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Abstract

There are numerous papers in the literature, which analyze the behavior
of specific queueing systems in terms of certain roots of a nonlinear equation.
In this paper we show that a very general class of queueing systems, including
queues with heterogeneous servers, multiple arrival streams, bulk queues and
feedback, is described by a characteristic equation. We prove that the number
in queue and the waiting time distribution is a sum of geometric and exponential
terms respectively involving the roots of the characteristic equation. The sum
is finite if the service time distributions belong to the class R of distributions
with rational Laplace transform. We find explicitly the characteristic equation
for a wide variety of queueing systems and furthermore, we provide an easy
method to generate the characteristic equation for even more general systems.
Our results are structural for the case of arbitrary distributions and aim to unify
the field, but they can potentially lead to an algorithmic solution for queues

with distributions in the class R.
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1 Introduction

One of the classical problems in queueing theory is the steady state and transient
analysis of the GI/G/m queue. Ramaswami and Lucantoni [7] and de Smit [8)
analyze the steady state behavior of the GI/R/m queue through the matrix geo-
metric method and complex variable methods respectively. Bertsimas [1] analyzes
the R/R/m queue, where R is the class of distributions with rational Laplace trans-
forms using the method of stages. All these investigations address the case where
the servers are homogeneous and there is only one arrival stream which forms a
renewal process. Yu [10] proposes an approach for the case of heterogeneous servers
and Erlang interarrival times. There are also numerous papers in the literature,
which analyze the behavior of specific queueing systems in terms of certain roots of
a nonlinear equation.

In this paper we aim to understand the structure of the solution of an arbi-
trary G/G/m queue with heterogeneous servers and multiple arrival streams, as
well as more complicated systems involving bulk queues and queues with feedback.
Moreover, we want to demonstrate that a very general class of queueing systems, in-
cluding queues with heterogeneous servers, multiple arrival streams, bulk queues and
feedback, is described by a characteristic equation, which we characterize explicitly.

Although our results are only structural in the case of systems with arbitrary
distributions, they can potentially lead to an algorithmic solution in the case where
all the distributions have rational Laplace transform. Moreover, we believe that
they lead to a certain unification of the field.

The methodology we used is to extend the method of stages, which has been
used for queueing systems only for distributions with rational Laplace transform
(Cox [9]), to arbitrary distributions using supplementary variables.

In section 2 we introduce our techniques with respect to the GI/G/1 queue. We
then proceed in section 3 to the {G}£/{G}™/m queue with L arriving streams and

m heterogeneous servers. In section 4 we describe the general methodology to derive



the characteristic equation of arbitrary systems and apply it in the context of bulk
queues and queues with feedback, while the final section contains some concluding

remarks.

2 The generalized method of stages in the GI/G/1

queue

Since we are addressing the transient queue length distribution we assume the sys-
tem is initially idle. Let a(z),b(z) be the interarrival and service time distribution
respectively and let a(s), 3(s) be the corresponding Laplace transforms. Let
a(z b(z
()= 1= a((y)) o M= b((y)) dy

be the corresponding hazard rate functions.

Let P,(t,z,,z;) be the probability that at time t there are n customers in the
system, z, is the elapsed time since the last arrival and z;, is the elapsed time since
the current service initiation. We can then write down the Kolmogorov equation

that describes the dynamics of the system. For n > 1,
Po(t + At,z, + At, 2y + At) = (1 — na(2,) At — pp(24)AL) Pa(t, 24, 23)+

o0 o0
6(:,)'[) Pno1(t,u,zp)ne(u)du At +6(:b)/o Pasa1(t, za, u)np(u)du At,
where 6(z) is the usual delta function. Taking the limit as At — 0 we find that for
n>1

gt-P,,(t,:a, ) = 6(:,)/0“’ Pa_1(t,u, zp)0e(u)du + 6(:5)./0” Pop1(t, 24, u)np(u)du

..[aa

. Pa(t,za,2s) + Na(za) Pu(t, 2o, 25)] = [%Pu(t, Za,23) + m(28) Pu(t, 24, )]

We now define the following operators that act on a function f(.) from the left:
f(2a)A0a = B%f(za) + Na(2a)f(Za)
F(z)A0 = 52 £(zs) + m(zs)f(23)



f(3a)Ala = ‘6(30) f;o f(u)nﬂ(“)du
f(z)An = =6(z) [5° F(w)m(u)du.
With these definitions the Kolmogorov equations become:

0
gt’Pn(t, za,zb) = -Pn-—l(t: Zg, zb)Ala-Pn(t;zc, zb){A0¢+AOb}-Pn+l(t)zcv zb)Alb-

Taking the Laplace transform in terms of ¢ we obtain that for n > 1:

87n (8, Za, Tb)+Tn-1(8, Za, 2b) A1a+ 7n (8, 2o, 73){ Ao+ Aoy } 4+ Fns41(8, Za, 25)Ars = 0,
(1)

where 7,(s, 24, 2) = L[Pa(t, 24, 25)).

Equation (1) is a difference equation in terms of n with constant coefficients. In

terms of z,,z; it is a linear partial differential equation. In order to solve (1) we

use the separation of variables method and we assume that a general solution is

n(8, Za, zp) = w(8)"da(za)ds(zs). Substituting to (1) we obtain:

ba(2a)08(25){8 + [Aos + ;(‘T)Au] +[Aos +w(8)An]} = 0,

which can be rewritten as

1
w(s)
if we define the operators A;(z) = Ao + z4Ayi, ¢ = a,b.

As a result, ¢a(2a), ¢5(2s) should be eigenfunctions of Aa(ZEy), As(w(s)) respec-

tively with corresponding spectrums —0,(s), —0,(s). We are thus naturally led in

$a(za)db(zs){s + Aa(

)+ As(w(s))} =0,

the next lemma to the investigation of the eigenfunction and eigenvalue structure

of the operators Ai(z), i = a,b.

Lemma 1 Let ¢,(z) denole an eigenfunction of A,(z) with a corresponding spec-
trum —8,. Then

$a(z) = e~ A(2),

where

A@) = [ aw)dy
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and the characteristic equation of the spectrum is
za(b,) = 1.

Proof
The eigenvalue equation is ¢4(2)A,(z) = —8,94(z), which reduces to the ordinary

differential equation (ODE)
d¢;£2) + ¢ (2)'70(2') - 26(3)/ ¢¢(y)n¢(y) dy = -9a¢¢(3)

%.(z)=0 (z<0)

Since this is a first order linear ODE it can be solved by direct integration as follows:
ba(z) = zKe~ = Lo 14 ;5 q) @)

where
K= /0 $a(y)a(y) dy.

Substituting (2) to the expression for K we obtain

0 2 [~ -] -]
1= z/ === Js vy (2)dz = z/ e'o"/ a(y) dyna(z)dz =
0 0 z

® -9
2 / “a(z)dz = za(f,),
0
i.e. the characteristic equation for the spectrum is
za(f,) = 1.

Moreover, up to a constant factor the eigenfunction ¢,(z) is

baz= [* na(y) d *®

bolz) = el = s [Ta)ay (22000
z

Applying now the previous lemma we obtain that

#n(8, Za, 2p) = w(s) et ()Ze=0()7s 42 ) B(2,)



and w(s) satisfies the following system of equations

[ 8.(5) +65(s) = &
] w(o) = a(ba(s))

w(s)B(6s(s)) = 1
| lw(s)l <1

3)

The above system of equations has several solutions for w(s). If 3(s) is a ratio-
nal function where the denominator is a polynomial of degree k, i.e for the model
GI/R/1, an easy application of Rouche theorem establishes that there are exactly
k roots wi(s), ..., wk(s) in the unit circle. In this case the solution would be a linear
combination of the form:
k
n(8,2q,2p) = E C;(sp;(s)"e"m‘(‘)‘-"M"(')"'j(z,)ﬁ(:b), n>l.

=1
For the GI/G/1 queue, in which the service time distribution is completely arbitrary,
there is a continuum of roots w,(s) characterized by a continuous parameter u. As
a result, we conclude that the transform of the queue length distribution! =,(s) is

characterized as follows:
m(s) = Z Cu(s)wu(s)™
u

where C,(s) is a function independent of n. We have thus established the following

result:

Theorem 1 In a GI/G/1 queue, which is initially empty, the transform of the

quene length distribution has the following structure forn > 1:

m(8) = z Cu(s)wu(s)",

where the roots w,(s) are found from (3) The steady-state solution is achieved by

letting s = 0.

!Note that

%n(s) = /o /o #n(9,Za,z0) dzadzy = 5:(—;—):.—(:)(1 - w(s)) w(s)*?



For the steady-state waiting time W under FCFS we let s = 0 and we apply the
distributional Little’s law of Bertsimas and Nakazato [2] to find that the density

function of the waiting time is:

fw(®) = Cy(0) e~0e~ ),

Cu(0)63 ,(0)

-Wy 1- e, 0

where C,(0) = -y i.e the waiting time distribution is a linear com-
bination of exponential terms. As before, there are finitely many terms in the

summation for the GI/R/1 queue.

3 The {G}/{G}™/m queue

In this section we generalize and extend the techniques of the previous section to
the multiserver {G}-/{G}™/m queue with L arrival streams and m heterogeneous
servers. This queue is notorious for its difficulty. Our main result is that the
tail of the transform of the queue length distribution is also a linear combination
of geometric terms which we explicitly characterize. Moreover, the steady state
distribution of the queue length and the waiting time under FCFS is also a linear
combination of geometric and exponential terms respectively. The number of terms
in the linear combination is finite only in the case in which all the service time
distributions have rational Laplace transform.

In this queue there are L arrival streams. The interarrival times in stream i form
a renewal process. Let a;(s) be the Laplace transform of the interarrival time of
stream ¢, ¢ = 1,...L. Customers from all the streams form a single waiting line. We
assume that the service discipline is FCFS. There are m servers in this queue. Server
J has a service time distribution with Laplace transform B;(s). For the transient
queue length distribution we assume that initially the system is empty.

Let Pn(t,2ay,...,Zay, Zby,-- -, Tb) e the probability that there are n customers
in the system at time ¢, the elapsed time since the last arrival for each stream ¢

(#=1,...,L) is z,;, and the elapsed time since the current service initiation for
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server j (j = 1,...,m) is zy,. Let xn(s,2q,,...,%4,,2p,,---,2,,) be the Laplace
transform of Pn(t,Zay,-- -1 Zar, Tbyy- -+ T )-

Aé in the previous section we write the Kolmogorov equation that describes the
dynamics of the system and take transforms with respect to t. Using the operator

notation of the previous section we obtain that for n > m :

L
8Tn(8,Zay, .. oy, Ty, -y Tby ) + x,.-,(c,z,,,...,zn,zb,,...,zbm)zA;,i

=1
- L m
+7rn(8:3011'--szaLszbu“-azbm){zAOO.' +ZAN,}
i=1 Jj=1
m
+n',.+1(s,z,1,...,z,L,zh,...,zbm)EAuj =0, (4)
Jj=1

where the operators Agg,, A1q;,Agp;, A1a; are defined as in the previous section.
Our analysis now follows exactly the same path. We use the separation of variables
technique to solve (4). We introduce a general solution
L m
i’,,(s, Tagy -9y Tag s Thyy.-- ;zbm) = U(s)n H ¢a.'(za.') H ¢b,'(zb,);
i=1 j=1
and we obtain that
L m L 1 m
H Pai(2a;) n ¢b,'(3b,){‘ + E Aca(-(a_)) + Z Ay, (w(s)) =0.
i=1 j=1 i=1 w =1
Arguing as before we require that the ¢,,(zq,), #5,(z;), ¢ =1,...,L,j=1,...,m
are eigenfunctions of A“‘(dﬁ)’ Ay, (w(s)) respectively with corresponding spec-
trums —6,,(s), —6s,(s). Applying lemma 1 we find that

L - L _ m
Fn(8,Zayy-- s Zag, Tbyy- - ) Thn) = w(8)e” Lins f0i0)zei =50y B0, (), H Ai(za;) [T Bi(=s,),

i=1 Jj=1
and the characteristic equation for w(s) is:
[ TEi0u() + T 04, (e) = o (a)
] (o) = 0i(0u(4) (i=1..L) () -
w(8)Bi(6,(s)) =1 G=1...m) (o)
| lw(s)l <1 (d)




Therefore, we can summarize the previous discussion in the following theorem.

Theorem 2 In a {G}L/{G}™/m quene, which is initially empty, the transform of

the queue length distribution has the following structure for n > m:
n(8) = Y Cu(s) wu(s)",
Y

where the roots w,(s) are found from (5) and Cy(8) is independent of n. The steady-

state solution is achieved by letting s = 0.

The previous theorem is in agreement with the results of Bertsimas [1] who considers
the R/R/m queue with homogeneous servers. In the G/R/m case, where the degree
of the denominator of the transform of the service time distribution is k, there are
(™**=1) roots inside the unit circle. More generally, in the {G}E/{R}™/m case
there are finitely many roots in the linear combination. Theorem 2 generalizes
results of Takahashi [9] about the asymptotic behavior as n — oo of the steady-
state probability that there are n customers in a Ph/Ph/m system.

Moreover, in the case L = 1 we can also find the structure of steady state waiting
time distribution under FCF'S using the distributional Little’s law of Bertsimas and

Nakazato [2]. Then the density function of the waiting time is

fw(t) =Y Cu(0) e~fen O,

N 2
where Cy(0) = -mf—:h(:;-)(:—‘_-‘j-(:)—z“-m i.e the waiting time distribution is a linear com-

bination of exponential terms. For the case with L arrival streams using a similar
approach to that of Bertsimas and Nakazato (3] we can find that
L

fW(t) = Z Bu(o) e Zi-l 0.‘,.(0)1"

i.e. the waiting time has exponential tails in this case as well.



3.1 Algorithmic issues

In the case where all distributions belong to the class R of distributions with rational
Laplace transform then the variables z,,,z); are discrete and therefore there are
only finitely many unknowns xn(8,Za,,...,Zay,Zby,- .-+ 2b,) for n < m. Moreover,
there are also only finite terms C,(s). Using the Kolmogorov equations for n < m
one would have to solve a (large) linear system in order to find these unknowns.
Therefore, a conceptual algorithm for the solution of such systems would be to solve
the system of equations (5) to find the roots and then solve a linear system to find
the unsaturated probabilities and the coefficients C,(s). Bertsimas [1] implemented
an algorithm of this type for the R/R/m queue. The main difficulty with such an
algorithm is not the solution for the roots, but rather that the linear system becomes
very large very quickly. Our experience at least with the R/R/m is that finding the
roots is computationally quite easy, which is in agreement with the comments of
Chaudhry, Harris and Marchal [4]. The algorithm spends most of its time in the

solution of the linear system.

4 On the characteristic equation of an arbitrary queue

Our initial goal in this section is to understand the nature and character of the
characteristic equation (5) and to generalize it to even more general queueing sys-
tems. The final goal is to be able to write the characteristic equation directly for an
arbitrary queueing system. We then apply this technique to find the characteristic

equation of several systems with bulk arrivals, bulk service and feedback.

4.1 A physical interpretation of the queueing system

To generalize our analysis further, we introduce a direct method to obtain the char-
acteristic equations (5) from the dynamics of the system. The method is one of the

most commonly used tools in modern physics. We believe it can also be useful in
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queueing theory.
The key player of our method is the operator:
T(‘)—’+EA0.(Z)+ZA6( -) (6)
i=1 j=1

We interpret the definition (6) as follows.
The first term s indicates the transient behavior. The second term is due to arrival
processes with the argumeﬁt z representing an increase in the number in the system
by one. The last term is due to service processes, and the argument 1/z means a
decrease of the number in the system by one. Adding these terms means that all the
processes in the system are independent. Therefore, an addition of a new operator
A(u(z)) to the operator T'(z) is equivalent to introduce a new independent process
to the system and the argument in u(z) describes how the number in the system
changes at each renewal epoch.

The characteristi;: system of equations (5) is simply the condition that the spec-
trum of T(;-%;y) equals to 0. An alternative approach to see this is as follows. If

[I(2) is the generating function

o(z) = z 7a(8)2",

then the problem can be formulated using the compensation method (Keilson [6])

0(2)T(2) = x(2), (")

where T(z) is the operator that describes the homogeneous dynamics and x(z) is
the compensation part which is regular.

From the structure of the solution

)= Erio = Sl

and therefore z = 1 is a singular point of II(z). From (7) however H(z) =
x(z)T~(2). Since x(z) is regular it means that z = Z} must be a singular point
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of T-1(z), i.e. the spectrum of T“(;b) should be infinity and thus the spectrum
of T(;”-%;;) should be 0.

In addition, equation (5a) means that the spectrum of T(Wls')') is the sum of the
individual spectrums @ of the operators A(.). Equations (5b,5¢c) are the individual
characteristic equations for the spectrums 8 of each of the operators A(.) from

lemma 1, while the final equation (5d) is the ergodicity condition.

4.2 The characteristic equation in bulk queues

In this subsection we apply the interpretation of the previous subsection to a general
bulk queueing system. Consider a combined bulk service and bulk arrival queue with
m heterogeneous servers and L arrival streams, in which server j serves r customers
with probability ¢;» and in the arrival stream i at each arrival epoch there are k

customers arriving with probability p;x. Let
vi(2) = 3 qjrd"
r
be the generating function of the number of customers server j serves and
pi(z) = Zk:mzk

be the generating function of the number of customers arriving in the arrival stream
i . Our goal is to characterize again the structure of the system.

‘We saw in the previous subsection that the argument of the operator A(u(z))
is a description of how the number in the system changes at every renewal epoch.

Therefore, the operator that describes the system is

L m
T() = o4 3. Au (i) + 1 4,055,

=1 =1

since the number in the system increases according to p;(z) and decreases according
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to v;(z). The characteristic equation for this system is thus

(L 60,(8) + Zr 61,(0) = #

) pi(ghy)ei(0a,(s)) = 1 (i=1...1)
vj(w(s))Bi(6s,(s)) =1 G=1...m)

| Ww(s)l <1

and the transform of the queue length distribution for n > m is
ma(8) = Z Cu(8) w(s)".
Y

4.3 Queues with feedback

Consider again a heterogeneous system with one arriving stream, with the modifi-
cation that after each service completion the customer is fed back into the system

with probability ¢, while with probability 1 — g leaves the system. In this case
Yz)=q+(1-9q)z

is the generating function of how the number in the system changes after a service

completion. In this case the characteristic equation is as follows:

[ 0u(8) + Zk1 65, (5) = 5

ﬁa(@,(s)) =1

v(w(s))Bi(B;(s)) =1 (j=1...m)
| w(s)l <1

and the transform of the queue length distribution for n > m is

n(s) = Y_ Cu(s) w(s)".

Obviously one can consider quite complicated situations, for example combinations
of bulking and feedback. These can also be analyzed with the technique we intro-
duced.
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5 Concluding Remarks

We have generalized the method of stages to an arbitrary queueing system using
operators rather than matrices. This generalization enabled us to derive a rather
general procedure to describe the characteristic equation that an arbitrary queue
satisfies. Although our method can be only seen as a structural result when the
interarrival and service time distributions are arbitrary, it can potentially lead to
a finite algorithm in the case in which all the distributions have rational Laplace
transform. Moreover, our methods prove that a quite general class of queueing
systems (queues with heterogeneous servers, multiple arrival streams, with bulking
and feedback) are characterized by geometric tails for the queue length distribution

and exponential tail for the waiting time distribution.
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