.11) with the same dominating

function we have
| li
,E?OZ Z !

Clearly (1.11) and (1.12) imply that (1.10) and hence (1.9) hold for all i greater than
some N € N.

(1.12)
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The finiteness of »_; g;j also immediately guarantees that (1.7) holds for some
b > 0 and all + < N. Thus, appealing to theorem 1 we conclude that the Markov
Chain (®,,) is positive recurrent when Fo < oo with stationary distribution 7 and
furthermore that > m;i < co. This finiteness of the first moment of the stationary
distribution guarantees that the mean stage length is finite in steady state and thus
that there exists a proper stationary regime for this system. |

Remark 3. Note that we do not claim that when Eo = oo, (®,,) cannot be positive
recurrent.

Thus, in view of the discussion in section 3 we have also shown the following

Corollary 4. The condition Zj g;7 < oo is necessary and sufficient for the existence
of a stationary distribution of the semi-regenerative process (X3).

Proof: The sufficiency of the moment condition follows directly from the above
analysis. As for the necessity, it is enough to argue that the mean stage length is the
maximum of a number of service times and, as such, stochastically greater than a
service time. Thus, if > ;957 diverges, the mean stage length must be infinite which
implies that a stationary regime cannot exist for the process (X;) by standard results
regarding semi-regenerative processes. |

1.5 Non-lattice service time distributions

When the service time distribution G is not lattice the above analysis fails. However, a
similar analysis could be carried out using drift criteria for Markov Chains on general
state spaces ( see [36]). Alternatively one could focus on the Markov Chain (K,) of
the number of customers served in each stage, which in every case has a denumerable
state space. Instead of adopting any of these two approaches however we will sketch
a simple argument based on stochastic ordering.

If I, G, are two distribution functions on R we say that F' stochastically dominates
G if F(x) < G(x) for all € R. This stochastic order (also known as strong order)
will be denoted by F' > G. For further background on stochastic ordering we refer
the reader to Stoyan (1984). We begin with the following obvious

Proposition 5. If G, G, are two service time distributions such that G gstf} and if
(Y,), (Y,) are the corresponding service stage Markov Chains, then'Y, <g Y, for all
n € N.

Proof: It is immediate by a appropriately constructing both chains on the same
probability space. |
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A distribution F on R is called lattice if there exists 0 > 0 such that F{6N} = 1.
Given 0 > 0 and a distribution function G on R™, we define a lattice distribution, G
by means of

Gs(z) = iG(né)l(né <z < (n+1)d).

Then Gs >4 G and, by virtue of proposition 5, we have YTf >4 Y, for each n € N
for the corresponding service stage Markov Chains. Furthermore, if fooo zG(dx) < 0o
then fooo xGs(dr) < co. Thus, the finiteness of the first moment of the service time
distribution implies the positive recurrence of the countable state space Markov Chain
(V%) and the finiteness of the first moment of its stationary distribution which in turn
implies the stability of the original system.



2. THE FLATTO-HAHN-WRIGHT MODEL

We consider m independent exponential servers in parallel, driven by the same deter-
ministic input. This is a modification of the Flatto-Hahn-Wright model which turns
out to be easily tractable. We focus on the time-stationary distribution of the number
of customers which is obtained using the Palm inversion formula.

2.1 Introduction

Synchronized (or fork-join) queues have been an object of study over the last three
decades as models of parallel processing in computer systems and assembly operations
in manufacturing. In the model we examine here, the service facility consists of m
single servers in parallel, each with its own queue. The m buffers have infinite capacity
and individually operate according to the FIFO discipline. Upon arrival to the service
facility, each customer splits in m parts, each part joining the corresponding queue.
While each station viewed separately is an ordinary single server queue, the object is
the determination of the joint statistics of the m queues which is in general hard to
obtain.

The above system when customers arrive according to a Poisson process and
the service requirements for the parts are independent, exponential random variables
with rate depending on the type of part, is known as the FHW (Flatto-Hahn—Wright)
model (see [15], [16], [55]). Flatto and Hahn [16] and Flatto [15], have studied the
system (for the case m = 2) using complex analysis techniques. The waiting time
in such systems has been studied by Zhang [57]. The probability distribution of
the join queue length has been obtained by Li and Zhao [31]. Also, interpolation
approximations for symmetric fork-join queues are given by Varma and Makowski
[53].

The FHW model is of course a special case of a two—dimensional random walk on
the positive quadrant. There is a rich theory connecting this problem to boundary
value problems and the multidimensional extension of the Wiener—Hopf factoriza-
tion. The reader is referred to Fayolle, Tasnogorodski, and Malyshev [19] both for an
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overview and for a state-of-the-art treatment of these issues.

Fork-join systems consisting of two queues with Poisson arrivals and service re-
quirements which are i.i.d. sequences of exchangeable pairs of random variables have
been studied in Baccelli [4]. We also mention the Taylor series approach used by
Ayhan and Baccelli [3], where the assumption of exponential service times is relaxed,
and Baccelli, Makowski, and Swhartz [6], where bounds for the performance of more
general fork-join queues are obtained by means of stochastic ordering arguments (see
also Li and Xu [30]). Because of the intractability of the FHW model most of the
explicit results are asymptotic in nature. These include both asymptotics based on
generating functions obtained by complex analysis techniques (e.g. [15], [16]) and
results obtained using large deviation techniques [42]. We also mention the diffusion
approximation of [29] and the related problem of fork-join fluid queues studied in [28].

A related line or research that studies queueing networks with signals and concur-
rent movements examines the FHW model in the framework of markovian queueing
networks. We refer the interested reader to [14] and [13].

The model examined in this Chapter, unlike the classical FHW model, is tractable
by means of elementary tools. In fact, due to the deterministic nature of arrivals and
the independence of the service processes in the m queues, the customer-stationary
(Palm with respect to the arrival processes) queue lengths are independent and thus
the system (under the Palm probability measure) can be viewed as m independent
D/M/1 queues. The situation becomes more complicated when we turn our attention
to the (time-) stationary version of the process and this is the main focus here.

Section 2 gives a more detailed description of the model while in section 3 the Palm
inversion formula in conjunction with an argument based on generating functions is
used in order to derive the joint distribution of the stationary number of customers
in the system. Section 4 provides an illustration of the above results by examining in
more detail the system with two stations (m = 2). An expression is obtained for the
stationary distribution of the workload, and the deterministic model is compared to
the classical FHW model with Poisson arrivals in terms of the correlation coefficient
of the stationary queue sizes.

2.2 Synchronized queues with deterministic arrivals

In the system considered here customers, each consisting of m parts, arrive to the
service facility according to a deterministic process with constant interarrival times,
equal to a. Upon arrival to the system, each customer splits into its constituent
parts which join the corresponding queues. From that point on the parts move inde-
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pendently even though, for some applications, it may be useful to think that, after
service completion, the parts of a customer that finish first wait in a “staging area”
for their counterparts and, once all parts have completed their processing they are
assembled into a finished unit. In a manufacturing context this could describe an
assembly operation. The point process of arrival epochs to the system will be de-
noted by {T,,;n € Z} where T, = T,, + a. Service requirements for each queue are
independent, exponential random variables with rate p; for the kth station. Clearly
the system is stable iff amin{yuy, ..., pun} > 1. Denote by {XF;t € R} the number
of customers in station k, (k = 1,...,m) and let X; := (X/,..., X/") denote the
number of customers in the m queues. We will assume that this process has right-
continuous sample paths with probability 1. In particular (X7, _,..., X7 _) is the
number of customers in the m queues as seen by an arrival, right before the arrival
epoch. Suppose now that a stationary version of this process has been constructed
on the probability space (2, F, P) and let P° denote the Palm transformation of P
under the point process {T,,;n € Z}. We will denote by E° the expectation with
respect to P°. Intuitively, P° is the probability measure conditioned on the event
that the origin coincides with a typical arrival point, which by convention is denoted
by Top. Thus P°(Ty = 0) = 1. We refer the reader to Baccelli and Brémaud [5] for
formal definitions and the mathematical framework. Since arrivals are deterministic
and service times are independent in the m queues it is easy to see that, under P,
the m queue-length processes {XF;t € R}, k = 1,2,...,m, are independent. Thus
the Palm version of the process can be readily analyzed by studying m independent
D/M/1 systems. In particular

PUXy =my,.. . X =ng) = [[A = op)opt,  me=0,1,2,.... (2.1)
k=1

where o, be the unique solution of the equation
z = e w(1-2) k=1,...,m, (2.2)

that is less than one. Indeed, besides the obvious solution, x = 1, it is clear from a
convexity argument that the above equation has one more solution which, as is well
known (see [1]), belongs to the interval (0,1) provided that the stability condition
apr > 1 holds.

2.3 The stationary number of customers in the system

We now turn to the stationary version of the process. It is clear that the m queue—
length processes are no longer independent. From standard results concerning the
GI/M/1 queue (e.g. see [1, p. 280]) it follows that the marginal distribution for the
stationary number of customers in each queue is a modified geometric distribution
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given by
P(X;=n) = p(l—0op)op™t, n=12,... (2.3)
P(X5=0) = 1—p,

with pp = (aug)~! for k = 1,...,m. The corresponding p.g.f. (probability generating
function) is given by

1— Ok
=1-— . 2.4
©(2) R (2.4)

On the other hand, the joint distribution of the queue-lengths under the stationary
probability measure P is harder to find. As we will see next it can be obtained from
the Palm inversion formula using a conditioning argument.

We start with the following elementary lemma where, as usual, 2+ denotes the
positive part of the real number x.

Lemma 6. Let Y be a geometric random variable with p.g.f. Ez¥ = %, where

€ (0,1), and N a Poisson random variable, independent of Y, with mean 3. Then

BN — 1 1-= e A=),

1—=zo
Proof: Condition on N to obtain
N 00 1— 2
E[zY-N7|N] = Z(l — o)t + Z (1—o0)o" 1N =1~ aNl :
k=1 k=N+1 I
Taking expectation with respect to N completes the proof. 0

Denote by
m Xk
o(z1, 0y Zm) :E’szo
k=1

the probability generating function of the stationary number of customers in the
system. Let us also denote by A, the class of all subsets of the set S,,, := {1,2,...,m}
containing exactly r elements. In particular we have of course that |A,| = (T) where,
as usual, | B| denotes the cardinality of the set B. Also, for any 77 = (ny,...,nm,) € N
define &5 := {k : ni > 1} C S,,, the set of all indices corresponding to non-zero
components of the vector 77. We are ready to state our main result.

Theorem 7. The probability generating function of the stationary number of cus-
tomers in the system is given by

o(z1, 00y 2m) = Z Z Ca H 11__stk (2.5)
r=1

AcA, keA
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where
1- erA Ok

Dkeali (L—op)
the constants being indexed by the subsets A C {1,2,...,m}. The corresponding
probability distribution is given by

OA = (2.6)

P(X)=mn1,... . X3 =ny) =Tz [[ Q= on)op (2.7)
ke@a
where
Dii= Y (=pA®alc, = 3= (-1 3 cu1(2; C A). (2.8)
{AA:_)@,;} T‘:|<I>ﬁ‘ AEAT

Remark: The expression (2.7) for &7 = @ (i.e. for 7 = (0,0,...,0)) becomes

P(Xy=0,....,X"=0)=1+ i(—l)?‘ Z Cy. (2.9)

r=1 AcA,

Also, for &7 = 5, i.e. when ny > 1 for all £,

1-T[, o
Fﬁ = CSm = p l:Ilk_l k .
> ke P (L= 0oy)

Proof: A straight-forward application of the Palm inversion formula (see [5]) gives

a0 [° m Xf) _ 170 a( m (X(?*Nf)*)
©(z1,. ..y 2m) =a E/o (Hk—lzk dt =a E/o szlzk dt.

(2.10)
In the above expression {(N},..., N/*);t > 0} are m independent Poisson processes
with rates ug, K = 1,...,m, representing the service processes in the m exponential

servers. Furthermore, these Poisson processes are independent of the vector of queue
lengths at time 0, (X3, ..., X7"). Finally, under the probability measure P°, and since
the sample paths are right-continuous,

PUXS =ng, ..., X0 =) :H1—0k el o, =1,2,.. ..
k=1
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(In the above expression the customer arriving at ¢ = 0 has been taken into account—
cf. (2.1)). Thus, appealing to the Fubini theorem, and using the independence of the
X% under P° and Lemma 1, we can write the right-hand side of (2.10) as

Y (. P
0 Ok‘l 1_Zk(7k

k=1

The product inside the integral on the right hand side of the above expression can be
written as

i 1— Zk _ 1-— 2l
1] — — °F ommkt(d Uk)) et Xkea br(l=0%) -k
(-7 ey U=

and thus the right hand side of (2.11) becomes

- 1 —2 IR A -
1 —1) o Dreakk(1=0k) gy 2.12
IS (Hl_zkgk)a | 2.12)

A€A, \ke€A
However,

1 — e~ 2kea h(1=0%) 1— erA o
a pea (1l —ox) > kea P;Zl(l — 0%)
where, in the last equation we have made use of the defining relation for the oy,

the definition of py, and (2.2). From the above the joint generating function of the
stationary number of customers in the m queues becomes

keA Tk L — 2z
O(21, 0oy 2m) =
; ZZkeApk (1—0k)H1—zkak

A€A, keA

a—l/ et Xkeatn(l=0k) gy —
0

This establishes (2.5). Since

11—z Z(l — U) -1
— 1 - 7 = 1 — 1_ " "
— T ;( o)o" 2",
we have m
Zk(l —Uk)
) =1 -1 ) C ===
o(z1, s Zm) +Z( ) Z AH( 1—zk0k)
r=1 A€ A, keA
or

(21, 2m) = Z Z Ca H <1 — Z (1-— 0@02’“%2’“) . (2.13)



2. The Flatto-Hahn-Wright Model 20

We can now imagine the process of collecting terms from the above expression. We

begin with an example: When &5z = 5,,, i.e. when ny > 1 forall k = 1,2,... m,
only the product

11 (1 - > (1 —anap )

kESm np=1
n (2.13) contains the term z{"z3? - -- 2/ and the corresponding coefficient is

m

1

mHl—O'k R
k=1

From (2.13) we see that this term is multiplied by (—1)"Cl,, and thus the coefficient

of the term 2{"'23%--- 2" in the expansion of ¢(z1,..., z,) is equal to
1 - o e
( )ermCmHl_O_ Zkl Hkl k 1_0_ nk 1.
k=1 2 ke 1pk B k::l

(cf. Remark 1.) In the general case, the product

11 (1 = (oo™ 122’“)

keA nE=1

indexed by the set A contains the term 27252 .-z if and only if ®&; C A. The
coefficient of this term when we expand this product is

11AI=I®al L (_)l®al H 1— op)or ™,
ke
In order to find the coefficient of 27252 --- 2/’ in the expansion of p(z1,...,2y) it

suffices to multiply this term by (—1)/Cy and then to sum over all sets A O ®5;. We
thus have

P(Xg=mn1,...,Xg" =np) = > (=)0 [T (1 —an)op™ (214)

$;CA ked;

The expression (2.7) is a restatement of the above. In the second expression for I';
in (2.8) we have split the sum according to the cardinality of the index set A. Finally
(2.9) is the special case where ®; = @ and this completes the proof. 0

Corollary 8. In the symmetric case, where the service rates in all stations are equal
to u, the probability generating function of the stationary number of customers in the
system 1s given by

et mm) =143 (=1)p 11__"0 ST 1__;’; (2.15)

AGAT keA
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The corresponding probability distribution is given by

P(Xy =n1,..., X" =nn) (2.16)
Vb N _ 1—0" (m—|Dz]
— (1 — o)\l o (Hey ) 1%l — 1) |®xl i
( CT) o _z@:ﬂ( ) p?"(l—U) T—|®ﬁ‘

for &5 # &, and

r

P(X =0,..., X" =0)= 1+Z(—1)T(T)p%. (2.17)

Proof: Since all the service rates are the same we also have p, = p and o = o for

k=1,2,...,m. Also note that
1—-0"
=p— forall A . 2.1
Cy pr(1_0> or a ceA (2.18)

The characteristic function (2.15) follows by using (2.18) in (2.5). In order to derive
(2.16) it suffices to use (2.18) in (2.7) to obtain

m 1—o"
PX=ni, .. X" =np) = Z(—n”‘%lpl—" 3 1(@s cA) [] (1-0)o™ .
r=1 T< N 0) A€Ar keds
An elementary combinatorial argument gives
S 1@ CA) = (m B 'q)ﬁ’)
A€A, r— Pl

and hence (2.16) follows. From these considerations, and the fact that ®; = @ for
=(0,0,...,0), (2.17) is also obtained. 1

2.4 The two-server system and further performance measures

To illustrate the above results we will apply them to a system with two servers
(m=2).

Proposition 9. The stationary number of customers in a synchronized D/M/1 sys-
tem with two stations is given by

P(Xy =n1, X; = ny) Cuoy(1—o)o (1 —o9)os>™ ny >1,ny > 1,
P(X; =0, X2 ny) = (1—oy)oy2™" (p2 — C’{Lg}) ng > 1,
P(Xy=n,X3=0) = (1— oot (,01 — C{LQ}) ny > 1,

P(X;=0,X;=0) = 1—p1—p2+Cpays
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Fig. 2.1: The correlation coefficient, r, between the queue sizes in the two queues in the
symmetric case as a function of the utilization p. Two plots are given, one for
the model with deterministic arrivals and the other for the classical model with
Poisson arrivals.

where )
— 0109
C 1,2} = — . (219)
T =0+ 9y (1= 02)
Proof: We apply the general result of theorem 1 noting that
1-— 01
Coy=—7—""—=nm
= P1 1(1 —o1)

and, similarly C{oy = ps. 0

The correlation coefficient for the stationary number of customers in the two
queues can be computed easily from the above stationary distribution and is given

by
- \/ p1p2 ( (p1p2) '(1 —o109) 1) '
(I+or—p)A+o2—p2) \(L—a1)pi' + (1 —02)p3"

For the symmetric case, i.e. when p; = s and hence p; = ps = p and 0y =09 =0

we have )
P
=—(1—-—|. 2.20
" 2( 1+a—p) (220)

A plot of the correlation coefficient r as a function of p is given in figure 1.
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It is of some interest to compare the correlation coefficient in the symmetric case
to that of the classic FHW model. In fact the correlation coefficient in this case is

r=--"L (2.21)

(see theorem 6.2 of [16]). As expected, the case with Poisson arrivals exhibits higher
correlation between the two queues. More interesting perhaps is the heavy traffic
behavior. As expected, in the case of deterministic arrivals examined in this chapter,
the correlation between the two queues goes to zero as p — 1. On the other hand, in
the classic FHW model with Poisson arrivals the correlation coefficient goes to 3/8
as p — 1. Of course, despite the fact that 0 = p in the case of Poisson arrivals, it
would be mistaken to expect (2.20) to reduce to (2.21) in that case since the whole
analysis leading to (2.20) is based on the assumption that arrivals are deterministic.

Finally we can use the results of theorem 1 together with the memoryless prop-
erty of the exponential distribution in order to obtain the statistics for the workload
process. For the sake of simplicity we present it for the case of a two—server station.
The extension to the general m server model is obvious. If (W}, W?) is the workload
vector at time ¢ then we have the following

Proposition 10. The stationary joint distribution of the workload in the two queues,
F(x1,22) == P(Wy < a1, W < x) is given by

F(Ifl,l‘g) = 1 — ple_ul(l—al)m - p2€—,u2(1—02);52

1—0109 —p1(l—o1)z1—p2(l—0o2)z2
—T —T € .
(1—o1)p; +(1—02)p,

Proof: Start by conditioning on the number of customers present in the system at
time 0, under the stationary probability measure P. Then

Xl = N1 X2 = n2i| —_ H1 " H2 "
0 0 s1+ 1 S+ [

for all ny,ny =0,1,2,....

E 6731W01752W02

Taking into account the expression for the stationary distribution of the number
of customers in the two queues we obtain, after some simplifications, the following
expression for the joint Laplace transform of the stationary workload

e Wl 1—o0y) pa(l — o) pa(l—oy)
Be-nWi-aWi — ¢, 210 —c
12} S1 —|—[L1(1 — 0'1) S9 +M2<1 — 0'2) S1 +[L1(1 — 0'1) (pl {1’2}>
p2(1 — o)

-C 1—p — C
52+ 11a(1 — 03) (Pz {1,2}) + p1— p2 + Gy

where C{; 2 is the constant given in (2.19). Straight-forward inversion of this trans-
form completes the proof. 0



3. GATED QUEUES WITH AN INFINITE NUMBER OF
SERVERS - BUSY PERIOD LENGTH AND NUMBER SERVED IN
EACH STAGE

Here we return to the type of model discussed in Chapter 1. We consider gated,
infinite server queues consisting of a waiting area and a service facility and operating
under the following service protocol. Suppose initially that the service facility is empty
and that there customers present in the waiting area. The gate opens admitting all
waiting customers to the service facility, then closes again instantly and a service
stage begins. Any customers arriving during this service stage remain in the waiting
area. The service facility has an unlimited number of servers and thus all customers
admitted for service are served in parallel. When all customers in the stage have
completed service, they depart as a completed batch and the service stage ends. The
gate opens admitting all customers in the waiting area and a new service stage begins
immediately. If no customers are present, then the gate remains open until the arrival
of the next customer, at which point a service stage (consisting of a single customer)
is initiated.

Consecutive busy period lengths constitute a Markov chain in discrete time with
continuous state space. The transition probability density is obtained. While the
stationary density is not obtained in closed form, its moments are shown to satisfy an
infinite linear system. An approximate solution is obtained by truncation. Similarly,
the consecutive number of customers served in each busy period constitute a discrete
time Markov chain with discrete (countable) state space. The transition probability
matrix is obtained. Again the analysis results in a infinite system of equations and
unknowns.

3.1 The Gated M/GI /oo System - Stage Length Density

Arrivals are Poisson with rate A while the service requirements are assumed to be
i.i.d. random variables with common distribution G(z) = P{oy <z}. Let Y,
denote the duration of the n'* stage. The sequence {Y,} constitutes a Discrete
Time Continuous Space Markov chain. The transition density, of this Markov chain,



3. Gated Queues with an Infinite Number of Servers 25

flylz) == P(Yny1 € dy | Y, = x) is then given by
flylz) = Zk‘g )GH (AZ) e g(y)

) x= (G(y) Azt v
= gly)ae {Z%}H *g(y)
k=1
which, using the notation G(y) := 1 — G(y), gives

f(yle) = Azg(y)e W 4 erg(y). (3.1)

The invariant density f of {Y,} satisfies the relationship

/ f(@) f(ylr)dz (3.2)

Equation (3.2) is not easy to solve. We will obtain here a light-traffic solution in
the form of series in A as follows. We begin by expressing f(y|z) as a power series in
A: From (3.1),

o0

flyle) = Azg(y) > (-1 ) (-

k=0 k=

o

Thus
k) = o) [+ 0 (3 -0 ) + Y2 (5 -v02)
+(A3L!)4 G —@@)3) b } (33)

Proposition 11. Let f denote the invariant density of the stationary stage length,
and suppose that 5, := fooo 2ff(z)dz, k =1,2,..., denote its moments. Suppose that
o; are i.i.d. random variables with density g and define the quantities

Ymx = Elmin(oy, o9,...,0%)"] (3.4)
Then the moments {f;}, i = 2, ..., satisfy the infinite linear system

/\25 )\35 )\]B
2‘ 2 (’Yi,l - %’,2) + 3' 3 (’}/7;71 — ’yi73> —|— P + J

(Vix = vig) + -
222,3,4,... (3.5)

Bi = 7Yia+



3. Gated Queues with an Infinite Number of Servers 26

Series Approximation of Stage Density in Light Traffic

""""" - 1term
2terms

20

''''''' - 3terms
''''''' 4 terms

''''''' = limit curve

15

1.0

Stage lenght density

0.5

0.0

time

Fig. 3.1: A series representation for the stationary density of the length of a stage in a gated
M /G /oo queue in light traffic.

The invariant density f of the stage length can be expressed in terms of the moments
{B;} and the density g and complementary distribution function G of the service time
by the series

fly) = gy {1 + AQEBQ (1-2G(y)) + Af’ (1-3G(y)?)
+A4!B4 (1—4G)?*) +---|. (3.6)

Proof. We begin with the relationship

/0 Ty (1= KW dy = s — A (3.7)
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which holds because kg(y)G(y)*! is the density of min(oy, 09, ..., 0%). From

b= [ wisen = [ ( / Ooyif<y|x>dy) F()da

taking into account (3.2) and (3.3) we have

ils

k=2
or
R A LES SR | PO
0 = F
= - T i A \k—1
b= | valwdy + > == [ v'ely) 1 —kG()") dy.

0 k=2 Y0

Taking into account (3.7), we obtain (3.5). O

Written in extensive form (3.5)is an infinite system of linear equations for all the
moments of the stage length of order 2 and above:

\2f3 A3 M\

B2 = o1+ 51 2 (Y21 — V2,2) + 31 ? (V2.1 — Y23) + m ! (V21 — Y24) + -
\2f3 A3 M

Bz = Y31+ 9] 2 (731 — 732) + 30 & (731 — V3,3) + I - (730 —734) + -
)\25 36 )\45

Pi = mat— ® (Yag —2) + i % (Y41 — a3) + 1 = (Y1 = Yaa) + o

(3.8)

Assuming that the moment sequence can be determined from the above system, the
invariant density can be obtained from the series (3.6). The discussion regarding the
existence and uniqueness of the solution of the above infinite system, as well as its
approximation by considering a truncated version of (3.8) and the convergence of the
infinite system (3.6) will be discussed in the sequel.
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3.1.1 Exponential Service Times

We continue the above discussion in the special case where the service time distri-
bution is exponential, i.e. g(x) := pe #* = > 0. Then, since the minimum of j
independent exponential random variables min(oy, ..., 0;) with o; ~ exp(p), is also
exponential with rate ju, we have
7! 7!
T

Taking this into account the infinite system of linear equations (3.5) is written as

PR P (i! il >+)\353 <i! il )+ VB, (@! il >+
Z pto20 w2 31\t 3 gUo\pt g

i=2,3,... (3.9)

Let us next define the quantities

_ N6

il

yi i=2,3,.... (3.10)

Multiplying both sides of (3.9) by %, setting p := A/u, and using the definition (3.10)
we obtain the system

Py o= T4y (-2 +ys(1=3") 4+ 4y (1—57) +---, (3.11)
i—=2.34,. ...

We will show that the solution of the finite linear system approximates the solution
of the infinite system [47]. Then, the invariance stage length density is given by

flx) = pe™#* (1 + Zyk (1- k:e_“k””)) , x>0. (3.12)

k=2

The mean stage length in this case is given by

/Ooa:f(g;)da: = %<1+2ykk;1) . (3.13)

0
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Fig. 3.2: A comparison of the actual density for the invariant density of the stage length

on an M /M /oo queue in light traffic, as obtained by simulation with the solution
given by (3.12). Notice the deterioration and, eventually, the invalidity of the
quality of the light traffic approximation when p becomes larger.
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Fig. 3.3: The mean stage length in the Gated M/M/oo. The dotted line is obtained by
simulating 10* stages. The red line, gives the light traffic approximation (equation
3.13). As the traffic intensity p increases, the quality of the light traffic approach
deteriorates.

3.2 The Synchronized Gated GI/M /oo System - Number of
Customers Served in a Stage

We now turn to an infinite server system closely related to that of section 3.1, in
which customers arrive according to a renewal process {71,} and service times are
independent exponential with rate p. The gate mechanism operates essentially in
the same fashion as in the system of section 3.1 with the exception that when the
customers in a stage (who are again served in parallel) complete service and leave, the
gate remains closed until the next arrival epoch. At this point, the customers that
were in the waiting area, together with the newly arrived customer, are all admitted
for service.



3. Gated Queues with an Infinite Number of Servers 31

Suppose that Ty = 0 and that the interarrival times 7, :=T; —T;_1,1=1,2,...,
are i.i.d. random variables with common distribution GG. The service is carried out
in stages as follows: The beginning of a service stage always coincide with an arrival
epoch of a customer. Thus service stage initiation epochs form a point process that
is a subset of the arrival point process {7}

O
O
—O0O00 o
Customers O
waiting
Customers
Gate . .
in service

Fig. 3.4: The gated GI/M /oo queue

Let {X,} denote the number of customers served in the nth stage. Suppose also
that {0;} are independent, exponential random variables with rate u. It is easy to see
that {X,,} is a Markov chain with state space {1,2,3, ...} and transition probabilities
given by

P(Xn:len_:[:Z) = (] 1<max(01,02,...,0i)§Tj)

= P (max(oy,09,...,0;) <Tj) — P (max(oy,09,...,0;) <Tj_4)
= B —e"™) =Bl -y

— <;) (—1)FE [e ] — Z (;) (=1)*E [e *#T]

k= k=0
(3.14)

Since the arrivals are renewal, T} := 71 + - -- +7; and E[e~*T] = G(s)7 where G(s) =
fo e **dG(x) is the Laplace transform of the distribution G. Thus, from (3.14), with
Py = P(Xy =j | X1 =),

P = Y (k) (~1) Gk~ (Glkp) 1) (3.15)

k=0

Proposition 12. Suppose that the interarrival times have finite second moment, i.e.
ET? < 0o. Then the Markov chain {X,} defined above is positive recurrent and its
invariant distribution {m;} satisfies the equations

mo= » mP;  i=1,23,. .. (3.16)

1 = iﬂ'i
i=1
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Proof. To establish the positive recurrence we shall use again the Foster-Liapunov
criterion of (Theorem 1 of Chapter 1). To this end we shall choose once more the
functions

fy=i and V(@i)=C-i, i=1,2,..., (3.17)
where C' > 1. Suppose that U is the renewal function associated with the arrival
process, i.e. U(t) :=> 7~ P(T}, <t) for t > 0. If {Y,,} denotes the sequence of stage
lengths, as in the previous section, then

E[Xn+1|XnuYn] - U(Yn) (3'18)

In a renewal process with increments having finite second moment the renewal func-
tion satisfies Lorden’s inequality (see [1, p. 160]), namely
t E[r?]

VO < Bt e

Using Lorden’s inequality we obtain the following inequality from (3.18)

Y, E[r?
Br " (Br)e

E[Xn+1 ’Xna Yn] S

Given X, Y, is the maximum of n independent exponential random variables with
rate p and thus

1 1 1\  E[?]
EX, X, < —(1+=-+--+— . 3.19
Kool £ o (1440 ) + (3.19)
Let then p:= (uET)7!, by := (L;[—:?;, and suppose C' > 1. With these definitions
S e 1 1 :
ZPMC]:; L+5+ 0+ =) +Ch forallieN. (3.20)
j=1
Define the function h : N — R via
-1 1 1 1
h(z) =  —— 14+ =4+ —| —bo. 3.21
(1) o p<+2+ +io) 0 (3.21)
Since h(i+1) —h(i) = 54 — # > 0 when ¢ is large enough it follows that there exists
N such that ¢ > N implies that k(i) > 0 or equivalently, from (3.21),
C 1 1 . .
> 1+§+---+Z +Cby < (C—1)i, fori> N. (3.22)
From (3.20), (3.22),
- C 1 1
ZBjC’j:;(1+§+---+;)+bo<0i—z’. (3.23)

j=1
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This is indeed equation (1.8) with the choice (3.17). Taking b := % (T+14-+ 1)+
Cby we also see from (3.20) that

1 1
Z = (1+2+ +;>+b0§b for i < N. (3.24)

Therefore, by Theorem 1, we conclude that the Markov Chain {X,} is positive re-

current with invariant distribution given by (3.16). [

Suppose that {X,} is a stationary version of the Markov chain and let

= Zmzi = B[]
i=1

denote the corresponding probability generating function. Instead of attempting to
find a solution to the system (3.16) we will concentrate on the probability generating
function f. Recall that the descending factorial moments, and the derivatives of f at
evaluated at z = 1 are related via

- 1
d nn—1)(n—2)-(n—k+m, = Ef(’“)(l)
n=1 '

We will obtain an infinite system which is satisfied by the descending factorial mo-
ments f(™ (1), m = 1,2, ... as described in the following

Proposition 13. Define the quantities

(m) 1 a k m—1
Ty 1= Lt ), and Gy = M, kkm=1,2,.... (3.25)
m! (1= G(kp)™
Then
ka Lamp, m=1,2,... (3.26)

Proof. Multiplying (3.15) by 2/ and summing over j we obtain

PR Xo=il = 303 (k) (~ G ([ G lk) — 1
- Z( ) Gkp) — 1] ZZJGJ Ykp).  (3.27)

Since the geometric series in the last sum converges (at least for |z| < 1) (3.27)

becomes .
E[Z5 | Xo] = Z ()]io) (_1)16MZ
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Taking expectation with respect to Xj, in the above equation (and interchanging the
summation and the expectation) we obtain the following expression for the generating
function of the stage duration:

N (—1)* Gle) —1
;E Xo(Xo—1) - (Xo =k + 1) G (3.28)

In the above we have used the fact that the binomial moments, the descending fac-
torial moments, and the derivatives of f at evaluated at z = 1 are related via

E(io) = %E[XO(XO—U (Xo—k+1) = %f(’“)(l).

We have also used the fact that EzX° = E2%1 (by stationarity). Thus, we can rewrite
(3.28) as

et q
_ ZZ o= 1_ 5((:;;)2 (3.29)

This last expression represents the probability generating function of the steady-state
number of customers served in a stage (with the exception of the customer who
initiates the stage) as a linear combination of p.g.f.’s of geometric random variables,
the kth of which has probability of success 1 — G(kp). Of course (3.29) involves the
factorial moments of the unknown distribution on the right hand side. Note that, if

l—gq
1—gqz’

g(z) =z

then using Leibniz’ rule

m!(1 —q)q" (m—DI(1—q)g™"  ml(l—q)g™"

Dm =y =
9(2) = 2y 0-a)m 0 =gz
and | .
mlg™™
D"g(1) = —.
W=a—gr

Thus differentiating (3.29) m times with respect to z term by term and evaluating at
z =1 gives

k 1 m‘G(k,u)m 1
(k m = .
Dy e

Dividing the above equation and using the definitions (3.25) we obtain the system
(3.26). O
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There remains of course the question of the solution of the system (3.26). Assum-
ing that the sequence {z,,} has been determined note from (3.29) that

i\ )k, 1—G(kp)

;sz N ;xk( D 1— Gkp)z
= DD (1= Gk ) Gl
DIEDIE (1= G Gk, (3.31)

Thus we have the following expression for the stationary distribution (contingent
upon the solution of the system (3.26)

= > m(=1F (1= Gl Gl =12 (3.32)

Clearly, from (3.25), the quantities (xy) are positive and hence (3.32) gives the sta-
tionary distribution as an alternating sum of geometric probabilities.

3.2.1 'The light traffic case

The infinite system of equations which is satisfied by the x,, must be complemented
by an additional condition that will give a non-homogeneous system. The approach
we follow provides a solution in the light traffic case, which we define in this context
by means of the condition

A 1

G(p) < 5 (3.33)
_ In particular, if the arrival process is Poisson (A) and if we set p := A/p then
Gp) = 2 = 2 < = or, equivalently, p < 1.

e 1+p

This condition results from the requirement that the infinite sums )" *°_, pile: (kp)™
converge for each k which is equivalent to the statement that the power series for f(z)
around the point z = 1 has radius of convergence at least one. Hence in the power

series -
= Z Eo D" ooy
=0

we may take z = 0. Clearly f(0) = 0 (since a service stage consists of at least one
customer). Thus in our notation 0 = 14>~ | x,,(—1)" (because % =f(1)=1)
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and hence

—1 =Yz (-1)" (3.34)
m=1
For m =1 in (3.26), taking into account (3.25), we have
; 1—G(kp) ; ; 1 —G(kp)

and hence we obtain the system

1-2G > G(k

1-Gp) 5 1= G(kp)

-1 m—1A m—1 & L m—1
. M(( )" G mp) 1>+Zwk< ot Gl
(1= G(mp))™ = (1= G(kp))™
m=2,3,....

In particular, when the arrival process is Poisson (), with é( ) = /\j\rs,

1= (- Y1)
0 = 2 ((1 + %) (—%)m_l — 1) + i rp(—1)F1 (1 + =

k#m
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Stage size in a gated GI/M/inf Queue

04

Frobability mass function
0.2
|

0.1

0o
1
———
-
-
-
-
-

Number of customers served in a stage

Fig. 3.5: Arrivals are Poisson (A) and p := A/u = 0.85. The system (3.26) is truncated at
N =100 and similarly 100 terms are taken in the series (3.32).
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3.3 D/M/oco Queues

In this section we analyze the D/M/oo queueing system. While the Markov chain
analysis presented is well known at least since the early 60’s (see Takacs [50]) the
expression of the steady state distribution in terms of g—series (see seems to be new.
Suppose that customers arrive singly at deterministic times 7T}, = na, n € Z, where
a > 0 is the fixed interarrival time. Each customer, independent of anything else
remains in the system for an exponentially distributed random variable with rate u
and then departs. Then it is easy to see that the number of customers in the system
just prior to each arrival, {X,,;n € Z} is an irreducible Markov Chain on the state
space {0,1,2,..., } with

Transition Probability Matrix

" q 0 0 0 0 0 0 0 .7
p? 2pq q 0 0 0 0 0 0
p? 3p%q 3pq? 7 0 0 0 0 0
Pt 4p’q 6p°¢®  Apg’ q" 0 0 0 0
Pt (5) e (k) p" " () pa ™t 0
The equilibrium equations can be expressed as
w—iw RN e k=1,2,3 (3.37)
k — k—14n n qp, T eIy e .

n=0

Thus, if we denote by II(z) := >~ , mx2" multiplying both sides of the above equation
by z¥ and summing term by term we obtain

(z) —my = Zz"f Zﬂk—un ( ' n) ¢ = Z . ((p+ 7)™ —pm+1)
k=1 n=0 m=0

In the above string of equalities we have used the substitutions [ = k—1 and m = n+I.
We thus have

() — m = (p+ q2)I(p + qz) — pIl(p).

Setting z = 1 and using the fact that II(1) = 1 we see that 7y = pIl(p), a relation
that can also be obtained from the equilibrium equations. Hence we see that the
probability generating function of the stationary distribution satisfies the equation

II(z) = (p+ q2)I(p + ¢2). (3.38)
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Using (3.38) recursively we obtain

(z) = (p+¢x)p+ap+)Up+ap+q°2) =
= pta)ptap+¢2) -+t +p" +q"2)
x(p+aqp+--+pg" 't +q"2).

k—1

Taking into account the fact that p+gp+ -+ + pg"~! = 1 — ¢*, the above expression

becomes
n

M(z) =T (1—q"1—2) J] (1 - ¢*(1 - 2)).

k=1
Letting n — oo, in view of the fact that

nh_g)lo I1-¢"(1—2)=1I(1) =1

we obtain
o0

(z) = [ (1= ¢*(1 - 2)). (3.39)

k=1
However it is known (see [39], p.9) that the function
F(z)=(1-q)(1 = ¢*2) (1 —¢*2) -, ol <1,
can be expanded in a power series
F(2) = Ag+ Az + Ap2® + Az2® + -+

where the coefficients A, satisfy the recursive relationship A,(¢" — 1) = A,_1q",
n=123,..., Ap = 1, which yields

n(n+1)
2

— (_1\" q n =
A, = (=1) i =) 1,2,3,... (3.40)

Hence, with the above notation it follows that

n(n+1)

ZA (1—2)" Z i 1_q) N (z—1)" (3.41)

n=0

where we have used the convention that the empty product is equal to 1. From
the above expression we obtain readily factorial moments.

The probability generating function of the number of departures between two
arrivals is given by

oo

x(2) = (qg+p2)(g+pz) = (1-p(1-2) ﬁ Fl—q—p2)) = [[(1—pd*(1-2))
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or

X(z) = 1+f: rq (z—1)" (3.42)




4. SYNCHRONIZED QUEUES WITH ORDERED SERVICE
TIMES

4.1 Introduction

Synchronized (or fork—join) queues have been an object of study over the last three
decades as models of parallel processing. The simplest model consists of ¢ parallel
processors, each with its own queue. Customers, upon arrival, break into ¢ sub-entities
which we will call parts. Part ¢ requires service from server i, where 1 = 1,2,..., ¢,
and, if necessary, joins the corresponding queue which is assumed to have unlimited
capacity and operate under a FIFO discipline. While each station viewed separately
is an ordinary single server queue, the joint statistics of the ¢ queues are typically not
easy to obtain.

The above system, when ¢ = 2 and service requirements for the parts are inde-
pendent, exponential random variables, identically distributed for each type of part,
is known as the Flatto-Hahn-Wright model (see [17], [16], [55]). In this case, while
each queue considered separately is an ordinary M/M/1 queue, determining the joint
distribution is far from easy. Flatto and Hahn [16], and Flatto [15] have studied
this system using complex analysis techniques. See also Fayolle and Tasnogorodsky
[18] and Fayolle, Iasnogorodsky, and Malyshev [19]. Asymptotic results regarding
this model have also been obtained using large deviation techniques by Weiss and
Shwartz [42], [49]. See also the more recent papers by Badial et al. [7] and Kella and
Boxma [27].

The fork—join queue when ¢ = 2, arrivals are Poisson, and service requirements
form an i.i.d sequence of exchangeable pairs of random variables has been studied
in Baccelli [4]. We also mention the Taylor series expansion used in Ayhan and
Baccelli [3] where the assumption of exponential service times is relaxed, and Baccelli,
Makowski, and Swhartz [6]where bounds for the performance of more general fork—
join queues are obtained by means of stochastic ordering arguments.

Our approach to this problem makes use of Miyazawa’s Rate Conservation Prin-
ciple (see [5], [34]) in order to obtain effortlessly an expression for the joint Laplace
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transform of the stationary workload. This expression depends on unknown functions
which, in general, are not easily determined. We focus on the case where the service
times of parts are strongly ordered.

4.2 The rate conservation principle

On the probability space (£2, F, P) a point process {7,,} has been defined which we
will assume to be a stationary Poisson process with rate \. We will denote by P° the
Palm transformation of P with respect to {T},} and by E° expectation with respect
to PY as usual.

The Poisson process {T,,} is assumed to feed ¢ queues in parallel. Each arriving
customer splits into ¢ parts. The service requirements of the ¢ parts of the nth
customer are denoted by o, = (o},...,0¢). We assume {a,} to be an i.i.d. sequence

of random vectors with given joint distribution G(z1,...,z.) := PY(c} < zy,...,05 <
x.) and corresponding joint Laplace transform

6(517 T 750) = Eoe* Yia Sigé.

Theorem 14. If we denote the joint Laplace transform of the workload process in
steady state by ¢(sq, ..., s.) = Ee™ Xi=15"s then

i it s sim S, )
O(81,.--,8:) = 2;1151' (=B8] (4.1)

The numerator in the above equation depends on ¢ unknown functions ¢; : C-=1 — C,
1=1,2,... ¢ where

Wi(51, - oy Sicty Sidts -+ Se) 1= E[L(Wi = 0)e™ Zowi W3], (4.2)

Proof: We examine the behavior of the workload vector (W}, ..., W¢). If we apply
the Miyazawa Rate Conservation Principle on the process {X;;t € R}, where

L — ?7 S'Wi
Xt'_e Zz—l iV ,

we obtain

AEC o= Zicisi(Witot) _ o= X5 SiWS} +FE {%e Xz Sin} =0

or

A(B(s1,y.-y8:) — 1) @d(s1,...,8.)+E

e~ iz siWi Z si1(W¢ > 0)] =0.
i=1
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Hence

[

A= Blstoo5)) 651, y50) = D s (Bem Zm sV = B [1(W = )™ X )

=1
or
¢(31,...,SC) (Zsi—/\(l—ﬁ(sl,...,sc))) = Si¢i(...78i_1781‘+17...)
i=1 i=1
where ' .
Vi(S1, -y Sicty Sip1s - s Se) = B[L(WE = 0)e™ 22 stg]~ (4.3)
Thus from the above we obtain (4.1). n

Note that in the ordinary M/G/1 queue, ¢ = 1 and (4.1), (4.2), imply that
the solution depends on one unknown constant which is easily determined from the
requirement that ¢(0) = 1 by an application of de I'Hopital’s rule.

4.3 Stochastically ordered service times

Suppose now that the service requirements for parts of different types are strongly
ordered, i.e., for alln € Z o} > 0% > .- > ¢¢ P%-a.s. Then, it is easy to see that
P-as. W3 >Wg > - > W§. We thus have the inequalities 1(W,} = 0) < 1(W§ =
0) <--- < 1(W§ = 0) holding P-a.s. and hence, from (4.2) it becomes clear that
in this case 1; depends only on the ¢ — 1 variables sq, s9,...,8;_1,1=2,3,...,c—1,
while ¢; is a constant. Thus (4.1) is written as

SiV1 4+ Dog g Sithi(S1,. .., Sic1)
Z;:lsi _)\<1 _5(817"‘780» '

O(S1,-+48c) = (4.4)

If we set p; := AE%0} then clearly
Y1 =E[1(Wy =0)] =1~ p1.
We are thus left with the problem of determining the ¢ — 1 unknown functions

Gilsty .. si0) =B [1(Wg‘ —0) e W] i=2,3,..e.  (45)

It is clear that the problem of obtaining an expression for the unknown functions
1; hinges upon expressing the conditional expectations that define them in a more
convenient form. As it turns out, the following lemma facilitates greatly this.
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Lemma 15. Let {S} denote the point process defined by the beginnings of busy
periods for station i. If we denote by PP the Palm transformation of P with respect
to this point process, and by EY the corresponding Palm expectation, then

Bi(s1,- .., sim1) = (1 — pi) EPe™ Zimi Wi, (4.6)

Proof: If 7 " is the internal history of the point process {S} (see [9] for a definition)
and FV' = o — {(Whu < t} the history of the process W, define the filtration
Fi = {F};t € R} via F; = F2 \/ FV". Then the Fi-stochastic intensity of {Si} is
given by

al = \L(W] =0). (4.7)
We now apply Papangelou’s theorem (see [5], [40]): Since {W/}, {S.}, are jointly
stationary and the processes {th } have left—continuous sample paths with probability
1 and thus are predictable,

A et R
Elad e Zi=1%"0]
)
Eoy

Ele ZimsiWs — (4.8)

In view of the expression for the stochastic intensity in (4.7) the right hand side of
the above equation becomes

E[L(W] = 0) e~ Z5=157)
E1(W; =0)]
and hence, from (4.6) and (4.9) we obtain (4.6). |

) - )
Ele™ 23:1 SjWD] _

(4.9)

Consider now a smaller fork—join system with the following characteristics: The
system consists of i — 1 stations in parallel and the customers (who arrive again
according to Poisson process with rate A) now consist of ¢ — 1 parts. The service
vector for the nth customer is again o, := (o},...,0"1), this time however we split
it into a sum of two parts,

on= (0,0, ..., 0)+ (ot —0ol o2~ . ol — o).

n n n n?

The first vector on the right hand side of the above equation represents work that
has preemptive priority over the lower priory work represented by the second vector.
(The second vector is of course always non-negative because of our strong ordering
assumption.) Thus each customer brings to all stations the same amount of high-
priority work and a varying amount of lower priority work. Clearly, the amount of
high priority work is precisely the amount of work in the ith station of the original
system. Also, the epochs of busy period initiation for high priority work are precisely
the points {S!}, and thus in order to obtain an expression for ¥;(sy,...,s; 1) it
suffices to study the workload vector of lower priority work at these epochs.

In the sequel we will use the notation 5;(si,...,s;) := B(s1,52,...,%,0,...,0).
We begin with the following
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Lemma 16. In the preemptive priority fork-join system with i — 1 stations described
above the steady-state workload vector of lower priority work considered at the epochs
of busy period initiation for high priority work is equal to the workload vector in a
fork-join system with Poisson arrivals with the same arrival rate and with service

requirement vector sequence {,} where ,, := (vl ..., v'"1) are i.i.d. vectors with joint
Laplace transform B;_1(s1,...,s;_1) which satisfies the equation

&_1(51, e 78i—1) = BZ'(Sl, S9,...,8i—-1, )\(1 — @_1(81, ey Si—l)) — Z;;ll Sj). (410)

Proof: It is obvious that secondary work is performed only during the idle periods
of high priority work and these are exponentially distributed with rate A\. Thus
the lower priority workload vector at the end of the idle periods of high priority
work is that of a modified fork—join system where customers arrive according to a
Poisson process with rate A and bring service requirement vector equal to the vector
of secondary work accumulated during a high—priority busy period. To determine the
new service requirement vector we will use an argument based on a sub-busy period
decomposition. Let (a§,02,...,08) the service requirement vector that initiates the
typical busy period of station i. If there are K Poisson arrivals during the service
time o}, then the random vector of service requirements for the modified fork—join
system, (Y, Y2, ..., Yy ') satisfies the relationship

K
(Yo YE. .Yy ) = (o — oo —oh,..oop = o) + ) (VL Y2 .Y,

k=1
where Yy, k= 1,2,..., K are independent random vectors with the same distribution
as Y. Conditioning on o, and K we have
07 —s1Yd——s;_1 Y21 % 07 —siot——s;_10°" 1 i1 ok Ziv_l& o K
Ei [6 0 ¢ 0 | O'O,K] :Ez [6 0 ¢ 0 | UO] e 04j=1"J Bi,1<81,...78i,1)

Taking expectation, first with respect to K given o and then with respect to o we
obtain (4.10). |

The question of whether equation (4.10) defines uniquely the multidimensional
Laplace transform (5(sq, ..., s,_1) is addressed in detail in the appendix using a mul-

tidimensional analog of the classical Lagrange inversion theorem.

We are now ready to determine the functions ¢;. To this end define

oM (s1,. .., 8im1) = . i=23,....c (4.11)

With this definition, (4.4) becomes

(1 —p1)s1 + 25:2(1 - Pz’)Si@(I)(Sl, oy Sic1)

O(S1,-+-48:) = Y [ Po——— : (4.12)
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Theorem 17. The joint Laplace transform of the stationary workload in the fork—join
system with strongly ordered service requirements is given by the following recursive
relations where m = 1,2,...,c

m n m m+1
¢(m)(5 5n) = (1—P(1 ))31+Zj:2(1—p§ ))¢§~ * )(81,...,sj_1)
n 1y--+59n = m — ’
D1 85— ML= B (s1,..., 80))
n oo, c—m, (4.13)

=1,2

,gmﬂ)(sl, cey Sg) = Béﬂ <sl, Sy ey Sk A1 — lgmﬂ)(sl, ceySE)) — Z?:l 3j> :
(4.14)

4.4 An explicit expression when ¢ = 2

Here we examine in more detail the case where ¢ = 2 and we give an explicit expression
for the joint Laplace transform of the equilibrium workload under the hypothesis that
the service requirements are strongly ordered.

Proposition 18. If the joint Laplace transform of the service requirements is 3(s1, $2) :=
EP¢=s19'=520" yyhere gl > o2 w.p. 1 then the joint Laplace transform of the workload
in the two queues in steady state is given by

E[e*81W6*32W02] _ 81(1 - ,01) (1 Y B(Sl’ 32) — 5(31) ) (415)

51—)\+)\§1(31) S1+ S2 — A+ AB(s1, $2)

where 51 18 the unique solution of the equation

Bi(s1) = B(s1, M1 = Bi(s1)) — 51). (4.16)

Proof: Specializing the general situation to the case ¢ = 2 we have

$11 + S9ta(s1)

O(s1,52) = s1+ 2 — A1 — B(s1, 52))

where
bo(s1) = E [1(14/02 —0) e—sﬂvﬂ ,
Y = E [1(W01 = 0) e*SQWﬂ = E[1(W} =0)].

Based on the results of the previous section, using the same notation we have

s1(1 = p1) + s2(1 — p2)a(s1)
s1+ 52 — A1 — B(s1,52))

¢(s1,82) = (4.17)
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where |5
— P1
1) = —— 0 (4.18)
I P1 s1m1

and El is the unique solution of the equation

Bu(sr) = B (51,21 = Buils1) = 1) (4.19)
This implicit equation determines 51(5). Also, m; = — E’ (0) and p; = Amy. In
particular,
~ myp — Mo
mi = ———
! 1-— )\mg
and o
~ 1— P2
= . 4.20
PL=T" P (4.20)
Thus we have
s1(1—p1) s1+ 59— M1 — B(s1))

¢(31’ 32) =

S1 + Sg — )\(1 - 5(51, 52)) S1 — )\(1 - B(Sl))



5. APPENDIX

5.1 Infinite Linear Systems and Strictly Diagonally Dominant
Matrices

Consider the infinite system of linear equations

> ayr; = b, i=12.... (5.1)
j=1
We suppose that {b;}, i = 1,2,..., is a bounded sequence of real numbers. We will

discuss sufficient conditions under which this system has a unique, bounded solution
{z;},i=1,2,... following the results in [47] (see also [48]). Therein it is shown that,
under these conditions, if one considers the sequence of the truncated linear systems
indexed by N,

N
> ayzl =b, i=12...,N, (5.2)

J=1

then their solutions converge to a solution of (5.1). This result, besides being used
to prove the existence and uniqueness of a bounded solution of (5.1), can be used in
practice to provide an approximate solution of the system.

Our interest in this result here stems from the occurrence of the infinite systems
(3.11) and (3.36) which we have solved numerically by truncation. In this Appendix
we justify this procedure.

An infinite matrix A = [a;5], i,7 = 1,2, 3,..., is strictly diagonally dominant if it
satisfies the conditions

gilag] = Y layl, with0<o; <1, i=12... (5.3)

Jj=1
J#i
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Consider also the following three conditions.

oo

; !aln-| < o0, (5.4)
i la;;| < M,  for some M and all i. (5.5)
z’;z

i la;;] < oo for each j. (5.6)

=1

The following theorem summarizes the results in [47] which are relevant in our treat-
ment of the systems (3.11) and (3.36).

Theorem 19. Suppose that the system (5.1) with bounded right hand side has a
strictly diagonally dominant matriz A which in addition satisfies conditions (5.4)
and (5.5). Then, for each N the truncated system (5.2) has a unique solution (x),
1=1,2,...,N. For each fized j, the sequence {xév}, N=j,7+1,...1is Cauchy and
thus converges to a limit x;. The sequence {x;} is a bounded solution of (5.1). If, in
addition, condition (5.6) is also satisfied then this bounded solution is unique.

(Even when conditions (5.3)—(5.6) hold and thus the infinite system (5.1) has a
unique bounded condition, it may also admit unbounded solutions as is shown in
[47]. These solutions however do not arise as limits of the solution sequence of the
truncated systems.)

5.2 The infinite linear systems of Chapter 3

5.2.1 The system (3.11)

We will begin by recasting the infinite system (3.11) in an equivalent form that will
be amenable to treatment in the framework of the previous section. We begin by
noting that

s:=yY2tys+---
is a finite quantity. Indeed,

2 Ay =\
E[e’\y]:EZ zzmﬁn:1+)\ﬁ1+s
n=0

n!
n=0

and it can be seen that for sufficiently small A the above infinite sum is finite. (A < p
implies that EFe*Y < oo because we may compare the system in question with one
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where customers within a stage are served not in parallel but in series, one after
another, in other words by comparing the system we study with a gated M/M/1
queue.)

Write now the system as

yi=p 4oy y (-5 =ﬁf+ﬁs—§:%<§), i=23,... (57)
=2

Jj=2

and add the above equations term by term for all ¢ to obtain

R (1+s)— §:§2%<.) =7 049~ E:%

1- p i=2 j=2
This equation, together with the system (5.7), results in a new system. Set x; := s
and x; :=y; for i = 2,3,.... Then we have the new system
1—p—p° - P’ P’
T+ T; = ,
1— ; 757 = p) 1—p
‘ > 1\*
p_zxi—xljthj (—) =1, 1=23,.... (5.8)
=2 J
Gt

We will use the results of section 5.1 to show that system (5.8), and thus the equiv-
alent system (3.11), has a unique solution and that, furthermore, the solutions of
the truncated systems resulting by keeping the first N equations and the first NV un-
knowns, constitutes a Cauchy sequence converging to this solution. This justifies the
elementary truncation approximation.

We first check the diagonal dominance condition (5.3). For ¢ = 1 we must have
2

1—p—p? -
D (5.9)

1—p il —»)

Since 0 < p < 1,

2 00 2
p 2 1 P
+<PE+:—
3G —np) —iG-1) 2

because the second series is a well known telescopic series. Therefore, if

>

=2

1—p— 2 2
p=p _ 1
1—p 2

then (5.9) holds. Equivalently if p € (0, py) where py ~ 0.34 is the smallest positive
root of the equation 1 —r — 3r? + 2r% = 0 then (5.9) holds.
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For ¢ > 2 we must have

ph> 14+ i <1> (5.10)

() i)
S (A Lo (o) 2
= \J (X 6 7

J#i

with equality holding if i = 2. Hence (5.10) is satisfied for all i > 2 since p=* > p=2 >
%2 ~ 1.64 when p < 0.34.

Turning to (5.4)

Z.Zl|am’| = P —i—Zp < 00

2
l=p=r" 3

(since p < 1). Finally, (5.5) can also be seen to hold using very similar computations
and inequalities. Hence Theorem 19 shows that, if p € (0, pg) the unique solution
of the system can be approximated by the solutions of the sequence of truncated
finite systems. (In practice we have noticed experimentally that, as long as p < 1
the approximation procedure converges. There is no contradiction here. Theorem
Appendix gives sufficient conditions for the approximation procedure to hold.)

5.2.2 The system (3.36)

Consider now the system (3.36) encountered in the analysis of the gated GI/M /oo
system. We will transform it in order to apply the theorem. Set w; :=i-x;, 1 =1,2,....
Then

L= =)+ 3w (-1
1=2
1)i-1,-1 —i o0 -1
0 = wz<<1+f)( L2 )+Zw](—1>ﬂ‘1(1+’—7> L
v 1 pu J/ 7
J#i
i=23,.... (511)

We will first establish (5.3) for the above system. For ¢ = 1 it suffices to show that
1—p> Z;’; pj~2. However this sum is equal to p <%2 — 1). Therefore, in order

for the strict diagonal dominance to hold we should have 1 — p > p (%2 — 1) or
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p < % ~ 0.608. The following inequality holds
—i o0 -1
P P\ P
— > 1+ —.) — (5.12)
Indeed
& ) ,0_1 00 ) 00 A
Z (1 + —.) — > p! (1 +/ x_zdi) +1 +/ o~ dy
— /)7 1 1
]_
TR 141
= p - + —
1—1 1

We can then show that % > p‘lﬁ + L for all 4 > 2 provided that p € (0,0.21).

i -

It also holds that

i 14 - giKpi<oo.

i=1 ‘(1 +2) (—1)yi-1e — e i=1

2t 7

oo
=1

f:|aij| = Z <1+£) p._il < o0.
J=1 J=

i=1 =1

This then establishes (5.4), (5.5), and (5.6) and hence Theorem 19 holds.
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