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Abstract

We consider Jackson queueing networks with finite buffer constraints (JQN) and analyze the efficiency
of sampling from their stationary distribution. In the context of exact sampling, the monotonicity
structure of JQNs ensures that such efficiency is of the order of the coupling time (or meeting time) of
two extremal sample paths. In the context of approximate sampling, it is given by the mizing time.

Under a condition on the drift of the stochastic process underlying a JQN, which we call hyper-
stability, in our main result we show that the coupling time is polynomial in both the number of queues
and buffer sizes. Then, we use this result to show that the mixing time of JQNs behaves similarly
up to a given precision threshold. Our proof relies on a recursive formula relating the coupling times
of trajectories that start from network states having ’distance one’; and it can be used to analyze the
coupling and mixing times of other Markovian networks, provided that they are monotone. An illustrative
example is shown in the context of JQNs with blocking mechanisms.

1 Introduction

The stationary behavior of Markovian queueing networks (QN) can be computed quite efficiently only under
specific assumptions that yield the so called product-form property [6, 13]. This property means that the
stationary probability distribution of network states can be written, up to a normalizing constant, as the
product of a number of simple terms, where each term is associated to a different network node (or queue),
and provides a way to compute the stationary behavior of a QN that is much faster than the solution of
the global-balance equations of the underlying Markov chain [8]. In several cases, product-form QNs have
a restricted modeling power because they often assume that nodes have infinite buffer sizes or that the
behavior of a network node does not depend on the state of other nodes; e.g., [12]. Examples of phenomena
that do not yield, in general, the product-form property are loss or blocking mechanisms due to finite-buffer
constraints or state-dependent routing. On the other hand, the stationary behavior of non-product-form
QNs is extremely difficult to obtain. While it is possible to obtain it through the solution of a set of linear
equations, i.e., the global-balance equations of the underlying Markov chain, the huge size of their state space
makes this approach prohibitively expensive from a computational standpoint. For instance, for a QN with
10 nodes where each node has a buffer of 10 units, the number of such equations is not smaller than 11°,
In this setting, simulation is a useful approach to obtain robust measures and insights on the stationary
behavior.

Existing research in the simulation of Markov chains relies on two approaches: simulation into the future
(or Monte Carlo simulation) and simulation from the past (or coupling from the past — CFTP). These are
briefly summarized in the following.

Simulation into the future generates a trajectory from one state of the chain according to its transition
matrix until when it is believed that the proportion of visits on any network state is sufficiently close to
its corresponding stationary probability. The mizing time [17], i.e., the point in time where the Markov
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chain is close to its stationary behavior up to a given precision threshold, is a desirable quantity of interest
for deciding when to stop the simulation, and it is used to measure the efficiency of simulation into the
future. In practice, this type of simulation has the drawbacks of producing excessively-long simulations and
approximate estimates of stationary measures.

On the other hand, simulation from the past (or CFTP) generates a trajectory for each state of the
chain according to its transition matrix and iteratively goes backward in time until when all trajectories
have collided in a singleton [20]. The remarkable property of this type of simulation is that such singleton
is perfectly distributed according to the stationary distribution of the chain. Then, to infer the stationary
behavior of the chain, one can get several independent samples by running several of such simulations and
use the law of large numbers. It is important to note that running a trajectory from each state of the chain
sounds impractical. However, in monotone chains, which is the case of the QNs studied in this paper, it
sufficies to generate a trajectory only for each extremal state, and there will be only two of such states in
our case. This holds true because monotonicity ensures that the trajectories from non-extremal states are
sandwiched between the ones from extremal states.

The major issue behind CFTP is the understanding of the time it takes to produce one sample, which
gives a quantitative estimate of the amount of resources that are needed to simulate the Markov chain of
interest. In the context of monotone chains, this time is of the order of the coupling time (also known as
meeting time), i.e., the point in time where the trajectories starting from all possible states collapse into a
single one [20].

The mixing time and the coupling time of a Markov chain are related (see Section 4). In this paper, we
are interested in bounding these two quantities for a class of important QNs.

1.1 Related work

Since the structure of QNs is arbitrary, exact expressions for the mixing and coupling times are typically
difficult to obtain and, therefore, one seeks bounds. In some cases, the mixing time of Markovian QNs with
finite state-space can be bounded through general results that involve the second largest eigenvalue modulus
of the transition matrix of the chain (see [9, Theorem 3.2]). However, this numerical approach usually hides
the understanding of its qualitative dependence with respect to general input parameters.

Qualitative bounds on both the coupling and mixing time of closed Jackson QNs with infinite buffer sizes
[8] have been proposed in [10, 16, 15], where the product-form of such networks is the essential tool used
for their derivation; see also the references therein for other results concerning product-form QNs. However,
the problem becomes much more difficult when buffer sizes are finite because in general the product-form
property is lost. In this context, open Jackson QNs with finite buffers (or JQN in the following) have been
studied during the last decade. Upper bounds on the mean coupling time of such JQNs are derived in [3],
where conditions are given to prove that

i) the coupling time is linear in the total number of queues and exponential in the size of the largest
buffer size, and

ii) the coupling time is linear in the sum of the buffer sizes of all queues, provided that the total number
of queues is constant.

Linearity in the buffer sizes holds true if the JQN is acyclic, as it has been also shown in [11] in the context
of state-dependent routing, or if some other strong conditions on the JQN parameters are satisfied. These
conditions, which include restrictions on network topology, will be discussed in Section 3.2. It is conjectured
in [3, 21] that linearity in the buffer sizes holds even when the network contains cycles. As numerical
experiments reveal, this indicates that the mean coupling time of Markovian QNs can be much smaller than
the size of the state space, which is given by the product of the buffer size of each queue, implying that
CFTP is efficient for simulating the behavior of JQNs.

1.2 Our contribution

In this paper, we consider JQNs where jobs that try to join a saturated queue are lost. These QNs are
intractable in general, as the only exact solution method that is known in the literature relies on the numerical



solution of the global-balance equations of the underlying Markov chain. This amounts to solve Hf\il (Ci+1)
linear equations (one for each state), where M is the number of queues and C; is the buffer size of queue i,
for i = 1,..., M. Matter of fact, the stationary distribution of this class of QNs does not have a product-
form; e.g., [3, 11]. To keep the product-form property in networks of queues with finite buffers, one needs
special conditions on the topology, the value of the parameters and on the blocking policies used to deal with
saturated queues (see for example [5] for a rather exhaustive treatment of such questions). In the general
case treated here, no product-form solution exists and the stationary behavior is prohibitively expensive to
compute. This motivates our investigation of the efficiency of simulation.

We study the mean coupling time of JQNs in a regime where both the number of queues and buffer
sizes vary. In our main result, we give a sufficient condition to prove that the coupling time of JQNs is
polynomial in M and the C;’s. This condition lets us deal with networks having arbitrary topology, for
which the best bound available in the literature is exponential in the C;’s, provided that both M and the
C;’s vary [3]. Exploiting classical arguments, we then use this result to prove that the mixing time of JQNs
behaves similarly up to a precision threshold.

The starting idea of our proof relies on a new recursive formula on the coupling times of special trajectories
having “distance one” at most and follows by stochastic comparison arguments. This allows for a tractable
decomposition of the problem that yields our bound. Our approach also provides a new framework for
obtaining bounds on the coupling and mixing times of other monotone queueing systems with arbitrary
topology, and an example is given in the context of JQNs with blocking [5].

The paper is organized as follows. In Section 2, we give a probabilistic description of JQNs in terms of
job movements and an equivalent definition in terms of discrete events. We also briefly review the CFTP
method in order to provide the necessary background. In Section 3, we derive our polynomial bound on the
coupling time, and, in Section 4, we exploit this bound to derive a bound on the mixing time. Section 5
shows how our approach applies to other queueing network models, and Section 6 draws the conclusions of
our work. A preliminary version of this work appeared in [4].

2 Queueing network model

We consider JQNs with M queues. The vector C = (C1,...,Cy) denotes the buffer size of each queue. If
not otherwise specified, indices ¢, j, k will implicitly range from 1 to M.

An infinite stream of jobs that follow a Poissonian process with rate A joins the JQN from an external
source. The probability that a job joins queue ¢, upon arrival to the network, is po;. Thus, Y. po; > 0. In
queue i, each job requires some processing for an exponentially distributed amount of time with mean service
rate u;. The service discipline of each queue i is work-conserving. Upon completion of service at queue ¢,
a job is sent to queue j with probability p;;, and it is accepted if queue j has an available slot (i.e., if it is
non-saturated), otherwise it is lost. The probability that a job leaves the network after service at i is pjo,
which can be also interpreted as the probability that a job is sent to a queue with buffer of size zero. Since
each job eventually leaves the network, Y. pio > 0.

The stochastic process {(z1(t),...,zap(t)) € ZM : 0 < 2;(t) < C;,Vi}i>0, is the continuous-time Markov

chain of interest, where state x(t) def (z1(¢),...,zp(t)) denotes the number of jobs in each queue at time ¢.

The space of all the possible states is S def {xezZM.0<x <Oy, Vil

2.1 Discrete-event definition of JQN and coupling from the past (CFTP)

The JQN with M queues described above can be seen as a discrete-event system with a single type of events,
namely a;;, (4,5 € {0,1,...,M}) corresponding to the service of one job in queue ¢ that then joins queue j.
The dummy queue 0 corresponds to the outside world. An event of type ag; is an exogenous arrival in
queue j and an event of type a;9 corresponds to the departure of a job from queue 4. If queue 7 is empty or
if queue j is full, then event a;; is disabled. The set of all events is denoted by .A.

The rate of event a;; is 7;; and, in view of Remark 1, it is independent of M and C, for any %, j. Using
the previous description of a JQN, if 7, j # 0, then ~;; = 1ipij, Y0; = APoj, and v;0 = piPi0. The total event

rate I' < > is0.5>0 Yij s finite (we fix y00 = 0).



We also denote by «a; the expected number of events occurring between two consecutive events involving
queue i. By definition, we have

i =T/ (yii + X520 i (Vi + %)) Vi (1)

The continuous-time Markov chain described above can be transformed into a discrete-time Markov chain
X, with the same stationary distribution by uniformization by constant I'. In the following, this discrete
chain is assumed to be irreducible and aperiodic. The evolution of the Markov chain x, can be written
under the form x,41 = ¢(Xp, u,) where u, is a random variable over the event space that takes value a;;
with probability ~;; /T, and the transition function ¢ : S x A — S is defined as follows:

o If i,j # 0 then ¢(x,a;j) =x—e€;+¢,;if 0<x—e;+e; <C.

Ifi,j#0and 0 <x—e; +e; and x —e; + e; £ C then ¢(x,a;;) =x —e,.

Ifi,j # 0 and 0 £ x — e; then ¢(x,a;5) = x.

If i = 0 then ¢(x,a0;) = x+e; if x +e; < C and ¢(x,ap;) = x otherwise.

If 5 =0 then ¢(x,a;0) =x —e; if 0 < x — e;x and ¢(x, a;9) = x otherwise.

Let ¢ : S x A" — S denote the function whose output is the state of the chain after n iterations
starting in state x € §. That is:

def

oM (x,u150) F G (. D (P (x,ur),u2) . uy)

This notation can be extended to sets of states: for £ C S,

™ (B, uyyn) & {¢<”> (X, U1sn) , VX € E} .

In the following, |E| denotes the cardinality of set E.
By definition, the function ¢ is monotone for all event a;; € A. This implies that the trajectories of
the Markov chain starting from ordered initial states (using the component-wise ordering) stay ordered: if

xp < Xél) then x,, = ¢(™ (%0, u1 ) < xH = ¢(n)(xél), Ulsn )

Theorem 1 ([20]).

lim |¢(”) (S,U—n+1-0) ’ =1 almost surely.

n—oo
Furthermore, ¢(”)(S7u_n+1_>0) is steady-state distributed as soon as it is reduced to a singleton, and the
mean backward coupling time (Emin{n € N||¢(™) (S, u_n11-0) | = 1}) is finite.

Theorem 1 has an algorithmic counterpart, namely a coupling from the past (CFTP) algorithm, given as
Algorithm 1. In this algorithm, it is implicit that the events u_; are stored and reused along the iterations
of the repeat cycle. Provided that n is initialized properly, the average time efficiency of Algorithm 1
is O(ET) where T is the number of iterations in the last for loop (called coupling-time in the following);
see [20].

The notation used in the remainder of the paper is summarized in Table 1 for quick reference.

3 Bound on coupling time

In this section, we present our main result (Theorem 2) on the efficiency of CFTP applied to the queueing
network model described above.
Let

7(x,y) & min{n : ¢ (x, u11n) = 6™ (y, urn)} (2)

be the coupling time of x and y, i.e., the random variable of the time where the trajectories starting in states
x €S andy € S of a JQN with M queues and buffer sizes C meet for the first time.



Algorithm 1: Coupling from the past (CFTP)

Data: ¢, {u_n},cn
Result: A state sampled from the stationary distribution of the input JQN
begin
n=1;m; :=C; mg:=0;
repeat
for : =n — 1 downto 0 do
L mq = (b(ml,u,i);
ma := ¢(ma, u_;);

n = 2n;

until m; = mo;
return m,;

The mean coupling time E7(0, C) is related to the efficiency of simulation from the past. In particular,
it is of the order of the average time efficiency of Algorithm 1, as discussed above. The goal of this paper is
to bound E7(0, C) from above with respect to JQNs with arbitrary topology.

In the following, we denote by <; the usual stochastic order [19]: for two random variables X; and
Xo, X1 <g X if and only if Pr(X; > 2) < Pr(X2 > z). The following proposition, known as Strassen’s
theorem, gives an equivalent characterization of the < ;-order and will be the basic tool used in our proofs.

Proposition 1. For two random wvariables X1 and Xz, X1 <s Xo if and only if there exists a pair of
random variables (X1, X2) defined on a common probability space such that X1 =gist X1, X2 =dist X2, and
P?”(Xl S Xg) =1.

The following proposition is the starting point of our proof technique.

Proposition 2. Forallt andy € S:y; >0

7(0,y) <ot 7(0,y — €;) + k:xzr}ragesT(x*,x* + er) (3)

where x* = (™) (y — ei,u1n) withn =7(0,y — €;).

For M = 2 queues, Figure 1 renders a possible illustration of inequality (3) with respect to a sample
sequence of events and y = C, i = 2. Using the transition function ¢, the trajectories starting from 0 and
C — e; collide at point x*. By definition, their length is 7(0, C — e3). The dashed trajectory starts from C
and uses the same events as the previous ones. At time 7(0,C — e3), it has reached point x* 4+ e5. Adding
the coupling time of the trajectories starting from points x* and x* 4 es provides a bound on 7(0, C). The
stochastic comparison <g; follows by a sample path coupling between the trajectories from C and C — e;.
In this example, a sequence of events can provided to show that at time 7(0, C — es), the upper trajectory
is in point x* + e;. Intuitively, this motivates the max in (3).

Proof. (of Proposition 2). First, we introduce the following lemma.

Lemma 1. For any possible event a € A, k=1,..., M, and any state y such thaty,y — ey € S,

0< Z(Cb(y, a)i — oy — e, a);) < 1. (4)

Proof. In fact, we have the following cases for every y € § and k such that y — e, € S:
i) For each queue ¢, if a = ag; (arrivals) and

a) if y : y; < Cy, then ¢(y,a) = ¢(y — ey, a) + ey
b) if y :y; = C; and k # 4, then ¢(y,a) = ¢(y — ey, a) + e



M Number of queues

C = (Ci,...,Cwm), vector of the buffer sizes of all queues

A Mean arrival rate of jobs
pij  Probability that a job is forwarded to j upon completion at 4,
poi  Probability that a job joins queue ¢ upon arrival to the network,
pio  Probability that a job leaves the network after completion at i,
wi  Mean job service rate at queue ¢,

S ={xeczM:0<x <C;Vi}, state space,
y  Generic states,
A ={a;; : 0 <14,j < M}, set of all possible events,
Yij = MiDij, 0 < 4,5 < M, rate of the event a;j,

a;  see (1),

u  Random variable over the event space, Pr(u = ai;) = 7i;/T,

o(x,u) = (d(x,u)1,...,d(x,u)m), transition function,
A (x,u1—n) n-step transition function,
<(>o)(>c7 U1—n) n-step transition function when C; = +oo for all 4,
I, = Z?io vji, minimal upper bound on the mean arrival rate at queue ¢,
pi  =Ti/pi,
r = ZiZO,jZO ~ij, uniformization constant of the Markov chain (qb(")(x, U1—n))neN,

7(x,y) Coupling time of the trajectories starting in states x and y (see (2))
e; Unit vector in direction i of size M,

Table 1: Summary of the notation used in the paper.

c) ify:y;, =C; and k =i, then ¢(y,a) = ¢(y — ek, a)
ii) For each queue i, if a = a;9 (network departures) and
8) if y :y; > 0 and k # i, then 6(y,a) = ¢(y — ey, a) + e
b) if y:y; > 1 and k =i, then ¢(y,a) = ¢(y — ex,a) + e
c)ify:y; =1and k = 4, then ¢(y,a) = ¢(y — e,a) (here, y; = 0 is not considered because
otherwise y — e, ¢ S)

iii) For each queue ¢ > 0, for each queue j > 0, if a = a;; (routings) and

a) ify:1<y; <C;and k =i, then ¢(y,a) = ¢(y — er,a) + e
) ify:y;=1and k=1 and y; < Cj, then ¢(y,a) = ¢(y — er,a) + e,

) ify:y; =1and k=1 and y; = C}, then ¢(y,a) = ¢(y — ex,a)

d) if y:y; < Cj and k = j, then ¢(y,a) = ¢(y — ex,a) + ey
)
)
)

@

ify:y; =C; and k= j and y; # 0, then ¢(y,a) = ¢(y — ex,a)
ify:y; =C; and k= j and y; = 0, then ¢(y,a) = ¢(y — e, a) + e
if k #iand k # j, then ¢(y,a) = ¢(y — ey, a) +e;

The above cases cover all the possible situations and prove (4). O

—+

g

Now, let us compare the trajectories (sample paths) from y, y — e; and 0 under the same events. From
(4), at the time n* = 7(y — e;,0) where the trajectories from y — e; and 0 have collided (at state x*),
either gb("*)(y, ULy ) = (/)("*)(y—ei, Ul—yp) OF qﬁ(”*)(y, ULy ) = (/)("*)(y—ei, U1 —yn+ ) + € (under the same
sequence of events), for some k (see Figure 1 for the latter case where k =i and y = C). Our upper bound
on 7(0,y) follows by excluding the possibility of the former case. Taking into account only the latter case,
the couphng of the trajectories from y and 0 occurs before 7(0,y — e;) plus the additional coupling time of
the trajectories starting in x* and x* + ey, where x*,x* + e € S. Taking the worst-case k, this establishes
the stochastic comparison in inequality (3). O
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Figure 1: Ilustration of (3) with two queues, y = C and under the sequence of events
aggl), agfrl), apz, aé?l)} (aq(;) reads a;; for n times). The additional time 7(x*, x* + e) provides a bound
on 7(0,C).

Proposition 2 provides a recursive framework to analyze 7(0, C) in terms of the coupling times of trajec-
tories having “distance one” at most, i.e., 7(x*, x* 4+ ;). The fact that the trajectories from x* and x* + e,
remain at distance one at each time step follows by Lemma 1, used in the proof of Proposition 2. As we show
in the following, this decomposition of the problem is very useful because these trajectories appear easier to
analyze than directly 7(0, C).

When a single queue is considered, i.e., M = 1, the next proposition is known for the mean hitting time
from state z to state zero, defined as Emin{n : (™ (z,u;_,,) = 0} [11].

Proposition 3. Assume M =1 and p =t A < 1. Then,
Emin{n : ™ (z,u;_n) = 0} < — . (5)
p

For an M/M/1/C queue, it is clear that the mean hitting time from C to 0 bounds from above its mean
coupling time of the trajectories from states C' and 0. This observation, together with previous proposition,
will be exploited in Proposition 4.

Lemma 2. Let (qbg.f) (X, U1 5n))nen be the Markov chain under investigation when S = NM i.e., C; = 400,
for alli. Let also Too(X —€;,%) be as in (2) but when the state space of the Markov chain is S = NM. Then,

¢(n) (X7ul—>n)i Sst ¢(OTQL) (Xa ul—)n)i7 Vi,n,x S S (6)
T(x—e,X) <g To(x—e;,x), Vi,x,x—e; €S. (7)

Proof. Relation (6) follows immediately by coupling the sample paths of both processes (¢ (X, %1 s ))nen
and (¢((>2)(X, U1—n))nen under the same sequence of events. Then, using (6) and the list of transitions in the
proof of Lemma 1, one can easily verify that if ¢$)(X,u1_m) = ¢£;‘) (X — €i,U13n), then ¢ (x,u1,) =
¢(n) (X — €, U1_>n). O

Let I'; be an upper bound on the maximum mean rate in which jobs can arrive in queue 7. For any
network state, the minimal upper bound that one can choose is

M
def .
Fi é Z’Y]Zv VZ, (8)
=0



which corresponds to the situation where all queues are non-empty. Let also

def .
pi = Li/ps, Vi 9)

The following proposition provides a bound on the mean coupling time of the trajectories that start from
states x and x — ey.

Proposition 4. Let a JQN be given such that p; < 1, Vi. Then, for any x € S and ki such that x—ey, € S,

Er(x — ek,,x) < ¢ max {x;,b} . (10)
where
def , def ) ,
b = max; 1Tp7¢’ c= (1 +Z¢Ai1 Vi, (1)) max; ai}fgz (11)

and (Vi,, (1),..., Vi, (M)) is the unique solution of the linear system

. M i . .
Vi (1) = 32001 ﬁ#” Vi, (), Vi # ky

Vi, (kl) =1+ Zj]\/il,j;ékl Lvlﬁ (])

M
Ek:o,k¢j Vik

(12)

Proof. Since E7(x — ey, ,x) < Ero(x —ey,, x) by Lemma 2, we find a bound on E7.(x — €, , %) (recall that
the subscript oo denotes that C; = +oo, for all 7). Before time 7, (x — e, ,x), Lemma 1 ensures that

> (@ (%, u1mn)i — S (x — ey s t1sn)i) = 1. (13)

i

Therefore, for n > 0, we define

I( ) def argmax (bgg)(xvul—m)i - gg) (X - ek17u1—>’n)i7 if Zi (255)2) (X,U1_>n)¢ — 5,75) (X - ekl,ul_m)i =1
n) & i=1,....M

0, if Zi ¢£>Z) (X7 Ul—m)i - ¢£>7<f) (X - ekl,ul—m)z’ =0

(14)

and I(0) 4 k1. Note that I(n) is well-defined because >_; 0™ (x,u1 )i — 6™ (x — ey, u1,); € {0,1} for
all n, and therefore I(n) is the index ¢ of the unique queue such that gzﬁg.f) (X, U1 )i — gbgg)(x—ek, Upsp)i = 1
if such index exists, and zero otherwise. The process (I(n))nen starts in k; and remains in k; until when
one of cases ii).c and iii).b occur (these cases are defined in the proof of Lemma 1). For instance, case iii).b
corresponds to a routing event ag,r,, for some ko > 0 such that vg,r, > 0, when (;5((,2)(&(11%“);61 =1 and
(b(()g) (X, 0150 )k, < Cg, = 00. If case iii).b occurs at time n, then I(n + 1) = ko. If ii).c occurs at time n,
then I'(n+1) = 0, and it will remain to zero for all n’ > n + 1 because both trajectories from x and x — ey,
met. Therefore, if H is the random variable of the total number of jumps of the process (I(n)),en, then the
ergodicity of the Markov chain ¢§;§)(x, U1 _yp) ensures that H > 1 is finite almost surely.

By construction, it is clear that 7.(x — ex,,x) = min{n : I(n) = 0}. Therefore, in the following we
study the mean hitting time to zero of the {0, 1,..., M }-valued stochastic process (I(n))nen, i.e., Emin{n :
I(n) =0}.

For h > 1, let T'(h) be the random variable “time where the process (I(n))nen makes the h-th jump if it

exists, and oo otherwise” and T'(0) )



Using the law of total expectation, we have

Emin{n:I(n) =0} = E(E(min{n:I(n)=0}H)) (15)
= > E(min{n: I(n) = 0}|H = h) Pr(H = h) (16)

h:Pr(H=h)>0
= > E(T(h)|H = h)Pr(H = h) (17)

h:Pr(H=h)>0

h
> E (Z T(W)—T(h —1)|H = h) Pr(H = h) (18)

h:Pr(H=h)>0 h'=1

h
> D E(@®)-TM —1)|H = h)Pr(H = h). (19)

h:Pr(H=h)>0h =1

We now derive a bound for E (T'(h") — T'(h' — 1)|H = h).

Lemma 3. Fort <h,

1 ) )
E(T(t) — T(t — 1)|H = h) < max as——% max {x pi } . (20)
1 1 Pi 1-— Pi

Proof. Between times T'(t — 1) and T'(t) — 1, I(n) is constant, which means that there exists ¢ such that
qﬁgg)(x, Uy )i = ) (X — €y, Ursp)i + 1 foralln e {T(t—1),...,T(t) — 1}.

Assume t = 1. Since T'(0) = 0 and using that p; < 1 for all i, it is clear that E(T(1)|H = h) can be
upper bounded, up to the multiplicative constant ay, (see (1)), by the mean hitting time from zj, to 0 of an
M/M/1 queue with arrival rate I'y, and service rate ug,. This holds true by simply coupling such M/M/1
queue with the one-dimensional process ( ) (X, U1—n )k, Jnen in the instants where (¢>£Jg> (X, U1—n))neN MOVes
along dimension k1. The stochastic dominance of such M/M/1 queue holds because T', is the maximum
rate in which jobs can join queue k1. The hitting time to zero corresponds to the occurrence of one of cases
ii).c and iii).b, which trigger a jump of I(n). Therefore, using also Proposition 3, we obtain

1
R(T(1)|H = h) < a, 720
= Pka

Ty - (21)

Assume t > 1. Using the same coupling argument above, E(T(t) —T(t—1)|H = h) can be upper bounded
by the mean hitting time from some initial state explicited in the following to 0 of an M/M/1 queue with
arrival rate T'y, and service rate py,, provided that k; = I(n) when T'(t — 1) < n < T'(t). The initial state
of such M/M/1 queue must be greater than or equal to the random variable of the value of ¢((>7.f) (X, Ul—n )k,
at the time n = T'(t — 1) of the (¢ — 1)-th jump of (I(n))n,en. We denote such random variable by J(t — 1).
Conditioning on J(t — 1) and using again Proposition 3, we have

1
E(T(W) -T-DH=h) < S ani L xPr(J(t—1) = a) (22)
z>0 1- P
= g PR g, (23)
L= pr,

The following lemma provides a bound on EJ(¢ — 1) and concludes the proof of (20).

b

Proof. For all ¢, we recall that we defined k; as the value of I(n) when T'(t—1) < n < T'(t). First, we observe

that (bég)(x, U1-,y) is stochastically bounded by the vector Y (n) e (Yi(n),...,Yar(n)) of the number of jobs
in M independent M/M/1 queues at time n where each queue ¢ has arrival rate T';, service rate p; and it
is started in x;, i.e., Y;(0) = a;, for all ¢. This property is shown in [18] and follows again by coupling the

Lemma 4. EJ(t — 1) < max {mk“ 1f’;tk



sample paths of both vector processes under the same sequence of events. Therefore, for any time n (random
or not),

W (%, u1sn)i <at Yi(n), Vi. (24)
It is well-known, e.g., [1], that for the stable M/M/1 queue Y;(n),
EY;(n) < max {Yi(o), ; 'ini} (25)
for any non-random time n. Using (24) in the former, we get
E 6 (X, 1)1, < max {%, 1 fk;k, } (26)

for any non-random time n. The proof is thus concluded if we show that (26) holds true even when n is the

random time T'(t — 1), which is what we prove now. We recall that J(t — 1) is ¢((>2L)(X, U1 ), When n is the
time T'(t — 1) of the (¢ — 1)-th jump of (I(n)),en. Conditioning on T'(t — 1), we have

EJ(t—1) = E¢ D) (x, 1y 1))k (27)
= Z]E[qi?(x, Uik, [T(t — 1) =n] Pr(T'(t — 1) =n) (28)
mg ! Z]E Yi, ()| T(t — 1) = n] Pr(T(t — 1) = n) (29)

usmg (25)

Zmax {Y pi } Pr(T(t — 1) = n) (30)

1_107,

= m?X{Yi(O), - fipi } (31)

In (30), we have used that T'(t — 1) and Yy, (n) are independent random variables: in fact, by construction,
T(t—1) is a random variable that only depends on some queue k;_1 # k; that hits zero (because either case
ii).c or iii).b occurs at time T'(t — 1) — 1) and all the M queues Y;(n)’s are independent. O

O
Using (20) in (19), we obtain

L+pi
Emin{n : I(n) =0} < MAax & 7 +p max {x“
1 — Pi

}ZhPrH h). (32)

h>0

Therefore, it sufficies to understand the magnitude of EH = 3", hPr(H = h). Now, let I(t) be the value of
(I(n))nen at the time where it makes the ¢-th jump. Since the jumps of (1(n))nen are only due to occurrences

of cases ii).c and iii).b, if I(t) = j then the probability that I(t+ 1) = i is ﬁ for all j,i. Given
k=0,k5 Vi

these jump probabilities, we can interpret the stochastic process (I~ (t))ten as a discrete-time Markov chain
where state zero is absorbing. Given this interpretation, we let Vj, (i) denote the mean number of visits
that (I(t))ey makes to state ¢ when it is started in k;. This means EH = 21 o Vi, (7). From the theory of
absorbing Markov chains [14, Chapter 3], EH is called ‘mean time to absorption’ and it is known that the
Vi, (i)’s are given by the solution of (12). It is clear that Vi, (0) = 1 because (I(t));en remains in state zero
after having visited (absorbing) state zero. Substituting this in (32) proves (10). O

With the above propositions, we are now in a position to state and prove our main result.

Theorem 2. Let a JQN be given such that p; < 1, Vi. Then,

7(0,C) <cMZ flp e (33)

%

where ¢ is given by (11).

10



Proof. Recall that u_, 11,0 is a sequence of n independent events from time —n + 1 to time 0.

For simplicity of notation, let x*(y) = def PNy, U y150) = O (0, U_pe 1 50) Where n* def n*(y) is
the backward coupling time between 0 and y, i.e., min{n € N|¢™ (0,u_,110) = ¢ (y,u_ni1-0)}. By
definition, n*(y) has the same distribution as 7(y,0), and therefore n* < oo almost surely by Theorem 1.
We have

Pr(zi(y) 2 ;) < Pr(z7(C) =) (34)
= Jim Pr(6™ (0,u1m); 2 w2) (35)
< lim Pr(¢0 (0,11 n)i > ;). (36)

The first inequality comes from the fact that ¢(-) is monotone; the following equality comes from Theorem 1;
the last inequality follows from (6).
Using Propositions 2 and 4, if p; < 1 for all 4, then

E7(0,y +e)—E7(0,y) < E[E[max7(x*(y).x"(y) +ex)x"(y)]] (37)
< Y EERE (), x(y) + €)X (v)] (38)
k
< YY) ERE (), X" (y) +en)[x (y) = x]Pr(x*(y) =x) (39)
k xeNM
usmgg(w) M Z c m?x{xi, b} Pr(x*(y) = x) (40)
xeNM
= Mec max{b, ]E[mlax z;(y)]} (41)
= Me max < b, Z Pr(mfxx zi(y) > x) (42)
z>1 )
usmgg(%) Me max < b, Z lggo Pr(maxgzﬁ (0, u15n); > ) (43)
x>1
<

I
=
o
=
&

Mec max{ Z h_)rr;OPr(Z(b”) (0,u1-1)i > x) (44)

S -

= 46
s (46)

In (45), we have used that the mean stationary number of jobs in queue 4 of a Jackson network with infinite
buffers is geometric. Now, for y = C — e; and following the recursion along dimension i we have

E7(0,C) < E7(0,C — Cje;) + Mc >, (47)

7 1 p i
Solving the recursion along each dimension, we get (33). O

Theorem 2 provides sufficient conditions to characterize the qualitative behavior of the mean coupling
time of JQNs when the network size, i.e., the number of queues and the buffer sizes, varies. In the following
remark, we derive such qualitative behavior.

Remark 1. We recall that the Vi, (i)’s, as defined in (12), are interpreted as the mean number of visits
performed to each queue of our JQN by a job that starts visiting the network from queue ki; see, e.g., [7,
Chapter 7]. Suppose we are given a sequence of JQNs indexed by v where M) and C) are increasing in

11



i a(r) s T -
r € N. Furthermore, in each JQN of the sequence, assume that %, max; pg ), Vi( ) (solution of (12))
for alli,j >0, are uniformly bounded by a constant independent of the sequences (M")),>q and (C™),>¢.

As a consequence, ¢ = O((M™))?), and Theorem 2 shows that the mean coupling time of the r-th JQN is
0 ((M(T))‘* 3 cg”). (48)

Formula (48) shows that the coupling time of JQNs is polynomial in both M and C. This improves the
bounds developed in [3] (a comparison with those bounds follows below).

The following remark comments on the assumption of Theorem 2.

Remark 2. For a network with arbitrary topology and service rates, the assumption p; = I';/u; < 1 corre-
sponds to what can be called an “hyper-stable” queue. Indeed, in such a case, the arrival rate in queue i is
always smaller than its service rate, even when all input queues in i are not empty and send jobs to i at full
rate. This does not mean that the network is in a light-load regime. In fact, by varying the external arrival
rates and the routing probabilities of some downstream queues, each queue can have any load between 0 and
1 within this assumption. From a technical standpoint, this assumption implies that the drift along each
dimension i of the state space of the underlying Markov chain transitions can be bounded uniformly (from
above) by a positive constant, i.e., T'y. This structure is essentially exploited in the proof of Proposition 4.
This bounded drift assumption suggests that our main result can be proved using some Lyapunov function on
the expected time to empty the system. However, this approach cannot work as we discuss in Section 3.1.

3.1 Time to empty the system

It is easy to see that 7(0, C) can be stochastically bounded from above by the hitting time from C to 0, i.e.,
min{n : $"(C,u;_,) = 0}. In turn, using a simple coupling argument, we have

min{n > 0: ¢ (0,u;_,,) = 0} <4 min{n : ¢ (C,u;_,,) = 0} (49)

and, using Kac’s lemma, Emin{n > 0 : ¢(™(0,u;_,,) = 0} = 1/7(0), where 7(0) denotes the stationary
probability of being in state 0. However, it is known that 1/7(0) grows exponentially in M: in fact, if
the C;’s are sufficiently large and the overall mean arrival rate to i, say A;, is such that A\; < p;, then

m(0) ~ TTL, (1= No/pa) [8).

Remark 3. The argument above shows that we cannot use an argument based on a Lyapunov function and
on the expected time to empty the system to prove polynomial bounds on Er(0,C) when M and the C;’s
increase, even when the drift to 0 of the underlying Markov chain is uniformly bounded as in the assumption
of Theorem 2.

3.2 Comparison with [3]

The main difference of our bound (33) with respect to the ones in [3] is that (33) is of the order of a
polynomial in both M and C (see (48)). In other words, it is not exponential in either M or the C;’s.

For the case of JQN with cycles, Proposition 4.3 in [3] gives some conditions to prove that the coupling
time of JQN is linear in the buffer size of a single queue. In particular, the constant of proportionality is
not specified and, most importantly, the number of queues M is considered as a constant (in contrast with
our approach). If all the buffer sizes are allowed to grow, these conditions are stronger than the ones in
Theorem 2. In fact, there it is required hyperstability (as we do) plus the condition on the network topology
that each queue can either receive jobs from outside or send jobs to outside, i.e., ;0 > 0 or yg; > 0, for all 7.

4 Bound on mixing time

The mixing time of a discrete-time Markov chain (X,,),en with state space S is the time n needed for the
measure of X,, to be close to the stationary measure up to a precision threshold. This notion is very useful to

12



get probabilistic guarantees for Monte Carlo simulation. More precisely, let P be the transition matrix of the

chain and let d(n) f ax,es [|P™(z,) — 7(-)||Tv, where || - ||7v is the total variation distance. The mizing

time with uncertainty €, m(e), is the time it takes for the total variation distance between the distribution of
the chain at time n and the stationary distribution 7, to be less than or equal to €, uniformly on the initial

state. Namely,

m(e) e min{n : d(n) < €}.

The mixing time is usually defined with uncertainty 1/4: Ty def m(1/4) (see [17]).
If we consider the Markov chain defined by a monotone QN with finite buffer, then its mixing time is
bounded from above by its coupling time. This is stated in the following proposition, whose proof is based

on rather classical arguments that relate the mixing and the coupling time.

Proposition 5. Let a monotone QN with buffer vector C be given. Then, for all e > 0

1
m(e) < 4[log, —1E7(0, C). (50)
€

Proof. Theorem 5.2 in [17] says that ||P"(x,-) — P"(y,")|lrv < Pr(r(x,y) > n). From this point, let s(n)
be the total variation between to transient measures of the chain. We have

s(n) = maxxyes||P"(x,:) — P"(y,")llrv
maxy yes Pr(7(x,y) > n) (51)
Pr(7(0,C) > n),

A

where the last equality comes from the monotonicity of the chain. Now, the mixing can also be bounded
since by definition d(n) < s(n),

m(e) min{n : d(n) < ¢}
min{n : Pr(7(0,C) > n) < ¢}
min{n : Er(0,C)/n < €}
E7(0,C)/e,

(52)

AN IA

where the penultimate inequality is the Markov inequality. By replacing € by 1/4, one gets Ty < 4E7(0, C).
Again, for an arbitrary integer k, d(km(e)) < s(km(e)). Since s is sub-multiplicative (see [17]), s(km(e)) <
s(m(e))*. By definition of s, s(n) < 2d(n). Therefore, s(m(e))* < (2d(m(e))* < (2¢)k. In total, we
get d(km(e)) < (2¢)*. By taking ¢ = 1/4 the later inequality provides d(kTpiz) < 27% and m(e) <
Mogy € Y Tis- O

By means of Proposition 5, thus, it is possible to exploit the results on the coupling time presented in
Section 3 to bound the mixing time.

5 Queueing networks with blocking

The proof technique presented in Section 3 can be applied to other types of QNs with finite buffers, provided
that they remain monotone and hyper-stable. For example, the same approach can be used for other types
of QNs

e with other types of mechanisms to deal with full buffers (e.g,. with blocking),
e with state-dependent routing (e.g., join-the-shortest-queue),

e with stations having service rates depending on the number of jobs in their queues (e.g., —/M/k/C
queues), and

e cases where jobs belong to multiple classes.

13



In all these cases, the coupling time can be shown to be polynomial both in the number of queues and buffer
sizes. Bounds on the mean mixing time trivially follow by using Proposition 5, which only requires the
monotonicity of the chain.

Here, we provide a detailed treatment of the blocking case. There exist many blocking mechanisms, and
the most classical ones include blocking after service, blocking before service, repetitive service or recirculate
blocking. They are all similar in terms of coupling and mixing times. We consider the case with repetitive
service, where upon completion of service at queue 7, a job is sent to queue j with probability p;; and if j
has no available slots, queue i repeats the service for that job. Afterwards, a new target queue is selected
according to the routing probabilities of ¢ in a i.i.d. manner. As mentioned before, this type of blocking is
called Repetitive-Service (RS) blocking, and even for this class of JQNs no product-form is known for the
stationary distribution; see [5] for a background and further details.

Remark 4. The evolution of a JQN with RS blocking is thus identical to the model introduced in Section 2
except for routing events to queues that are full, for which the state remains unchanged (a state is still
represented by the number of jobs in each queue).

Furthermore, quantity I';, defined in (8), still represents the minimal upper bound on the mean arrival
rate of jobs in queue i with respect to any network state. We also observe that JQNs with RS blocking are
monotone (as shown in [3]).

Proposition 6. Let a JQN with RS blocking be given. For alli andy € S :y; > 0, (3) holds true.

Proof. For any possible event a € A, k =1,..., M, and any state y such that y,y — e, € S, (4) still holds
true. In fact, for every y € S and k such that y — e, € S, cases i.a)-i.c) of the proof of Proposition 2 holds
for JQNs with RS blocking because their dynamics are equivalent to the ones of Section 2 (within these
cases). For each routing events a = a;;, we have the following cases

iila) fy:1<y; <C;and k =1, then ¢(y,a) = ¢(y —ex,a) + ek
Ify:y,=1and k=1 and y; < Cj, then ¢(y,a) = ¢(y —ex,a) +€;
Ify:y;=1and k=i and y; = Cj, then ¢(y,a) = ¢(y —ex,a) + e

Ify:y; =C; and k= j and y; # 0, then ¢(y,a) = ¢(y —ex,a) +e;

)
)
ili.d) fy:y; <C; and k = j, then ¢(y,a) = ¢(y — ek, a) + ey
)
) Ify:y; =C; and k = j and y; =0, then ¢(y,a) = ¢(y — ek, a) + ex
)

If k 7& i and k 7&.77 then d)(yaa) = ¢(y_ekva’) + ey,

i.e., only cases iii.c) and iii.e) change. Therefore, (4) holds true and, at time 7(0,y — e;), both trajectories
from 0 and y will be at distance one. O

The proofs of Proposition 4 and Theorem 2 are based on a stochastic dominance property of JQNs with
infinite buffers with respect to their finite counterparts (see Lemma 2). In JQNs with RS blocking, this
property is lost and thus those proofs cannot be applied directly to obtain the same bound. However, a
quadratic bound in the C;’s can be derived as we show in the following.

The proof of the following proposition proceeds on the same lines of the proof of Proposition 4.

Proposition 7. Let a JQN with RS blocking be given such that p; def Ti/p; <1, Vi. Then, for any x € S

and ki such that x — ey, € S,

Er(x — e, ,x) < ¢ max C;. (53)
where ¢ is
¢ (1+ 0, Vi, (1)) max; o, 22 (54)
and (Vi,, (1),..., Vi, (M)) is the unique solution of the linear system
N M Vji Vji . .
Vk1 (Z) - Zj:l,j;éi max { ngzo’k#j vix’ lec\/fzo,k¢j oy } qu (])7 Vi 7é kl (55)
_ M Vik Vik .
Vi (1) = 142 o, max { SHIFIETED AT } Via (9):
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Proof. Similarly to (14), let

I( ) def arlgmaﬁ d)(n) (X) UIﬁn)i N ¢(”) (X = Chys ul%n)lﬁ if Zz Qs(n) (X’ ulﬁn)i - ¢(n)(x — €y, ul%n)i =1
n) = 1=1,...,

0, if Zl ¢(n) (X, U1n)i — ¢(n) (X —er,,u15n)i =0

(56)

for n > 0 and I(0) 4 1.1 Note that (56) is well-defined because 3", ¢(™ (x, u1p); — ™ (x — g, u14n)i €

{0,1}. By construction, it is clear that 7(x — ex,,x) = min{n : I(n) = 0}. Therefore, in the following we
study Emin{n : I(n) = 0}.

For h > 1, let T'(h) be as in the proof of Proposition 7 be the random variable “time where the process
(I(n))nen makes the h-th jump if it exists, and oo otherwise”, and let 7'(0) = 0.

Using the same argument in (19), we have

h
Emin{n: I(n) =0} = > D E@WH) - T(W —1)|H = h)Pr(H = h), (57)
h:Pr(H=h)>0h'=1

and therefore we derive a bound for E (T'(h") — T'(h' — 1)|H = h) and on Pr(H = h), where we recall that H
is the random variable of the total number of jumps of the process (I(n)),en-

As in Lemma 3, E(T'(¢t) — T'(t — 1)|H = h) can be upper bounded by the mean hitting time from some
state to 0 of an M/M/1/Cy, with arrival rate I'y, and service rate pug,, provided that k; = I(n) when
T(t—1) <n < T(t). Using Proposition 3, in the worst case we trivially have

1+ p;
E(T(t) = T(t — D)|H = h) < maxa;Ci ir Z_, (58)
and substituting in (57) we obtain
1+ p;
Emin{n: I(n) =0} = maxaq;C; T Rl E(H), (59)
7 — Pi

Now, let I(t) be the value of (I(n))nen at the time of its t-th jump.
The jumps of (I(n))nen to state k > 0 are only due to occurrences of cases iii).b and iii).c’ (defined in the
proof of Proposition 6), which means that at the time n+1 of a jump of I we have either ¢(™)(x, Ul sn)1(n) = 1

or ¢(™(x, U15n)1(n) = Cr(n). Therefore, if I(t) = j and n; + 1 is the time of the t-th jump then

Pr(I(t+1) =1i|I(t) = j and ¢(n")(X,U1—>m)I(m) =1) = ﬁ (60)
k=0,k#j ik

Pr(I(t+1) = i|I(t) = j and ¢ (x, Ui sn,)1(ny) = Cl(ny) = ZM'V7”7 (61)
k=0,k#;5 Tkj

for all i, . Let Vi, (i) denote the mean number of visits that (I(£));cy makes to state i when it is started in
k1. The above conditional jump probabilities imply

Pr(I(t+1)=1dI(t)=j) < max{ MW 7 M%‘j } (62)
D k=0,ktg Vik  Dok—0,ktj Vhs

and we can upper bound EH easily as done in the proof of Proposition 4 by summing the Vi, (¢)’s. It is clear
that Vi, (0) = 1, because (I(n)),en remains in state zero after having visited zero, and upper bounds on the
Vi, (1)’s are given by (55), which uses (62). Substituting this in (57) proves (53). O

We are now in a position to prove the following result.

!The main difference with (14) is that (56) is defined in terms of ¢(-) rather than ¢oo(+). This is necessary because in the
case of RS blocking one can see that ¢(x,a) fst ¢oo(x,a), and the argument in the proof of Proposition 4 does not extend
immediately here.
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Theorem 3. Let a JQN with RS blocking be given such that p; < 1, Vi. Then, ET(0,C) < Mc max; C; >, C;,
where ¢ is given by (54).

Proof. Using Propositions 6 and 7, we have

E7(0,y +e;) —E7(0,y) < E[E[max7(x*(y),x"(y) +ex)x"(v)]] (63)
< ) EE[r(x*(y), x*(y) + ex) X" (¥)]] (64)

k
< Mec mjax C;. (65)

Following the recursion along dimension ¢, we have

ET(O, C) S]ET(QC—CZel)—i—McC’lmaXCJ (66)
J

Solving the recursion along each dimension, we finally find E7(0,C) < M¢ max; C; )", C;. O

In the same conditions of Remark 1 and the ones of Theorem 3, we conclude that the qualitative behavior
of the mean coupling time when both M and C increase is

0 ((M("))?’ max C’i(n) Z Ci(")> . (67)

6 Conclusions

We have proposed an approach to obtain bounds on the coupling and mixing times of a class of Markovian
queueing networks, which are related to the efficiency of sampling from their stationary distribution in an
exact or approximate manner, respectively. Our results give conditions to show that the coupling time
of Jackson queueing networks with finite buffers and arbitrary topology grows slowly (polynomially) when
both the number of queues and the size of all buffers increase. Our bounds significantly improve the best
bounds known in the literature and extend the ones found for acyclic Jackson QNs in [3, 21]. We have also
shown that the mixing time of finite Jackson QNs behaves in a similar way up to a factor depending on
the accuracy of the desired samples. Under minor variations in the proof-technique used, we extended our
approach to a class of queueing networks with blocking obtaining similar (polynomial in M and the C;’s)
bounds. Other possible extensions include monotone networks where i) routing can be state-dependent, e.g.,
join-the-shortest-queue, ii) stations have service rates depending on the number of jobs in their queues, e.g.,
—/M/k/C queues, and iii) cases where jobs belong to multiple classes. Again, these follow by adapting
(with minor variations) the proofs of Propositions 2 and 4 and Theorem 2 or 3. In conclusion, our bounds
promote both CFTP and Monte Carlo methods as efficient tools for evaluating the stationary performance
of monotone queueing networks. While the former produces exact samples, the latter is more efficient, and
one can choose among these two techniques based upon which properties best suit one’s needs.
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