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1. Introduction

We consider the following queueing network: There are two servers, numbered 1, 2 and two types of job numbered 1,
2. Each type of job is processed by both servers. Type 1 is processed first by server 1 and then by server 2, while type 2 is
processed in the opposite order, first by server 2 and then by server 1, see Fig. 1. We call the first step of each type a push
activity and the second step a pull activity. We denote push activities of type i by (i, 1) and pull activities by (i, 2).

The special feature of this push pull network is that there is no arrival stream. Instead we assume that each server has an
infinite supply of jobs available for its push operation. Thus there are two queues in the network, Q; and Q, indexed by the
job type: jobs of type 1, waiting to be pulled by server 2 are in Q; and jobs of type 2, waiting to be pulled by server 1 are in
Q.
Our network operates in continuous time t > 0. We denote by Q;(t) the number of jobs in the queue i at time t (including
the job in process), and by D; j(t) the number of jobs that have completed activity (i, j) during the time interval [0, t]. Thus
D; »(t) are the numbers of departures from the network of type i up to time t. When Q,(t) > 0, server 1 can either pull,
by serving a type 2 job from Q, or push, by serving a type 1 job from the infinite supply. When Q,(t) = 0 server 1 can still
always push jobs of type 1 into Q;. Hence, server 1 never needs to idle. Similarly for server 2.

Infinite supply of work expresses an ability to control the arrivals and is often a reasonable way to model a processing
system. In some situations there may indeed be an infinite supply of work — in a communication system a transmitter may
have a constant supply of messages generated on the spot in addition to serving messages in transit from other transmitters.
In manufacturing systems the supply of parts for processing at an expensive machine may be monitored and not allowed to
run out. We refer to this as an infinite virtual queue (IVQ): it acts like an infinite queue while in fact it only contains a few
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Fig. 1. The push pull network.

jobs which are constantly replenished. In standard queueing networks one can regard the input stream as the output of a
server which is fed by an infinite supply of work. A major point of this paper is that it is possible to find policies for the push pull
network which never idle and yet keep the queues Q;(t) stable. The push pull network was introduced by Kopzon et al. [1,2]
who assumed exponential processing times. Infinite supply of work and infinite virtual queues are discussed in [3-8]. A brief
survey of these results is in Chapter 2 of [9].

Assume that the long term average processing time of a push activity (i, 1), is 1/A; and that of a pull activity (i, 2), is
1/;. Let 6; j be the long term fraction of time spent by the server working on activity (i, j). If the servers are never idle then
61,1+ 622 = 1and 6, 1 + 61, = 1. Furthermore, if Q;(t) are stable then their input and output rates are equal, so:

v = A1011 = (1 —62,1), vy = Azba 1 = pa(1—011),
where v is the long term average rate of the departure process D; > (t). Solving the equations we get:

b A (A — p2) by Aapra (A — (1)
1=, = .
A1Az — U1t AAz — (142

We now specify the policies which we use. We consider the preemptive resume head of the line policies. We need to
distinguish different cases:

Inherently stable network: When A; < u;, i = 1, 2, service of each type of job alone, by its second server, is a stable single
server queue. In this case the policy which we use is the preemptive resume head of the line priority for pull activities
over push activities. We refer to this as Case 1, and to the policy as the pull priority policy.
Inherently unstable network: When A; > u;, i = 1, 2, service of each type of jobs alone, by both servers results in an
unstable single server queue. In this case the priority to pull over push is unstable. A policy that works here is for each
server to push when the queue in the opposite server is below a threshold. Specifically: while Q; is below some threshold,
server 1 will push work to server 2, and server 1 will only pull from Q, when Q; is above the threshold, with a similar
rule for server 2. We use an affine threshold (switching curve) to determine the pull or push preemptive head of the line
priority. We define a family of such policies, each determined by slope constants «1, k; and shift constants 8, 8,, with
Ki > Oandﬂi >0,i=1,2.

Server 1: At time ¢, priority to pull over push if 0 < Q,(t) < 1 + x1Q1(t).

Server 2: At time ¢, priority to pull over pushif 0 < Q(t) < B2 + x2Q2(¢).
We refer to this as Case 2, and to the policy as an affine threshold policy, see Fig. 2.
Unbalanced network: If .1 > w1 and u, > Ay, then server 2 has more work to do than server 1, for both types of job, and
the network cannot be stable unless server 1 idles some of the time. Similarly for A; < @y and u; < A,. We will not
consider this case any further in this paper.
Completely balanced network: When A; = u;,i = 1, 2 it is possible to find policies which work with full utilization of
both servers, and are rate stable, i.e. the input and output rates of each queue are equal, however these rates are not
uniquely determined. We can choose 0 < 6 < 1, and specify 611 = 612 = 6,021 = 622 = 1 — 0 and use v; = u0
as a nominal rate for type 1and v, = u,(1 — 6) as a nominal rate for type 2. As shown in [7], we can use an adaptation
of the maximum pressure policy of Dai and Lin [10] to serve jobs of types 1 and 2 at these rates, under full utilization.
However, the network will become congested, with expected 0(/T) jobs in the network at time T. We conjecture that
this cannot be improved.

The structure of the paper is as follows: We start with a preliminary discussion in Section 2, in which we outline known
results about the well studied Kumar-Seidman Rybko-Stolyar (KSRS) network, and contrast them with the very different
behavior of our push pull network. In Section 3 we define our stochastic model and primitive assumptions. In Section 4 we
analyze the fluid limit model of this network under fluid scaling, and show that the fluid model is stable in both parametric
cases under the corresponding policies. In Section 5 we assume i.i.d. processing times and formulate the network and policy
as a Markov process. We then follow the proof method of Dai [11] to show that this Markov process is positive Harris
recurrent, and so Q;(t), Q»(t) possess a stationary limiting distribution. Section 5.1 contains a technical result: we show that
for multi-class queueing networks with infinite virtual queues all bounded sets of states are uniformly small. In Section 6 we
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Fig. 2. The affine threshold policy for the inherently unstable network (Case 2).

consider the departure processes under diffusion scaling, and obtain a Brownian limit theorem. The limit result immediately
yields asymptotic variance rate parameters for the departure processes and shows that the two departure streams are highly
negatively correlated. For comparison, we also present an alternative (less general) derivation of the asymptotic variance
rate parameters by means of a renewal-reward approach. Our Brownian limit method is also useful for other models: We
exploit this in Section 7 where we present a Brownian approximation result for the departure process of an infinite supply
re-entrant line.

Remark. Some of the results of this paper are based on the earlier conference paper [12].

1.1. Notation

In general, when no ambiguity may arise, we omit index subscripts when we refer to vectors. Further, when we do not
specify explicit values for i in expressions such as (for example) Q;, p;, we imply that i = 1, 2. Similarly, when we refer to
activities (i, j) we mean thati = 1,2 andj = 1, 2.

We use Ri and Z‘i to denote the sets of all d-dimensional non-negative real and integer vectors respectively. For a vector

X € RT X Z‘f we let |x| denote the £; norm, given by sum of absolute values of the components. We use I{-} for the indicator
function of event {-}. For a metric space S, we denote by B(S) the Borel sets of S. The transpose of a matrix A is A’. We use
D9[0, 00) to denote the set of functions f : [0, c0) +—> ]Ri that are right continuous with left limits. For f € D‘[0, 0o), we
let ||f[l; = supg<s<, If (s)|. We endow the function space D9[0, 0o) with the usual Skorohod J;-topology. For a sequence of
stochastic processes {X"} taking values in DY[0, co), we use X" => X to denote that X" converges to X in distribution as
r — oo. A sequence of functions {f,} C D?[0, co) is said to converge to f € D[0, co) uniformly on compact sets (u.o.c.), if
foreacht > 0, lim, o |Ify — fll: = 0.

2. Preliminary discussion: Comparing to the KSRS network

The Kumar-Seidman Rybko-Stolyar multi-class queueing network (cf. Chapter 8 of [13] or Section 2.9 of [14]) differs
from our push pull network in that instead of an infinite supply of jobs there are two stochastic arrival streams of jobs of
type 1 and of type 2, with long term average arrival rates a1, o5.

In that case there are 4 queues: Q 1, Qq 2 of job type 1 and Q5 1, Q2> of job type 2. The offered loads for servers 1 and 2
are p1 = a1/A + /o and p; = o /Ay + o1/ respectively. A necessary condition for stability is p; < 1.

The same two cases of parameters reappear: If A; < u;,i = 1, 2 then p; < 1 is sufficient for stability of the network
under any work conserving (i.e. any non idling) policy. On the other hand, if A; > u;,i = 1,2 then p; < 1 may not be
sufficient for stability. In particular, there exists y; < 1 such that the last buffer first served policy, which gives priority to
the pull activities, will not be stable for y; < p; < 1.

The discovery of this phenomenon by Kumar and Seidman [15] (deterministic processing times) and by Rybko and
Stolyar [ 16] (exponential processing times) revolutionized research on multi-class queueing networks, and it is now realized
that stability is not a property of the network, but of the policy in conjunction with the network. In our network, this is
exemplified by the need to use the pull priority (last buffer first served) for the inherently stable Case 1, and a different
policy for the inherently unstable Case 2.

Nevertheless, if p; < 1 then there is some work conserving (non idling) policies which keeps all four queues of the KSRS
network stable. However, as p; increase towards 1, either for one of the servers or for both together, the network becomes
increasingly congested under any policy.

Of particular interest is the behavior of multi-class queueing networks under balanced heavy traffic conditions (c.f. [17]).
Balanced heavy traffic in the KSRS network occurs when a; — vy, @ — v,. When this happens queues at both servers
become congested under any policy.
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A diffusion scale analysis of KSRS under balanced heavy traffic considers a sequence n = 1,2,... of networks,
parameterized by o such that ﬁ(a{’ — ;) converges to some constant as n — oo. In that case one can hope to show

that the diffusion scaled queues, Q"(t) = Q"(nt)/+/n will converge to a 4 dimensional reflected Brownian motion.

As the scaling indicates, for the KSRS network under balanced heavy traffic, the diffusion approximation relates to a
sequence of networks in which the total number of jobs in the nth network at any time is expected to be of order ® (y/n).

The behavior of the push pull network, as we will show, is of an entirely different nature: Both servers are active all the
time, which can be thought of as operating at p; = 1 and jobs leave the network at the rates v;. At the same time, with i.i.d.
processing times the network is positive Harris recurrent. Thus in the push pull network with p; = 1 the number of jobs in
the queues Q;(t), Q2 (t) is expected to be O(1), and it is O under diffusion scaling.

Finally, compare the behavior of the departure processes, D; »(t) of the KSRS network and of the push pull network, under
diffusion scaling. In the KSRS network with p; < 1 the diffusion scaled queue lengths will be 0. Therefore on a diffusion scale,
jobs of type 1 have arrivals, departures from queue 1, and departures from queue 2, which are all identical Brownian motions.
Similarly for type 2. In particular, the diffusion scaled flow of jobs of type 1 and of jobs of type 2 will be independent. This
fully describes the diffusion scale behavior, for fixed p; < 1.

Under balanced heavy traffic the behavior of the departure processes of the KSRS network seems to be much more
complex. The four queue length processes will be reflected Brownian processes, and will affect the diffusion scaled departure
processes. To the best of our knowledge the behavior of the departure processes in that case has not been investigated. We
note that even the departure process of a single server queue, under balanced heavy traffic, poses some as yet unanswered
questions (c.f. [18,19]).

In contrast to that, in the push pull network, operated with our policies, under full utilization, the diffusion scaled queue
lengths are 0. As a result we can analyze the departure processes of the two types of job. What we find is that the departure
processes of jobs of types 1 and 2 that leave the network converge under diffusion scaling to two standard Brownian motions,
but these two Brownian motions are highly negatively correlated.

3. The stochastic model

We assume that the processing durations of activities (i, j) are drawn from a sequence of positive random variables:
&j= {Sfj, £ =1,2,...}. The assumptions that we make regarding the processing durations are as follows:

e e
I Yeh,
(A1) lim Gl = —, lim & = —, as.,forsome A, u; € (0, 00).

n—00 n A n—00 n i
(a) & ;are mutually independent i.i.d. sequences.

(b) P(é,*,-}1 >x)>0 forallx >0,

i
LO

A2 ; o0
(A2) ALl >0, qi(-) =0 with / G(xdx > 0:P | Y & edx| = gi(xdx.
0 =1
(b’) Compact sets are petite.
(A3) Avar(gl) =c%,  pivar(gl) =c%,, forsomec?,, cZ € [0, c0).
i i,1 i,1 i i,2 i,2 i,1° ~i,2

Assumptions (A1) require that there exist strong laws of large numbers for the sequences of processing times so that the rate
of the push activities is A; and the rate of the pull activities is ;. Assumptions (A2) are to be used in a Markov process setting
to prove positive Harris recurrence. (a) implies renewal processing. A further technical assumption regarding the processing
times of the push activities is (b): unbounded and spread-out processing times. Alternatively, we may assume (b’), this
assumption is to be made precise in Section 5. We show that under the pull priority policy, (b) implies (b’). Assumptions
(A3) require the existence of second moments, with squared coefficients of variation cfj. We shall make use of Assumptions
(A1)-(A3) incrementally.
We associate counting processes with each activity (i, j):

n
Sij(t) = sup [n : ngj < t] , t>0.
=1

We denote by T; j(t) the total time that the server of activity (i, j) allocates to the processing of the activity during the interval
[0, t]. We require that T; ;(0) = O, T;;(-) are nondecreasing, and T; j(t) — T;j(s) < t — sfors < t. Under our policies of full
utilization, the servers never idle, thus:

T11(t) + Tp2(t) = t, T1(t) + Ty 2(t) = t. (1

Note that T;;(-) are Lipschitz, and are therefore absolutely continuous. Thus their derivative exists almost everywhere with
respect to the Lebesgue measure on [0, 00).
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The number of jobs that have completed processing of activity (i, j) by time t is D; j(t) = S;;(T;;(t)). Let Q;(0) be the
initial queue lengths. The number of jobs at time ¢ is:
Qi(t) = Qi(0) + Dj1(t) — Dix(t). (2)
We further require that Q;(t) > 0.
The policies which we use in the two cases impose additional conditions on the dynamics of the queues. In the inherently

stable Case 1, we use pull priority policy. Hence we will not serve the push activities (i, 1) unless the corresponding queue
of the server is empty. This implies that the allocation processes T (-) need to satisfy:

t t
/ Q2(s)dT1,1(s) = 0, f Qi1(s)dTz,1(s) = 0.
0 0

In the inherently unstable Case 2, we use an affine threshold policy. The affine threshold for server 1 is the line Q,(t) =
B1 + k1Q1(t). Server 1 will give preemptive priority to the pull activity (2, 2) only if 0 < Qy(t) < B1 + k1Q4(t), and in
that case it will not allocate time to the push activity (1, 1). On the other hand, if Q;(t) > B1 + «1Q;(t) then server 1 will
give priority to activity (1, 1), to prevent starvation at the queue of server 2 (Q; ), and will not allocate time to activity (2, 2).
A symmetric rule is used by server 2, with the affine threshold given by the line Q;(t) = B, + «2Q(t). Hence, for the
inherently unstable Case 2:

t t
/ 1{0 < Qx(5) < B1 + k1Q:1(s)}dTy,1(s) = O, / Q1 (s) = B2 + k2Q2(5)}dT 2(s) =0
0 0

t t
/ 1{Q2(s) = B1 + k1Q1(s)}dT,2(s) = 0, / 1{0 < Qi(s) < B2 +«2Qa(s)}dT5,1(s) =0
0 0

4. Fluid limits and fluid models

In this section we assume (A1), and consider the behavior of the push pull network under fluid scaling. To study the
network under fluid scaling we consider the six dimensional network process Y (t) = (Q(t), T(t)), and parameterize it by
n=1,2,...asfollows: For each n set the initial queue lengths as Q"(0), and let Y"(t) be the network process starting from
this initial condition, where all the Y" share the same sequences of random processing times &; ;. Denote by Y"(t, ) the
realization of the n’th network process for some w in the sample space. We define fluid scalings as:

. Y (nt, w)
= - .

Y'(t, w)
A function ?(t) = (Q(t), T(t)) is said to be a fluid limit of our network if there exists a sequence of integers r — oo and a
sample path w such that:
Y'(,0) > Y(), uo.c
It may now be shown that under Assumption (A1), and assuming
liminfQ"(0)/n < oo,
n—oo

(see also the remark at the end of this section) that except for a set of w of measure zero, fluid limits exist for every w, and
every one of them satisfies the following fluid equations:

Q) = Q0) + AiT;1(6) — wiTi 2 (1),
Q) >0, (3)
T,;j(O) =0, 7_",;]-(-) is non-decreasing
as well as
T11() + Toa(t) = t, To1(t) + Tia(t) =t (4)
and in addition, under the pull priority they satisfy:

t t
/ Qx(s)dTy 1(s) = 0, / Qi(s)dT,1(s) = 0. (5)
0 0

For details, see for example Theorem 4.1 of [11] or Appendix A.2 of [10]. Further, under the affine threshold policy:

t t
f 1{0 < Qx(s) < x1Q:1()}dTy,1(s) = O, f 1{Qi(s) > k2Qa(5)}dT 2(s) = 0
0 0
(6)

t t
/ 1S = k101 ($)}dTpa(s) = 0, f 10 < 31(5) < K205(5)}dT1(5) = 0.
0 0
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Egs. (3)-(6) represent a deterministic continuous fluid analog of the stochastic model introduced in the previous section.
Note that in the fluid scaling the shift constants 81, 8, have disappeared. We shall refer to Egs. (3)-(5) as the fluid model of
Case 1. Similarly we shall refer to (3), (4) and (6) as the fluid model of Case 2.

A fluid solution of Case 1 (Case 2) is any pair (Q, T) that satisfies the fluid model equations of Case 1 (Case 2). We say
that the fluid model of Case 1 (Case 2) is stable if there exists a 8 > 0 such that for every fluid solution of Case 1 (Case 2),
whenever |[Q(0)| = 1thenQ(t) = Oforanyt > §.

Our main result in this section is:

Theorem 1. Consider the push pull network, assume that assumption (A1) holds, and use in Case 1 the pull priority policy, and
in Case 2 the affine threshold policy. Then the fluid model is stable.

This theorem will be used to show positive Harris recurrence in the next section. It also immediately leads to the following
corollary, which describes the fluid scale behavior of the push pull network:

Corollary 1. Consider the push pull network with some fixed initial queue lengths, Q (0), under the assumptions of Theorem 1.
Then almost surely Y (nt) /n, D(nt) /n will converge as n — oo w.o.c. to a fluid limit Y (t) = (Q(t), T(t)), D(t) which satisfies:

Qz(t) =0, le(t) = eljt Dlj(t) = yit.

The proof of Theorem 1 is by means of a Lyapounov function, f. As in [20], we shall make use of the following elementary
Lemma 1. Recall that T; j(t) are Lipschitz with constant 1. It then follows that T; j, and also Q;(t), are Lipschitz, for every fluid
solution. Hence they are absolutely continuous with derivative defined almost everywhere. We say that t is a regular point
of a fluid solution if the derivatives of Y exist at t.

Lemma 1. Let f be an absolutely continuous nonnegative function, and let f denote its derivative whenever it exists.

@ Iffaey=0 andf(t) exists, thenf(t) =0.
(ii) Assume that for some € > 0 at regular points t > 0, whenever f(t) > 0 thenf(t) < —e.Thenf(t) = 0forallt > f(0)/e.
Furthermore, f (-) is non increasing and hence once it reaches 0 it stays there forever.

Proof of Theorem 1. Case 1: Define f(t) = Q;(t) 4+ Qx(t). Clearly f(t) > 0 and f(t) = 0if and only if Q(t) = 0. Also, if
|Q(0)| = 1 then f(0) is bounded (by B = 1). We show that f satisfies the conditions of Lemma 1, for some ¢, and hence
f(t) =0fort > f(0)/€,and so if |Q(0)| = 1, Q(t) = O for t > B/e which proves stability of the fluid model.

Define € = min{{ — A1, iy — Az}. The rate parameters of Case 1 ensure that € > 0. We bound f (t) by —e for all regular
time points t at which f(t) > 0. Note that at any regular time point:

Qi = ATiq — wiTia. (7)
We now analyze all possible values of Q;(t):
e Assume Qll(t), @(t) > 0: ) ) .
By (5), 7_"1,1 = 7_"3,1 = 0 and thus by (4), 7_"1,2 = 7_"2,2 = 1. As a consequence, Q;(t) = —u; and,
f==(u+ ) < —e.
e Assume Ql(t) > 0, 62(1') =0: .
By (5) Tz.l = 0 and thus by (4), Tl'z = 1. As a consequence,
f=mTin—p1— aTon =2 — 1 — O + p2)T22 < —(1 — A1) < —e€.

e Assume Q;(t) = 0, Qz(t) > O:
Similarly to the previous argument,

f<—(u2 =) < —e.

This completes the proof for Case 1.
Case 2: We use the same technique as in Case 1. First we choose positive constants, d, h and g as follows:

A A 1 1 K K
d<713727 h<d77377 1 1 2
Az A K1 K2
Now our Lyapounov function is:

Mmin2(dQi(t) — QD) ifQa(t) < hQu(0),

o mny €Q(t) — Q(t)  ifhQi(t) < Qu(t) < \/Eél(r),
FQi), (1) =
T (€Qa() — Qi) ifhQa(D) < Qi) < \/> Q(b),

7 m2(dQa(6) — Qi (D)  if Qi (1) < hQa(h).
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0

Fig. 3. Illustration of the Lyapunov function for the inherently unstable network (Case 2). Arrows point in the drift directions.

With,
i Wi —h
n = Vg = Ve >0 and 1, = £t > 0.
Jiag — JKa K28 — /K1 d—h

The Lyapunov function is illustrated in Fig. 3. Again, it is easily seen that f (t) > 0 and f(t) = Oifand only if Q (t) = 0, and if

1Q(0)] = 1 then f (0) is bounded by some finite value B. Furthermore, it is straightforward to see that f is continuous in the

values of Q1(t), Qx(t). We now bound f (t) for all regular time points t at which f (t) > 0, by analyzing all possible values of
Q;(t). We again use the dynamics (7):

o Assume LQi(t) < Q(t) < /2 Qi(®):
Then f(t) = n1n, '(gQu(t) — Qx(t)) and by (6) we have that %1,1 = %2,1 = 0 and thus fu = flz = 1. Hence by (7):
f=—mn (g1 — p2) < 0.
e Assume 0 < Q,(t) < L Q1 t):
By (6) we have that T1 | = T1 » = 0 and thus Tz 1 = Tz , = 1. Now look at two cases: If (hQ;(t) < Q(t)) then
F(©) =nn; ' (€Qi(t) — Qa(t)) and by (7):
f=-mn'(— ) <0.
Alternatively, if Q> (t) < hQ;(t) then f(t) = 1112(dQy(t) — Q»(t)) and:
f==-mmG;—w) <o.
o Assume Q;(t) > 0, Qz(t) =0:
By (6) we have that Tl » = 0 and thus T2 1 = 1. Note that we can not use (6) to explicitly obtain Tl 1 and T2 ». In this
region, f(t) = 7112(dQ;(t) — Qx(t)) and thus by (7):
f=mmdaTi — (A — p2T2))
= mna(driiTiq — A(T1q + Ta2) — p2T22))
= —mn((ha — dA)T 11 + (Ao — 12)T22)
< —mmymin{A; — diq, A2 — 2}
< 0.
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The remaining cases of Q;(t) < %Qz(t) are symmetric and yield similar bounds. All the bounds above are negative
constants, and we choose —e as their maximum. This completes the proof. ®

Remark. So far in this section we assumed that the nth network starts with queue lengths Q"(0), and that all the jobs in
the network had no previous processing, so that the S; ;(t) are counting processes, with intervals &; ; which have long term
rates as specified in assumption (A1). A more general model assumes that at time 0 the head of the line job in each queue
or infinite supply has received some processing, and let &; ; be the residual processing time of this first job. Then the first
interval is a residual processing time with a different distribution from the other g,.‘f]., £ > 1.In that case S; ;(t) are delayed
counting processes. We now associate with the nth network an initial state consisting of Q" (0), é[‘l All the results of this
section remain valid and unchanged as long as we assume that §i’_’j /n — 0as. (see [21]).

5. Positive Harris recurrence

In this section we add the set of Assumptions (A2) to Assumption (A1), and use the fluid stability results from the previous
section to show that the push pull network under our policies can be described by a positive Harris recurrent Markov chain.
To do so we adapt the framework developed by Dai [11], see also [22].

We begin by defining the network state process. Denote by U;(t), Vi(t), i = 1, 2 the residual processing times of the head
of the line activities which are in process or preempted at the current time t. U;(t) is for the pull activity of type i and V;(t)
is for the push activity of type i. Now denote the network state process by X (t) = (Q(t), U(t), V(t)).

The state space is S = Zi X Ri X Ri, and |X(t)| is the sum of the components of X(t). Since the evolution of X(t)
between arrivals and departures is deterministic, X (t) is piecewise deterministic, and it is not difficult to show that X (t) is
a piecewise deterministic strong Markov process (c.f. [23]):

Proposition 1. Under Assumptions (A1), (A2a), X = {X(t), t > 0} is a strong Markov process with state space S.
Let P!(x, -) be the transition probability of X. That is forx € S, B € B(S),

P'(x, B) = P,{X(t) € B} = P{X(t) € B| X(0) = x}.
A nonzero measure 77 on (S, B(S)) is invariant for X if v is o -finite, and for each t > 0,

7(B) = /Pf(x, B) w(dx), B e B(S).
S

Let 4 = inf{t > 0 : X(t) € A}. We say that X is Harris recurrent if there exists some o -finite measure v on (S, B(S)), such
that for all A € B(S) with v(A) > 0 we have P,(t4 < oo0) = 1forall x € S.If X is Harris recurrent then an essentially
(up to a positive scalar multiplier) unique invariant measure 7 exists. When 7 is finite (in which case we normalize it to
a probability measure) we say that X is positive Harris recurrent. Positive Harris recurrence is a common notion of stability
since it implies certain ergodicity properties. For example, given f : S +— R, denote 7 (f) = fs f(x) = (dx) whenever the
integral makes sense. Then if |7 (f)| < oo:

1 t
[lim T / fX(s))ds=m(f) Pyas.foreachx €S. (8)
—> 00 0

Ergodicity of the process X is a stronger property: A positive Harris recurrent process X (t) is ergodic if P (x, -) converges to
7 in total variation norm:

lim sup |P'(x,B) —7(B)]=0 forallxesS.

=00 e B(s)
To establish positive Harris recurrence or ergodicity of X (t), we need some further concepts: Let v be a nontrivial measure
on (S, B(S)). A non-empty set A is said to be petite with respect to v if there exists a probability distribution a on (0, c0)
such that forallx € A

o0

/ P'(x, B)a(dt) > v(B), forall B € B(S).

0

Petiteness of A may be interpreted as the property that all sets B are “equally accessible” from any x € A. If for some closed

set A, the recurrence time 74 satisfies Py(t4 < 00) = 1and A is petite then X(t) is Harris recurrent (see Theorem 4.1 in [22]).
A non-empty set A is said to be small with respect to v if there exists a fixed n such that for all x € A:

P"(x,B) > v(B), forallBe B(S).
A non-empty set A is said to be uniformly small with respect to v if this holds for all n € [sy, s,] for some 57 < s,. If X(¢) is
positive Harris recurrent and if for some closed set A the recurrence time 74 satisfies Py(t4 < o0) = 1 and A is uniformly
small then X (t) is ergodic (see Theorem 4.3 in [22]).
For more on Markov processes, positive Harris recurrence and petite or small sets, see [24] for an introduction and discrete
time results, and [25,26] for continuous time results. In the context of queueing networks the lecture notes of Bramson [22]
give an excellent summary.
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We are now in a position to rigorously define Assumption (A2b’):
(A2b") A = {x: |x|] < m)}is petite for any m > 0.

Our main result in this paper is:

Theorem 2. Under Assumptions (A1), (A2a) and (A2b"), the network state process X is positive Harris recurrent for Case 1 under
the pull priority policy and for Case 2 under an affine threshold policy. Furthermore, for Case 1 we may substitute
Assumptions (A2b") with (A2b), which implies in that case that the process X is ergodic.

Proof. The proof uses the framework of Dai [ 11]. The main theorem in that paper (Theorem 4.2) states that if the fluid model
of a multi-class queueing network (with exogenous arrival streams) is stable then the associated Markov process is positive
Harris recurrent. However, our model does not fall into that scope and hence we must adapt the proof.

The following discussion outlines the adaptation. Dai shows that positive Harris recurrence of the network state process
follows directly from two statements:

(i) Convergence of a fluid scaled process scaled by its initial state: There exists § > 0 such that

lim lEX|X(8|x|)| =0.
x|>o00 |X|

(ii) Petiteness of closed bounded sets as in our Assumption (A2b’).

The arguments of Dai that statements (i) and (ii) imply positive Harris recurrence are valid also for our push pull network,
and so to prove the theorem we need to show that (i) and (ii) hold.

The main result of Dai is to show that stability of the fluid model, as defined in the previous Section 4, implies (i). The
proof that fluid stability implies (i) needs no changes in our case. Hence, under Assumptions (A1) and (A2a), our Theorem 1,
in which we have proved stability of the fluid model, implies (i) for the push pull network.

Hence, if we make Assumption (A2b’), the positive Harris recurrence of the push pull network follows.

The technical Assumption (ii), that all closed bounded sets are petite is awkward, as it is difficult to check. Thus it is
useful instead of Assumption (A2b’) to find a sufficient condition which is easier to check. Dai’s paper asserts that for multi-
class queueing networks with an exogenous input stream the assumption (A2b), that inter-arrival times have a spread out
distribution with unbounded support, implies (ii). His proof follows directly from the earlier work of Meyn and Down [27],
who proved the same result for generalized Jackson networks. This needs to be extended to the case of an infinite supply of
work. The difference is that with an infinite supply of work the departure process from an infinite virtual queue is in general
not independent of the state of the other queues. Guo and Zhang [6] have adapted Meyn and Down’s ideas to a reentrant
line with an infinite supply of work where the policy is to give lowest priority to the activity with the infinite supply.

The following Lemma 2 extends the results of Guo and Zhang [6], and shows that in Case 1, under pull priority, the
Assumption (A2b) implies (A2b’), and hence positive Harris recurrence. In fact it is shown in Lemma 2 that Assumption
(A2b) implies that all closed bounded sets A = {x : |x| < m} are uniformly small. This implies that under (A2b) X is not only
positive Harris recurrent, but is actually ergodic (see Theorem 4.3 in [22]). W

We note that so far we have not been able to prove the equivalent of Lemma 2 for the affine threshold policies,
nevertheless we believe it to be true. This would imply that assumption (A2b) can replace assumptions (A2b’) also for
case 2.

5.1. Uniformly small property of bounded sets under pull priority policy

In this section we show that for pull priority policies, if the push activities have distributions which are spread out with
unbounded support, then all closed and bounded sets of states are uniformly small. We prove this result not just for the
push pull network but for a wider class of multi-class queueing network with infinite virtual queues.

We consider a multi-class queueing network with nodes k € X = {1, ..., K}, where node k serves one or more classes,
and has one class which has an infinite virtual queue. There are no exogenous arrivals. We assume that routing of jobs
between classes is deterministic, and processing times of jobs are independent, with those of each class being identically
distributed. For the j job produced by the IVQ class of node k, we denote by &(j) its first step processing time at node k, and
by i (j) its subsequent processing time along the route, at node k'. Note that because routing is deterministic all the i (j)
are independent.

Service to each class (push and pull) is head of the line preemptive resume (HL). For a given policy the state of the network
x € S consists of the queue lengths, the residual processing times of the head of the line job in each class, and some additional
information on jobs in the network, which is needed by the policy (such as service completion times along the route for each
of the jobs currently in the network), so that under this policy the state of the network at time t, X (t), is a Markov process.
We define a norm |x| to be the sum of the queue lengths and the residual processing times of all the classes and denote the
Borel sets of states by B(S).

A pull priority non-idling policy is a policy which keeps each node busy at all times, and which works on the IVQ class of
each node only when all other queues at that node are empty.

A weak pull priority non-idling policy is a policy which keeps each node busy at all times, and which is processing some
jobs from a non-IVQ class at all times at which not all of them are empty.
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Lemma 2. Consider a multi-class network with IVQs as above, under weak pull priority non-idling policy. Assume that the
distributions of &(1), k € K have unbounded support and are spread out (Assumption A2b ). Then every closed bounded set of
states A = {x : |x| < m} is uniformly small.

Proof. Our proof is patterned on the proof of Proposition 4.7 in the Lecture Notes of Bramson [22].

Let V,, denote the total amount of processing on node k which is needed to process all the jobs initially in the network.
The initial state x of the network includes residual processing times with total duration < m and up to m jobs in the
various queues. We index previous jobs which were generated by IVQ k (including the residual job)as 0, —1, ..., —m.Then:
Vi <Vi=m+ D vex jm:O Lk (—j). Note that Vj are independent. We can find M, €; > 0 such that P(Vk <M) > €;.

. . I . .
By the spread out assumption, for each k there exists Lg such that )., &(j) has a continuous component. It follows that

there exists ik, ok > 0 and some interval of length M + 3 such that Ek(lk) = Z]Lil & (j) satisfies: P(Ek(ik) € [t1, ] >

Ok (ty—typ) forall [ty, to] contained in the interval. Let L = max L., and define W, D = ExD)+D ek 2;21 Lik(j). Then Wi (L)
is at least as spread out as Z(L). Hence, there exist some a, > M and an €; > 0 such that P(W, (L)) € [t1, tz] > €3(t, — t1),
forall [tq, ;] C [ax — M, a; + 3].

Let N = > ,__x a + K(M + 3). By the assumption of unbounded support, there exist by > N and €5 such that
P(&(L+ 1) € [by, by + 1]) > es.

Define now the events:

Gk ={w:Vy <M},

Gok = {w: Vi + Wy € [ax, ax + 31},

Gak(trks o) = {w: Ve + Wi + & (L + 1) € [ty x, b2k},

G = ﬂ Gi.k» Gy = ﬂ Ga.k G3(ty, ) = ﬂ G3,k(t1,k, B2,1),

ke x ke kex
G=G NG NGty t)

where t; = (t; x, k € K). Also define the intervals 4, = [ay + by + 1, ax + by + 3].
We now show, for ty, t, such that [ty x, t2 k] € i, k € K:

P(G) > (e16263)" ]_[(fz,k — t1x)-

keK
Let 61,k ={w: \7k < M}, then Gy 2 @1.,{. We calculate:

by+1

M
P(G1x NGy N G (t1k, B2 k) = / f PWi(L) € [tix —T — s, ta — 1 — SPP(Vi € dr)P (& (L + 1) € ds)
b 0

k
> €16€3(tyk — by x)

where we use the independence of Vj,, Wy (L), &(L + 1) to write the integral, and we use:

[tixk—1—=8bx—T—=s]Clax+bi+1—1r—5a+b+3—1r—5]
Clag—r,aqp+3—r]Clax — M, ap + 3]

to obtain the inequality. Furthermore, (\7k, Wi (L), &(L 4+ 1)) for k € X are independent, and so:

P(G) =P (ﬂ Vi N Gy N Gs(ty, tz)) = H P(Gik N Go N Gak(tr ks t2.k))-
ke X ke X

Let J(k, j) denote the jth job generated by the kth IVQ. We now argue that conditional on G, at the time N, all the initial jobs
J(k,j),j < 0and all the jobs J(k, j) with 1 < j < L will have completed all of their processing at all the nodes, and each node
k will be processing the first step of J(k, L + 1), at the IVQ class. First we note that because &,(L+ 1) > by, > N, all the nodes
will work only on the first jobs J(k, j), j < L somewhere along their routes, or on the first processing step of J (k, L 4+ 1) until
at least the time N. Let T be the earliest time at which all the jobs J (k, j), j < L have completed their whole processing route.
Assume that at some time t all the nodes k are processing the first step of J(k, L + 1) simultaneously. Because we are using
a weak pull priority policy, all the queues which are not IVQs must be empty at t, and also, because we use HL policy, each
of the first operations of the jobs J(k, L) must be completed. Hence t > T. Therefore at all t < T at least one node k is not
working on the first operation of J(k, L 4+ 1). Because our policy is non idling this implies that for all t < T at least one node
k is working on some job J(K', j),j < L, k' € JX.But this implies that T < >, _, (Vi + Wi(L)) < N.

We have seen that P,(G) > (€1€2€3)" [iei (t2.k—t1.) forevery |x| < m,and [ty x, t1 ] € Jk.Takeanytimes € [N, N+1].
The state at that time is X (s), which includes the vector Z(s) of queue lengths of the non-IVQ classes, and Vj(s) which is the
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residual service time of the HL IVQ job of node k. Conditional on G, we have seen that Z(s) = 0 and Vi(s) € [t;x —S, ty.x —S].
Hence:

PZ(s) =0,  Vils) € [t1x — 5, tax — 51 = (€16269) [ [tk — 100
keK

Consider now the measure v which is concentrated on states Z(s) = 0 and Vi (s) in the rectangle:

l_[[ak+b1<+1—N,ak+bk+2—N]E H[ak+bk+1—5,ﬂk+bk+3—5]
ke X ke X

and is proportional to K-dimensional Lebesgue measure on this rectangle, with proportionality constant (e;€,¢3)X. Then for
alls € [N, N + 1] the set A = {|x| < m} is small with respect to the measure v. H

Unfortunately this proof does not work for our affine threshold policies, since they require both servers to push when

Q; =0,Q, > ByorwhenQ; =0,Q; > B.
6. Diffusion scale analysis

In this section we add the assumption on existence of second moments, (A3), to the Assumptions (A1, A2), and consider
the behavior of the push pull network under diffusion scaling. We find that the queues are 0 on the diffusion scale, and the
departure processes, D; j(t) converge under diffusion scaling to Brownian motions. We calculate the asymptotic variance
parameters of these, including the covariances between the departure streams.

We now define diffusion scalings forn = 1, 2, .. .. First denote

5(t) = lim §°(t) = lim "2
n—oo

n—oo n

By Assumption (A1), the limit exists a.s. u.o.c. and §,-,1 (t) = Ait and §,-,2 (t) = pt. Further, use the fluid limit processes of
Section 4, Corollary 1. The diffusion scalings are:

S,',j(nt) — gi’j(l’lf) T,-,j(nt) — T,»,j(nt)

S = . Tho= :
D; '(nt)\/f D; i(nt) Q; ‘(nf ©)
D}(t) = % Q/i(t) = i/ﬁ :

Note that in this analysis we use a fixed Q (0), which does not change with n. Define the 10 dimensional diffusion scaled
process: X" (t) = (D"(t), T"(t), Q"(t)).
The following theorem describes the diffusion limit for our model.

Theorem 3. Consider the push pull network, under Assumptions (A1-A3), for Case 1 under pull priority policy, and for

Case 2 under an affine threshold policy. Then as n — oo, X" = X, where X (t) is a 10 dimensional driftless Brownian motion.
Furthermore,

DI, (t) — D}, (6) = QM(®) = 0, (10)
7 (0 + 13,0 = T3 () + T ,(0) = 0, (11)
and the variances and covariances of the limiting Brownian motions are given by:
n Al
Var(Dy5(1)) = —————— x [Mdapapa(S5 + 6 ) (M — ) + WA3cT, + pinde D — pa)l, (12)
(AA2 — pat2)
AAg e

Cov(Dy (1), Dyp(1)) = ———2 5 [(hyhaC2y + aptaC2 ) oy — 1)
! ' My — papr)? 22 21

+ (K1)~2612,2 + Ml,usz])()»z — u2)l, (13)

with a symmetric expression for Var(ﬁzqz(l)). Similar expressions for variances and covariances of fl,z('), Tz,z(') may be read

off from (19).

Proof. The equalities (10) and (11) follow immediately from (2) and (1). The convergence to 0 in (10) follows from
Theorem 2, since Q(t) has a limiting stationary distribution, therefore Q (nt) converges to this limiting distribution as
n — oo, and dividing by J/n implies converges to 0 in probability and therefore also weakly.

Also, by Corollary 1, Ti’:‘j(t) — T;j(t) = 6t and D?J(t) — D;j(t) = yit uo.casn — oo.
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The rest of the proof and the calculations are straightforward:
D; 2 (nt) — Dj(nt)
J/n
Si2 (T}, (1)) — Sio (Tl (1)) N Si2(nT7, (1)) 3 D;»(nt)
Vvn Vvn Vvn
T;2(nt) — T »(nt) o T;2(nt) _ D> (nt)
vn Vn vn
= §{}2(T;',12(t)) + l/«if,{lz(t) + O 2miv/nt — G2 ui4/nt
= S, (T () + w5 (1),
where all we did is to add and subtract quantities, use the definition (9), and use §,',2(t) = u;t (by Assumption (A1), and

Tij(t) = Oyt D;j(t) = vit = w;b; ot (from Corollary 1).

Define Pi'}j (t) = §,”] (Ti'}j(t)), then summarizing the above and also using similar calculations for (15)-(17) we obtain:

D, (1) =

= S (TN (D) + i

D}, (t) = Py (0) + il (D), (14)
D}, (t) = PPy (0) + AT (0), (15)
Q(t) = D' (t) — D, (1) (16)
() =-T8,0), T, =-17,0. (17)
Now using (14)-(17):
Di,(® Pl
n n An
pCEAl I B EIL I [9}1“)] , (18)
Zl,z(t) 132,1(0 Q) (1)
T, ,(t) Py, (t)
where
[—pipz Adg A=A
A— 1 Aald2  —Af2  —HiM2 AqAp
)\,])\,2 — U142 — M2 "2 )\1 _)\l ’
L A2 ) —1 1
and
iz —Aiu
B— 1 —Aaty 1M
AAy — papa | M2 —M
L —*2 M1

By the functional central limit theorem for renewal processes and the continuous mapping theorem (c.f. [28]) we have
ﬁ”(t) = I3(t) where ﬁ(t) is a 4 dimensional driftless Brownian motion with a diagonal covariance matrix A, having entries
Var(Py 1 (1)) = A.1c2; and Var(Pi 5 (1)) = wih2c,.

Incorporating the above with the weak convergence of Q" to 0, we have that (ﬁ'{,z(t), IA)S’Z(t), f"f’z(t), Tf,z(t)) converges
to a driftless Brownian motion process with covariance matrix:

FT=AAA. ® (19)

The above theorem gives us the asymptotic variance rate of departures:

_ Var(D; (t .
;= lim M — Var(Di(1)).

The following three subsections highlight some surprising facts about the diffusion scale behavior of the push pull
network and the asymptotic variance rate of departures.

6.1. Insensitivity to the policy

_ The proof of Theorem 3 does not depend on the exact policy which was used. All that is needed is Q"(t) = 0 and
T"(t) — 6t u.o.c. In particular, the calculations for Case 1 and Case 2 are the same. In fact, any policy which achieves full

utilization and which achieves Q"(t) = 0 will automatically satisfy the convergence in Corollary 1.
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We reach the surprising conclusion that the diffusion scale departure processes ﬁ(t) do not depend on the policy, so long
as it is fully utilizing and stabilizing. In Section 7 we encounter the same phenomena for general infinite supply re-entrant
lines.

6.2. Departures variability increases with balancing

When the system approached complete balance (A; & u;, i = 1, 2) it was shown in [1] that for exponential processing
times the network becomes increasingly congested in both the inherently stable and inherently unstable case. This seems to
be the case also for general processing times: We confirm this in Section 6.5 for exponential pull and general push activities
in the inherently stable case, and it is also observed in simulations for general processing times.

It turns out that this congestion in the queues is accompanied by increasing variance of the diffusion scaled departure
processes. For illustration let us evaluate (12) for the symmetric case: c,.2 = c2, ui = 1, A; = A. In this case the asymptotic
variance rate of departures is:

2 2
V=, = A (A +1) .
A+1\A2 -1

The departure rate in this case is: vi = v; = A/(X + 1). So the limiting index of dispersion of counts (\_/,A’j/v,‘) grows to
infinity as A — w = 1. Thus the departures of the push pull network become more variable in the sense of limiting index of
dispersion of counts as the system becomes more congested. This behavior is unusual. It is different from the behavior of a
stable GI/G/1 queue in which the limiting index of dispersion of counts is constant for any congestion level. It is also different
from the BRAVO effect observed in a finite buffer single server queue [19], where it was seen that balancing reduced the
asymptotic variance of departures.

6.3. Variance of combined departures

Using (18) or using (12), (13) one can obtain after simple manipulation the asymptotic variance rate of the combined
departure process, D1 3(t) 4+ D, »(t). We have:

A A w2 \* (h2 — 1\ 2\ (-2
Var(D; 5(1) 4+ Dy2(1)) = vy | o2 (—) (7> +o? (—) <7)
e 2 M A2 — U2 2\ A2 — U2

2 2 2 2
A — A Ay —
7% Al — U “\ A2 Al — W
where o is the variance of the (i, j) processing time.
For the symmetric case, with Ay = A, = A, 41 = uo = u, and with v; = v, = v, the result is quite surprising:

var(Dy2(1) + D22(1) = v} (0f , + 075 + 05, +03,)
which is the sum of the variances of two renewal processes: The process of producing jobs of type 1, with the sum of the

processing times of the two activities of type 1, and the process of producing jobs of type 2, with the sum of the processing
times of the two activities of type 2.

6.4. Negative covariance of departures

It is evident from (13) that Cov(f)l(t), ﬁz(t)) < 0. Also, when all activity processing times have the same squared
coefficient of variation c2, then both the variance and the covariance in (12) and (13) are linear in c?. In Fig. 4 we illustrate
the negative correlation between the departure processes of our network. We plot as a function of A:

Cov(D;(1), Dy(1))

Pr = ~ ~ ,
JVar(By (1)Var(By (1)

again for symmetric push pull networks with parameters c; = ¢, i = 1, A = A.

Our analysis applies to all A % 1. When A = 1 we have a completely balanced network and with our policies, under
diffusion scaling the queues do not converge to 0, so the analysis in this paper does not apply.

Note that for 1/2 < A < 2, i.e when the ratio of processing times for each type of job on the two servers is not too
far from 1, we get —1 < p;, < —0.8, so the negative correlation is very high. Most surprisingly, as A — 1 the correlation
approaches —1, and we are close to complete resource pooling [29].

When A is very small or very large the correlation approaches zero. This is intuitively clear, since each server is now
spending almost all of its time on just one type of job, and so the fluctuations in D; ; depend mostly on the long activity
(push if w > A, pull if A > w), but this means that one server will essentially produce the departure stream of jobs of
type 1 while the other server will produce the departure stream of jobs of type 2. Hence the two departure processes will
be almost independent.

(20)
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Fig. 4. The correlation between departures of a symmetric push pull network.
6.5. Alternative derivation of asymptotic variance rate

We now present another derivation of (12) under some more restrictive assumptions. It illustrates an alternative
approach and provides some additional insights. We assume that the network is inherently stable (Case 1), and that the
push activity processing durations are exponentially distributed. Our derivation uses a renewal-reward approach. In this
case the behavior of the network is like two randomly alternating M/G/1 single server queues and at every time that the
system empties there is a regeneration epoch. We get first!:

Proposition 2. Consider the inherently stable push pull network with preemptive pull priority. Assume exponential processing
times for the push activities and general processing times for the pull activities with Laplace-Stieltjes transforms G;(s), G5(s).

Further let p = 3—‘1 P2 = t2

w2’
(i)

P~ )1 y <GT(M(1 —2)(1-z)  GG(1-2)0-2) 1)

a ,Q
Elz;",z,°] = (1 +
1o 1—p1 11— Gi(A(1—2z1)) — 7y G (1 —2) — 2,

(i)
1 2+:0i(c,‘2,2_ 1)

E[Q] = vi—
e VIM 2(1 - py)

Proof. After a finite duration, the system enters a regime in which at least one of the two queues is empty. Denote by
Py the steady state probability that the network is empty and by P; the probability of having a positive number of jobs in
queue i. Using renewal reward considerations: P; = AE [B;]/(1 + A{E [B1] + A2E [B,]), where B; is a busy period duration
of an M/G/1 queue with arrival rate A; and service mean p; . Now the condition on the queue that is being served to
obtain,

E [z, 2] = Py + PE [28]Q; > 0] + P,E [z2]Q, > 0],

where Q; is distributed as the steady state number of jobs in an M/G/1 system with arrival rate A; and service mean u; 1
Application of the P-K formula yields (i). To obtain (ii) either directly use (i) or observe that it is an application of Littles law
and the P-K formula for the mean sojourn time. W

The calculation of the asymptotic variance rate of departures is based on an embedding of the departure process D; »(t)
in renewal-reward process where the rewards are counts of job type i departures.

We consider type 1departures, type 2 is analogous. Let { (X, Y;,), n = 1, 2, ...} denote an i.i.d sequence where X;, denotes
the times between returns to an empty system (both servers are working on an exponential push) and Y, denotes the number
of jobs processed on activity (1, 2) between successive empty times. Define a renewal reward process C(t):

N()—-1

n
C(t) = Z Y; where N(t) = sup in : Zxk < t] .
k=1

i=1

1 This result is of independent interest and is not needed for the derivation of the asymptotic variance rate.
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Denote by (X, Y) a generic random variable from the sequence {(X,, Y,)}.IfE [X?], E[Y?] < oo then the asymptotic variance
rate of C(t) is computable (c.f. [30]):
lim var(C(t))  E[X*]E[Y]? E[XY]JE[Y] E[Y?]
(oot - EXP E [X]? E[X]'
Now C(t) counts the number of departures of type 1 during a time interval [0, ] where t < t is the last regeneration time.
As aresult,

lim YO _ g,

(21)

t—00 t
Thus to obtain (12) (for this special M/G pull-priority case) the problem reduces to computation of moments of (X, Y):
Consider two M/G/1 queues (i = 1, 2) with arrival rates A; and service means ufl. Let B;, I; and N; denote random variables
that are distributed as the busy period, idle period and number of customer served during a busy period respectively. Also
denote by x an indicator random variable for the event of having the first push operation to complete in a cycle to be of type
1. Then we have the following equalities in distribution:

X=I+yxBi4+(1—=y)By  X*=T1>+ x(B*+2IB;) + (1 — x)(B: + 2IB,),
Y=xNi,  Y>=x°N; (22)
XY = x (N1l + N1By).

Evaluation of expectation of the above quantities is based on the first two moments of M/G/1 busy periods and the number
of customer served during a busy period as well as the covariance of the busy period duration and the number of customers
served. All of these quantities are well known (c.f. [31]) and when plugged into (21) we obtain (12) with cf] =1

7. Re-entrant lines with infinite supply of work

In this section we consider a re-entrant line with infinite supply of work, and perform the same diffusion scale analysis
as in Section 6. A re-entrant line [32] is a multi-class queueing network with a single deterministic job route. Servers are
k =1, ..., K and classes are the ordered processing stepsi = 1, ..., I, partitioned into Cy, ..., Cx, with i € Gy if step i is at
server k. We let 1 € C; and assume that there is an infinite virtual queue of class 1 jobs. We assume independent sequences
of i.i.d. processing times, with expected processing times m;, processing rates i; = 1/m;, processing time variances oiz. We
also assume that the processing time distribution of step 1 is spread out with infinite support, as in (A2b). If server 1, with
the infinite supply of work, is working all the time, and if the network is stable, then the departure rate is:

We will assume that server 1 is the single bottleneck in the network, by assuming
pk=va,~ <1, k#1.
ieCy
Guo and Zhang [6] considered this infinite supply re-entrant line under, a policy in which class 1 is only served when there
are no other jobs at server 1, and in addition the service to the buffers of all other classes is last buffer first served (LBFS) or

first buffer first served (FBES). They have shown that the network process is positive Harris recurrent.
As in the previous sections of this paper we use S;(-), Q;(-), T;(-), D;(-) to denote the service completion counting, queue

length, time allocation and departure processes associated with classi. We let er (t) = Z]'-:i 1 Q;(t) denote the total number

of jobs in the network which have completed step i (downstream of i). As before we have:

Di(t) = Si(Ty(t)), ~ Qi(t) =Di_a(t) = Di(t),  Di(t) = Q; (t) + Dy (©).
For any non-idling policy, server 1 will work all the time and we have:

> T =t.

ieCy
Under non-idling pull priority LBFS or FBFS, or any other non-idling policy for which the network process is positive Harris
recurrent we can perform a fluid scale analysis of the network as in Section 4. Let S(-), T(-), D(-) denote limiting fluid scaled
processes. Then:

Sit) =wit,  Tt)=6t, G =v/w, D) =ST(t) =yt
As in Section 6 we let S" (t), n (t), pr (t), Q"(t) be the diffusion scaled processes defined analogously to (9), from which we
define the 3 — 1 dimensional diffusion scaled process X" (t) = (D"(t), T"(t), Q"(t)). We then have:

Theorem 4. For the re-entrant line with infinite supply of work, under non-idling pull priority that has a positive Harris recurrent
network process, asn — oo the process X" (t) = X (t) whereX(t) = (D(t), T(t), Q(t)) is a 3I—1 dimensional Brownian motion.
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Furthermore:

Qo =0, D®)=D®, Y T®)=0, (23)

ieCq

and the variance of the departure process from the line is:

> Uiz

ieCy

3
> m,-)
ieCy

Variances of various T; and various covariances can be read from (30).

Var(D;(1)) = (24)

Proof. Since the network process is positive Harris recurrent we have that Q-"(t) => 0. From the dynamics of the network
the diffusion scalings satisfy:

DIty =Q " ) +D}t), i=1,....1, (25)
and therefore ﬁ,f'(t) — ﬁ? (t) = 0. From the non-idling we have, for the diffusion scaling:

Y e =o 29

ieCy

and therefore: Zieq Ti(t) = 0.

We now calculate the variance of the limiting diffusion scaled departure process ﬁ, (t). Using the exact same calculations
as in the proof of Theorem 3 we have:

DM (t) = SM(TM(t)) + wiTlh(t) i=1,....1. (27)

Summing (27) over the classes i € Cq, and using (26), we obtain:

OO PO (28)

ieCq Hi ieCq Hi

where as in the proof of Theorem 3, ﬁf(t) = §1” (Ti”(t)). Substituting the Egs. (25) in (28) and solving for ﬁ’; (t) we obtain:

I
DIt) = v Y mPl(©) + ) biQ®),
icCy i=1
where b; are some constants (expressions of m;).
Now as in Theorem 3, we have P/'(t),i = 1,...,n converge to independent drift-less Brownian motions with
Var(P;(1)) = vo,-z/miz. At the same time Q;"(t) = 0. Hence D} (t) converges weakly to a Brownian motion, The expression

for the variance of ﬁ, (1), (24), follows.
The diffusion scaled time allocations can be expressed similarly as:

I
() =mw Y mPl(e) —mPl(6) + Y aQMB), i=1,....1, (29)
jeCq i=1
where ¢; are some constants (expressions of m;). Let £1(t), ..., ¢ (t) be independent standard Brownian motions. Then the
joint distribution of D;(t), T;(t),i =1, ..., I can be obtained from the representation:
Di(t) = \*? )" outi(t)
iEC]
N (30)
i) =m (2 ) 0ig(0) — W) Poigi(t), i=1,....1. ®
JeG
Note that if C; = {1, ..., I} (the system is re-entrant through a single server) then for pull priority policy each job

undergoes processing from step 1 to step I before the next job is introduced. Hence the departure process is actually a
renewal process with inter-departure times having mean » ;.. m; and variance » ;... of. In this case, the asymptotic
variance rate (24) immediately follows. Theorem 4 shows, surprisingly, that when the departure process is not renewal
(as is the case when there is more then one server) then the asymptotic variance rate of the departures still depends only
on the first server (which is the bottleneck) and is equal to that of the renewal departures case.
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