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Abstract. The paper provides the up- and down-crossing method to study the asymptotic behavior of
queue-length and waiting time in closed Jackson-type queueing networks. These queueing networks consist
of central node (hub) and k single-server satellite stations. The case of infinite server hub with exponen-
tially distributed service times is considered in the first section to demonstrate the up- and down-crossing
approach to such kind of problems and help to understand the readers the main idea of the method. The
main results of the paper are related to the case of single-server hub with generally distributed service times
depending on queue-length. Assuming that the first kK — 1 satellite nodes operate in light usage regime, we
consider three cases concerning the kth satellite node. They are the light usage regime and limiting cases for
the moderate usage regime and heavy usage regime. The results related to light usage regime show that, as
the number of customers in network increases to infinity, the network is decomposed to independent single-
server queueing systems. In the limiting cases of moderate usage regime, the diffusion approximations of
queue-length and waiting time processes are obtained. In the case of heavy usage regime it is shown that
the joint limiting non-stationary queue-lengths distribution at the first k — 1 satellite nodes is represented
in the product form and coincides with the product of stationary GI/M/1 queue-length distributions with
parameters depending on time.

Keywords: closed queueing network, martingales and semimartingales, up- and down-crossings, coupling,
diffusion and fluid approximation, bottleneck

1. Introduction
1.1. The history of subject

Speaking about the history of subject we mean the most closely related papers. There-
fore in this subsection we discuss the following two papers: Kogan and Liptser [31],
and Abramov [4]. Both those papers study the large closed queueing networks with
bottleneck. Other papers concerning the subject will be mentioned in one of the next
subsections.

Let us consider closed Jackson-type Markovian queueing network with a single
class (chain) consisting of N customers, a single infinite server queue which will be
called central node or hub, numbered by O and k single-server satellite nodes num-
bered by 1,2,...,k. Suppose that at the initial time moment all customers are at
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the hub. After service completion at the hub a customer visits satellite node j with
probability p; (lezl p; = 1). Customers served at a single-server node return to
the hub. Assume that a service time at the hub has the expectation A~! for each
customer, and the expectation of a service time of the jth satellite node is equal to
(N~

Let{Q1(2), O2(1), ..., Q(t)} denote the vector of queue-lengths at time ¢ at satel-
lite nodes 1,2, ...,k,and Q;(0) = 0, 1 < j < k, according to convention. Queue-
lengths Q;(t), j = 0,1,...,k, depend on N. If it is necessary we will point out this
dependence: Q;(f) = Q; y (7). Sometimes, where it is clear from context Q ;(r) without
index N denotes the limiting as N — oo queue-length process at the jth satellite node.
In those cases it is assumed that all queue-length processes indexed by N are given on
the same probability space.

We say that satellite node j is a bottleneck node, if u; < Ap;. Otherwise, that
node j is called non-bottleneck node. As N increases infinitely, Kogan and Liptser [31]
showed that the non-stationary queue-length distribution for every non-bottleneck node
is the same as some stationary M/M/1 queue-length distribution whose parameters ex-
plicitly depend on ¢, i.e., the queue-length process is described by the Yule process (see
Bharucha-Reid [7]). In a case where there is no bottleneck node in network, the non-
stationary queue-length processes for every node is described by geometrical distribution
forall t > 0.

More accurately, denote A; = Ap;, 1 < j < k, and suppose that the first k — 1
nodes are non-bottleneck nodes while the kth node is the bottleneck node. It was shown
that the distribution of the queue-length Q;(¢), j = 1,2,...,k —1,as N — oo, for
any fixed ¢+ > 0 tends to the stationary distribution of the M/M/1 queue-length process
with constant arrival rate A [y + (1 — 7x) exp(—At)], where m; = )Lk_l,uk and service
rate p;. This fact has the following simple intuitive explanation. As N — oo, the
queue-length at the kth satellite node increases to infinity being equivalent to N[(1 — )
(1 — exp(—Axt)], and therefore the queue-length at the hub increasing to infinity too as
N — oo is equivalent to N[, 4+ (1 — m) exp(—Xiit)]. Ast — oo as well, the limiting
stationary distribution of the queue-length at the jth satellite node, j = 1,2,...,k — 1,
coincides with the stationary distribution of the M/M/1 queue-length process with the
arrival rate A ;; and the service rate .

In the case where ; > A; forall j =1,2,...,k,as N — oo, the limiting queue-
length distribution at satellite node j tends to the stationary distribution of the M/M/1
queue-length process with the arrival rate A ; and the service rate u; for any fixed > 0
(see Whitt [57]).

The sequal paper by Abramov [4] developed the paper by Kogan and Liptser [31]
assuming that the service mechanism of k satellite stations is autonomous. That is every
satellite server j serves customers only in random instants & ]N 3 ]N , +§& ]]-Y2, ..., where

the sequences {& le & JNZ ...} is assumed to consist of generally distributed random vari-
ables and be strictly stationary and ergodic sequences of random variables for each j.

Under these assumption the author studied the qualitative behavior of the queue-length
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processes at satellite nodes, taking into account the effect of bottleneck node rather than
obtained results in explicit form giving us something in terms of habital for us transfor-
mations, Laplace—Stieltjes transform say.

Motivating the current investigation in the next subsection we explain why the
models from the earlier abovementioned papers would be developed from another posi-
tion?

1.2. Motivation and description of the model

The case of queueing network considered in the papers of Kogan and Liptser [31] and
Abramov [4] slightly idealizes the computer models arising in practice. Basing on
client/server star topology, the models from the both abovementioned papers consider
the case where the hub is an infinite server queueing system. However this case cannot
precisely approximate the variety of real queueing networks. Therefore in the present
paper we suggest a more general model by allowing service time distributions at the hub
to depend on the number of customers residing there. A more exact description of the
problem is given below.

Consider the Jackson type networks with the same mechanism as it was described
above for the network considered in the both abovementioned papers. A service time
of the hub is assumed to be a generally distributed random variable while the service
times of other nodes are exponentially distributed. It is assumed that the hub is a single-
server station a service time which depends on a queue-length as follows: if immediately
before a service of sequential customer the queue-length at this node is equal to K < N,
the probability distribution function is Gk (Kx), glzl = fooo xdGg(x) < oo, and, as
N — o0, the sequence of probability distributions G y(x) converges weakly to G (x)
with g7! = [[*xdG(x) < oo and G(0+) = 0.

Along with these assumptions in the further account we shall require in addition
the stochastic order relations between two neighbor distribution functions G (K x) and
Ggi1(Kx 4 x): we shall assume that Gg (Kx) < Ggy1(Kx + x) for all x > 0. The
sense of this order relation is intuitively clear: a rate of service time at the hub increases,
as a queue-length increases there. Note that this assumption is automatically implied in
the special case of G{(x) = G,(x) = --- = Gy(x) = G(x) = 1 — e, leading to
network considered by Kogan and Liptser [31]. In this case the expected service time at
the hub linearly depends on its queue-length.

We consider a network, k satellite nodes which are assumed to be the single-server
stations with the service rates u;N, j = 1,2, ..., k. At the initial time moment r = 0
all customers are at the hub, and one of them begins to be served there. As in the case
of Markovian queueing network it is assumed that after a service completion at the hub
a customer visits satellite node j with probability p; (Zl;zl p;j = 1), and customers,
served at a single-server node, return to the hub. Denoting y; = gp;, it is assumed
for this network that gyp; < u;, and, as N — oo, in the limiting case y; < u;
for j = 1,2,...,k — 1. For the satellite node k of network we shall consider three
cases:
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(1) gvpr < i and Y, = gpr < i
@) |ur —gnprl = Ay >0and Ay — Oas N — oo;

(i) gnpr > pi and yi = gpr > wg.

The cases (i) and (iii) are called asymptotically light usage regime and asymptoti-
cally heavy usage regime, respectively, for satellite node k, and the case y;, = py is called
asymptotically moderate usage regime for that node (see, e.g., Kogan and Liptser [31]).
For the sake of simplicity the word “asymptotically” will be omitted in such phrases.

1.3. Methodology of the paper

It is clear that the network considered here is a more general variant of that considered
by Kogan and Liptser [31]. Kogan and Liptser [31] studied the queue-length processes
for satellite nodes with the aid of traditional “real time” analysis, by using the modern
methods of the theory of martingales in continuous time and the Skorohod reflection
principle.

The approach of the present paper is based on consideration of the sequences of
super- and submartingales generated by up-crossing processes of these queueing net-
works and proving their convergence to a Galton—Watson branching process.

Thus in contrast to the mentioned paper by Kogan and Liptser [31] we study the
similar queueing processes with the aid of discrete time analysis, where we equate a
time with an up-crossing level. This enables us essentially simplify the analysis, avoid
background technical details and obtain some of results in more general form. Namely,
the method permits us to obtain the results both for light and heavy usage regimes in
a form of the joint queue-length distributions whereas Kogan and Liptser [31] obtained
only the marginal (one-dimensional) distributions. For light usage regime it is not so
considerable because intuitively clear that the limiting queue-lengths at satellite nodes
are mutually independent. However in the case of heavy usage regime it looks con-
siderable because a behavior of the queue-lengths in non-bottleneck nodes should be
correlated with the queue-length in the bottleneck node. The joint queue-length distri-
bution obtained in the paper in product form enables us to conclude that the limiting
queue-lengths in non-bottleneck nodes are independent nevertheless.

In all likelihood, the first paper using the up- and down-crossing approach to the
waiting time problems of GI/GI/1 queueing system was due to Cohen [14]. An idea of
the method of the present paper with different variations was earlier used in a number of
works by the author devoted to the simplest Markovian queueing systems and Markovian
epidemic models (see Abramov [1,2] as well as the second section of this paper). For
other papers related to the up- and down-crossings approach see also Abramov [5], Brill
and Posner [10,11], Shanthikumar [48,49], Shanthikumar and Chandra [50].

The traditional idea of the up- and down-crossings approach of those papers is that
during regeneration period the number of up-crossings of a level / equals the number
of down-crossings of that level. In many cases using of very simple idea of up- and
down-crossings is much profitable than analytical techniques.
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Note, that another idea of the up- and down-crossings approach is used in
Abramov [3,4]. The approach of those papers uses a ‘real time’ analysis, that is the
numbers of up- and down-crossings are studied during a ‘real time’ t. The reason is
that the processes studied in those papers are not regenerative, and therefore the well
understood property is that the number of up-crossings of the level [ equals the number
of down-crossings of the same level is not valid.

Along with up- and down-crossings approach the paper uses diffusion and fluid ap-
proximations. The approach of those approximations is based on sample paths analysis
and coupling of stochastic sequences permitting us to deal with the sample paths of ran-
dom variables and processes given on the same probability space rather than probability
distributions. This enables us to reduce the problem to the well-known classic cases
applying then diffusion approximations. Amongst a large set of known approachs to
diffusion approximations (see Borovkov [8], Prohorov [44], Iglehart and Whitt [18,19],
Liptser and Shiryayev [38], Reiman [45], Lemoine [36], etc.) this paper uses an ap-
proach of Borovkov [8] being a development of the earlier results by Prohorov [44].
Under the heavy usage regime the paper uses fluid approximation taking into consider-
ation the fact that the GI/M/1 queue-length process can be represented as the process
with autonomous service mechanism. This property is evident because of the property
of the lack of memory of exponentially distributed service times.

The results related to diffusion approximations for some other network with the
same central node and one station with generally distributed service times have been
obtained by Krichagina et al. [35]. For other relevant applications of a bottleneck and
fluid and diffusion approximations see Knessl and Tier [28] Kogan [29], Kogan and
Birman [30], Kogan et al. [32,33], Krichagina [34], McKenna et al. [42], Abramov [4],
Chen and Mandelbaum [12,13], Reiman and Simon [46], Pittel [43], Mandelbaum and
Pats [41], Mandelbaum and Massey [39], Mandelbaum et al. [40] and others.

1.4. The structure of the paper

The paper is structured as follows. It consists of six sections. The first section is in-
troduction. The second section can be considered as auxiliary for a more clear under-
standing of the main idea of the method. It considers the Markovian queueing network,
investigated by Kogan and Liptser [31] and Whitt [57] under assumption y; < u; for
all j = 1,2,..., k. The main reason of the presence of this section is that the up- and
down-crossings method for Markovian models of queues does not contain cumbersome
technical details and simpler than that for non-Markovian models of queues and net-
works. Moreover, the section contains complete notation, definitions and proof, while
the different sections are possibly shortened.

The third section considers a network, the service times of hub which are gener-
ally distributed random variables as was described above. Under the same assumption
Vi < Wj,j=1,2,...,k, it focuses on the proof of ergodic theorem, showing that, as
N — o0, the joint limiting queue-length state probabilities are calculated as the product
of those probabilities for the stationary GI/M/1 queueing systems.
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The fourth section considers the diffusion approximations for queue-length and
waiting time distributions under the heavy traffic conditions.

In the fifth section the paper studies the queue-length distribution at the first k — 1
satellite nodes where the kth satellite node operates in heavy usage regime.

In the last section a number of generalizations of results, where k satellite nodes
are many server stations, are discussed.

2. A Markovian queueing network

According to convention at the initial time moment all customers are at the hub. Assume
that A; < u;, j =1,2,...,k, and consider one of k satellite nodes. Let it be first.

Suppose that the first customer arrives to this node at time #,. Let 77 denote the
first busy period for the first satellite node, i.e., the time interval from the moment ¢ till
the moment when after a service completion of a customer the node becomes empty at
the first time after #,.

Let f1(n) denote the number of up-crossings of the level n during this busy period,
i.e., the number of situations during that period where arriving customer meets n other
customers in the node (f;(0) = 1 with probability 1). Denote #, 1, f, 2, .. ., ty f,(n) those
time moments in ascending order, and let s, 1, $,2, ..., S, f,n) be the correspondent
time moments where after service completion there are n customers in the node. Thus
we have the following time intervals:

(a1 S0,1)s 2o S02)s + ooy (Gn fyn)s Sn, fr ) - 2.1

Let us consider the similar moments 41 1, fuy1,25 - s Iukl, f1(141)s St 1,15 Sng1,25 -« - »
Sn+1, f; n+1) Of the level n + 1 and correspondent intervals:

(1,15 S,y k12, Sng12)s oo [kt 1) St fi (n 1)) (2.2)

It is obvious that the intervals (2.2) are contained in the intervals (2.1). Let us delete
the intervals (2.2) from intervals (2.1) and connect the ends, that is the point #,,; ; with
Sp+1,1, the point £, » with 5,4 2, etc.

Note, that in mathematical terms the given procedure is explaned as follows. Let
J 1 be the set of intervals (2.1) and 7, be in turn the set of intervals (2.2). Then the set
obtained after the procedure described above is 7,/.J>, which is the factor-set of set 7,
on set /.

It is also significant to note here that all queueing systems (with different NV) are de-
fined on the same probability space. This allows us to use sample paths techniques such
as comparison of the processes and taking a limit as the series parameter N increases to
infinity.

Next, let us denote the maximum and minimum numbers of customers in the hub
within defined thus residual time intervals by N,© and N, respectively. It is obvious
that

N+

N

N. (2.3)
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with probability 1. Let us show that

A
E{fin+ 1| fitn)} < ﬁ(n)M—‘l. (2.4)

Indeed, consider first a standard M/M/1 queueing system with the input rate A;N
and the mean service time (u;N)~! and assume that the intervals (2.1) and (2.2)
are defined now for that queueing system. Remaining in force all of the suggested
earlier notation, because of the lack of memory property of exponential distribution
Efi(1) = E{fin + 1) | fi(n) = 1} and therefore, since all intervals of (2.1) are
independent and identically distributed as a busy period (provided that they do exist),
E{fim+ 1) | fim} = fimEfi(1). Thus {fi(n)} is a Galton—Watson branching
process. In turn,

oo 00 .

AEN)! A
Efi(1) = E i/ G_WN(II.—,) wiNe #N dr = M_l
i=1 70 : 1

For more detailed explanation of this case see Abramov [1]. Coming back to the first
satellite node of the network let us take into account that the length of the residual inter-
vals after deleting of the intervals (2.2) from the intervals (2.1) and connecting the ends
has the same distribution as in a case of standard M/M/1 queueing system, more accu-
rately, it coincides with the distribution of service time, while interarrival times being
depending on the number of customers in the hub and having the parameter non-greater
than A N, are stochastically non-smaller than in a case of a standard M/M/1 queueing
system. Therefore,

A N A
E{fin+1) | fim} < fitn < filn)— (2.5)
nr N Hn1

and (2.4) follows. Note that (2.4) easily follows also from the theorem on stochastic
monotonicity of Markov processes (see, e.g., Kalmykov [22], Keilson [26])

Denote F, = o{f1(0), fi(1), ..., fi(n)}. By (2.4) it is clear that the stochastic
sequence

M”l
{—,1 fi), fl,n} (2.6)
M
is a supermartingale.

From (2.4)

o]

N N Al
Y Efi) =) E{AG | AO) < Z—fz
i=0 i=0 1

=0

< o0 2.7)
uy— )»1

Hence, according to Wald’s identity, from (2.7) for the expected busy period we obtain:

N
ETi = (Np)™' Y EfiG) < [N -] (2.8)

i=0
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and as N — oo
lim NET; < (ug — A1)~ (2.9)
N—o0
where ET) in (2.9) is considered as a function of N.
Next, analogously to (2.4) we obtain:

N
wiN -~

E{fin+ D | fitm} = fi(n) (2.10)

Note, that

N
Ny =N =" fili) — o(Ty + o) = c(N),
i=0
where v(T; + ty) is the mutual number of served customers in all other satellite nodes
during a period (0, 7} + #y) which, as N — oo, will be called asymptotic regeneration
period of the first satellite node. Hence, it follows from (2.10) that

MN, Aic(N)
E{fin+1) | A} > A)=L > i) ———, (2.11)
uiN wiN
and the stochastic sequence
wiN 1"
s Fion 2.12
{[klc(N)] Si(n), Fi, } (2.12)
is a submartingale. It follows from (2.8) that Ev(T} + ) < 0o, and therefore
. ¢(N) . Ny . Nt
Py lim —— = lim = lim ——=1¢ =1. (2.13)
Nooo N N—oo N N—oo N

Next, let {f"(n), 7 ,} is the limiting as N — oo stochastic sequence, Fy, =

oA 0), f7 (D, ..., fir(m)}
In view of (2.5), (2.12) and (2.13)

* * £ Al
E{ffn+ 1| ffm} < i

and since the limiting stochastic sequence { f;"(n), 7} ,} is Markovian, the limiting sto-
chastic sequence

{—; fifn), fl_n} (2.14)
Af
forms a supermartingale. On the other hand, in view of (2.10) and (2.13),
A
E{ffn+ 1D | ffm} = f7 ) M—l
1

and the limiting stochastic sequence (2.14) is a submartingale. Thus, we proved that
the stochastic sequence (2.14) is both a super- and submartingale simultaneously, and
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therefore it is a martingale. From this, coming back to intervals (2.1) we can see that in
the limiting case the number of inserted points after the procedure described above has
the same distribution for all intervals. This allows us to claim that the limiting process
is branching.

Now, let T; denote the first busy period at satellite node j, and f;(n) be the num-
ber of up-crossings during a busy period T at this node. It is obvious that the statement
proved above for the first satellite node is also true for all other satellite nodes, i.e., denot-
ing the limiting as N — oo process f;‘(n), f;n = o*{fj*(O), fj*(l), e, fj*(n)} for jth
node we can state that the stochastic sequence { f j* (n), f;"n} is a Galton—Watson branch-
ing process. It is also significant to note that for i # j the limiting branching processes
{f7(n), F,} and { /i *(n), .7-";k ) are independent on one another although under N given
the processes { f;(n), F; ,} and { f;(n), F; ,} are dependent.

Next, let us consider the first generalized busy period, the time interval from the
first arrival of a customer at one of k satellite nodes till the moment when all these nodes
are at the first time simultaneously empty. Analogously, under generalized idle time
we mean the time interval where all k satellite nodes are simulteneously empty. It is
clear that the first regeneration period (generalized busy period + generalized idle time)
contains the random number of only complete busy periods for each of k satellite nodes.

Moreover, since the expected numbers of served customers during the first busy
periods are finite for all satellite nodes and the network is stable (see, e.g., Borovkov [9],
Kaspi and Mandelbaum [24,25]; see also Abramov [4] where the proof of stability is
also appropriate here because the given queue-length process can be also considered
as the process with autonomous service mechanism), according to reward renewal the-
orem (see Karlin and Taylor [23]) the expected number of served customers during
a generalized busy period is also finite, and therefore the expectation of generalized
busy period has the order O(N™ h. _Therefore, considering the multitype up-crossing
process {f(n) g,,} where f(n) = {f] (nj),j=12,...,k}, f] (n;) denotes the num-
ber of up-crossings of the level n; at jth node during the first generalized busy period,
g,, = o {f(k): 0 <k < n}, 0is the k-dimensional vector of zeros, f(O) = 1 with proba-
bility 1, and k < n denotes that all components of vector k are non-greater than all those
of vector n, one can conclude that the limiting as N — oo multitype process {f*(n), G},
where G; = o{f*(k): 0 <k < n}, is a multitype Galton—Watson branching process,
generated by k independent one-dimensional branching processes. In the given context
under multitype Galton—Watson branching process we mean such vector-valued process
with vector-valued time argument as it is defined above.

Denote the limiting as N — oo multitype up-crossing process {f *(n), g*} where
f *(n) = { f *(nj), j=1,2,...,k}. Then we have the following representation:

i)=Y frm),
=1

where «; is the (limiting) number of busy periods in the jth node during the (limiting)
generalized busy period, and { f7;(n;)};>1 is the sequence of independent identically dis-
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tributed random variables having the same distribution as the random variable f j* (n;),

In the further account all limiting processes and their o -algebras will be provided
with asterisk. For example, f*(n) denotes the limiting multitype branching process;
f (n;) denotes the limiting process of f] (n;) aa N — o0, ie., the limiting one-
dlmensmnal up-crossing process.

Theorem 2.1. For every ¢ > 0, the limiting as N — oo joint queue-length distribution
is

n Aj
P{Q1(1) = n1, Qa(t) = na, ..., Qu(1) =y} ]‘[pj(l pj=—L.

Proof. Let us apply the reward renewal theorem. Let T (n) denote the cumulative time
in state n = (ng, ny, ..., n;) during generalized busy period. Keeping in mind the
Wald’s identity we obtain:

1 1s 2 Dy oo k k ym ZkET(k)
Ef*(n)
=== (2.15)
2k Ef (k)
Because of the independency of the limiting up-crossing processes,
k
Ef*(n) = HEfj*(nj), (2.16)

j=1

and

k 00
> Ef* (k) = ] {Z Efj*(n):|. 2.17)
k

j=1Ln=0
Therefore, substituting (2.16) and (2.17) for (2.15) we have

lil Eff(n;)

P{Q1(t) = ny1, Qa(t) = na, ..., Q1) =y} = 1 m (2.18)
According to Wald’s identity
Eff(n;) =Ef}(n,)Ek;.
Therefore (2.18) is rewritten as
£ Efin))
PO = m, 0s() = mar - 00 =) = [[ el 19)

:io Ef; (n)
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Taking into consideration that the stochastic sequence (2.14) forms a martingale, we
obtain

Ef7(n)) = E{f7(n)) | £;0)) = p",

and hence the statement of theorem follows from (2.19). The theorem is proved. O

3. A queueing network with state dependent service times in the hub and
k single server satellite stations: Light usage regime at the kth satellite node

In this section we consider a more general queueing network than in the previous section
in that the service times at the hub are state dependent and not exponentially distributed.
The description of this model is given in introduction. As in the previous section we
shall assume that all queueing systems (with different N) are considered on the same
probability space.

While interarrival times in each satellite node of the Markovian queueing network
have exponential distribution, those interarrival time distributions of a queueing network
under assumption of this section are very complicated.

Namely, let 7, 75, . . . be a sequence of service completions at the hub and Q(7;),
Qo(12), ... be sequence of queue-lengths there. Then probability distribution function
of the first interarrival time in satellite node j can be represented

o0
Hii) =Y pil = p)Gry # Gy 5% Gy, (1), 3.1)
i=0

where G,,(x) = Gy(Nx), G,, = Y% P{Qo(1)) = u} G, (ux) (I > 1), asterisk denotes
a convolution. Therefore it cannot be expressed in explicit form. Denote the sequence of
interarrival time distributions in satellite node j by H; 1(x), H;»(x), .... Let us define
first H; >(x). The time moments 7, T2, ..., T;, . .. can be the moments of first arrival of
a customer at satellite node j with probabilities p;, p;(1 —p;),..., p;(1—p;)~1, ...,
respectively, therefore

[o.SNe o}

Hj,z(x) = ZZ p?(l - pj)i+l_15r[ * 5r1+1 koo ok 5"[4_,‘ (x)’

I=1 i=0
and recurrently

o0 o0 o0
Hj o (x) = Z Z Z _ pj)iHhahomv
i=0

1
[G Pl oty () * Grk1+ ey 1+1(x) Hoeee ok G’k1+---+k\,_l+i (x)] (3.2)
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Let us take into account the assumption Gg(Kx) < Ggo1(Kx + x) for all K > 1.
Then, according to properties of this stochastic order relation (see, e.g., Stoyan [53]),
from (3.2) one can note that forall/ =0, 1,...,1

G”‘l‘*’""*”"v—l‘*" (X) < GN(NX)’
and therefore
~ ~ ~ .
Grkl+"'+kv—l (x) * Grkl+"'+k\7—l+1 (x) Koeee ok Grkl+"'+kl)—l+i (x) < G]\} (Nx)

Thus,

Hjy(x) <) p;i(1—p))' Gy (Nx) (3.3)
i=0

forall v > 1 and x > 0, where Gf\,"“ (Nx) is the (i 4+ 1)-fold convolution of the proba-
bility distribution Gy (Nx) with itself. According to the formula for the total probability,
inequality (3.3) is also valid with probability 1 when v is a nonnegative integer random
variable.

Remaining the notation of the previous section let us construct here the inter-
vals (2.1) and (2.2) by the same manner as it has been done there. Let us take into
account the following. Every service completion, s, , say, occurs due to the following
situations: immediately before the moment of preceding arrival there were n + i cus-
tomers at the first satellite node and i 4+ 1 customers have been served during interarrival
time of the first satellite node. Let N, and N, denote the maximum and minimum num-
bers of customers at the hub within residual intervals after described above procedure of
deleting intervals and connecting the ends. It is clear that Nf < N. Let us estimate
E{fi(n + 1) | fi(n)}. Consider first the case of the standard GI/M/1 queueing system
interarrival times which have the distribution function

o0
> pil—p) Gy (Nx),
i=0

and service times have the expectation (p; N )~!. As in the case of the M/M/1 queue-
ing system considered earlier in the previous section we have E{ fi(n + 1) | fi(n)} =
fimE f1(1), and the stochastic process { f;(n)} is a Galton—Watson branching process.
Let us find E f;(1). According to the formula for the total probability we have:

) 00 I )
Efi(l)=z= Zzl/ e MNx LLI;YX) d|:2 pi(l— Pl)invl'H(Nx):|
=0 YO :

i=0

[ e 2 S e
22/ e lliyd[Zpl(l—pl) GN“(x)}
1=0 ¥ : i=0

_ plaN(Ml — 112)
1— (1= p)Gy(p1 — ui2)’
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where
~ o0
Gn(z) = / e ““dGy(x), N(z) =0.
0

Since the traffic intensity, being equal to p; gy ,ul_l, is less than 1, then according to theo-
rem by Takacs [54] (see also Gnedenko and Kovalenko [17], Klimov [27]) the functional
equation

L= p1Gy (i1 — p12)
I —(—=p)Gy(ur — pm12)

has a unique solution belonging to interval (0, 1). Therefore E f1(1) < 1.
Let us return to the first satellite node of network. Note first that

E{fin+1) | im)} < AiEf (D). (3.4

This is because the service times have the same distribution as in the case of the GI/M/1
queueing system considered above, however interarrival times satisfy (3.3), and there-
fore the number of connected point within each interval after the procedure described
above is stochastically not smaller than in the case of the GI/M/1 queueing system.
A more detailed explanation for (3.4) can be provided by the way similar to the case
of Markovian queueing network considered in the previous section. Alternative proof
of (3.4) can be also provided with the aid of sample paths analysis of Markov processes
and application of the theorem on stochastic monotonicity (see, e.g., Kalmykov [22],
Keilson [26]).

Next, taking into account that an interarrival time at the first node depends on the
queue-length at the hub, let us formally denote the queue-lengths at the hub, where
immediately before the moment of preceding arrival there were n + i customers at the
first node, by 1, ; (ty4iu), Where t,; 1, tutio, - .., Inyi, £, n+i) denote the respective arrival
instants at the first node (see notation of the previous section). Denote z, = E{ fi(n+1) |
f1(n) = 1}. Then according to the formula for the total probability one can write:

00 A0 00 .
_une (INx)!
Z°=ZE[Z/O e ¥ 71“ dH,,,,(x) ¢, (3.5)
i=0 =1

where v, ; is the some random number of interarrival time of the first satellite node
depending on v and i (the empty sum is assumed to be 0). By (3.3) with probability 1

00 N i
e PN G
0 l! s Yo,

< 00 N i
< pi—p [ e YA gy, (3.6)
=0 0 l!
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and therefore from (3.5)
70 < lfo:l?l(l -p) i;E{ﬁX:(T/OOOe_“'NX (Mli—l\!]x)idGﬁH(Nx)}.
= i= v=
According to Wald’s identity,
E{fli:) /Ooo g Nx (’“lij\(x) dG’;V’“(Nx)}
=1 '
:v Ef1 (i) /Ooo gV (‘“li]\{x) dGHH (Nx),

and therefore, substituting it for (3.7), we obtain:

3 S ~ (V)
. —une
<Y pil=p)') Efl(l)/o e N TdG*NZ“(Nx).
1=0 i=0 :

Next, according to (3.4)
Zn < Efi(1) = 2o,

and therefore, taking into account that

i—1

Efl (l) = 1_[ Zn
n=0

we obtain
Efi(i) <z
Thus from (3.8) we obtain

= 1 = i oo —1 Nx (Mle)i w1
ZO<ZP1(1—P1) ZZO e — dGy" (Nx)
1=0 i=0 0 :

o 00
= Z pi(l — Pl)l/ exp(—u i Nx + 111 Nzox) dGut (Nx).
1=0 0

According to theorem by Takacs [54], there is the least root of equation

< 00
2= _pi(l—p)) / exp(—p1x + p1x2) dG ' (v),
1=0 0

with respect to z in interval (0, 1], and if

> 1,

d & o0
—ui— Y pi(1—pp) / e dGIT (x)
dZ g 0 7=0

this root is less than 1.

3.7

(3.8)

(3.9)

(3.10)
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Denoting the least root of equation (3.9) by ¢; y we obtain:
E{fin+1) | fitn) = 1} < 1w,
and therefore

E{fin+ D | it} < oin fi(n). (3.11)

Next, denoting F; , = o{f1(0), fi(1),..., fi(m)}, by (3.11) one can see that the sto-
chastic sequence

{Aimery, Fial (3.12)
forms a supermartingale.
By (3.12)
Y EAG =) _E{AG) | AO) <1+ ¢l y= Tp— (3.13)
i=1 ’

i=0 i=0

Hence, according to Wald’s identity, for the expected busy period from (3.13) we obtain:

ET, =

L ————— 3.14
© = 1(1 —oin) G149

and, as N — oo,
1
lim NET; < ——, (3.15)
N—o0 wi(l — 1)

where ET) in (3.15) is considered as a function of N, and ¢; = limy_ @1 n. Itis
shown below that 0 < ¢; < 1.
Indeed, let ¢ is the least root of functional equation

=Y pilt = [ explpn 2 4G ), (3.16)
_ 0

being the limit of sequence {¢; v}, as N — oc. Denoting the Laplace—Stieltjes trans-
form of G (x) by G(z), one can represent (3.16) in the form:

Gy —
L= P1 (MIA "12) . (3.17)
1= —=pDGpr — p12)
Note, that
d G
2 p1G(2) _ &'0) = My
dz1-(Q1 - pl)G(z) =0 l?l P18 12

and therefore 0 < ¢ < 1 according to theorem by Takacs [54] (see also relations (3.9),
(3.10)).
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Next, analogously to (3.6) with probability 1

o0 N i
e_“'NXM dH, , (x)
O l! LRGN

o0 00 .
N 1
>y pa-p [Cemn B aci gy, Gas)
—0 0 L. n
and therefore with the same probability
E{fitn+1) | fitm)} > fitm)e; y-, (3.19)

where ¢, y- is the least in absolute value root of functional equation

o 00

7= Z pi(1— pl)l/ exp(—u1Nx + 1 Nxz) dG;‘Vlfl(Nn_x).
1=0 0 !

Note that with probability 1

N
Ny =N =Y fil) —v(Ti +1o) = c(N),
=0

where v(T; + ty) is the mutual number of served customers in all other satellite nodes
during a period (0, T} + #p). Therefore, the stochastic sequence

{fl(n)l_lwl_,i(]v),fl,n} (3.20)
i=1

is a submartingale, where ¢; .(y) is the least (absolute) root of functional equation

S [
7= Zpl(l — pl)l/o exp(—u i Nx + 1 Nxz) dG:é;i (c(N)x).
1=0

It follows from (3.14), (3.15) that Ev(T; + #y) < oo, and therefore

N N, NF
IP’{ lim ) = lim —* = lim — = 1} =1. (3.21)

Nooo N N—ooco N N—oo N

Further, it follows from (3.11) and (3.21), as N — o0, the sequence of super-
martingales (3.12) converges to the limiting stochastic sequence

{frmer", 7.} Fro=ofFO), 7D, ..., fim]. (3.22)
For this stochastic sequence we have
E{ffn+D | ffm} < o1 fi @),

and since the limiting stochastic sequence { f;"(n), 7} ,} is Markovian, the limiting sto-
chastic sequence (3.22) forms a supermartingale.
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On the other hand the relation (3.21) means that, as N — oo, ¢, y- converges al-
most surely to ¢;, and in view of (3.20) and (3.21) the limiting stochastic sequence (3.22)
forms a submartingale.

Thus, the stochastic sequence (3.22) is both a super- and submartingale simultane-
ously and therefore it is a martingale. From this it is clear that as in a case of Markov-
ian queueing network considered in previous section, the limiting up-crossing process
{f{(n), F{,} is a Galton—Watson branching process. Moreover, considering as in pre-
vious section the multitype up-crossing process {f(n), G,} (the notation is the same as
in previous section) one can conclude that, as N — o0, this process converges to a
multitype Galton—Watson branching process (in sense of the definition of the previous
section). In turn, define the up-crossing process {f(n) Qn} during generalized busy pe-
riod and limiting processes provided by asterisk (see notation of the previous section)
with the aid of reward renewal theorem we obtain the following theorem:

Theorem 3.1. For every r > 0, the limiting as N — oo joint queue-length distribution
is

k
P{O1(1) =n1, Qo) =y, ..., Q) =i} = [ [P{Q;(1) = n;},
j=1

and

ni—1 .
P{Q;(t) =n;} =pjo; (1—g) m;=1,j=1,2,....k),

where ¢; is the least (absolute) root of functional equation

_ pja(ﬂj — ;2)
1= —-p)G(u; —p;z)

(3.23)

The proof of this theorem is analogous to the proof of theorem 2.1. Therefore we
provide its shorten version. The notation is assumed to be the same.

Proof.  Since the limiting up-crossing and branching multitype processes are generated
by independent processes, one may consider only marginal probabilities and prove that,
as N — oo, the limiting distributions are

P{Q;(t)=n}=pj¢) ' (1—9) =1 j=12,.k). (3.24)
By reward renewal theorem for those limiting distributions one can write:
. ET;(n)
Pigi)=nt=lim —g—— (G =1,2,...,k), 3.25
{0;@) =n} NgI;OZOOOETj(i) (j ) (3.25)

where T (i) is the cumulative time in state i for jth node. According to Wald’s identity

lim yET;(m) =Eff (1) = Eff MEk; = ¢jEx; (n > 1) (3.26)
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and

Jim_y;ET;(0) ZZEJ?]-*(n)— ZIEf (n) = 7%/“/15;

n=0 n=0 P

(3.27)

Substituting (3.26) and (3.27) for (3.25) we obtain (3.24). The theorem is proved. O

4. A queueing network with state dependent service times in the hub and &
single-server satellite stations: Diffusion approximations

For the queueing network considered in previous section let us assume now that, as
N — oo, ngk,uk_l converges to one, i.e., there is the small value Ay = ux — gy pr
vanishing as N — oo. All other satellite nodes j = 1,2,...,k — 1 are assumed to
be usual, satisfying the condition p; > y;. Assuming that the family of probability
distributions {Gg(x)}, K = 1,2, ..., satisfies the standard Liendeberg condition (e.g.,
see Shiryayev [51]) we shall study the diffusion approximations for both queue-length
immediately before a moment of arrival of a customer at the first time after time ¢ and
waiting time of a customer arriving at the first time after time ¢ under appropriate nor-
malizations. For N — o0, these random processes will be denoted by Q(r+) and
Wi (t+), respectively.

Considering the stochastic order relation Gg (Kx) < Gg41(Kx + x) for all K <
N — 1 enables us to use the coupling method based on the following statement (see
Stoyan [53], Thorisson [56], Shaked and Shanthikumar [47]).

Lemma 4.1. Let F|(x) and F,(x) be two probability distribution functions and F,(x) >
F1(x) for all x. Then there exist a probability space (€2, F, P) and the random variables
k1 and k, given over that space such that F;(x) = P{x;(w) < x},i = 1,2, and kr(w) <
k1 (w) for all w € Q.

Let us consider the sequential waiting times at kth satellite node, denoting them by
We.1, Wi, ... Itis well known that W, ; = 0, Wy .1 = max{0, Wy ,, + u,} where u,
denotes the difference between a service time of nth customer and an interarrival time
between nth and (n 4 1)th customers for the given node. For every fixed N let us take
two numbers AV;* and N;~, denoting the maximum and minimum number of customers
at the hub during the time interval (0, # 4 &), where ¢ 4§ is the moment of the first arrival
after time ¢ of a customer from the central to kth satellite node (as N — o0, § vanishes).

For fixed N let us consider the two sequences of waiting times

W =0, W =max{0, W/, +u'}, 4.1)
Wi, =0, W, = max{0, W, +u, }, 4.2)
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where sequence (4.1) corresponds to waiting time in GI/M/1 queueing system with the
distribution of interarrival time

o

> p(1— p)' Gt (Nx)

i=0
and the service time parameter N, and the sequence (4.2) corresponds to waiting time
in GI/M/1 queueing system with the distribution of interarrival time

> pd = p) G (W)

i=0

and the service time parameter w; N. To be brief let us denote those queueing systems
by X1 and X7, respectively. Note that for (4.1) we use the probability distribution

o0
> p(1 = p)' Gt (Nx)
i=0

rather than
oo
> ol = po' Gt (W),
i=0

having more complicated form. We may use the probability distribution indexed by N
instead of that indexed by N;" because N;* < N with probability 1, and estimations
connected with the mentioned probability distribution indexed by N are sufficient for
our further purposes.

Next, it is clear that with probability 1

o
Zpk(l - Pk)iGj\'}:fl(/\/',_x) <G, (x)
i=0

for all 7; < ¢ (see notation in section 3) and therefore with the same probability

o0
> Pl = P G (N7 x) < Hiw (),
i=0
v € M; = {m: mth arrival time moment to node k is less than ¢}. 4.3)

Further we shall distinguish the probability space {2, F, P} in lemma 4.1 from the initial
probability space, where the random objects N;~ and v are given. For this purpose this
initial probability space will be denoted by {2, 7', P'}. Thus, inequality (4.3) and a
number of inequalities above, where the aforementioned random objects N,~ and v are
presented, are fulfilled IP-a.s.
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According to (3.3), (4.3) and lemma 4.1 there exist a probability space (€2, F, P)
and three sequences of waiting times {W,:,r 25 AW, b AW} given over that space, such
that

Wit (@) < Wi, (@) < W, (@) 4.4)
for all n and all w € Q2 P-a.s. Indeed, according to lemma one can construct the proba-
bility space and correspondent random variables given over that space such that

i, (@) < (@) < u;) (w)

for all n = 1,2,... and w € Q P-as., and the desired inequality (4.4) follows
from (4.1), (4.2) and relation W ;11 = max{0, W, 4+ u,}.

For our further purposes we need that inequalities (4.4) as well as other inequal-
ities between the random variables given on the probability space {2, F, P} should be
fulfilled for almost all w € Q (P-a.s.) rather than P’-a.s. That is we have to construct the
measure [P such that it would be absolutely continuous with respect to measure P’. To
make that note, that it follows from (4.3)

o
P’{Z el = p)' G (N x) < Hk,u(x>} =1,
i=0
and therefore
i . .
P'{ Hy,(x) < y} < P’{Z pe(l = p)' G (N x) < y}-
i=0

Thus, according to lemma 4.1 there exists an intermediate probability space {Q2", 7", P}
and the random variables x; and x», given over this space, such that

P"{x2 < y} = P'{Hy,(x) < y}
and
o
P'{x1 <y} = P/{Z el = p)' G (NVTx) < y},
i=0

and x;(0") < y2(@”) for all ®” € Q”. Denoting also

P"{xs <y} = IP”{Z pe(1 = p)' Gy (Nx) < y},
i=0

we obtain x; (0") < x2(@") < x3(o”) for all ” € Q". Applying lemma 4.1 once again,
we achieve slightly more. Inequalities (4.4) are fulfilled for all w € 2 rather than almost
all w € Q.
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Note, that the inequalities similar to (4.4) hold for sequences of queue-length, given
on the suitable probability space. Considering three sequences of queue-length {Q,tn},
{OQr.n}s {Ok.n} immediately before arrival of a customer,

0 1=0;,=0r1 =0,
Ql:r.,n+1 :maX{O, Ql:r,n +1- q;r}’
Ot nt :maX{O, Opnt1- qn_}’
Qknt1 =max{0, Qx, + 1 —qu},

where the random variables g7, g, g, are defined as the possible service completions
during interarrival time between nth and (n + 1)th customers in queueing systems £+,
%~ and kth node of considered network, respectively. Under possible service comple-
tions ¢g during interarrival time § we mean ¢ = max{m: ¢; +¢>+---+ ¢, < &}, where
o1, ¢2, ... is a sequence of service times. Here, in the case of the queueing system X+
the respective sequence {¢;};> consists of independent identically distributed random
variables, in the case of the queueing system X~ that sequence consists of independent
random variables conditionally dependent of A/, and in the case of the kth node of net-
work the sequence consists of dependent on the states of given and other nodes and not
identically distributed. However, it is not so considerable for our purposes.
Analogously to (4.4), by lemma 4.1 one can write

0} (@) < Qun(@) < Of () 4.5)
for all w € Q2. Moreover, by lemma 4.1 on the suitable probability space
Qjn(w) < OF,(w) (4.6)

forall j =1,2,...,k—1and w € 2.
Let Ay = pux — gnpr. Assuming that N — oo and Ay — 0, let us consider the
following cases:

NA3% — oo, 4.7
NAj — C >0, (4.8)
NA3% — 0. 4.9)

According to theorem 18 by Borovkov [8] (see also Prohorov [44], Ivchenko et al. [20])
under assumptions (4.7)—(4.9) we have the following. Let Ay vanishes as N — 00 such
that the sign is not changed. Then, if under assumption (4.7) Ay remains positive,

{ Q]-:N AN
Pr8N

lim P < x} = 1 —exp(—2x0?), (4.10)
N—o0
where 0 = limy_, o OnN, 01%, = qu’, and if Ay remains negative,

Oy — An(pegn)™'N

—1
1 xo 2

lim P <x =—/ e /2 du. A.11)

N—o0 { ~N } \/27’[ —0o0
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Under assumption (4.8) we have:
O yIAN] <
Pk8N

where w(u) is a standard Wiener process. For explicit expression for the right side of
(4.12) see Borovkov [8]. Under assumption (4.9),

x + usign(Ay) 0
O 9

N

lim P{

Jim x} :P{w(u)< uéC}, 4.12)

+
lim IP’{ Qj% gx} —2d(x) — 1, (4.13)

N—oo o

where @ (x) is the function of standard normal distribution.
Next, for V,~ one can write

k—1

N7 = N —sup Qi(s) — > sup Qi(s). (4.14)

s<t i—1 s<t

It follows from (4.10)—(4.13) that N~' Q;", vanishes in probability as N — oo, there-
fore by (4.5)

1
I]P;;hg v sg) Oi(s) =0 (4.15)
as well, and keeping in mind (4.6) one can also write

k—1

o1
P-lim ¥ ; i‘i‘? 0i(s) = 0. (4.16)
In view of (4.14)—(4.16) we have
IP’-lim/\L =1
N—o00

and thus for the queue-length process of queueing system X~ one can state the results
similar to that % under assumption (4.7)—(4.9). Namely, let Ay vanishes as N — oo
such that the sign is not changed. Then under assumption (4.7) if Ay remains positive,

A
—=—— < x} =1 —exp(—2x07?), (4.17)

and if Ay remains negative,

{ Orn — An(prgn)™'N

S } : / e (4.18)
<xp=— e u. .
VN V21 J o

Under assumption (4.8) we have:

vl A i A
lim P{Qk,Nl Nl <x}:P{w(u)<x~|—us1gn( N),O

lim P

N—o0

N

N—o0 Pk8N o

uéC}. (4.19)
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Under assumption (4.9),

lim IP’{ Qj% < x} =2®(x) — 1. (4.20)

N—o00 o

In view of (4.10)—(4.13), (4.17)—(4.20) as well as (4.5) one can conclude the fol-
lowing. Let Ay vanishes as N — oo such that the sign is not changed. Then, if under
assumption (4.7) Ay remains positive,
{ Ow.NAN

Pk8N

lim P

N—o0

< x} = 1 —exp(—2x0?), 4.21)

and if Ay remains negative,

— A -IN I
lim IP’{ Qv = Animegn) N x} ~ —/ e du. (4.22)
N—oo «/N V2 J -

Under assumption (4.8) we have:

A i A
lim IP’{ Or.NIAN] gx} :P{w(u) < X + u sign( N)’O
N—o00 PkEN o

N

u < C}. (4.23)

Under assumption (4.9),

lim IP’{

N—o00

Ok.n
— =2 — 1. 4.24
I~ < x} (x) ( )

The limiting relations (4.21)—(4.24) permit us to obtain the following

Theorem 4.1. Let N — oo and Ay — 0 not changing the sign such that NA%, — 0.
Then if Ay remains negative,

-1
t+)— A tN 1 i
lim IP’{ Qultt) — Byt N x} = —/ e/ du,
VN V2 ) oo
where [ty N] in this formula denotes the integer part of #y;,N. Under assumption

that Ay remains positive and there exists the minimum real number o > 2 such that
NAY, < Ci,as N — oo, where C is a some constant,

lim P{w < x} =1 —exp[—2x(ty) "0 ?]. (4.25)
k

N—o0

N—o0
If NA%, — C > 0,

lim IP’{ Qc(M]AN| gx} :IP’{ w (1) < x+MSign(AN)’0

gugc}.
N—o0

Yk 1974 o
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If NA%, — 0,
. O (1) } < x )
lim P <xp =20 —1
N—o0 {o\/N Yk

Proof. Indeed, denote the number of arrived customer at satellite node k£ at time mo-
ment ¢ 4 6 by T. Then, if under assumption (4.7) A7 positive,

lim P{w < x} =1 —exp(—2x07?), (4.26)
Vk

T—o00

and if A7 negative,

t4+) — Aryl'T 1
lim ]P){ Qk( +)ﬁ e < X} = F\/‘ e_uz/z du. (427)
T J—o00

T—o0
Under assumption (4.8),

lim P{w < x} :P{w(m ¢ X Husign(Ar)
Yk

T—o0 o

<u< C}. (4.28)

Under assumption (4.9),

i Qr(t+)
Thféop{ o T S

Next, as N — 00, let us show that for every small ¢ > 0, the probability, that the
number of arrivals to satellite node k up to time ¢ varies within interval

x} =2¢(x) — 1. (4.29)

(1 =&)tyN, (1 + &)tyN),

tends to one. For this purpose let us take into account the following lemma by Krichagina
et al. [35].

Lemma 4.2. Let AN = (Aﬁv )i>0, N = 1, be a sequence of increasing right continuous
random processes with A) = 0. Let

BtN =inf{s: Aﬁv > t}, t >0,

where the infinimum of empty set is assumed to be equal to infinity.
If for every ¢ from dense in R, set S, BZN — at as N — oo (« > 0), then, as
N — o0,

t
suplAY — —| >0
o

1<t

in probability for each T > 0.
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Let us apply this lemma. Let Sff N S;f ~- - - - be the sequence of independent identi-
cally distributed random variables having the probability distribution

o

> el = p) G (Nx),

i=0
and &, y, &, y, ... be the sequence of independent identically distributed random vari-
ables having the probability distribution

> P = P G (W),

i=0

and
S;(z):max{m Zsingt},
i=1
DG s

e

Sy@) = max[m

If take AN = N~'S¥ (1), then

[Nt]+1
BzN = Z giJ,rN’
i=1
and if in turn take AY = (N,7)7!S, (1), then

N 11+
N —
B’ = Z si,N’
i=1

where [N¢] and [N, ] denotes the integer parts of Nt and N, 7, respectively. Ac-
cording to this lemma, as N — oo, N “1Sy(t) = wt in probability, and because of
limy_,.o N7'N,” = 1 with probability 1, we also obtain (N;")~'Sy (t) — ¥t in proba-
bility (an extension of the lemma 4.2 for N increasing a.s. to infinity is obvious), i.e., in
our notation N~!'T — y;t in probability as N — oo, and the required statement follows.
Therefore, for sufficiently large N one may take T = [ty N ], where [¢y, N] denotes the
integer part of 7y, N. Thus the statements of theorem follow from (4.26)—(4.29) after the
little algebraic calculations. g

Note4.1. If N A%\, — o0 and there is no the minimum real number « such that
NAY < Cy, as N — oo, then instead of limit relation (4.25) one can at most write
the limit relation in the form

lim P{ O (t+) Ay vy

Vi
where [#y, N] denotes the integer part of £y, N.

< x} =1- exp(—2xa‘2),

N—o0
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Now, let us consider the waiting time process W (t+). In this case Eu] = AyN~!,
and Duir = a]%,(pkg[\/N)_2 = O’LNN_Z, o1y — o01as N — 00, and we therefore obtain

Theorem 4.2. Let N — oo and Ay — 0. Then

. W(t+)v'N 3 x
e

Note 4.2. In the account of this section we did not keep in mind that the service times
are exponentially distributed random variables. The results of this section hold there-
fore under the more general setting when the service times are independent generally
distributed random variables obeying the appropriate moment conditions.

5. A queueing network with state dependent service times in the hub and
k single-server satellite stations: Heavy usage regime at the kth satellite node

This section considers the case of network when y; < u;, j = 1,2,...,k — 1, and
vx > M. In this case satellite node k is said to be operated in heavy usage regime. Pro-
viding below a rigorous explanation related to the case of a GI/M/1 queueing system un-
der heavy traffic we show how the queue-length process is approximated by fluid model.
The grounds for the fluid model are not new (see, e.g., Chen and Mandelbaum [12] and
Dai [15] for applications of the fluid models to different networks of queues). The ex-
planation given below is specific to the case of considered queueing system since it uses
explicit representation of the queue-length process. At the same time it is very simple
and clear.

Let us consider a standard GI/M/1 queueing system. To be close to the network
which is considered afterwards, we use the earlier notation. The probability distribution
of interarrival time is

o0
> el = p) Gt (Nx)
i=0

and service time parameter u; N under assumption that 7y = prgn ,uk_l > 1. (Here it is
assumed that N is fixed.)
Let Ay (¢) denote arrival process

Ay(r) = max{m: Y &N < z}
i=1

(&1.~, 82N, - . . are interarrival times), and let By (¢) in turn denote departure process

By(t) = max[m: Zqﬁi,N < t}
i=1

(d1.N, $2.N, - .. are service times, exponentially distributed random variables).
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A GI/M/1 queueing system can be considered as the queueing system with au-
tonomous service because of the property of the lack of memory of exponential distrib-
ution. Therefore, the queue-length process gy (¢) is described by the equation

1
gn (1) = An(1) —f Hgn(s—) > 0} dBy(s), 3.1
0
where integral in (5.1) is the Lebesgue—Stieltjes integral. It is evident that P-a.s.

gy (1) = Ay (1) — By (1),

and therefore also P-a.s.

l‘ —
lim gn(1) > lim An(1) BN(I)'
t—>00 t t—>00

(5.2)

Fluid approximation having place under heavy thaffic condition means that P-a.s.

im P _ i w — N(prgn — ). (5.3)

t—00 t t—00

Indeed, it is known that there is the probability ! that a busy period is finite (see, e.g.,
Klimov [27]) and hence the probability 1 — n&l that it is infinite. Therefore the path of
the queue-length process gy (¢) includes several busy periods at the beginning and one
infinite busy period at the end. Thus, with probability 1 there is only a finite number of
points where the queue-length decreases to zero, and (5.3) therefore follows. Note, that
it also follows from (5.3) that

lim
11— 00

E
o D _ Npegw — ). (5.4)

Note, that relations similar to (5.3) and (5.4) hold also as ¢ is given and N — oo,
where it is assumed that all queueing systems indexed by N are given on the same
probability space. We have:

gn () An(1) — By(1)
m —

Nh—> N :,ILTO — N - e — mt - (P-as.), (5.5)
. Egn (1)
nggo N (Vi — mit. (5.6)

Note, that in the limiting case as N — oo it follows 7 = limpy 0o TN = ik ka_l.

Let us consider now the kth satellite node of queueing network. According to (3.3)
and lemma 4.1 there exist a probability space (€2, F, IP) and the random variables g (¢)
and Qy v () given over that space such that O y (¢, w) < gy (¢, ) for all w € Q. On the
other hand, for « > t denoting N;K = inf; <;<« Qo n(s), and considering the standard
GI/M/1 queueing system with the distribution of interarrival time

oo
zoj Pl = po)' G (NG )
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and service time parameter i, N, one can write:

o oo
> 2l = p G (N ) < Hiw(0) < 3 pil = po' Gy (N, Plas.,
i—0 ! i=0

where {2, 7', P} is the probability space for the random objects N, and v (see also
(4.3) and the notation of previous section). Therefore, according to construction of pre-
vious section connected with sequential application of lemma 4.1, we have:

qw;, (1. @) < Qe (t. ) < qu(t, ) (5.7)

for all w € Q.

Next, let us consider Qf y(s, w),0 < s < §, and assume that N6 — 0o as soon
as N — oo and § — 0. It is assumed that the probability space {2, F, P} contains
all queue-length processes and necessary random objects indexed by N. Under these
conditions by virtue of (5.5) (N§ Y lgn (8) converges in probability to y; — i Therefore,
as N6 — oo as soon as N — oo and § — 0, the inequality N~'gy(8) < f§ is
fulfilled for some constant f with increasing to 1 probability. Moreover, since the traffic
intensities of all other satellite nodes are less than 1,

k—1
1
P— lim — Y sup Qin(s) =0 (5.8)
i=1

N—oo N — <

(see (4.16) and its explanation).
Therefore, we obtain

oK Nos _ |-
m — = =1. (5.9)
N—ooco N

Analogously, for Q,(s, w), § < s < 28, under the same assumption of N§ — oo
as soon as N — oo and 6 — 0 we have

N_
IP’{ lim —22 — 1} = 1.

N—o0

Continuing this procedure we obtain
N
IP’{ lim L_”:l} =1 (5.10)
N—o0 ‘ot

for all > 0. Therefore, there exists P-a.s. continuous decreasing function C(¢) obeying
the conditions:

c)=1 P! 1 N’”—Ct =1
0) =1, {unN—U}—.

N—o0
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The function C(¢) describes the normalized queue-length at the hub. Because of the
quite general assumptions it cannot be expressed in explicit form. In view of (5.8) the
normalized queue-length at the bottleneck node is

P—lilek,N(l‘) =1-C(). (5.11)
N—oo N

It is known that if the hub is an infinite-server queueing system with exponentially
distributed service times then for normalized queue-length at the bottleneck node we
have P-limy_, o N‘le,N(t) = (1 - no‘ol)(l — e ") (see Kogan and Liptser [31],
Abramov [4]).

Let us consider now one of the first satellite £k — 1 nodes, the first satellite node for
example, and construct the intervals (2.1) and (2.2) by the same manner as it has been
done in the second section, considering the first busy period after time ¢. Repeating the
all of procedure of the third section, take into account that the queue-length at satellite
node k, during the first busy period after time ¢ at the first satellite node, contains the
number of customers close to the value N[1 — C(1)].

Let us consider this case more carefully.

As at time ¢ satellite node k contains the number of customers equivalent to
N[1 — C(t)], the hub therefore contains the number of customers equivalent to NC(¢).
Therefore,

NF N,
IP’{ lim — = —":C(t)}:l.

lim
N—ooco N N—oo N
Thus, in this case the stochastic sequence {f;"(n)[v(t)]™", .7-"1’",1} forms a martingale,
where | (¢) is the least in absolute value root of functional equation

L mGUCOI gu = m2)
1= —=p)GACOHI (1 — 112))

According to the formula for the total probability the limiting as N — oo queue-
length distribution at the first satellite node is

P{Q\(1) =n} = p [l = 1O ][vi ], n>1, (5.13)
where y (¢) is the least root of (5.12),
pi(t) = yiu; ' C ).

The theorem below gives the limiting joint queue-lengths distribution in the first
k — 1 satellite nodes. We do not provide the proof because it is analogous to those in the
second and third sections.

(5.12)

Theorem 5.1. For every ¢ > 0, the limiting as N — oo joint queue-length distribution
is

k-1
P{O1(1) =ny, Q2(t) = na, ..., Qpi (1) = mi—1} = l—[ Pj(n;),
j=1
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where

Pinp)=p; O[O [1=v;0], n; =1,
pi(t) =yju;'C(),
Pi(0)=1—-p;t), j=1,2,....k—1,

and v (1) is the least in absolute value root of functional equation

L pGUCOI (1 — 1520
L= (1= p)GACOI (1) — p;2)

The function C(¢) is a decreasing positive a.s. continuous function, C(0) = 1.

(5.14)

Theorem 5.1 does not give us the limiting joint queue-lengths distribution in ex-
plicit form as long as there is not explicit representation for the function C(¢). Below we
discuss the case where the function C(¢) can be evaluated. Approach of the case is analo-
gous to that of the earlier mentioned papers by Kogan and Liptser [31] and Abramov [4],
therefore we shall try to be possibly brief omitting the technical details.

Let Gi(t) > 1 —e ™ (A < g)foralli =1,2,..., and A y(t) denote an arrival
process to satellite node j. Then

k

: N
Aj,N(t»/ ZI{N—ZQZ,N(s—»i}dn,,l-(s>, (5.15)
0 =1 I=1

where {I1;;(*)},i = 1,2,..., N, is a collection of independent Poisson processes with
rate Ap; = Aj,and A; < pjfor j =1,2,...,k — 1 while Ay > py.

The departure process B; y(¢) is similar to the earlier notation By () of this section
for the GI/M/1 queueing system, and the queue-length process is described as

t
Qjn@)=A;N({) — B;N(1) +/ {Q;n(s—) =0}dB; n(s). (5.16)
0
Equation (5.16) implies that Q; y () is the normal reflection of the process
X;n@) =A;n@) — B n(D), X;n0) =0 (5.17)

at zero, being a non-negative solution of the Skorohod problem (see Skorohod [52],
Tanaka [55], Anulova and Liptser [6]). Therefore the function

p;(t) = /0 {Q) n(s—) =0} dB; n(s) (5.18)

can be represented as

@) = _2I<1€Xj,N(S), (5.19)
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and from (5.16)—(5.19) we have

Qin{)=X;n(@) — ifg Xjn(s). (5.20)

Next, let us take into account that the processes A; y(f) and B; y(¢) are the semi-
martingales adapted with respect to the filtration F; given on stochastic basis (€2, F,
F = (F))i>0, P). Then the process X; y(¢) in (5.20) can be rewritten in the form of
the Doob—Meyer semimartingale decomposition (see, e.g., Liptser and Shiryayev [37],
Jacod and Shiryayev [21]). Denoting Ai () and B]’.t y(#) the compensators of the

processes A; y(f) and B; y(1), respectively, then the processes A; y (1) — AJF’ »(t) and
Bjn(1) — B]'.i y (1) are the local square integrable martingales, and we therefore obtain:
Xjn@) = AL (@) — BY y (1) + M n (1), (5.21)
where
Min@) =[Ajn@) — AL (O] = [Bjn (@) — B\ (1)]

is a local square integrable martingale.
Note that by virtue of (5.15)

t k
Aly@®) > /o Aj {N - Z Ql,N(S)} ds (5.22)

=1

(for details, see Dellacherie [16], Liptser and Shiryayev [37,38] theorem 1.6.1). Then
after normalization we have:

1 1 1 1 1.
N Q) =5 AL = 5 By + 5 M) — S inf X (). (5.23)

Next, since B; y(t) is a Poisson process then

o1
Iﬁ,‘_)hon.} N B} y(1) = pt. (5.24)
Show also that
1 1
lim — A” = P-lim — A
I}P\;_l)lorg N AJ’N(t) I}P\;_l)lgol N Ajn(). (5.25)

Indeed, according to Lenglart—-Reboleddo inequality (see, e.g., Liptser and Shiryayev
[38, p. 66]) for each § > 0 and ¢ > 0 and sufficiently large N we have

&

P{ sup A7y (5) = A;n(9)] > ON} < 5+ P{A;n(0) > eN?)

0<s <t

and (5.25) follows. Both (5.24) and (5.25) imply that

1
IIP\;-_)horgl N M; () =0. (5.26)



180 V.M. ABRAMOV

For our further purpose and for the sake of simplicity we shall use the notation

W, (X) = —inf X (s)
s<t

and
D (X) = X(@) + ¥, (X)

for any function X (¢#) from the Skorohod space D with X (0) = 0. Then denoting also
xjn() = N_lXj,N(t), xj(t) =P-limy_ o x;n(@) (j =1,2,...,k),let us consider the

set of equations
[ k
xi(t) = / (AJ- [1 -y CDS(xl):| — Mj) ds. (5.27)
0 =1

There is a unique solution of (5.27) because of the Lipshitz condition

sup|®,(X) — @(Y)| < 2sup | X, — Y], (5.28)
s<t st
which is for xy (¢) is
xi(t) = (1 - %)(1 —e ™). (5.29)
k

Liptser and Kogan [31] proved also that for any fixed t > O and ¢ > 0
lim P{sup|xk,N(s) — xk(s)| > 8} =0.
N—oo Sé[
It also follows from (5.15), (5.16), (5.29) and Lipshitz condition (5.28) that
. 1 Mk — it
- —_ > — _ K _ k
P-lim = Qin (1) > (1 kk ) (1 —e™). (5.30)

On the other words we proved that under assumptions G;(t) > 1 —e™ (A < g),
i=12,...,andA; < pjfor j=1,2,...,k—1while Ay > uy,

cy<1- (1 = %)(1 — e, (5.31)

k

Analogously, if G;(f) < 1 — e (A >g),i=12...,and Aj < pj for j =
1,2,...,k — 1 while Ay > u;, we obtain

Ct)>1- (1 - ﬂ)(l — e ), (5.32)
Ak

Now let us consider the case G(t) = Go(t) = --- = Gy(t) = G(x) =1 —e M
(A = g). We have

k

Cty=1- (1 - %)(1 ) (5.33)
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Then, after algebraic transformations from (5.14) we obtain the multi-dimensional vari-
ant of the known result by Kogan and Liptser [31]:

SI(ACONY (. *C
P{Ql(t):nl,Q2(t):n2,---7Qk—l(t):nk—l}:H[(]T_(t)> (1— ]MFI)):|,
j j

j=1
n; 20, j=1,2... k-1,

where C(¢) is defined by (5.33).

6. Concluding remarks

In previous sections 2, 3 and 5 we showed as the up- and down-crossing method enables
us to prove that, as N — oo, the joint limiting queue-length distributions are calculated
in closed product form. In the light usage regime case, considered in second and third
sections, as N — 0o, the network is decomposed to independent single-server queueing
systems. In the case where the kth satellite node operates in heavy usage regime, there
is the correlation between nodes because of the bottleneck. Nevertheless, in this case the
network is decomposed too.

The technique of present paper permits us to develop the results for the cases
where k satellite nodes are many server stations with finite or infinite admissible queue-
lengths. In practice this case is related to computer networks with the same star topology,
where we take into account that client computers work in multitask regime.

Examples below consider the case of k many server satellite stations with refusals
and with infinite admissible queue-lengths. The first example is useful in the cases of
queueing network with blocking to estimate the limiting probability that a number of
tasks in a client station exceeds the admissible level of that number of tasks. The second
example is useful in the case of queueing network without any assumption on blocking,
however here it is interesting to study the case where there is a bottleneck amongst the
client stations.

(1) Suppose that k satellite nodes are many server stations with refusals, consisting
of ry, rp, ..., 1y servers, respectively. If a customer, arriving to one of stations, meets
all servers busy, he returns to the hub and joins it queue. All servers of each node are
numbered, and a customer occupies a free server with the smallest number. All other
assumptions of the model are the same as in the single servers case considered in the
paper.

The limiting as N — oo probability that the first customer, arriving after time ¢ to
satellite node j, occupies the server n; is calculated as

P{O;0) =n;} =P, (n), n;=12,...,rj,

nj

; -1
A1l 0w)
P, ()= I’l.] iz ,
5 () |:Z( i )1_[ D) :|

i=0 =1
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p;G(u;l)
1—(1—p)HGujl)

Note, that P, (1 ;) is the steady state loss probability for an GI/M/m /0 queueing system
(see, e.g., Takacs [54]), where the distribution of interarrival time is

O ()=

o
Y pi(l=pp) Gt (),
i=0

and the service time parameter is i ;.

(2) Suppose that k satellite nodes are many server queueing systems with infinitely
admissible queue-lengths, and rq, 72, . .., 1y servers are at satellite nodes 1, 2, ..., k, re-
spectively. Let Q ;(t) denote the number of customers at satellite node j at time 7. Under
the same assumptions as in the case of single-server queueing stations, operating whole
in light usage regime, for the limiting joint distribution of the numbers of customers in
queue, as N — oo, we have:

k
P{Q\(t) = n1, Qa(t) = na. ..., Qu() =i} = [ | P, (1),
j=1

where P, (1) is the steady state probability that the number of customers in the system
is equal to n; for an GI/M/r; /o0 queueing system with the interarrival time distribution

oo

D o pi(l—p)) G (x)

i=0
and exponentially distributed service times with parameter ;. For explicit formulae for
those probabilities see, e.g., Borovkov [8], Takacs [54].

If the kth satellite node operates in heavy usage regime, and all other satellite nodes
operate in light usage regime, the behavior of the system is the same as in the case of
single-server satellite stations, i.e., the limiting joint distribution has a representation
analogous to respective case of single-server satellite stations, although the explicit for-
mula here is very difficult to observe and its obtaining is cumbersome even in the case
of Markovian network.
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