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Abstract

We consider open multi-class queueing networks with general arrival processes, gen-
eral processing time sequences and Bernoulli routing. The network is assumed to be
operating under an arbitrary work-conserving scheduling policy that makes the system
stable. We study the variability of flows within the network. Computable expressions
for quantifying flow variability have previously been discussed in the literature. How-
ever, in this paper, we shed more light on such analysis to justify the use of these
expressions in the asymptotic analysis of network flows. Toward that end, we find a
simple diffusion limit for the inter-class flows and establish the relation to asymptotic
(co-)variance rates.
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1 Introduction

The study of explicit performance measures of stable queueing networks has been at
the heart of applied probability and operations research for the past half century. Initial
results such as Burke’s theorem [7], indicating that the output of a stationary M/M/1
queue is a Poisson process, have motivated the study of queueing output processes with
the aim of using the output characteristics of one queue as the input of a downstream
queue. While landmark results such as the product form solution of Jackson networks
(cf. [23, 26]) have given much hope and practical utility, in the 1960s and 1970s it was
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well understood that explicit exact queueing network decomposition is in general not
attainable.

The lack of explicit solutions in general cases as well as the inability to exactly
decouple most networks has motivated the study of queueing output processes as in
[3, 14-16, 22, 38]. That line of work is also coupled with the development and study
of heuristic queueing network decomposition schemes such as the queueing network
analyzer (QNA) [36] (see also [30]) and many subsequent approximation methods
(see for example the heuristics in [28]). The typical approximating assumption made
in such schemes is that each queue in isolation is a G/G/1 queue which can be analyzed
independently of the other queues. The input process is then approximated by taking
into consideration both exogenous arrivals and departures from other queues in the
network.

Some of the key ingredients needed for a network decomposition (such as QNA)
are based on

——— Var(Ak(t))
Ak = lim m, and ak2 = lim ——%,
t—00 t t—00 t

where Ag(¢) is the arrival counting process into the queue of class k:

Ak() = Ex() + ) Dix(0),

with Ej(t) representing the exogenous arrival counting process to that queue and
D; j(t) the number of items that have departed from queue i and immediately arrived
to queue j during the time interval [0, z]. We refer to the counting process D; ;(t) as
flow i — j. The summation in Ak (z) is over all flows i — k.

Finding 1; exactly is typically a trivial matter based on the network routing matrix
and exogenous arrival rates. As opposed to that, crk2 is more complex. In fact, com-
putable expressions for ak2 have only been presented as part of the so-called innovations
method in [28]. Here, the author builds on earlier work [29] by Kim, Muralidharan and
O’Cinneide and presents an expression that yields akz among other performance mea-
sures (see equation (42) in [28]). We independently arrived to similar formulas backed
by rigorous proofs, for such performance measures. The performance measures that
we cover include

Cov(4i (). A;1))
oij = i, : ’ M

and the asymptotic variability parameters of flows:

Var(D,-,j (t))

2 . 1
0, ;= t];rgo f’ and
. COV(Dil,jl (), Dizﬁjz(t))
Oiy— j1.iz—jp -= lim ) @

t—00 t
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The focus and contribution of [28, 29] is on advancing the state of the art in network
decomposition approximations and not on exact expressions for asymptotic variability
nor on rigorous asymptotic analysis. Hence, in using such results one is left wondering
about the meaning and rigor justifying validity of the expressions at hand. Specifically,
there remain open questions regarding stability conditions, the usage in diffusion limits
and the relationship to asymptotic variance rates.

Our key contribution in the current paper is answering such questions as well as
presenting detailed formulas for sz, Oi,j 0i2_> ; and 6y, jy iy j,- Our formulas hold
for a wide class of stable networks. However, for concreteness we present our results
in the context of stable multi-class queueing networks (of which generalized Jackson
networks are a special case). Our main result, Theorem 1, is formulated as a simple
functional central limit theorem (FCLT) for the aforementioned processes and also
ties the covariance structure of the limiting FCLT processes to system asymptotic
variability parameters via uniform integrability. That is, expressions for (1) and (2)
and hence for ak2 are rigorously justified.

In dealing with a stable queueing network, this could be viewed as a ‘“fundamental”
diffusion limit result similar to some of the results summarized in [10]. To the best
of our knowledge within the context of diffusion limits, this fundamental result has
been overlooked by previous authors with the exception of [28, 29] that don’t focus on
rigorous asymptotic results. This is probably due to the fact that much of the exciting
research in the field of diffusion approximations of queueing networks in the past
three decades has focused on critically loaded networks (cf. [5, 13, 34, 39], as well
as many other key references summarized in [10, 17, 31, 37]). The seminal paper [9]
does consider diffusion approximations for queueing networks in all regimes (under-
loaded, balanced and over-loaded), yet the inter-queue flows are not considered in that
paper. Also, in Sect. 4 of the early influential paper [21], Harrison considers flows, but
the analysis there is only for the uninterrupted (primitive) processes and not for the
true flows A(-) and D(-) as we have here.

As described in our main diffusion result, the asymptotic variability of flows is
driven by two components: (i) the variability of the arrival flows; and (ii) the variability
resulting from the Bernoulli routing. In stable networks, the variability of queue sizes
(related also to service time distributions) does not play a role. Since asymptotic
variability of flows only depends on the interplay of the arrival process variability
and the Bernoulli routing, we are also motivated to present an alternative way for
quantifying the asymptotic variability parameters: networks with zero service times.
In such networks, jobs that arrive to the network traverse instantaneously through the
classes/queues until they depart, and hence the total count of jobs passing on flow
i— jis

Ey (1)

Z Z Ni jik(0),

ko e=1
where the outer sum is over all classes and N; jx(£) are counts of the number of passes

oni — j for the £’th job arriving exogenously to k. Using elementary calculations,
we find the asymptotic variances and covariances of such processes, and prove they
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are the same as those originating from the diffusion parameters. It is the zero-service
time view which allows us to establish uniform integrability and to relate the diffusion
parameters to asymptotic variability parameters.

The structure of the sequel is as follows: In Sect. 2, we summarize our results in
a main theorem together with the notation and assumptions of the model. Then, the
three sections that follow constitute the proof. In Sect. 3, we present the calculation
of the diffusion parameters and diffusion limit. In Sect. 4, we present the alternative
view of the network based on zero service times. In Sect. 5, we relate the diffusion
parameters to asymptotic variance and establish the required UI. We then follow with
Sect. 6 where we present a numerical example, and compare with the innovations
method of [28]. For this comparison and for the convenience of readers, we spell out
the details of the relevant results from [28]. Readers are encouraged to read Sect. 6 in
conjunction with Sect. 2. Closing remarks are in Sect. 7.

2 Model and main result

We consider open multi-class queueing networks (MCQN) operating under arbitrary
resource allocation policies and subject to Bernoulli routing. Special cases include
generalized Jackson queueing networks as described in [10] as well as many other
examples appearing in [4]. Consider a queueing network of J servers serving K
classes of customers denoted by 1, . .., K. For each class, there is a unique server s (k)
and let C; = {k : s(k) = j} denote the constituency of server j, thatis, C; is the set
of all the classes served at server j.

The evolution of the network is driven by the following primitive sequences of
random variables: {& (6)}2’;0 is the sequence of exogenous inter-arrival times to class
k and {ny (€)};2, is the sequence of service times in class k. The sequence {¢; ;(£)};2,
of indicator variables determines if the £’th job departing from class i moves to class
J (this is indicated via ¢; ;j(£) = 1) where i € {1,...,K}and j € {0, ..., K} with
Jj = 0 implying the job departing from the network. For any ¢,

K
Y i@ =1 3)
j=0

These primitives are assumed to exist on a joint probability space and construct the
primitive processes (E .S, d>), as we describe now.

n—1 n—1
E(t)=max {nZO:Z&'k(E) 5;} and Sy () =max {nZO : an(e) 5:},
=0 =0

with the convention that summation from O to —1 is 0. The counting processes, Ej ()
and Sy (¢), represent the number of exogenous arrivals to class k during [0, ¢] and the
number of jobs served during uninterrupted service in class k during [0, 7], respectively.
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Further, for £ =1, 2, ..., let,
¢
D j(0) =Y i),
=1

which denotes the number of items routed from class i to class j out of the first £ items
served at i. Due to (3), for any ¢,

K
Y@=t i=1..K @
j=0

The primitive processes (E, S, ) interact to yield the network processes
(T, O, D, A) which we define now. Let T;(t) denote the work (in units of time)
allocated toward serving class k during the time interval [0, ¢]. In general, T is policy
dependent as it captures how server effort is allocated among classes. We have for all
jell, ..., J},

T <t

keCj

With Ty (¢) at hand, the actual number of class k jobs served during [0, 7] is Sk (Tk (t)).
Further, composing with ® we define the inter-class flows via

D (1) = <1>,~,,~(S,~(T,~(r))), i=1,....,K, j=0,....K. (5)

Let Qg () denote the number of items of class k at time ¢ in the system (queue or in
service). We refer to this number as the queue length, and it satisfies

K
Qk(t) = Ax(t) = > D (1) + 0k (0),
j=0
where the (total) arrival process to class k is
K
Ar(t) = Ex(t) + Y _ Dis(1). (©)
i=1

In our exposition, we assume Qr(0) = 0 and thus the queue length equation
becomes

K
Qk(t) = Ax(t) = Y Dy j(0). )

J=0
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Our results below can be generalized for cases where Qy (0) is at some fixed positive
quantity or is random. For clarity of the exposition, we omit these details.

In the treatment below, the vectors Q, T, E, A and S (and their “bar,” “hat” and
“tilde” versions as defined below) are treated as K-dimensional column vectors. Fur-
ther, let ® and D be K 2_dimensional column vectors with the elements ordered in
lexicographic order with the elements Dy o omitted. For example,

T
D = (D]ﬁ],...,D]yK,Dz,],...,Dz,K, ............ ,DK,l,u.,DK,K) .

Probabilistic assumptions

Throughout the paper, we make use of the following assumptions on the network
primitives. Without loss of generality assume for some 1 < L < K that only the
first L classes have non-null exogenous arrivals, and for the other K — L classes, the
exogenous inter-arrival times are infinite (no arrivals). Note that (A3) is not needed for
our main result, but is needed to satisfy positive Harris recurrence (stability) results in
general.

(A1) {&(0)}72, arei.i.d. sequences and mutually independent overallk =1,..., L.
Furthermore, independent of inter-arrival times, the sequences {nx (E)}gozo are
i.i.d. sequences and mutually independent over allk =1, ..., K.

(A2) Forallk =1, ..., K,wehave 0 < E[(£;(0))"] < coand 0 < E[(n7£(0))"] < 00
for r = 3. (In Lemma 1, which is not essential to our main result, we assume a
slightly stronger version, for some r > 3).

(A3) Independent of inter-arrival times and service times, each vector (¢x,0(¢), ...,
Gk () fork =1,..., K and £ > 1 follows a multinomial distribution with
a single success and probability vector (px.o, Pk.1s---» Pk.k) With prj >0,
and pro = (1 — Z;{:l Pr.j) = 0. We denote by P the K x K matrix of
Pij, k,j=1,...,K.

Assumption (Al) is standard. Assumption (A2) yields finite moments and is
used for diffusion limits and uniform integrability. Assumption (A3) is the stan-
dard “Bernoulli routing” assumption implying that each K + 1-dimensional vector
(Dr.0(0), ..., dk.x (£))" has a single entry that is 1 and K zero entries.

Since & and 7n have finite third moments, they also have finite first and second
moments and we denote

1 1
o = ———, Mk = ————.
E[(0)] E[nk(0)]
We also denote by « the vector of o and w the vector of . Note that later in Sect. 4
we consider a situation where essentially p;y = oo since the service times are zero,
yet that section deals with a related model which has processes that can be coupled to
the flow processes of the actual model described here.
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Structural network assumptions

We assume that the network is open and stabilizable via the following two assumptions:
(A4) The matrix P has a spectral radius less than 1 that is, I — PT is non-singular.
We now denote A = (I — PT)_la and A; j := A; p; j. Now assume

(A5) Y iec; ﬁ—i < 1 for every server ;.

An additional assumption that we make is that policies are work conserving. For this,
we denote the idle time process of server j via,

ity =1t— Y Tu().

keC j
Now, the work-conserving assumption is

t
(A6) / ( Z Qk(u)) dZ;(u) =0forall # > 0 and all servers j.
0 kECj

Assumption (A4) means that the network is open. Assumption (AS) is used for
stability, a concept that we discuss in further detail below. The assumption implies
that there is enough capacity in the network. If it is violated, then it is easy to show that
the network cannot be stabilized, [4]. As opposed to that under (AS5), much research has
gone into finding scheduling policies that stabilize the network. For general MCQN
such policies exist, see for example [6, 35] and references therein. In the case of
generalized Jackson networks (single class meaning that |C;| = 1 for all servers j),
under (AS) and (A6) networks are stable, see for example [2].

Scaling limits

Forn =1,2,... and a function U (¢), denote Un(t) = U(nt)/n. We say that a fluid
limit of U exists if limy— 00 U (1) = U(2) exists uniformly on compact sets (u.0.c)
almost surely. Further, when the limit U (¢) exists, denote

U(nt) — U (nt)
—

In cases where the above sequence converges weakly on Skorohod J; topology to a
limiting process, U (t), we denote

U"(t) = n=1,2,.... ®)

U= U.

For discrete time processes replace U (nt) by U(|nt]). See [10], Chapter 5 for brief
background of weak convergence in the context of queueing networks. An extensive
treatment is in [37].
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As a consequence of the assumptions (A1) and (A2) (for first moments), the prim-
itive processes satisfy a functional strong law of large numbers (FSLL) yielding fluid
limits Ex(f) = axt and S (t) = ut. Further, from (A3), ®; ;(£) = p; ;L.

As a consequence of assumptions (A1) and (A2), the primitive processes satisfy
functional central limit theorems (FCLT). Specifically Ek (t) are Brownian motions
with diffusion coefficients (also sometimes known as volatility coefficients),

E[£ (0)?
Vg = akc,%, where c,% = IEEZ% -

)
Similar diffusion limits exist for the service processes; however, these do not play a

role in our limiting results. The routing processes also have diffusion limits due to
(A3). We have that

B (1) = (6,(,1@),...,5,(,,((:)), k=1.... K. (10)

are K -dimensional Brownian motions with covariance matrices [, having the i, j’th
entry pi ;(8;, j — p«,j), where §; ; is the Kronecker delta; see [9, 37]. All these results
are for primitive processes; our theorem deals with scaling limits of the flows.

Scaled queues convergence assumption

We also require an assumption on the sequence of processes @" (t). Specifically the
assumption is the following process level convergence:

(A7) @" = 0 as n — oo, where 0 is the K-dimensional zero process.

In many cases (A7) is not difficult to verify. For example, in stable generalized (sin-
gle class) Jackson networks it is automatically satisfied due to our primitive network
assumptions (A1)—(A6), see Theorem 7.25 in [10]. There, the proof uses the contin-
uous mapping theorem and the oblique reflection mapping (specific to Generalized
Jackson networks) to establish Q” => 0. Further in Proposition 8.12 of [10] one sees
such a result for a specific multi-class queueing network with 4 nodes and a specific
policy.

However, in a more general context, such as the general multi-class queueing net-
works that we consider, we have not been able to establish (A7) based on first principles
and hence we present (A7) as an assumption. Nevertheless, if one assumes or estab-
lishes tightness (see, e.g., Chapter VI of [24]) of Q” using first principles and/or other
primitive model assumptions, then Lemma 1, presented in the sequel, yields (A7).

Stability using fluid models

We now briefly give an overview of the fluid stability framework, referring to details
in the literature for the sake of brevity. For a MCQN and a scheduling policy, we
can associate a set of deterministic equations called the fluid model (equations). Such
equations are spelled out in detail in [4] page 104, equations (4.50)—(4.55). The fluid
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model description in [4] summarizes key ideas from [8, 11, 12] and others. In general,
each scheduling policy may induce a different set of equations. Examples are in [4].
A key object in the fluid model equations is the queue fluid limit, {Z(¢)};>0, a K-
dimensional vector (using the notation of [4]).

The concept of fluid model stability then requires that there exist some finite time ¢*
such that if Y& | Zx(0) = 1 then Y&, Zx(r) = O for t > ¢*. Much of the literature
on MCQN has dealt with proving fluid model stability associated with different net-
works and scheduling policies, see [4]. A key result in [11] (also summarized in [4])
connects fluid model stability to positive Harris recurrence of the associated Markov
process describing the MCQN. In general, the most accepted stability notion of a
stochastic MCQN is positive Harris recurrence. Of notable mention are generalized
Jackson networks (single class) which are stable under any work-conserving policy
and assumptions (A4)—(AS5). Our main theorem requires the fluid model of the network
to be stable.

Assumptions (A1)—(A3) and an additional technical assumption requiring the inter-
arrival times to be unbounded and spread-out (see for example (1.4) and (1.5) in [11])
can be used to show that a stable fluid model yields positive harris recurrence of the
network. In this paper, we don’t explicitly require positive Harris recurrence, and hence
such an additional technical assumption is not needed.

A related stability notion that we use in the sequel is weak stability. The fluid model
is weakly stable if when Z(0) = 0 then Z(t) = O for all r > 0. Weak stability clearly
follows from fluid model stability since our networks are time-homogenous.

Main result

We now set up some matrices and vectors used in our main theorem. Use 1 to denote
the K -dimensional vector of ones and define the K x K2 matrix B := 1" ® I where
® is the Kronecker product and here 7 is the K x K identity matrix. Further denote
the K2 x K matrix,

PT el
PT %)

PT €K .K

where ¢; ;isa K x K matrix with all entries 0 except for the 7, j’th entry being 1. Now
define the K x (K + K 2) matrix G and the K2 x (K+ K 2) matrix H, respectively,
as,

G:=[u-pP)'a-P)'B], (11)
H:=[P.(I-P) " Iy2+ P.(1 - P)"'B]. (12)
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Also define the (K + K?) x (K + K?) covariance matrix for the exogenous arrival
processes and the routing processes:

diag(v?) 0

M

=P .= , (13)

0 ATk

where diag(v,%) is a diagonal matrix with elements v,%. Further, for any i, j €
{1, ..., K} define the K-dimensional vector m (i, j) as follows:

m(i,j) = —P) e P;, (14)

where P. ; is the j’th column of P. As further elaborated on in Sect. 4, the k’th entry
of the column vector m (i, j) is the expected number of transitions from state i to state
j in a Markov chain whose transient component is specified by P and initial state is
set to k.

We now present our main result. Relationships to the results of [28] are in Sect. 6.

Theorem 1 Consider a multi-class queueing network and assume (Al)—(A7) hold. If
the fluid model of the network (incorporating the scheduling policy) is stable, then

(i) The sequences A" and D" converge weakly to drift-less Brownian motion pro-
cesses with covariance matrices,

D =P G, and 2P = HXP HT, (15)

respectively.
(ii) The asymptotic variability parameters, as defined in (1) and (2), can be read off
from the diffusion parameters. Namely,

D)

! e
Oir—jriz=jn = X ~DK+ji, (a-DK+jpe  Oid = Hij -

(iii) An alternative calculation for the asymptotic variability parameters is

iy jisia—jp = M (i2, j)e m(ir, jO) +mj,(ir, joa’m(iz, o)
+? — &) (mGy, ji) @ m(iz, 7). (16)
of, ;=1 +2m(i, Nem(, j) + @ =) (m@, j) e m@, j)), (17)

K K K K
oij=v; Yy mi(k, )+ 7> mitk, i)+ Y Y 0kikgsj (18)
k=1 k=1

ki=1ky=1

where my (i, j) is the kth entry of the vector m(i, j) and (x e y) signifies the vector
resulting from element-wise product of the vectors x and y.
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The proof is structured as follows: (i) is established in Sect. 3. (iii) is established
in Sect. 4. (ii) relies on the development of (iii) and is established in Sect. 5. Since
the result may appear quite technical, we demonstrate the applicability on a specific
network example in Sect. 6.

We also put forward foundations utilizing several results from the literature. Specif-
ically equations (19), (20), (21), and (22), that we obtain now, are used in the proofs.

Using weak stability, and assumptions (A4)—(A6), Theorem 4.1 in [8] ensures o)
and T (¢) exist and for any class k,

Q1) =0, (19)
and
Te@t) = )\—"t. (20)
Mk

Using fluid model stability and assumptions (A1) and (A2), Theorem 4.1 (ii) in [12]
states that for every initial state x of the associated Markov process of the network
(and policy),

lim B [0c0?] <. @1

for some constant ¢ and any class k.
We now refer to equation (5.18) on page 60 of [20]. We have that under assumptions
(A1) and (A2) for the arrival process, for each class k and some 79 > 0,

{ (Ex(t) — axt)?

; , 1> to} is uniformly integrable. (22)

Finally, of independent interest when one is able to establish tightness of @” for a
specific model, the following result yields a sufficient condition for Q" = 0 and can
be used in place of (A7).

Lemma 1 Suppose (A1) and (A2) hold, the fluid model is stable, and the sequence of
processes Q" is tight. Suppose further that (A2) holds with r = 3 + € for some ¢ > 0,
then Q" = 0 asn — oo.

Proof Using the union bound and the Markov inequality, for any & > 0

K = 2+e K
~, - Qp(nt) i K 2+e
P(1Q"(1)] > &) sk;]P< e K) < g ;E[Qk(m) ]
(23)

Now, the finite moment convergence result (21) yields lim, . oo Ey [ Qx(1)*™¢] < c.
With the Borel-Cantelli lemma, since the series (in n) summing the probabilities of
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the left-hand side of (23) converges, it holds that |§" (1) — 0asn — oo almost
surely. Hence for class k and every fixed ¢ lim,,_ o @,’: (t) = 0, almost surely.

To see the convergence of finite-dimensional distributions of Q", consider
t1,...,t, a finite sequence of time points. From (23) and (21), we have that
P(| 0" (1)| > g) — 0asn — o0o. As a simple consequence,

Jim P (10" ()] > &,....10" ()| > &) = 0.

Since this is true for any finite sequence ?1, . . ., t¢, under the assumption that {Q” :
n > 1} is tight, from Sect. 3 of Chapter VI in [24], we have the required result. O

3 The diffusion parameters

Using the scaling definition (8), Eqgs. (4), (7) and (6) are easily manipulated for all
k=1,...,Kandn > 1 to yield,

K
0=> "} ;). £=12,..., (24)
j=0
K K
0l =E{0)+ ) D@~ Di (), =0 (25)
i=1 j=0
K
ARty =E{()+ Y _D!'4(1), t=0. (26)

i=1
Observe that the property T () = %t implies,

lim 5,’.’71.(;) =D, j(t) = ®; ;(Si(T; (1)) = pi jrit, v.0.cC. (27)

n— oo

Lemmas 2-5 summarize straightforward algebraic manipulations of these equa-
tions. Then, this leads to a simple diffusion limit that follows from Donsker’s theorem
(see [10], Chapters 5-7 or [17] for background). Techniques similar to those employed
here are also in [33], applied to queueing networks that generate their own input. The
basic idea is to represent the diffusion scaled processes, D" and T" in terms of the
following “tilde" processes:

& (1) = 6@(?7(7?(:))), and SI'(1) := SI (T, (1)),

which in turn have diffusion limits based on the primitive processes.
Lemma2 Fori=1,...,Kand j =0,...,K,

D} (1) = ©F ;(t) + pi ;S (1) + pi j i T (0). (28)
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Proof Use D; j(nt) = ®; ;(S;(Ti(nt))) = ®; j(nS: (T (1))) and (27) to get

®; ;(nS; (T;" (1)) — pi.jrint

~ B
D; (1) = Jn
®; j(nS; (T (1)) — pi jnS; (T; (1)) | pi.jnS; (T; (1)) — pijminT; (t)
= +
Jn Jn
Pi,jllvinT:‘l(t) — pi jAint
+ .
Jn
Now, (28) follows. O

Denote by M the diagonal matrix with diagonal elements ,u,;l. We now have

Lemma 3 The diffusion scaled time allocation can be written as:
(1) = M(I — PT)~! (E” () + B®"(t) — 0" (t)) — M5 ). (29)

Proof Substituting (28) into (25), we have

K
0r(1) = Ef (1) + ) (B () + pia S} () + pixaui T} (1))
i=1
K ~ ~ -~
=2 (B, 0+ pe S0 + prm T o)

K
= Ef() + Y (D1 (0) + pia S0 + prami T/ (1)) = S{(6) — i T (1)

K K
Ef() + ) @70 = (Sp0) = D pikSI®) = (T () = Y piam T (1)),
i=1

i=1 i=1

where in the second step we used (24) and Zj‘(:o pi,j = 1. In vector/matrix form this
reads:

0"(t) = E"(t) + B®"(t) — (I — P")S"(t) — (I — PHYM ' T"(1).
Now (29) follows by multiplying both sides by M (I — PT)~1. O
As a consequence, we now have,
Lemma4 The process D" (t) can be represented as,

E"(1)

Dn(t) =H [5"(1)

] —P.(I—P)'Q"(1).
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Proof Equations (28) are
D))= &)+ P (3"0) + M7 T ().
Substituting (29) in the above, Sn (t) drops out of the equation, and we obtain,
B"(t) = (Ig2 + P. (1 = PY'B)&" (1)
+P. (I = PHT'E" (1) = P(1 = PHT' Q" ().
O
Observe from Lemma 4 that D" does not depend directly on S" but rather
through Q". This means that as n — oo the diffusion processes of the service times do
not affect the diffusion processes of the flows. We may now represent the analogous

result for A”, this time omitting the primitive sequence S S from the representation.

Lemma5 The process An (t) can be represented as,

an _ En(t) _ __ pnh—1An
A(t)_GI:q)n(t)} BP.(I —P) Q' (),

Proof We use (26) and the previous lemma:

A"(t) = BD"(t) + E" (1)

ey EO7 15 E" (1)
_BH|:<Dn(t)] BP.(I —PHY '0"(t) + [Ix 0][@%)}

- (B H+[Ig 0]) [gg;] — BP.(I-PH'0"®).

Since BP, =P and PT(/ — P 1= -P) 1 -]

(B H+ (I 0]) =[BP.(I— P +1(I+BP.(I—P))B]=0G.

We can now establish the diffusion limit in our main theorem.

Proof of Theorem 1 (i): Assumptions (A1) and (A2) imply that for each class k, there
are FCLTs for EZ with diffusion coefficients as described in (9). Assumption (A3)
together with applications of the continuous mapping theorem and (20) imply FCLTs
where for each class k, CT)” (t) converges weakly to K-dimensional Brownian motion

with covariance matrix ,uk Fk
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By assumption of mutual independence of primitive processes, as stated in (Al)
and (A3), the limiting covariance matrix of

E"(1)

" (1)
is ©(P). The result then follows from the representation in Lemmas 4 and 5 and
Assumption (A7). O

We note that Lemma 3 can also yield diffusion limits for rate allocations. This
appears as (7.89), pp.189 in [10]. In fact, there the authors handle a much wider case
in which some queues may be critical and/or over-loaded. This is originally from [9]
(6.14), pg 1498. As stated in the Introduction, the diffusion limits for D and A did
not appear in [9] and subsequent literature. It is insightful to know that we may also
obtain joint diffusion limits for 7 and D or A, yet we do not pursue this here. Further,
handling the case of over-loaded queues does also not pose any additional technical
difficulty. The case of critical queues is in general an open question. It was handled in
[1] for the single station queue.

4 The zero-service time view

In this section, we refer to the queues as nodes to make it clear that there is actually
no queueing taking place. For the £th customer arriving exogenously first to node k,
denote Nk (€) as the number of times that the customer visits node j, and denote
N;, jik(£) as the number of times that the customer traverses on the flow i — j. Thus,

Njw(®) = XK | Ni ik (£). Define now

K Ei(t)
D j(t)==)_ > Nijk(), and
k=1 (=1
K K Ex(t)
Art) = Ex(t) + ) Dix(t) = Ex(t) + Y Y N (0).
i=1 k'=1 ¢=1

The process 5,', j(t) is a count of the number of items passing from node i to node
J up to time ¢ as if service times are 0. In particular, the ¢’th customer who arrives
at node k by time t (¢ = 1, ..., Ex(t)) makes an “instantaneous tour” through the
nodes, passing N;_jx(£) times on the flow i — j. Similarly, /ik(t) is the count of the
number of jobs arriving to queue k either exogenously or passing through the network
assuming that service times are 0.

By considering both D(-) and D(-) on the same probability space, we have that
a.s.,

D; (1) < 5i,j(l)-
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Denote now,
Ni,j(t) = Di,j(t) — D; ().

This is the number of future passes on i — j by customers that are currently in the
system (where service times are generally nonzero) at time ¢. It is obvious from the
Markovian nature of the routing that

y J K Ok(1r)
Nij() =" Nij(), (30)

k=1 (=1

where the equality < is in distribution and for given k,
{(Nijw (@, i, j el K)i#j), €=12,...}

isani.i.d. sequence (of K 2_dimensional random vectors) whose distribution is induced
by a discrete time Markov chain on state space {0, 1, ..., K} with transition matrix,

~ 1o
PZ[I—PIP:|'

The equality in distribution in (30) is a result of the fact that customer routes can
be generated a priori and are not state dependent. This presents ](’,', j(t) as a form
of a queue of the number of items that are yet to pass viai — j at time ¢ in the
nonzero-service time model.

To construct N; jx(£), denote by {X ’;} a sequence of states generated by the above
Markov chain with P(Xg = k) = 1 fork € {1, ..., K}. Then, fori # j, N; jjx(£) has
the same distribution as the random variable

o0
Nigw = Y I(X5_ =i, X} =j}.
n=1
with I denoting an indicator function. Similarly, N (€) is distributed as
o
N =Y _T{x; = j).
n=0

Since the queueing network is open (P is sub-stochastic), the only recurrent class in
this Markov chain is {0} and thus the random variables N; ;x are proper. It is also a
standard exercise to show that they have finite mean and variance.

Denote now

Cov(fi;(t), Aj(t)) Cov([v)il,j1 (), Lv)iz,jz(t))
Gi,j += lim »oand Gy jiip— jp i= lim .

t—00 t t—00 t
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As we show now, these variability parameters (of the zero-service time flows) are the
same as the variability parameters of the system with queueing:

Proposition 1 If (21) holds, then

<2 _ 2 S
oi; =0i and 0\ ji ir— jo = Oij— ji,ir— ja- 3D

Proof We present the proof for the asymptotic variability of D, the case of A is similar
and is omitted. We have

‘C0V<bi1,j1 (t), biz,jz (t)> — C0V<Di1,j1 (t)a Diz,jz (”)‘
< ‘COV(Dil,]] ®, Niz,jz(t))‘ + ‘COV(Diz,jz(t)7 Ni i (f))‘
+ ‘COV(Nil,jl @, Niz,jz(t))‘
< \/Var(D,-l,jl (t))Vz:lr(I\V/iz,j2 (t)) + \/VaI'(Diz,jz(l))Var(Nil,j1 (f))

+\/Var< - (t))Var( Niv.io (t)). (32)

For any (i, j), we have that both Var(D; ;(¢))/t and Var(]\vfi,j(t)) are bounded from
the above uniformly in #; for the latter, this is a consequence of (21). Dividing (32) by
t and taking + — oo we get the result. O

Note: a version of the above result also exists for the mean rates, A. In this case, all
that is required is finiteness of the first moments of the queues.
We now express the components of 6 in terms of E[N; k] and Cov(N;, 1k, Nis, jp1k)-

Proposition2 Foralliy, iy, ji, jo,

K
St jrinsjp = Y akCov(Niy jijks Niy, jplk)
k=1
K
+ Y 0ZEIN;, ji i JEIN, jy e,
k=1
o 2
0j1.jo = Vi, E[Nj 1+ v LE[N 5]
K K
+ZakC0v(le|k,Nj2|k + ZU E[N, k1 E[Nj k]
k=1 k=1

2
= 5 E[Njy 1+ U LJENGy ] + Z Z Oi1— ji.iz—>jo-

i1=lix=1
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Proof We begin with the asymptotic variability of D, namely &;, j, .i,— j» - For illus-
tration, we begin with the variance (even though it is a special case of the covariance
calculation that follows). Using the conditional variance rule, we get

E (1)

var(Di; (1) = iVar( > Niji(®)
(=1

1

>-
Il

I
M=

(ELEC(1)] Var(Ni j) + Var(E(0) [N jc ).

>-
Il

1

Moving onto the covariance, observe that N;, j, x(€) and N;, j, ;1 (£) are independent
whenever k # k’, hence,

y y K Er (1) Er (1)
Cov(Di i (1), Diojy ) = 3 Cov( 3 Nig jyk (0. D Ny jik(0))
k=1 =1 (=1

I
=

(BLEL®I COVNiy s 6 Ni )

x~
Il
—_

+Var(Ex(0)) EIN;, i JENiy k1)
where in the second step we use the conditional covariance rule
Cov(X,Y) = E[Cov(X, Y|Z)] 4+ Cov(E[X|Z], E[Y|Z]).

Dividing by ¢ and taking ¢+ — oo yields the result.
Moving onto the asymptotic variability of A (this time treating the variance and the
other covariance terms together), we expand and get

K K
Cov(A;, (0, Ap®) = 3 CoV(E/ (1), Do) + Y CoV(E (1), iy, (1)
ir=1 =1
K K y y
+ Z Z COV(Dil,/l (#), Diy. j, (t)) (33)
i1=1ir=1

To rewrite the first sum on the right-hand side, we can use

K Ex(t)
COV(Ejl (), biz.jz(t)) = ZCOV(EJ'I (®, Z Ni2»j2\k(£))
k=1 =1
Ej (1)
= E[Cov(Ej, (1), Y Niy.joljs () | Ejy (1))
=1
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E/l ()

+ Cov(ELE, (1) | Ej; (D). EL Y Niy s (0) | Ejy (1)])
=1

= COV(Ejl (1), Ejy (1) E[Niy, o, (g)])
= Var(EjI (t)) E[Niy, o151 (O]

with a similar expression holding for the second term, while the third term on the right
hand side of (33) can be rewritten using

Eg, (1) Eiy (1)
COV( - (0, Dzz jz(t) Z Z Cov Z Ni,, ]1|k|(£1) Z Ny, jz\kz(ﬂz)
ki=1ky=1 6=1 =1
Ep (1)
— Z Z Cov(Niy jik(©), Niy, jo k(D)
k=1 (=1

K
+ Y Cov(Ex(t) B[N, jyk (O], Ex(t) B[Ny, jpk (€)])

where we used the independence of different customers in the absence of queuing.
Substituting in (33) and using ZZK=1 Ni, jjik(€) = N (£) we arrive at

Cov(Aj, (1), Aj (1) = Var(Ej, (1) E[N )y, (0)]
+Var(Ej, (1)) EIN;, j, (0)]
K

+ ) ELE (1)) Cov (N, ik (£), Njyi (£))
k=1

+Var(E (1)) E[Nj, 5 (O1E[Nj, k()]
Now dividing by ¢ and letting t — oo, the result is immediate. O

We now represent E[N; jjx]and Cov(N;, j k> Ni,, j|k) in terms of the routing matrix
P. It is an elementary application of “first step analysis” to calculate the desired
moments (cf. [25] and/or [27]), yet we have not seen this specific calculation elsewhere,
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so we spell out the details. Define:

E[N; ji1] E[Niy jit Nig jo11]
m(, j) : : , m(iy, ji, 2, j2) i= : ,
| E[N; jix] E[Ni jilk Ni,jo1k]

[ Cov(Niy jij1s Nijoit)

c(it, j1, 12, j2) :

| Cov(Niy jiik s Nis.jo1)
Lemma 6 The definition of m(i, j) in (14) agrees with the above, namely

m(i,j) = —P) e ;P .

]

Further, let iy — j1 and i» — jo» be distinct flows (i.e., i1 # iz, or j1 # ja, or
both), then

m(i1, ji1,12, j2) = m(iy, j1)mj, (iz, jo) +m(iz, jo)mj, (i1, j1),
m(i, j,i,j)=m(, j)(1+2m;G, ), (34)

and thus,

c(in, j1,i2, j2) = m(iy, j1) mj, (iz, jo) + m(iz, j2) mj, (i1, j1) — m(iy, j1) e m(iz, j2),
e, j.i, ) =m@, D1 +2m;G. j)) —mG, j)em, j). (35)

Proof 1t is well known that E[N;] is the (k,i)th element of (I — P)~ !, and
clearly E[N; jx] = E[N;k]pi, j, from which the first statement follows. For
E[N;,, ji1k Niy, j» k] we condition on the first transition from the initial node k, as follows
(letiy # ip, and/or ji # jo).

K
E[Ni, jik Nipojolkd = Y e BIN:y i Niy.joiie)
K=1k¢{j1.j2)
+ Pk i ELGk,iy + Niyji1j1) Niz.joljs]
+pka/'2E[Ni1sj1\j2 (Bk.ir + Niz,jzljz)]
K
=Y prw EIN;y jiw Nig, jo o]

k'=1
+ Pk, i Ok,iy E[Niy, jo 11 1 + Pk, jp Ok, LNy o121 (36)
Equation (36) can be represented as

m(iy, j1,i2, jo) = Pm(iy, j1,i2, j2) + ey, P jy mj (2, j2) + eiyi, P jy mj, (i1, j1).
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or rearranged to
mir, j1,i2, jo) = (I — P)~! (eiriy P.jy mj (i2, jo) + €iri P jy mjp (i, j1)),

which yields (34). In a similar way, we can show that

N; ,|k Z Pki E z%j\k’] + Pr. ki (1 + 2E[N; j)51),
k=1

which gives
m(, j,i,j)=U-— P)’le,-,,-P.,j(l +2mj(i, j)).
]

Proof of Theorem 1 (iii): Proposition 1 indicates that under property (21), the variability
parameters are the same as those of the zero-service time processes, and (21) follows
from the theorem assumptions. Now, the combination of Proposition 2 and Lemma 6
yields the result. O

5 Asymptotic variance and uniform integrability

As stated at onset, our original goal is to obtain expressions for o, x, and 6j, - j; i, j» -
As we state in Theorem 1 (ii) these can now be read off from the matrices ¥4 and
2D respectively. The presentation in this section is for the o;, j1.ia—> jo terms;
analogous results for the terms associated with A(-) can be proved in the exact same
manner.

Proving Theorem 1 (ii) requires establishing suitable uniform integrability (UI)
conditions for the following families:

D; j(t) — hijt
D} = —W(if . tzto},
’ t

2
D; j(t) — hijt
D) = ( ”’()t ) tho},

( i (1) — Ay jy )(Dizvﬂ(t) _)\iz’jzt), t > to} ,

Dy, ji).(in, o) =

t

where 79 > 0 is arbitrary. Note that while each of the families D( )isa special case
of Dy, j1),(ia, jo)» WE treat it separately in this section for clarity. See for example [19]
for properties of Ul sequences and families, and relations to weak convergence.

The following proposition relates the diffusion parameters to the asymptotic vari-
ance parameters.
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Proposition 3 If D}) and D’} are UL, then

2 _ v(D)
0l = B N)K4), i—D)K+) °

IfDl.(’l; and D, j,), G, jo) are U, then

o _ gD
H=JL=p2 = Z(i—D)K+ji, (=D K+j2

Proof By the projection map at time ¢t = 1 (cf. [37]), we have the convergence in
distribution:

D; () — A; jt

7 D; ;(1).

Further, using the continuous mapping theorem, we obtain

(D,',j(t) — )»,',jt)z
t

= (Di ; (1)’

Similarly we have the convergence in distribution on R?:

(1) — Dy j5 (1) = Aiy jot ~ ~
[ i1, 1 \/; Aiy it ’ i2, )2 . i2, )2 ]:>|:Di1,j|(1), Diz,jz(l):la

and thus using the continuous mapping theorem,

Di, jy(t) — Xiy jit - Diy j (1) — )\iz,jzf

Vi Vi

Dy, /1(1) Dij,, /2(1)

Under the Ul conditions established below the above weak convergences in distribution
imply that

lim E[M] E[D; ; (D],

t—00 ﬁ
oy a2 _
tl_i)rgoE[(Dl’](t)t ki 1) ]ZE[(Di,j(l))z],

as well as
lim E[( i ® ~ ki) (D"Z'fz(’)”"”zt)] =E[D;, ;,(1) - Dy, (1]
1500 \/; \/l_‘ 1,J1 2,)2 .
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Combining this implies that

0'.2 .= lim M — lim Var(Dl’/(t) _)\i,jt)
1= f—00 t {00 P
~ i E[(Di (1) = 4, j)*] ( i E[D; ;(t) _,\,-,j;])z
1=00 t t—00 Ji
~ 5 —~ 5
- E[(Di’j(l)) 1= (E[Di‘j(l)]) - Var( ’/(1)) E((ZDI)K-H (i—-DK+j"
Similarly,
COV(Dil»jl (), Diz,jz(t))
Oiy— j1.ia—jp = 1M

t—00 t

m COV(Dil,jl (1) — Aiyjit, D, jp (1) — )‘iz,jzt)

t—00 t
— lim E[(Dil,jl (t) - )‘*il,jlt)(Diz,jz(t) - )‘*iz,jzt)]
T S ¢

_( lim E[Dil,jl(t) - )‘il,jlt]>( lim ]E[Diz,jz(t) - )\iz,jzt])
{—00 \/; {—00 \/;

_ (D)
—C°V< i (D, Dy, 12(1)) Z (i1 —DK+j1, (a—DK-+j"
[m}

In establishing the UI, we make use of the following useful inequality: For r > 1
and arbitrary real values zy, ..., zg,

K , K
>al =k Y Jal, (37)
k=1

k=1

which is a simple consequence of Jensen’s inequality. We now establish the required
UL

i L. . 1 ~®2)
Proposition 4 If (20) and (22) hold, then the families of random variables D; I D;’ F
and 'D(ilq./l),(iz,./z) are UL

Proof We first note that UI of D(z; implies UI of the other two types of families as
well, due to Theorem 4.7 (with p = ¢ = 2) in Chapter 5 of [19]. To establish UI of

Dl(zj) , recall from the previous section the representation D; ; () = D D; (1) — ]\7,', (@),

where lv),-’ j(t) is the number of instantaneous passes on flow i — j, and ]\71-, j() s
the number of future passes on that flow. By applying (37) forr = 1 and r = 2,
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respectively, we have

’

‘Di,j(l)—)»i,jt‘ Di,j(t)—?»i,jt‘Jr‘l\?i,j(l)

NG NG NG
2 9 %
‘(Di,j(t) — % jt) ‘ _ 2()Di,j(t) - )\i,jf)z n ’Ni,j(t) ’2)
r - Vi vi 1)
It thus suffices to show that

v 2 ~ 2
. D j(t) — A jt - Ni j(
B2 :Z{( z,]()t 1) tzzo}, and N2 :{(w_()), tZto},

are UL 5
To see Dl(zj) is UI, it is useful to denote

=|

E (1)
Di jik (1) := Z Ni jik(0) and A; jik == o E[N; jjk].
(=1

Note that since, ﬁi,j(t) = Z,le Di,ﬂk(t), we have Z,le Ai jlk = Ai,j. We now get

(éi’j(l‘) — )»i’jt)z
t

_ ‘ (X Di () — (i )»i,j|k)t)2‘
t

_ ( k=1 (Di, /Ik(t) — A, /kt)|>2
f

K “
Z lj|k(t) - z]lkt

| /\

In the above, we again used (37) with r = 2. We now need to show that the families

. 2
{ (Di jik () = Xi jikt) P }
L t=10,

t

are Ul

- 2
(D, jik(0) = Aq jikt)
!
E 2
(Z k(t) Ni jik () = Ai jjkt)
!
Ep()+1
(Z k(t)+ Nijk(® = A jkt — Ni i (Ex@) + 1)*
t
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(S g = T @ + DR et = N Ero) + 1)
t

(ST g = T (B 1) o) I N e (B 4+ 1)
t

(( O o = B +(<<Ek<r>+1>—akr>*i;i"‘)2+(N,-,,-|k<Ek<z>+1>)2)

<3

t t t

The first term is a stopped random walk with zero mean increments where Ey (1) + 1
is UI by (22). Thus, due to Theorems 6.1-6.3 in [20], the first term is Ul The second
term is Ul again by (22). The third term is obviously Ul since the family N; ;i (-) is
i.i.d.

To show that N @ s UL, we need to show that the second moment of N; @™/ 1t
converges (to zero) This approach is due to Remark 5.4 in Chapter 5 of [19]. Define

; jlk(t) = ZQ’{(I) N jik (), where Qi (1) is the queue length at node k at time ¢.
Then, the expectation and variance of the random sums N k(t) and hence also (by
(30)) of /\fi, j (1), can be expressed in the expectations and variances of Q(t) and
N, jik(£), all of which are O(1) by (20). Thus, the result follows. O

Proof of Theorem 1 (ii): Proposition 4 relies on (20) and (22) which follow from the
assumptions of the theorem. Proposition 4 then establishes UI of the families needed
for Proposition 3 which exactly states (ii). O

6 Numerical example

Consider the 6-node network illustrated in Figure 1 with parameters,

0 01/21/2 0 0 8.25
1/20 0 1/2 0 O 8.25
p_|1/200 0 0 0 s
“looo o 12212 #7825 |
000 1 0 O 5
000 O O O 5
Fig.1 Example network
(a1, v1)
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Table 1 Covariance values of

fows i o J inNj 1 23 4 5 6
1 0 0 32/9  20/9 0 0
2 3/2 0 0 3/2 0 0
3 31188 0 0 0 0 0
4 0 0 0 0 199/18  55/18
5 0 0 0 199/18 0 0
6 0 0 0 0 0 0
a=[1 400 0 0]", and v2=[2ZOOOO]T. (38)

For this network,
1 T
A:(I—PT_a=[4 428 4 4] <.

Hence, if considered as a single-class network, assumptions (A1)—-(A7) hold and the
network is stabilized by any work-conserving policy. Note that besides verification of
the above inequality, the values of i do not play a further role in the calculation of the
variability parameters. Nevertheless, we use them in a simulated example below.

It is now a straightforward matter to use (15) (or alternatively (16)—(18)) from
our main theorem to obtain variability parameters. Note that in this process, the only
matrix that requires inversion is (I — PT). The rest of the calculations follow from
matrix composition, addition and multiplication operations.

The resulting matrix £ (P is of dimension 36 x 36. We present the diagonals of

2

this matrix (which are o;° j) in Table 1.

As a further illustration, we present a few selected non-diagonal elements of % (P):

0251254 =—1/2, 04554 =199/18, 01-34-6=5/9, 0153254 =—1/3.
In discussing these values, it is good to consider the asymptotic correlation coefficient:
Tii—iz, ji—>j2

2 2
i1 1= >

Tij—iy. j1—>j2 =

For these selected flow pairs, it evaluates to

1

124 = _5»
r1—3.4-6 ~ 0.16856, ri1-324 ~ —0.14434.

T4-55-54 = 1,

The first two values are easily explained in our example, the other two are not. For
r2-1,2-»4, consider the Bernoulli splitting at the output of queue 2 and the fact there is
no feedback to this queue. Recall that in this case 021,254 = (v% — op) /4 for v% =
2, ap = 4. In this case, the asymptotic correlation coefficient is (v5 — a2)/ (v% + ap).
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In considering r4—.5 5.4, observe that there is no random routing in this part of the
network: All jobs that enter 5 come from 4 and then return to 5.

We are not aware of an “easy” explanation of the values of 1.3 46 and r1 3 2-4.
It is insightful to see that as in this case, some correlations between flows are positive
while others are negative. We do not know of an a priori way of finding out the sign
of these correlations without using our main result. In fact, evaluating P with v,
as free variable, we get

2
vy —4

Jo2+ 4903 +30)

r1—32-4 =

We thus see that the sign of the correlation between those two flows depends on the

variability of the arrival process into 2. Observe that in the asymptotically uncorrelated
case (i.e., when vy = 4),

Var(Ez (t))
im ————=
t~00 E[E>(1)]

)

as is for a Poisson process. This is consistent with the fact that in the case of a classic
Jackson network (Poisson arrival process and exponential processing times) case, since
node 2 has no feedback its output is a Poisson process and splitting of departures from
node 2 results in two independent Poisson flows, 2 — 1 and 2 — 4. The first of
these flows affects 1 — 3 but not the second. Hence, in such a case it is expected that
r—32—-4 = 0.

Arrivals to individual queues

Moving onto arrival processes into individual queues, application of our main result
yields

68/9 4/340/9 44/9 22/9 22/9
2 2/3 10/3 5/3 5/3
32/9 10/9 5/9 5/9

182/9 127/9 55/9

199/18 55/18

55/18

»@W = (39)

Observe that 022 = 2 as expected since there are only exogenous arrivals to this queue.
Further since all jobs that pass through queue 5 eventually also pass through queue 6,
we have

ok5 =0ke k=1,2,3,6.

It is the diagonal elements of ¥ (4) that may be useful for network decomposition
approximations (which we do not explore further in this paper). Normalizing the
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diagonals by A, we get
¢ =[1.890.51.782.532.76 0.76 |". (40)

Comparison with the innovations method

To compare our method with the innovations method of [28] (see also [29]), we now
describe how to compute the asymptotic covariance terms of arrival processes, and the
asymptotic variability parameters of flows using the innovations method. Toward that
end, we outline a step-by-step procedure to establish equation (42) of [28] under the
assumption that all the service times are zero; thatis, p; = 0, foralli =1,2,..., K
(using the notation of [28]).

Let E i(()) (t) :== E;(t) — E[E;(#)] be the normalized arrival process into the queue
i. Similarly, define AEO) (t) and D,.(f)j? () using A;(¢) and D; ;(t), respectively. Further,
let X(¢) and Y (1) be two K? + K -dimensional column vectors defined by

B E(O)(t) B A(O)(t)
Xm_[m) } e Y(”‘[D@)(t)}’

where
;
EO0 =[E0®. ... EQ0)] .
)
AO () = [Ago)(r),...,A(,?’(t)] :
]

0 0 0 0 0
DO = [Di’}(t), . DO, DX @), ... D), D}?K(z)]

and ¢ (1) = [£1,1(0), ..., Gk (D), L1 (1), ... Lk (D), .., CK,K(t)]TiS a column vec-
tor of so-called innovation processes assumed to have the following properties:

E[gi,j (0]

Cov ({i,j, Ci,k)
Cov (A; (1), & j (1))
Cov (Ei (1), £ (1))
Cov (Ciy.ji» Cinjn)

@ik — piE[A®],

0,
Pi
0,
0 forall i, jandk,
0

for i1 # i, and for all ji, jo.

See Sect. 4 of [28] for more details on the innovations.
With these processes and assumptions at hand, [28] presents the following (adapted
here to our notation): Let
0 B
r=[nd)
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Nowusing p; = 0,foralli = 1,2, ..., K,in[28], Eq. (35) of [28] can be re-expressed
as

Y1) =FY@)+ X(1),

or equivalently, Y (¢) = (I — F YL X (). N on-singularity of / — F follows from that
of I — PT. To see this, first note that

Using Banachiewicz inversion formula for the inverse of a partitioned matrix (see for
example [40]), we have

(I —F)"!

[ (Ix —BP,)"! (Ix —BP)"'B
| Pe(Ig — BP.)™" Ix2 + P.(Ix — BP.)"'B

_[ ug—pPH! (Ix —P)7'B
| Pe(Ix — P! 1o + Pe(Ig — P)™'B

|G
=yl

where the second equality follows from the fact that B P, = PT and the last equality
follows from the definitions of G and H, which are given by (11) and (12), respectively.
Hence, the claim that I — F is non-singular follows from the assumption that / — PT
is non-singular.

Further, we have that E[Y (1) Y(1)"] = |:[C;:| E[X@®) X®)'] [GT H'], and as a
consequence,
T T
$ = lim —E [Y(t) Yo ] = |:Gi| (lim —E [X(t) X@) ]> [GT HT]
t—00 t H t—00 t

which is equivalent to equation (42) of [28]. Note that, from the above properties of
the innovations,

(] O (T
- E[X0) X0 [limyo E[Emt—b"(f)] 0
ol St PN R .
—>00 t 0 hmt—)oo E[Z(f)té(t) ]
diag(v?) 0
= . E T
0 limn [W);m ]

—x®),
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where £ (P) is defined by (13) and the last equality f(])Ellows from the above properties
[A;(@)]

of the innovation processes and the fact that lim,—, oo ===~ = A; for all i. Therefore,

< [Gleyrpr g [GEPGT GEP) HT
Z_I:H]Z [G H]_ HXP) GTH® gT|°

and thus op k, = gk and 04, jiir—sjy = ZipxK+j1.iaxK+jp- Observe that the
innovations method and the results of Theorem 1 (i) provide essentially the same
expressions.

Finally, observe that the virtue of the innovations method in [28] is that it also
allows (and focuses on) cases where p;’s (in that paper) are not 0. However, in such
cases, all calculations are merely a heuristic. Further, as that was not the focus of [28],
the limits and model assumptions in that paper are not rigorously justified as in the
current paper.

Simulation results

To further illustrate our result and explore the effect of different policies and constraints
on the variance of flows, we carried out a Monte Carlo simulation of the example
network.

In the simulation, we set the service distributions of queue & to be distributed as a
sum of two i.i.d. exponential random variables, each with mean (2ux) L. This results
in a so-called Erlang 2 distribution (having a squared coefficient of variation of 1/2)
with mean u;l.

The arrival process, E(-), is the more variable of the two arrival processes. It is
taken to be a renewal process of inter-arrival times that are distributed as a mixture of
two independent exponential random variables (hyper-exponential): with probability
1/3 a mean 2 exponential and with probability 2/3 a mean 1/2 exponential. This
distribution has mean 1 and squared coefficient of variation 2 agreeing with o and v%
as specified in (38).

The arrival process, E2(-), is less variable. It is taken to be a renewal process with
inter-arrival times that are Erlang 2 distributed this time with mean 1/4. This is in
agreement with oy and v% as specified in (38).

We consider two settings:

Single-class: Each queue has a dedicated (separate) server. This is a generalized
Jackson network.
Multi-class: Queues 1 and 2 are served by the same server under a non-preemptive
priority policy giving priority to queue 1. All other queues have their own server.
Note that in this case the load on the server of queues 1 and 2is A1/ + Ao/ un =
0.97 < 1. That is, it is quite heavily loaded but is still stable. Note in general
having a load of less than unity does not immediately imply that the system is
stable yet for this simple case it can be shown that stability holds under such a
priority policy (cf. [4]).
Besides exemplifying the correctness of our theoretical results, the goal in this
simulation setup is to illustrate that while the asymptotic variability parameters do not
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Var(Ds 4(1))
10000 -
8000 [ d
..'Z:\{\l and 2 on separate servers
6000 - _,::2:" 1 and 2 on same server
4000 %
B
2l
O
O
2000 o
i
o L L L L t
250 500 750 1000
0%, 4t = Var(Ds 4(0)
1000
800 -
600 -
1 and 2 on same server
4001 .o.ooo-.o.oo.’.cl"“"' Soee
...-°"" eenneneseons 1 and 2 on separate servers
200+ .‘.33"'"'"‘" o . oo.u.oo.o.oo......“".".“...“"“."“
..
‘ ‘ ‘ ot
250 500 750 1000

Fig.2 Simulation estimates of Var(D5%4(t)) for two cases: single class (1 and 2 on separate servers) and
multi-class (1 and 2 on same server with a priority policy). The top graph illustrates the variance curve
estimates (dotted) vs. the solid line 052H4t. The bottom graph shows the bias: (752H4t — Var(D5%4(t)). As
is illustrated, both systems have the same asymptotic variance for D5_, 4 (), yet their variance curves differ
for finite ¢

depend on service times and scheduling policies, the shape of the variance curve is in
general influenced by such factors.

We ran 2 x 107 simulation runs of each case (single-class and multi-class) each for
1, 000 time units, starting at time = O with the system empty'. We then estimated

! The simulation was carried out using a simulation package written in C++: PRONETSIM. See [32],
Appendix A, for details about this software.
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Var(Ds_.4(t)) for each run over a grid of time points = 20, 40, 60, . .., 1000, by
taking the sample variance at each time point over 2 x 10° observations. Note that we
purposely observe the flow 5 — 4 which is not directly adjacent to the multi-class
server serving 1 and 2.

Our main theorem applied to this example implies that in both the single-class and
multi-class case, for non-small ¢,

Var(Ds_4(1)) ~ 0f 4t = %z = 11.055¢.
This is illustrated in Figure 2 (top) where we plot the variance curves versus the
approximation oszﬁ 4t To take a closer look at the effect of single-class vs. multi-
class, we then plot the bias, 052_> al — Var(D5_>4(t)) in Figure 2 (bottom). It is indeed
evident that different system characteristics yield different variance curves.

It is somewhat expected that the multi-class case will have a higher bias, since in
this case the server of 1 and 2 is under a heavier load (0.97). Further, in that case one
can expect more “bursts” on the flow 2 — 4 since queue 2 is served with low-priority.
These bursts perhaps “propagate” to flow 4 — 5 and ultimately to the flow which we
measure: 5 — 4. Nevertheless, such phenomena are not captured by the asymptotic
quantities found in the current paper. It should be noted that in [22] second-order
properties of this sort are explored for elementary queueing systems such as the stable
M/G/1 queue. It is not clear how to extend such an investigation to networks.

7 Conclusion

Prior to this work, arigorous analysis dealing with exact expressions for the asymptotic
variability of flows was lacking in the literature. In this paper, we put forward easy
computable expressions together with a simple diffusion limit theorem for the flows.

The queueing networks we considered in this paper are assumed to be open and
stable. This stands in contrast with the more general case handled in [9] (where nodes
are allowed to be either under-loaded, over-loaded or critical). It should be mentioned
that our results easily carry over to the case where some nodes are over-loaded. In this
case, the service times of over-loaded nodes contribute to the exogenous arrivals in a
straightforward manner (see for example [18] for an early treatment of this idea). On
the contrary, the case in which some nodes are critical is more challenging. In that case,
the single-server queue was only recently handled with some difficulty in [1]. There
the authors observed a BRAVO effect (Balancing Reduces Asymptotic Variance of
Outputs). We do not handle this in the network context. Thus, the challenge of finding
the asymptotic variability of flows in critical queueing networks remains.
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