J. Appl. Prob. 49, 60-83 (2012)
Printed in England
© Applied Probability Trust 2012

WEAK CONVERGENCE LIMITS FOR CLOSED
CYCLIC NETWORKS OF QUEUES WITH
MULTIPLE BOTTLENECK NODES

OLE STENZEL * AND
HANS DADUNA,** University of Hamburg

Abstract

We consider a sequence of cycles of exponential single-server nodes, where the number
of nodes is fixed and the number of customers grows unboundedly. We prove a central
limit theorem for the cycle time distribution. We investigate the idle time structure of the
bottleneck nodes and the joint sojourn time distribution that a test customer observes at
the nonbottleneck nodes during a cycle. Furthermore, we study the filling behaviour of
the bottleneck nodes, and show that the single bottleneck and multiple bottleneck cases
lead to different asymptotic behaviours.
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1. Introduction

In this paper we analyze the behaviour of cyclic single-server Gordon—Newell networks in
equilibrium as the number of customers in the system increases to co. There are two different
cases to consider.

Case (i): All nodes have the same service rate. In this case the customers are uniformly
distributed over the nodes.

Case (ii): Different service rates exist. In this case at least one bottleneck (the node with the
smallest service rate) exists. Then almost all the customers will be queued up at the
bottleneck nodes.

In this paper we focus on case (ii). We investigate a customer’s cycle time distribution for
which a central limit theorem will be proved. Furthermore, we characterize the differences in
the filling behaviour of nodes between the single bottleneck and the multiple bottleneck cases.
An important aspect of the networks’ behaviour is the mean idle time of the bottleneck nodes
during the cycle of a test customer.

The paper is organized as follows. In Section 2 the closed cyclic network of queues is
described and the properties needed in the sequel are referenced. In Section 3 we investigate
customers’ cycle time distribution and discuss its connection to the mean idle times of bottle-
necks. This connection stems from the description of cycle times from the viewpoint of a node.
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Weak convergence limits for closed cyclic networks 61

For a population size of N, the time between N successive departures from a specified node is
the cycle time of the first of the departing customers [3].

Starting with the limiting cycle time distribution, we prove a central limit theorem for
N — oo, which generalizes the central limit theorem for the cycle time when all service rates
are distinct [10]. In Section 4 we analyze the differences in the filling behaviour of the network
between the single bottleneck and multiple bottleneck cases. There is a significant difference
with respect to the mean idle times between these two cases. Considering the admissible service
rate vectors of the cycles as parameter space, we observe a jump in the mean idle times, which
constitutes a phase transition, when reaching a certain boundary region of the parameter space.
Motivated by this, we analyze in detail the speed with which bottleneck nodes are filled up
and find a fundamental difference in the speed of convergence between the single and multiple
bottleneck cases.

In Section 5 we prove a weak convergence theorem for the joint steady-state queue length
distribution and the joint sojourn times of a test customer at the nonbottleneck nodes. Section 6
is devoted to the cycle time in homogeneous cycles, i.e. all nodes have the same service rate.
A central limit theorem is directly obtained. In Section 7 we discuss the problems arising with
multiple servers in the system.

2. Model specification and previous results

We consider a closed cycle consisting of M nodes Q[1], ..., Q[M]and N indistinguishable

customers. Node Q[i], i = 1,..., M, is a single server with infinite waiting room, under
the FCFS (first-come—first-served) regime. The dynamic of the system is as follows. If a
customer arrives at node Q[i], i = 1,..., M, and finds an idle service channel, her service

begins immediately. Otherwise, she will join the tail of the queue. Service times at node Q[i]
are exp(u;) distributed. If the service of the customer at node Q[i] is complete, she moves
immediately to node Q[i+1] (with Q[M +1] := Q[1]). The other customers waiting in the line
(if there are any) move one position forward. All movements of customers happen without any
time lag. Service times at node Q[i] form a sequence of independent and identically distributed
(i.i.d.) random varlables independent of the service times at other nodes.

Denote by X (t) the queue length at node Q[i], i.e. the number of customers present
at node Q[i] (waltmg or in service), at time ¢t > 0. Define

XM iy = XMV, xSV @)

to be the joint queue length vector at time # and XM-N) := (XM-N) ()t > 0) to be the joint
queue length process. The state space of X M-V jg
Z(M,N):={(1,....,ny) e N | ny + -4+ ny = N}.

Proposition 2.1. ([11].) The joint queue length process XM-N) = (XM-N () t > 0) is a
strong Markov process, which is irreducible and positive recurrent. The limiting and stationary
distribution is

M 1\
aMN oy =G, N)™! ]"[(-) 2.1
i=1 \Mi
withn = (ny,...,ny) € Z(M, N) and normalising constant
GM.Ny= Y H( )
neZ(M,N)i=1
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In the following we assume that the joint queue length process is in equilibrium. We therefore
omit the time parameter ¢, i.e. we write XM.N) instead of X M- (z).

We investigate the individual behaviour of the customers in the cycle. Therefore, we fix on
one customer, which we call the test customer (TC). The random time between two entrances
of the TC into node Q[1] is called the cycle time. We obtain a sequence of cycle times (c(’)

i € N}), where cg\,) is the ith passage time through the cycle.

Theorem 2.1. (Limiting distribution of the cycle time and sojourn time vector [4].) The limiting
distribution of the TC’s cycle time is given by its Laplace—Stieltjes transform (LST)

nj+l
(M,N) _ (M N-1)
yMNe) = (n) H(Ml " 9) . 0=0, (22

neZ(M,N—1)
where tM-N—1 (n1,...,npy) (definedin (2.1)) is the steady-state probability that at the arrival
instants of the TC at node Q[1], he observes n customers before him at node Q[1] and n;
customers present at node Qli], i =2, ..., M, without counting himself.
The limiting joint distribution of the TC’s successive sojourn times during a cycle is given
by its LST
R NN E D DI S O
neZ(M,N—1)
. nj+l
X , 6;>0,j=1,...,M. 2.3)
l—[ (,Uv jt+0; ) / /

To investigate in more detail the cycle time distribution with LST v ™-N)(9), Harrison [13]
obtained by direct (but tedious) inversion explicit expressions for the density functions of

distributions with LST
M

nj+1
M/ J
, 6 >0;
H(Mj + 9)

see [13, Theorem 1]. Applying the techniques we will develop in the present paper to the
mixture of densities with LST (2.2) may lead to a proof of a central limit theorem without
transform methods.

If we define the cycle time for the TC to be the time between two successive entrances of
the TC into some node Q[i], in the case of all service times being exponential, the cycle time
distribution would be the same; for details, see [9]. If nonexponential service times occur, this
property does not hold; see, e.g. [2, Section 4].

Notation. Denote by cy arandom variable with LST (2.2), i.e. cy ~ ¥ M-¥) Whenever we
refer to a cycle time, we mean a random variable ¢y with LST y (V) In any case the number
M, of nodes s fixed. Similarly, a vector with nonnegative coordinates (S 1 SZN) seees Sy )
dM-N) (g, ..., 6y) is considered as the vector of the TC’s successive sojourn times during a
cycle under customer stationary conditions.

Definition 2.1. The node QJi], i = 1,..., M, is a bottleneck node if u; = min{ur, k =
1,..., M}

To simplyfy the calculations, we assume without loss of generality that p| < --- < .
Notation. Denote by m the number of different service rates, i.e. the number of different
values of u; < --- < uy. The distinct service rates will be denoted by 1 < 2 < -+ < 1.
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Let v;, 1 <1 < m, be the number of i € {1,..., M} with u; = n;. So v is the number of
bottlenecks, and 1 = 1y and puy = 1.

Gordon and Newell [11] proved that the bottlenecks have an overwhelming influence on the
steady-state behaviour of a closed network, whenever the number, M, of nodes is constant and
N — oo:

lim P(XiM’N) >n)=1 foralln e N
N—o00

M nj
lim POXYN) =y XN ) = H(l _ ﬂ) <ﬂ)
N=eo j=2 Hj M

foralln; > 0, j = 2,..., M. The usual interpretation for a cyclic network is that, with an
increasing number of customers, the bottleneck approaches a Poissonian source feeding the
rest of the network, while all the other nodes eventually form an open ergodic tandem system,
the behaviour of which is well understood: local geometrical queue length distribution and
independence over the nodes in steady state. A similar property holds for sojourn times and
partial cycle times; see Theorem 5.1 of [10].

A similar interpretation should hold if several bottlenecks occur which divide the cycle into
bottlenecks and (possibly empty) sequences of nonbottleneck nodes between them. This will
be examined in Section 5.

If Q[1] is the only bottleneck () < u; forall i # 2), it is not surprising to the TC that,
for large populations, almost all other customers are waiting before her at O[1] when her cycle
commences. It follows (see [3]) that, as N — oo,

N N
Elen] = Npui! {1 + 0<[ﬂ} )} var(cy) = NM12{1 + 0<[ﬂ] )} (2.4)
j2%) M2

From (2.4), in heavy traffic the slowest queue generates the main fraction of the TC’s cycle
time. This suggests approximating the cycle time distribution for large N by the sum of N
consecutive service times at the slowest queue. This is supported by Chow’s [7] observation
that in a two-stage cycle a result parallel to (2.4) holds for the LST of the cycle times as well.
This suggests that a central limit theorem for the rescaled cycle time holds, when the population
size tends to oo, while the number of stations remains fixed.

The central limit theorem for the rescaled cycle time was proved in [10, Theorem 4.1]
for pairwise distinct service rates, i.e. in the case of a single bottleneck. Furthermore, weak
convergence of the joint sojourn time vectors is proved, with the bottleneck under central limit
scaling, and the nonbottlenecks without scaling.

Moreover, in the general setting the usual interpretation suggests that the unscaled sojourn
times at the nonbottleneck nodes should converge to exponential distributions. This will be
proved in Theorem 5.1.

3. Cycle times and idle times of bottlenecks

The cycle time is defined as the time experienced by the TC between two successive entrances
into Q[1]. We now adopt the following alternative description of cycle times due to Boxma [3,
p. 19], which is defined from the viewpoint of a server. We start by observing server Q[1] the
instant the TC leaves Q[1]. Denote by i; the idle time (which may be 0) until the next customer
starts his service at node Q[1]. Then, denote by 7; the service time of the next customer.
When this customer leaves Q[1], denote by iy the next idle time (which may again be 0) of
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the service channel, and so on. By and by, customers pass Q[1], and we denote the idle times
by i; (being O if customers are waiting at Q[1]) and the service times by 7;, j = 1,..., N.
After the TC leaves Q[1] again, we obtain the cycle time as the sum of the service times and
idle times. With §y := 71 + - -- + Ty, the sum of N i.i.d. exp(u)-distributed service times,
and py : =i + - - + iy, the cumulative idle time, we have

ecn=G1+---+iy)+ (1 +---+17v) = pNy + 6N 3.1

A first simple observation yields a bound for E[px] which is independent on N. We have

M
(2.3) _ —
Eleny] = Y #™¥ V)Y i+ 1) u;!
neZ(M,N—1) j=1 —~
<uy!

M
< > A"V ety e+

neZ(M,N—1) j=1
—————
=N+M-1
=(N+M-Duy' Y aMN D)
neZ(M,N—1)

=(N+M-—u .
Since E[py] = E[cn] — E[8x] = Elen] — Ny, it follows that

Elon] < (M — Dy (3.2)

Boxma [3] observed that, for exactly one bottleneck in the cycle, we have E[py] — O as
N — oo. Equation (3.1) splits the cycle time into §, with E[§y] — o0 and pp, with bounded
mean values; see (3.2). So, for large N, the influence of py on the cycle time should not be
significant compared to that of §:

cy —Eley]l  dv —ElSn]
Vvar(eyn) Vvar(8y)
For the sequence of standardized random variables (indexed by N) on the right-hand side of

the above expression, a central limit theorem holds. The main problem is to sharpen and
extend (3.2).

3.1. Idle times at the bottlenecks

Recall that node Q[1] is always a bottleneck and that vy > 1 is the number of bottlenecks.
For the expected cumulative idle times at Q[1] during the TC’s cycle in the steady-state regime,
we have a precise asymptotic. This is obtained from moment properties of the cycle time, which
will be used to prove the central limit theorem.

Theorem 3.1. It holds that
lim (Efen] = py'N) = py' (= D). (3.3)
N—o0
Theorem 3.2. It holds that

Jim (var(en) = i *N) = pp v = 1), (3.4)
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An immediate corollary is as follows.

Corollary 3.1. It holds that

lim E[pn]=pu; (i — 1) (3.5)
N—o00
and
Jim (var(py) +cov(on. 0y)) = pp > (v = 1). (3.6)

While (3.6) does not admit a direct interpretation, (3.5) has the following appealing inter-
pretation. Assume that we have a single bottleneck, Q[1]. Then, from (3.2), it follows that
limy— o0 E[pny] = 0. Assume further that, for Q[2], Q[3], ..., Qlk], with k < M, we let
wj — pi1, j =2,...,k converge. Then we have a discontinuity of the asymptotic expected
idle times in this limiting procedure.

Alternatively, we could consider the sequence of networks to be dependent on the parameter
vector (i1, ..., up), and assume that the parameters vary in such a way that we start with
Q[1] as the only bottleneck. Consider the function which maps any sequence of networks to
the value limy . E[pn]. This function starts at O and stays there until at least one other
reaches t; = (1. Then the mean value function E[ oy ] immediately jumps to a value greater
than or equal to ul_l > () and a phase transition occurs when the parameter vector reaches
the boundary region defined by {1 = w»}. We shall discuss this behaviour in more detail in
Section 4.

The proofs of Theorems 3.1 and 3.2 need several preparatory steps which will be given
now. The following interchange formula for sums and products is a consequence of Harrison’s
formula [12].

Lemma 3.1. We have

S () =5 5 e )T

neZ(M,N) j=1 Kj I=1 aeZ(m,v—1) L

m v, +a
1—[ v, +a, —1 1 uTtu
u=1, usl u Nu — N1

3.7

Proof. We have

> T1(L)

neZ(M,N) j=1 Kj

(*:) i Z (_l)a[—v1+1 (l)N+M_U[ (N + al>
N

I=1 acZ(m.v—1) n
(L)
=1, ustl u ni Nu
= Zm: Z (=@l (l)NJrMW <N + a1>
I=1 aeZ(m,v—1) n N
(et )
u=1, ul v, — 1 Nu — NI
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N+M—v N+al Zu#(‘)u‘i’“u)
N o)

5 x cen(d

=1 aeZ(m,v;—1) L

m v, +a
1 1 u u
x ( I I ' (v” a—ul )( — ) )
u=1, u#l Mu =1

m N—v+a+1
2w ()TN
=1 aeZ(m,v;—1) L N
m v, +a,
_1 1 u u
(TGS )
w1, ustl u Nu — NI
(%)

where ‘=" is the generalization of Harrison’s formula; see [18, Proposition 1.32]. Note that
the expression therein contains typos; see [15, Equation (1.19)].

Definition 3.1. For the general cycle, the following constants will help to keep some compu-
tations shorter:

@ Ki —1{v1>1}2 —

B Wy, +a, — 1
() K= 12 Z H( —771> <uv —Ml )
u

ar+-+ay=2u=2

(i) Ky := (v — DKy,
(iv) Kz := (v1 — )(v — 2)K2,

(v) by (an)nen We denote sequences with the property

o 1 .
=lom——K 47} K
“w (A e S 7 v TG VR

+ 0<<%)3> (3.8)

Note that K| = K; = 0if v; = 1 and that Ky = K, = 0 if v; < 2.

Lemma 3.2. Let (ay) yen denote a sequence with property (3.8). Then

lim N(ay — 1) = —m K. (3.9)
N—o0

Proposition 3.1. The normalization constant in the general cycle is

m 1 N—vi+a;+1 N+(1
G(M,N) = -1 “l‘“f“(-) < ’)
ww=3 ¥ el N

=1 aeZ(m,v;—1)

m v, +a,
-1 1 uTtu
x( [1 nﬁ“(”““_“l )( — ) ) (3.10)
w1, ustl Vu Nu — N1
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The normalization constants obey the asymptotic expansion

1\" N+u1_1>(’"( M ))
GM,N)=| — , 3.11
( ) (771) ( N }:[2 Nu — M an ©-11)

where (an)neN IS the sequence given in Definition 3.1(v).

Equation (3.11) tells us that the partition function G(M, N) is dominated by the term

G (OGS
m N do\nu—m/)

The proof of (3.11) is of a prototype structure for many of our later arguments. We therefore
give the details.

Proof of Proposition 3.1. Equation (3.10) follows immediately from (3.7).

We start with the normalization constant in the form (3.10) and split the term where [ = 1,
i.e. the summand representing the bottlenecks. As will be seen later, only this summand is
persistent if N — oo. We have

m N—vi+a;+1
1 1 N
G(M, N) — E Z (_1)({]7\)14»1 <_> < ;C”)
1=2 aeZ(mv—1) n
m vyta
—1 1o\t
v, — 1 NMu — N1

u=1, u#l

N—vi+ai+1
S R

aeZ(m,vi—1) mn

- v [ Vu +a,—1 1 Vutau
x 1_[ T v, — 1
2 w — Nu — M

N— 1
— i Z (_1)61[7\)14»1 (l) vitart (N + al)
ey yl N

aeZ(m,v—1)
m vy +a
1 1 u u
X( || ”Uu<l)l+al )( ) )
LM 1 ilu ‘”

u=1, u#l

1 N—vi+ai;+1 N+a1
-1 aj—vi+1( ~
P SR (7 B G

aeZ(m,vi—1),a;<v;-3 m

o oy (Vi A — 1 1 Vutau
x 1_[ T v 1
- u — Nu — M

1 N—vi+ai+1 N+a1
S

acZ(m,vi—1),a;>v1—3

S (Ve an—1 1o\
(T F ! .
=2 u Nu m
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Splitting the last expressions for a; > v — 3,i.e.a; = v — l,a; =v; —2,and a; = v; — 3,
yields

m 1 N—v;+a;+1 N+al
_ _1a—v+
g 5 () )

1=2 aeZ(m,v—1) L

m vuta
_ 1 1 u u
w=1, utl Vu Nu ni

1 N—vi+a+1 N
- > (—pya—v+] (_) ( ;‘H)

a€Z(m, vi—1), a;<v;—3 mn

m v, +a,
v, +a, —1 1 utrtu
(e ("2 )G )
bl vy — Nu — M
+(1>N2<N+v1—3)<ﬁ< M ))K
- 2
m N ey N = 11
(1>N_1(N+v1—2)<ﬁ< M ))K
e 1
m N ey N = 11
) (G
m N ey N = M

A short comment may be in order here. So far, we have only split the sum. First, we extracted
the summand with [ = 1, then we extracted the summands with a; > v; — 3. Finally, we wrote
down the explicit expressions for a; = vi — 1, a; = v; — 2, and a; = v; — 3. Now we factor

out
N u=2 .

N
lim NP(”-‘) -0, peN2<i<m,
N—oo ni

Since

lt fOllOWS that

m N—vi+a;+1
xR

=2 aeZ(m,v;—1) i

m Vy+a
_1 1 u u
u=1, u#l Vu = Nu =M
1\"
= 0(<—> ) for all » € N.
N
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We choose r = 3, yielding 0((1/N)3). Since

(/) =o(7)) e <

it follows that

1\Y N+v1—1>m< Nu )
GM,N)=|—
( ) (m) ( N Uz M = M

[l—m 1_1 — K +7} W1 = D = 2) 2)K2+0((—

—1 (N +vi — D(N + v —

O
m N iy N — M

1

1-n——K 2
X[ My o 1 T T N Ty — DV + 0, —2)

INY N+ =1\ & e \™
=\|— N 1_[ ay.
m iy \Mu = 11

69

)

evof())]

The next calculations establish the basis for obtaining asymptotic expansions for the first

two cycle time moments.

Proposition 3.2. It holds that

@ p™MMD@E)
=GM,N)™!

m N+a;+1
1 N +aq
) D " ( ) ( )
Z Z ( ) 771 n + 2] N

m vy +a
—_ 1 1 u u
=1, ul Vu Nu — N1

=1 aeZ(m,v;—1)

.. 1 1
(i) Elen+11=ny (N+V1)——a—K1+m

1 2
(7))
1 1 1 - 1
(iii) Elen41]=n, (N+v1)———K1+O N

(iv) E[CN_H] = 771 (N + V)N +v + 1)_ - 77

1 . 1
—K,+ 0| —=).
+a1v 2+ (N)
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Proof. (1) We have

I/I(M’N+1)(9)G(M, N) 22) G(M,N) Z 7'M N)(”) H(

=<11A:4[ e)nGZ%V;N)Jl_[l< > f_j<l‘fﬁe)nj
-T(;%) > (%)

II\,

m ]
1:[ 771+9)
N—v+a;+1 N+Cl]
aj—vi+1
2 X G ()

=1 aeZ(m,v;—1)
Vutay
- 771) >

m
X ( (nu + g)vu <Vu + ay )
u=1, u#l

1
N+aj+1
i Z (= l)al v+1 Vt( ) “ <N al)
1=t acz( n +06
m Ll+ u
(I ()G )
u=1, ul v, — 1 Nu — Nl

u
m,v—1)
(ii) Since E[cy 1] = =y M-N+D(0) /86 |9—o, we first calculate 3y M-N+D(9)/50:

d

LG !

m N+a;+2
1 N+ a
2 : § : —y+1 Vl
X (—l)al ! (N +CZ] + 1)<m> < N )

=1 aeZ(m,v;—1)

m vy ta

_ 1 1 u u
x( [T n;w(”“j‘ﬁ‘l )( ~ ) ) (3.16)
u=1,usl u Nu — N1

So

d
Elent1] = ——91//(““‘)(9)

0=0

CL9 Gm, Ny~!

1 N—v+a;+2 N +
S SR DIt “
n N
=1 aeZ(m,v;—1)

m v, +a

v, +a, —1 1 wrtu

(I )G )

=1, ul u Nu — N1
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=GM,N)"!
N +al>

m 1 N—vj+a;+2
T ()T

=2 aeZ(m,v;—1)

m v, +a,
I +ay—1 1 ukau
x < ' <”M a_” 1 > ( — ) )
u=1, ustl Vu Nu — N1

+GM,N)"!
1 N—vi+a1+2 N
x > (DN +ar + 1)(—) ( ;‘”)
aeZ(m,vi—1),a1<v;—3 m
vy + au -1 1 Vutu
]_[ o
Nu — M
+GM,N)"!
1 N—vi+a+2 N+a1
X —Da N 4 a1 <—) < )
> G) (N +ar+ D - N

aeZ(m,v1—1),a;>v; -3

m v, +a
a 1 ] u u
) ( Uu(v )(“ n ) >
lu 1 u 1

u=2

Applying (3.11) leads to the result that the first two sums are of order O ((1/N)?); therefore,

NN+ =1\ & 7 i
s (1) (1) )
len+1]= G, M)~V + o) - N }:[znu_m

S el s o
+G(M, N)" (N +v; — 2)<L>N1(N +vi - 3) (ﬁ( " )VL,)IQ
m N HG=,
1 2
~((5))

G.1D) 1 1 (N+v1—1)(v1—1)K

N + vy _ -
( )laN an N +v; —1 !

1 (N4v—2)( — (v —2) 1\?
_ K ol =
Moy Nt DN —2 27 ((N))

1 > 1 ! % Ly’
— (N —1___K —— K o N :
(N +v)n; an  an 1+’“aN (N+v—1 2+ ((N))

(iii) This is an immediate corollary of (3.13).
(iv) Since

)

6=0

32
Ele 1] = 55590 0)
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we first have to calculate 821//(M’N+1) (9)/802:
82

(3.16)
962 a

Yy MNED gy G(M,N)™!

m
) Y DTN e+ DN +ar+2)

=1 aeZ(m,v;—1)
( 1 )N @ 3<N+a1>
X
n +06 N

y ﬁ oy (Vi F =1 1 Vutdu
T v, — 1 Nu — M ’

u=1, u#l

Applying this result yields

82
Bley 11 = 5590 0)

6=0
=GM,N)"!

m
x> Y (DTN 4 a+ DN+ a+2)
=1 aeZ(m,v;—1)

( 1 )N—v1+a1+3 (N +al>
X JE—
n N
m vy+a
-1 1 Ty
(I )G )
v, — 1 NMu — Nl

u=1, u#l

1 1 1 g
= (N +v)(N +vi+ D> — — (N +v; — DN vy — ——
an ay N +v; —1

1 1 3
+N+vi—2)(N+v —1)— Kr)+ 0| =
( 1= 2 ! )aN(N+v1—1)(N+v1—2) 2 (N)

1 1 - 1 - 1
= (N +v)(N + v+ Dn2— — (N +von]' — K1 + — K> + o(—).
an an an N

We are now in a position to prove Theorems 3.1 and 3.2.

Proof of Theorem 3.1. Note that w1 = n;. Then

lim (E[cy11]—n7 (N 4 v1)
N—o0o

G.14) . 1 1 [ 1 1
=" lim (n, WN+v)——-—K1+0=|—n (N+v1)
N—o00 an an N
N — 1— K
= 47! lim <—( “N)> + lim (—”‘( “N)) — lim —
N—o0 an N—o00 an N—oo ay
39,

and the theorem follows.
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Proof of Theorem 3.2. Since ju; = 0y, it is sufficient to prove that limy_, oo (var(cy 1) —
771_2(N + 1)) = 0. We have

ey 1] 2 3)< N v - Ry 2+0<<i)2))2
ay  an ay (N+vi—1) N
. 11 1 1 2\? 1
=(’“ R by v ) +O<N)

4 112
=|ny N+v)— - —K;
an

an
4-2(771_1(1\’4-1)1)L - LIE )(771 ! ;Ifz)
ay  an ay (N+vi—1)
1 1 2 \? 1
+(’“—m ) +0<ﬁ)

_l(N ) 1 -\? 21 N4+v - 0 1
= +v ———K + — K+ —
gl lam ay ! N—i—ul—l 2 N

_ 1 _ - -
=07 *(N +v1)*— —2n; 1<N+v1)—2 K+ —2 i<
aN aN aN

ajz\,N—i—V]—l 2 N

and
lim (var(cn41) = 0y 2(N +v1))
N—o00
= lim (Elc} ] = Exley 41l = 0y (N +v1)
(3.15) .. 2 1 1 1 - 1 .
=" lim [n"(N+v)(N+vi+1D)— —n (N +v)—K1+—K
N—o0 an an an
) 5 1 _1 1 . 1 -2
= (N+v) = +2n (N+v)—5Ki — =K
Ay ay aN
I N+v -2
" K AN+
P — 2 =1y ( Vl)]
. -2 ) 1 -2 ) 1 -1 L=
= lim |n;“(N +v))"— —n; (N +v1) S — M (N +v1))—K;
N—>oo an ay an
_ 1 .
+2n, 1(N+111)—2K11|
ay
. N 1, .
+ lim (n"(N+v)— —n"(N+v) ) - K1 — K. (3.17)
N—oo an
Note that

. _ 1 _ . N —an)\ 69 _15
lim <n12(N+v1)——n12(N+v1)) =n,? lim (— (=)n1 'K1. (3.18)
N—o0 an N—o0 an
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Also, note that, using Lemma 3.2 at ‘(*z*)’,

_ 1 _ 1
NN + )2 — — AN+ o) —
an aN

21 2
= a—z(N-i-V]) (av — 1)

N
1
2 (N2 42Ny + D)
ay
S ! £+ o~ ’
X f— — —
NN o U T N o — DN+ —2) 2 N
o1 N? PR N? 7
R T e e R e
i 1
'y ———K1+0(— ). 3.19
m V]N—i-vl—l 1+ <N> ( )

Inserting (3.18) and (3.19) into (3.17) leads to

lim (var(cy+1) — 17 2(N + v1))
N—o0o

_ [ 1 N2
= lim |—-n, —

5 1 - 1 .
— K -nT'"WHv)—K + 207 (N +v)—K
N—00 aJZVN—}-vl—l pom (VA ])aN 120 (N 1)a2 1]

N
g 15 52 ~
+0 K =207 K — K+ Ky — K>

IR 1 (N+v)(N+vi—1)—N? 1
=, 'K lim [—2( EORR +—2<N+v1)(1—am]
N—oo ay N+v —1 ay

—2v1—1 ~
: —>mKj

1 1z 52
+ 'Ki — 2, WK - K
=0.
3.2. Central limit theorem for cycle times
The following theorem removes the requirement of distinct service rates at all nodes in

Theorem 4.1 of [10]. It turns out that the methods needed for the proof are completely different.

Theorem 3.3. (Central limit theorem for the cycle time.) Let uy < --- < upy. Then

¢y —Elen] o
W —-> X ~N(@O,1) as N - oo. (3.20)

Proof. We shall utilize from Slutsky’s theorem [1, p. 461] the following facts. Let X, X,,,
and Y,,, n > 1, be real-valued random variables so that X,, 2 X and Y, L ¢ for some ¢ € R.
Then it holds that

X, +Y, = X+, X, Y, > Xec. (3.21)

Recall from (3.1) that cy can be expressed as cy = Sy + pn, with 6y the sum of N i.i.d.
exp(u)-distributed service times and py the cumulative idle time. Therefore, the normalized
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cycle time can be written as

cy —Eleyl — 6nv —ElSn]+ oy —Elpn]  8n —ElSn] v/var(6y)  pn — Elpn]

= = +
Jvar(cy) Jvar(cy) Jvar(§y) +/var(cy) Jvar(cy)
First, note that, because of the central limit theorem for i.i.d. random variables,
dn —E[Sn] b
—— > X~ N(0,1) as N — oo. (3.22)
v/var(dn)

Since var(§y) = /,LI_ZN — ooas N — ooand limy_, | var(cy) — var(dy)| = constant (see

(3.4)), it holds that
im Y var(on)
im — =
N—oo y/var(cy)
Combining (3.22) and (3.23) and applying (3.21), we obtain

SN —E[8n] /var(§y) b
Vvar(8y) «/var(cy) —~> X~N0,1) asN - oo (3.24)

Finally, let us analyze the last term, (oy — E[pn])/+/Var(cy). It holds that

E[ on — E[pon] ] _ Ellen — Elpn1ll _ 2Elpn]
Jvar(cy) Jvar(cy) — Jvar(cy)

since var(cy) — oo as N — oo and

(3.23)

—0 asN —> ©

lim E[py]= lim (E[cy]—E[Sy]) = lim (Elen]— Nup") % constant,
N—>o0 N—>oo N—oo

Applying the Markov inequality,
on — Elpn]

P( - E[l(on — ElonD/+/var(cn)l]
Jvar(cy)

38>_ — 0 as N — ooforalle > 0,
it follows that

&

oN —Elpn] »
——— > 0 asN — oo. 3.25
Jvar(cy) ( )
Combining (3.24) and (3.25) and applying (3.21) yields (3.20).

4. Single bottleneck case versus multiple bottleneck case

We now analyze how the filling behaviour of the networks depends on the number of
bottleneck nodes. We noted in Corollary 3.1 the discontinuity of the asymptotic idle time
behaviour when varying the service rates, i.e. limy_. .o E[oy] = (v1 — 1) /,Ll_l, which is greater
than O for v; > 1 and O for v; = 1. For pairwise distinct service rates (1| < --- < [y, it even
holds that E[pn] = Ny O ((u1/p2)™); cf. [3].

For the cumulative idle time py, it makes a major difference whether the network has a single
bottleneck node or multiple bottleneck nodes. In the case of a single bottleneck, the cumulative
idle time of a bottleneck node during a customer’s cycle does not only converge stochastically
to 0 for N — oo, but the rate of convergence is very high. Thus, for large values of N, the
bottleneck node will almost never be empty. Also, since cy = éy + py and py is converging
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stochastically to O, for large values of N, the cycle time c can be approximated by &, the sum
of N i.i.d. exp(u1)-distributed variables. In contrast, in the case of multiple bottleneck nodes,
the expected cumulative idle time converges towards a positive constant, i.e. during one cycle,
the bottleneck node Q[1] will on average be empty for a positive time period. By symmetry,
this also holds for the other bottlenecks. For the filling behaviour of bottleneck nodes, we
observe a similar dichotomy.

Theorem 4.1. Let Q[i] be a bottleneck node. Then it holds that

1
1_0(ﬁ> forvy > 1,
P(XMN > ) = @.1)

N
1—N"" 10<<M1) ) forvy =1,
%%

and the equation is sharp with respect to the speed of convergence.
Proof. Without loss of generality, we assume that Q[i] = Q[1]. We then have

PXMM <y = 3 PN < XN = )
neZ(M,N)

r—1 M nj
S I
j=1"

n1=0"ny+--+ny=N—n|

= E <i>ﬂl |:Zn2+-~.+nM=N"1 Hﬁiz(l/’uj)nj i| “4.2)

n1 G(M,N)

n1=0

Let us first consider the case of multiple bottlenecks, i.e. v > 1. Note that

> NG

ny+--+ny=N-—ny j=2

is the normalizing constant of a network with the same service rates, but with one bottleneck
node less and n; customers less. We therefore define, for j =1, ..., m,

<
~

_ vy —1 forj=1,
N Vj for j # 1.

It follows that

> NG

ny+-+ny=N—nj j=2

N—ny—ij+a+1
@Z » (—1)a/—v7+1<l> no (N—n1+a1>
n N —ny

=1 aeZ(m,v;—1)

N ﬁ 7 v"u + ay — 1 1 Vy+ay
T\ -1 M = 1 '

u=1, u#l
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From (3.11), we know that

\V N+v1—1><m< M ))
GM,N)=\|— s
(20 (m) < N }:[2 mw—m) )"

withay =14+ O(1/N). Note that, for2 </ <m and a € Z(m, v; — 1), it holds that
N—nj—v+a;+1
G(M, Ny (=1)%~ w+1<1> s <N—n1+al>
ni

N —n;
m ~
- Uu+au_
(I 6
w1, ustl Vu =1 M = M

)
= |:(—1)az—171+1< 1 )N mrtatl (N —ni +al)
n N —n
m Vy+ay
()G )
u=1, u#l - Mu =
(G (G )]
X an
ni Nu —

(=

7 (N7n1+a1) 1
= constant (—1> NN++1"L—
n ("N ) an
=o((%))
since
m\N
lim NP(—> =0, peN. 4.3)
N—o0 ni

Because of (4.3), which holds for all p € N, 2 <[ < m, it follows that

G(M,N)™! > ]_[( )

ny+-4ny=N—nj j=2

_ 1\ N—m—vitar+l N —n| +a
=G, N)™! (—1>”1—”1+1<—) ( )
Z m N —n

aeZ(m,vi—1)
m Vy+a 2
Uy +ay — 1 1 uta 1
“(Ie (" )G=) )el(5))
<u=2 AN M — M N

Only the term with a; = v — 1 = v; —2 needs to be considered, the rest is of order O ((1/N)2).
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Therefore,

GM,N)™! > ]‘[( )

ny+-4ny=N—nj j=2
o mN T (TR T T O (g — m) +0<< 1 )2)
A/nON (VYT 0/ (i — 1)) (14 O(1/N))
1 —ny (N—ni+v1—2 2
G D (1)) ”
N+ oa/Ny) N
2
__oa/n 0((1) )
1+ O(1/N) N

1
0<ﬁ). (4.5)

Substituting (4.5) into (4.2) leads to the first part of (4.1). From (4.4), we see that

_ NN |>0 forn; <N,
lim ( NG(M, N)~!
Nl—r>noo< ( ) Z n( ) >:20 forn; = N.

ny+-+ny=N-—ny j=2

This shows that, for v; > 1, it holds that
1 1
p(x M) 2r)=1—0<ﬁ> and  P(XMN) > ) ;Al—o(N).

For the case of a single bottleneck, i.e. vi = 1, we have

> NG

ny+-+ny=N—ny j=2

N—nj— 1
@Z ) et T N =t a
B n N —np
=2 aeZ(m,v;—1)
( m

(vu +ay — 1)( 1 )*)
=1, u;él vy, — 1 Nu — M

EE T o))
i\ yl N —mn

aeZ(m,v—1)

m v, +a,
_1 1 u u
(LGS )
u=1, utl v, — 1 Nu — N1
1 N, m n vy
s = () (MGE) )
n o Nu =11
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(cf. (3.11)), that

G(M,N)™! > H( )

ny+-+ny=N—n| j=2

_ L Z(ﬂ)
an 1= ni
Z ( l)al—w-i-l( 1 )_nl_V1+al+1 (N_nl +al> <ﬁ< Nu >vu)—1
X — —
aeZ(m,v—1) n N —n ey N = M
( ﬁ (Uu +a, — ])( 1 )Ur‘rau)
=1, v, — 1 Nu — M1
- () ()
n2 =
>« l)al—w+l( 1 )_nl_eralJrl(N —ni +a1> <ﬁ< Mu >”“)_1
X — —
acZ(m,v—1) n N —n up N = 11
( ﬁ VM (Vu + ay — 1)( 1 )Vu+au) (4 6)
; vy — 1 Mu — M ' '

u=1,u#
n2\"
lim Np<—> =0, 3<l<m,
N—o0 ni

only the sum for [ = 2 is of importance and only the summand with a; = v, — 1 needs to be
considered. This leads to

_ N—ni+v2—1\/m N 1
o, (i ) il )(2) [+o(5)]
ny+-- +§ N-— nlJl_[2 N=m 2 N
ol (3)
m
= Ve 10((’“) ) @.7)
12

Substituting (4.7) into (4.2) leads to the second part of (4.1).We can show that (4.6) implies that

() T ewm 2 TG

ny+-+ny=N—ny j=2

ul

Since, for all p € N,

>0 forn; <N,
>0 forn;=N.

This shows that the second equation of (4.1) is sharp according to the speed.
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From (4.1), limy_ P(XiM‘M >r) =1 for every r € N, i.e. bottlenecks are filled up
asymptotically. But the way they get filled up is essentially different. In the case of a single
bottleneck, we have a very high rate of convergence; in the case of multiple bottlenecks, the
rate of convergence is quite low, O(1/N). The fact that in the multiple bottleneck case, the
bottleneck nodes are filled up slower is comprehensible since the customers spread over the
bottleneck nodes. However, the size of the difference is surprising.

It is well known [3] that in the single bottleneck case the rate of convergence of the filling
behaviour is mainly determined by the quotient (u1/12)" . However, the speed of convergence
is also influenced by the number of second slowest servers (N "2~ 1, i.e. the more second slowest
servers there are in the network, the more customers will be present at nonbottleneck nodes.
This is an interesting result, an interpretation of which can be given as follows. The second
slowest servers more strongly resist the fast passing of customers than all other nonbottleneck
nodes. Calling these nodes ‘semibottlenecks’ would make this phenomenon intuitive. The
semibottlenecks are the most important hills which customers have to climb up on their way to
the single bottleneck. The more hills, the longer the time to reach the bottleneck for almost all
customers.

5. Weak convergence of sojourn times at nonbottleneck nodes

In the case of a single bottleneck the joint sojourn time distribution for the TC at the
nonbottleneck nodes Q[2], ..., Q[J] during her cycle converges for N — oo to the joint
distribution of the sojourn times of a customer passing this tandem fed by a Poisson-iu|
stream [10, Theorem 5.1]. For cycles with multiple bottlenecks, where the bottlenecks are
now distributed over the cycle, the limiting picture is as follows.

Theorem 5.1. Let (S%N), SéN), el S/(V[,V)) denote a vector distributed according to ¢(M’N) 01,
ey On) from (2.3). Let A = {l € {1,...,M}: u; # u1} be the set of indices of the
nonbottleneck nodes.

Then the sequence (S EN) , J € A) converges for N — 00 to a vector with distribution

®6XP(M1 — K1)-

JjEA
The proof is a direct consequence of (2.3) and the following theorem; see [17].

Theorem 5.2. The joint steady-state queue length distribution of the nonbottleneck nodes con-
verges weakly to an independent product of geometrical distributions, which can be represented
as the respective steady-state queue length distribution of an open ergodic tandem system with
a Poisson- arrival stream, i.e. it holds that

(M.N)
pxi"V sea) B ®Ge0<1 — ﬂ) as N — oo.
Ms

SEA

6. Central limit theorem for cycle times in a homogeneous cycle

Our results in the previous sections are for cycles where at least two different service rates
occur, i.e. we have bottleneck and nonbottleneck nodes. In this section we discuss the case in
which all nodes have service intensity ;& > 0. The first consequence is that the steady-state
distribution is uniform on Z(M, N).
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Theorem 6.1. In the homogeneous cycle the steady-state distribution is

M+ N —

(M,N) _
T Ny, ..., 0y) =
(ny M) ( N

~1
1) , (ni,...,nyq) € Z(M, N). (6.1)

Kelly [14, Corollary 3.2] proved a first-order limit for the cycle times in steady state.

Theorem 6.2. (Weak law of large numbers for the cycle time in homogeneous cycles.) Let
w1 =---=upm = 1. Then, for all ¢ > 0,

S

(%

Using the notation of the previous sections, we now formulate our main observation similarly
to Theorem 3.3.

> 8) < (N + M2)M_28_2 as N — oo.

Theorem 6.3. (Central limit theorem for the cycle time in homogeneous cycles.) Let ) =
<=y =: . Then

cy —E[en] o

—- X~ N(@O,1) as N — oo.
Jvar(cy) ©.1

Proof. From (2.2) and (6.1), we conclude that the cycle time has a gamma distribution,
i.e.cy ~ I'y myn—1, whichis distributed as a sum of M+ N —1 independent exp(u)-distributed
random variables.

Comparing this result with Theorem 3.3 we observe an obvious similarity. With regards
to the central limit time and space scales, the result of Theorem 3.3 looks like the result of
Theorem 6.3, i.e. as if all nonbottleneck nodes have been erased. However, comparing the
proofs of the theorems reveals a delicate difference in the central limit theorems. Since in both
theorems the accumulated mean E[cy ] and variance var[cy ] contribute to the standardization
procedure, the nonbottleneck nodes do not disappear from the limiting procedure. On the other
hand, from the viewpoint of the TC successively visiting the nodes of the cycle, the proof of
Theorem 6.3 would rely on all individual sojourn times when N — oo, while the proof of
Theorem 3.3 should eventually rely only on those individual sojourn times experienced by the
TC at the bottlenecks.

In hindsight, we can interpret Theorem 6.3 by considering all nodes in the homogeneous
cycle as bottlenecks.

7. Cycle times in cycles with multiple-server nodes

With multiple-server nodes, the problem of computing cycle time and sojourn time dis-
tributions becomes much more involved. This is visible even in the open tandem system of
exponential multiple-server nodes.

In this situation, overtaking of customers comes into play, as was proved by Burke; see [5]
and [6]. Excluding the case of infinite-server queues and summarizing briefly, the results are as
follows. In steady state a customer’s sojourn times on a passage through a tandem of exponential
servers are independent as long as the interior nodes of the tandem are single servers. The first
and the last nodes may each be a multiple server. The total passage time distribution is therefore
the convolution of the sojourn time distributions.

https://doi.org/10.1239/jap/1331216834 Published online by Cambridge University Press


https://doi.org/10.1239/jap/1331216834

82 O. STENZEL AND H. DADUNA

For closed systems, especially cycles, a similar theorem was proved under the heading
of ‘Burke’s theorem on passage times in Gordon-Newell networks’. We investigate the
random time between two entrances of the TC into node Q[1], i.e. the cycle time of interest is
characterized by starting at Q[1].

We consider a cycle as in Section 2 with multiple servers at nodes 1 and M, having s; and
sy service channels with service times wq and pyy, respectively. All other nodes are single
servers, as before.

Proposition 7.1. The state space of the Markovian joint queue length process X(M:N) =
XMN (1), t>0)is Z(M,N) :={(n1,...,ny) € NM | ny +--- +ny = N}. The process
XM.N) s irreducible and positive recurrent. The limiting and stationary distribution is, with
wj(m) = p;min(m, s;) for j =1, M,

ni 1 M-1 1\" nm 1
M.N) () = G(M. N ‘1< ) <_> ( ) &
T (n) ( ) l_[ 1 (m) 1_[ Wi H ey (m) 7D

m=1 i=2 m=1
withn = (ny,...,ny) € Z(M, N) and normalising constant
ni 1 M—1 1 ni s M 1
corm = 32 (1) TTG) (T )
neZ(M,N) Sm=1 pilm) J o \ i i Mo (m)

Theorem 7.1. (Limiting distribution of the cycle time and sojourn time vector [8].) The limiting
distribution of the TC’s cycle time is given by its LST

. o (nj—sj+1)
M) () — Z xMN=D) () l—[ { Hj < HjsSj > iTSi +}
| mwji+0\ujs; +0

neZ(M,N—1) jeti,m
M—1 . nj-H
xl_[< “f9> . 8>0, (12)
j=2 M
where t M N=D @ ony) (defined in (7.1)) is the steady-state probability that at the arrival
instants of the TC at node Q[1], he observes n customers before him at node Q[1] and n;
customers present at node Qli], i =2, ..., M, without counting himselyf.

The limiting joint distribution of the TC’s successive sojourn times during a cycle is of
similar structure; see [16]. If we define the cycle time for the TC to be the time between two
successive entrances of the TC into some other node Q[i], i # 1, the cycle time distribution
would change. Furthermore, (7.2) no longer holds [8, p. 880-881] and, to date, the cycle time
distribution seems to be unknown.

With respect to the investigation in this paper we conclude that it matters whether there is
at, say, node 2 < M one server with service rate o or two servers with service rate /2. The
complete picture of the mode of convergence of the cycle time distribution when the population
size N increases unboundedly is part of our ongoing research, but is still an open problem.
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