EINDHOVEN
e UNIVERSITY OF
TECHNOLOGY

A two node Jackson network with infinite supply of work

Citation for published version (APA):
Adan, I. J. B. F., & Weiss, G. (2004). A two node Jackson network with infinite supply of work. (SPOR-Report :
reports in statistics, probability and operations research; Vol. 200410). Technische Universiteit Eindhoven.

Document status and date:
Published: 01/01/2004

Document Version:
Publisher's PDF, also known as Version of Record (includes final page, issue and volume numbers)

Please check the document version of this publication:

* A submitted manuscript is the version of the article upon submission and before peer-review. There can be
important differences between the submitted version and the official published version of record. People
interested in the research are advised to contact the author for the final version of the publication, or visit the
DOl to the publisher's website.

* The final author version and the galley proof are versions of the publication after peer review.

* The final published version features the final layout of the paper including the volume, issue and page
numbers.

Link to publication

General rights
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright owners
and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights.

» Users may download and print one copy of any publication from the public portal for the purpose of private study or research.
* You may not further distribute the material or use it for any profit-making activity or commercial gain
* You may freely distribute the URL identifying the publication in the public portal.

If the publication is distributed under the terms of Article 25fa of the Dutch Copyright Act, indicated by the “Taverne” license above, please
follow below link for the End User Agreement:
www.tue.nl/taverne

Take down policy
If you believe that this document breaches copyright please contact us at:

openaccess@tue.nl
providing details and we will investigate your claim.

Download date: 04. Oct. 2023


https://research.tue.nl/en/publications/d446d5a4-c125-4b21-a3e8-e0e22fb64bb2

: TU/e technische universiteit eindhoven

SPOR-Report 2004-10

A two node Jackson network with
infinite supply of work

1.J.B.F. Adan
G. Weiss

SPOR-Report
Reports in Statistics, Probability and Operations Research

Eindhoven, May 2004
The Netherlands

/department of mathematics and computing science



SPOR-Report
Reports in Statistics, Probability and ‘Operations Research

Eindhoven University of Technology

Department of Mathematics and Computing Science
Probability theory, Statistics and Operations research
P.O. Box 513

5600 MB Eindhoven - The Netherlands

Secretariat: Main Building 9.10

Telephone: + 31 40 247 3130

E-mail: wscosor @win.tue.nl

Internet:  http://www.win.tue.nl/math/bs/cosor.html

ISSN 1567-5211



A Two Node Jackson Network with Infinite Supply of Work

Ivo Adan *

Department of Mathematics and Computer Science
Eindhoven University of Technology
P.O. Box 513, 5600 MB Eindhoven, the Netherlands
iadan@win.tue.nl

Gideon Weiss *

Department of Statistics
The University of Haifa
Mount Carmel 31905, Israel.
gweiss@stat.haifa.ac.il

May 25, 2004

Abstract

We consider a Jackson network with two nodes, with no exogenous input, but instead
an infinite supply of work at each of the nodes: whenever a node is empty, it processes a job
from this infinite supply. We obtain an explicit expression for the steady state distribution
of this system, as an infinite sum of product forms.

Keywords: Queueing, manufacturing, communication networks, Jackson networks, Markovian mul-

ticlass queueing networks, infinite virtual buffers, steady state, distributions, compensation approach.

1 Introduction

We consider a Jackson network with two nodes, numbered 7 = 1,2. Processing times at
the nodes are independent and exponentially distributed with rates u;, and jobs completing
processing at node ¢ move to node 3 — i with probability p; and leave the system otherwise.
There is no exogenous input to the system. However, whenever one of the nodes is empty,
it will process a job from an infinite supply of jobs. This system can be described by a two
dimensional Markov jump process, X (t) = (X1(t), X2(t)), the state space of which consists of
the pairs of nonnegative integers (ny,ny) where n; indicates the number of jobs at node 1, and
ny indicates the number of jobs at node 2. Whenever n; > 0 node ¢ will process one of the

jobs at the node. This introduces the transitions:

(ni,n2) — (n1—1,mp+ 1) at rate y1p1, n1 >0,
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(n1,m2) — (n1—1,n9) at rate u1(1 —p1), n1 >0,
(n1,m2) — (n1+1,n2—1) at rate pops, n2 >0, (1.1)
(ni,mg) — (n1,ng — 1) at rate pp(1 —p2), n2 > 0.

Whenever node 7 is empty, it will process a job from its infinite supply, at the same rate u;,

and upon completion this job will move to the other node with probability p;, and leave the
system with probability 1 — p;. This introduces the additional transitions:

(Oa TL2) - (07n2 + 1) at rate pip,
(n1,0) — (n1+1,0) at rate papo, (1.2)

Note that jobs from the infinite supply of each buffer are indistinguishable from jobs queued
at the nodes, but queued jobs have preemptive priority over jobs in the infinite supply. The
transitions (1.2) constitute arrivals into the system.

Figure 1: A two node Jackson network with infinite supply of work

The two nodes in this system are processing jobs all the time. Hence there are four inde-
pendent Poisson streams in this system: Jobs depart the system in two Poisson streams with
rates u1(1 — p1), p2(l — p2), and jobs arrive at the two nodes in two Poisson streams, with
rates p1p1, pep2. The queue at node i therefore behaves as an M/M/1 queue, with arrival rate
i3—ip3—; and service rate y;. The system is stable if

_ H3—iP3—i
Mg
with marginal steady state distributions

Pi <1, 1= 1’ 2’
Pn) = lim PXG(t) =n) = (1= p)f,  n20, i=12 (13)

However, the queue lengths at the two nodes in steady state are not independent; the joint
steady state distribution is not product form:

P(ny,ng) = tl—i»rglop((Xl(t)’X2(t)) = (n1,n2)) # Pi(n1)Pa(na), ni,ng 2 0.

In this note we derive explicit expressions for the joint steady state distribution of the two
node system. We use the compensation approach, developed by Adan et al. [2] to obtain an



expression which is an infinite sum of product forms.

This two node Jackson network with infinite supply of work describes quite a useful model
of cooperative service by two servers: Consider jobs which require a sequence of tasks, the
first task is performed by one of the servers, the remaining tasks are performed by alternating
servers. Server ¢ performs tasks at rate u;, and the job then requires an additional task with
probability p;, or else it is complete and leaves the system. We assume that each of these
servers has an infinite supply of jobs to start. However, each server gives preemptive priority
to tasks which it received from the other server. Each server then has a queue of jobs which
are ‘in process’ and the analysis of these queues tells us how much storage for WIP (work in
process) is needed, and what is the cycle time of a job from first task to completion.

The concept of infinite supply of work, in contrast to the usual queueing assumption that
jobs arrive randomly, is in fact very common in many systems: Whenever a server is expensive
and it is desired not to keep it idle, one tries to monitor the server, and control the inputs, so
that the server never runs out of work. This is the case for an expensive machine, a highly
trained server, or a high performance communication link. In each case work is shunted to
such servers to prevent them from idling.

As we shall see in Section 3, infinite supply Jackson nodes provide much better performance
than standard Jackson nodes.

Multi-class queueing networks with infinite supplies of jobs in some of the classes, also
called infinite virtual queues, were introduced by Weiss et al. [1, 9, 10, 12, 13, 14], see also
Levy and Yechiali [11]. They represent monitored control over job arrivals, as it often exists
in manufacturing and communication systems. Jackson networks are described by Jackson [7]
and Kelly [8]. Weiss [14] has discussed Jackson networks with virtual infinite buffers: He has
derived flow rates and stability conditions, and partial steady state distributions. This work
is also closely related to the results of Goodman and Massey [5]. The analysis in the current
paper provides one example of such networks, which is highly tractable.

2 Main theorem

The two node Jackson network with infinite supply of work is described by a Markov jump
process moving on the two dimensional non-negative integer grid. The Markov process per-
forms a two dimensional simple random walk on the positive integer grid, with transitions
only to neighboring states, and with reflecting barriers on the horizontal and vertical axes.
Furthermore, in the interior of the positive quadrant the random walk has no transitions to
the north, the north- east, and the east directions. The transition rates for this random walk
are described in Figure 2.

For such Markov jump processes it is possible to obtain a closed form expression of the
steady state distribution, by the compensation method developed in the paper of Adan et al.
[2]. The random walk in Figure 2 has the property that the transition rates at the vertical
boundary n; = 0,72 > 0 and the horizontal boundary n1 > 0,n2 = 0 are projections of the
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Figure 2: Transition rates for the two node system

ones in the interior n1,n2 > 0. Boxma and van Houtum [3] showed that this property consid-
erably simplifies the expression of the steady-state distribution. See also [6].

The main steps in the derivation of the steady state probabilities are as follows: The bal-
ance equations for the interior are satisfied by product form expressions o™ "2 where a, 8
are solutions of a quadratic equation Q(a,3) = 0. Solutions of this form do not as a rule
satisfy the equations for the horizontal or vertical boundaries. However, it is possible to find
compensating product forms such that the linear combination o™ ™ + ca™ ™ satisfies the
balance equations for the interior and the vertical boundary of the quadrant. Similarly, it is
possible to find compensating product forms such that o™ 872 + da™ 3" satisfies the balance
equations for the interior and the horizontal boundary of the quadrant. Then, starting with
a product form o™ 3™ with a, 3 satisfying Q(a, 3) = 0 one can construct an infinite linear
combination by adding product forms to alternately compensate for the horizontal and vertical
boundary. The resulting solution formally satisfies all the balance equations. One then needs
to choose the parameters of the product forms and their coefficients such that the solution is
absolutely convergent. This method does indeed work for our system.

In Section 4 we will present the detailed derivation of the steady state distribution, without
invoking the results in [2, 3]. In the derivation we make use of the steady state marginal
distributions (1.3). This yields a particularly elegant and simple expression:

Theorem 2.1 The steady state distribution of the two node Jackson network with infinite



supply of work, when py, p2 < 1, is given, for all (ny,n2) # (0,0), by:
' /
P(ny,ng) = > (=DM [(1 - ar)op (1 — Bra1)B2, + (1 — ar)afhy (1= B)Br?]  (2.1)
k=1

where for k > 1:

-1 Mitp2 1 1 1—p2

agl, = BLTHZg-1 -1 : (2.2)
k+1 aps k k=1 D2

- M1+ pe -1 1-p;

B = Bt g

k+1 iy Ok k—1 ]

with initially ag = Bo = 1,1 = p1,B1 = pa. The steady-state probability P(0,0) is equal to:

P(0,0) =1—p1—p2+ Y _(~1)*" (akBr1 + ar+15%) (2.3)
k=1

The closed-form expression in Theorem 2.1 immediately leads to similar expressions for the
distribution of the total number in the system and for the (factorial) moments of the queue
lengths at node 1 and 2. Let X; denote the queue length of node ¢ in steady-state. Then we
have:

Corollary 2.2 (i) For alln > 0:

]P’(X1+X2=n)= Z P(m,nz):
n+nz=n
ny,n2 20
o ottt — gntl O‘LH—} _ ﬂgﬁ-l
=D (1" (L = @)1 = Brpr) =——E + (1 — agr)(1 = )~ ——— [24)
= ok — B+ o1 — B

(it) For allm,n >.0,m+n > 0:

2(() (%)) = [ b T ) @9

k=1

Note, exact formula for oy, 8 can be obtained from the difference equation (2.2), but are
not particularly illuminating. The asymptotic behavior of ay, B is derived in Proposition 4.14.

3 Comparison with standard Jackson network

We compare our two node system with infinite supply of work and a standard Jackson network,
with exogenous random inputs. Throughout this section we label our system as ‘co-supply’
and the Jackson network with random exogenous input as ‘standard’. We consider for the
comparison two nodes in a standard Jackson network as shown in Figure 3. Here we have two



out out
1-p, 1-p,

|
20

44 »

Yt iy
v ) I

PN
N

Figure 3: Standard Jackson network nodes

nodes with the same processing rates y;, and with the same probabilities 1 — p; to complete
a job, which then departs the system. The total inputs into the nodes are at rates A;, and
they consist of both exogenous arrivals and feedback from other nodes. Recall that the input
streams are not Poisson. The outflow in steady sate is also at rate A;, and includes a Poisson
output stream of departures from the system at rate A\;(1 — p;). As is well known, the steady
state joint distribution of the jobs in the two nodes is product form,

ni /\ Ny
P(n1,n2| standard ) = (1_ﬁ) (f‘_1> (1_2\3) (_2)
H1/ A\ K2/ \ K2

This is only stable if A\; < p;, and therefore the output rate of the standard nodes is always
less than the rate (1 — p;)u; achieved by the oo- supply system, and if one tries to approach
this rate, the queue length explodes.

It is interesting to compare the two systems in the case that both have the same traffic
intensities: For the remainder of this section we take p; = \;/pui = pa—ips—i/pi. We compare
the total number in the two nodes for the two systems. The marginal steady state distributions
in the nodes of the two systems are the same, namely Geometric, with P(X; > n) = p}'. In
particular it follows that the mean number in the system is the same for both networks.
However the steady state distribution of the total number in the system is different.

In Figure 4 we show the distribution of the total number in the system for p; = 2, uo = 3,
p1 = 0.8, p2 = 0.5 (left) and uy = ug = 1, p; = po = 0.8 (right). We also plot the standard
product form probabilities for comparison.

The correlation between X, X3, calculated from the formula (2.5), equal —0.2976 for the
first example of an asymmetric system, and —0.3873 for the second example of a symmetric
system. In fact, it can be shown that the correlation is always negative, see section 4.8. Neg-
ative correlation reduces the variance of the total number in system compared to independent
nodes. In Figure 5 we show the correlation between X, Xo for the symmetric system p; = pa
and p; = pa = p. Clearly, the negative correlation gets stronger as p tends to 1; the limiting
value for p = 1 is equal to %7!‘2 — 7 (see section 4.8).

We can also get the asymptotic tail probabilities of X7 + X2, from (2.4). We will show that
the sum is absolutely convergent and that the parameters ay, Sx monotonously decrease. The
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Figure 5: Correlation between X1, X5 for the symmetric system p; = g and p; =p2 = p
values for large n therefore behave like the largest geometric term,
1-52 n
) p1 > P2,
P(X1 + X2 > n| oo-supply ) { 1= ‘62/2 p1 1—ao _ (3.1)
(1 ﬁz/pl az/Pl)pl v PL= P2
The corresponding asymptotics for the product form standard Jackson network are
1—po n >
P(Xy + X2 > n| standard ) ~ ¢ 1-r2/p1 p " pr=pm
n(l—p1)p™ p1=p2.
Hence, the asymptotic ratio of the two is:
1— 1-
P(X; + X5 > n| standard ) Tm%z',g/l ﬁf/zpl P> p2, (3.2)
~ 1- 1- _ :
P(Xy + Xz 2 n oo supply) | [(1- p)/(:258; + 2520 n = e

In Table 1 we summarize various quantities for the two examples, and the comparison of

the total number in the system for the co-supply and standard system.

The most interesting part here is the strong form of variance reduction and tail probability
(i.e. overflow probabilities in parctice} which is obtained in the infinite supply network, when

the two nodes are symmetric.



Table 1: Comparison of Infinite Supply and Standard Jackson Networks

Asymmetric Example | symmetric Example
H1 2 1
[2%) 3 1
Data 21 0.8 0.8
"2 0.5 0.8
P1 0.75 0.8
P2 0.533 0.8
E(X1) 3 4
E(Xs) 1.14 4
Moments V(X1) 12 20
V(X2) 2.45 20
Cov(X1, X3) -1.61 -7.75
Corr(Xy, X3) -0.2976 -0.3873
V(X1+Xz|standard
V((X11:X;|oo-sup%ly)) 1.287 1.633
>
~ i znslancard 1.33445 0.07143 n

4 Derivation of steady state distribution

In this section we prove Theorem 2.1. We first derive the expression as a formal solution to
the balance equations, and then prove that this solution is absolutely convergent.

4.1 The balance equations

The balance equations for the steady state probabilities in this system are obtained by equating
the flow out and into each state, yielding:

(p1 + p2)P(na, n2)

(p1 + pop2)P(ny,0)

(p1pr + p2)P(0, na)

(p1p1 + pap2)P(0,0)

pp1P(ng +1,n5 — 1) + p1(1 — p1)P(ma + 1,m2) +
+ugpaP(ng — 1,mp 4+ 1) + po(1 — p2)P(n1,ne + 1), (4.1)
ny,ne > 0,

pep2 P(ny — 1,0) + p1(1 — pr)P(n1 + 1,0)

+popaP(ny — 1,1) + pa(l — p2)P(n1,1), m >0, (4.2)
p1p1 P(0,ng — 1) + p2(1 — p2) P(0,n2 + 1)

+u1p1 P(1,ne — 1) + p1(1 —p1)P(1,n2), mn2 >0, (4.3)
p1(1 = p1)P(1,0) + pa(1 — p2)P(0, 1). (4.4)

In the next section we will characterize the product forms o™ 3™ satisfying the balance equa-
tions in the interior of the quadrant.



4.2 Product form trial solutions in the interior of the quadrant

Consider first the equations (4.1) in the interior of the quadrant, and a product form trial
solution @™ @2, Substituting this trial solution in (4.1) and canceling a™~!14"~1 we see
immediately that:

Proposition 4.1 The product form a™ ™2 solves the equation (4.1) for everyni,ng = 0,£1,£2,...
if and only if o, B are on the curve:

(1 + p2)ofB = o®(uipy + pa(1 — p1)B) + B*(uap2 + pa(l — p2)av). (4.5)

The curve (4.5) is shown in Figure 6. The pairs of values (a, 3) = (0,0), and (a, 8) = (1,1),
are on this curve. We also illustrate on the curve how the special roots which appear in the
solution (2.1,2.2), a, Bk, are calculated, for k = 0,1,2,3.

B (oy ,Bo) (ay yB())
0.8}
0.6}

(az,Bl) D (0g-8;)
0.4}

(a‘l 3[32)
02}
(0(2 ’B3)
o2 0.4 0.‘6 08 3 o

Figure 6: Curve (4.5) for pu; = 2, us = 3 and p; = 0.8,p2 = 0.5
For every fixed value of 0 < o < 1, equation (4.5) yields a quadratic equation for §:
u2ps + pa(l = p2)a] B% = [(u1 + po)a — pa (1 — p1)a®] B+ mpa®] = 0. (4.6)
Proposition 4.2 The quadratic equation (4.6) has two real roots for all0 < a <1. Fora=1

the roots are B = 1, B =p2. For 0 < o <1 the larger root is B > o, and the smaller root is
0<f<a.




Proof. For the fixed value @ = ¢ = 1 the quadratic equation (4.6) for 8 is

282 — (uap1 + p2)B + apr = 0,

with the two roots § = 1 and B = B1 = pp1/uz = pa. For 0 < a < 1, if we substitute § = a
in the right-hand side of the quadratic equation (4.6) we get:

o*(a—1)(pa(1 = p1) + pe(l — p2)) <O.

Hence the quadratic equation (4.6) has two roots, one of them larger and the other smaller
than . The product of the two roots is u;p1/ug, hence both are positive. =
Similarly, for every fixed value 0 < 8 < 1, equation (4.5) yields a quadratic equation for a:

[uapn + p1(L = p1)B] 02 — [ + p2)B — p2(1 — p2) %) o+ [u2p26%) = 0, (4.7)

Proposition 4.3 The quadratic equation (4.7) has two real roots for all0 < < 1. Forf=1
the roots are @ = 1, o = p1. For 0 < § < 1 the larger oot is @ > (3 the smaller root is
0<a<p.

It is convenient to divide the quadratic equations (4.6, 4.7) by a?f?, and to consider
quadratic equations for a~1, 37 1:

] (671 = (w1 + p2)a™ = —p)] (871 +

+ (@) (u2(1 = p2) + papaa™)] =0 (4.8)
wopa) (67)® = [+ )87} — (1 = p2)] (@7F) +
+ [(67Y) (A —p)+mpfY)] =0 (4.9)

4.3 Compensating for the vertical and for the horizontal boundary

Let o, satisfy (4.5), so that a™ 3™ solve the balance equations (4.1), for all nj,ny =
0,+1,42,.... We want to find a compensating term such that a™ ™ + ca™ @™ will in
addition also solve the horizontal boundary equations (4.2).

We first subtract the equation (4.2) from (4.1), to obtain the equation

p2(1 — p2)P(n1,0) + popaP(ny — 1,0) = pyp1 P(ny +1,-1), n1 > 0. (4.10)

Since our trial solution o™ 8™ + c&™ ™2 solves (4.1), it will solve (4.2) if and only if it solves
(4.10). We substitute the trial solution in (4.10), yielding

[n2(1—p2) + unga_l - ulplaﬂ’l]am +c[p2(1 —p2) + ,uzpzd"l — ulpldﬁ_l]dm =0. (4.11)

To satisfy (4.11) for all n; > 0 we are forced to take & = a and thus, to solve (4.1) we need to
take 3 as the second root of the quadratic equation (4.6). Using the quadratic equation (4.8)
we get the second root 37! in terms of a and the first root 87!

gri_tatpe g pa 1-m
Hib1 F91

10



. We also get the product of the roots of (4.8):

up1BB7Y = a7 (up(1 — po) + papeet) . (4.12)
By canceling ™! in (4.11) we obtain an equation for c:
(1+ ) (pa(1 — p2) + papaa™) = ppr (B + ¢B7Y) (4.13)
We now use (4.12) to cancel u1918713~1 on both sides, and obtain:
| 18
1-p

Multiplying the linear combination by the constant (1 — a)(1 — (), we may conclude that
(1—-a)a™(l—-pF)B" — (1 — a)a™ (1 —~ §)3™ solves the balance equations (4.1, 4.2). The
procedure to compensate for the vertical boundary equations is symmetric.

Proposition 4.4 Let a, 3 satisfy (4.5). Then (1 — )™ (1 — B)8™ — (1 — a)a™ (1 — §)3"2
solves the balance equations (4.1, 4.2) in the interior and the horizontal boundary if we take:

gl = M1+ H2 -1 _ g-1_ l1-m (4.14)
Hip1 n

Similarly, (1 —a)a™(1— B)B" + (1 —a)a™ (1 — B)B™ solves the balance equations (4.1, 4.3)
in the interior and the vertical boundary if we take:

al=titiegy 1 1-P (4.15)

Hap2 D2

4.4 Infinite sequences of compensations

Motivated by the marginal distribution (1.3) we start from a product form solution with
o1 = p1. The roots of (4.6) are fp = 1, and B2 < p;. Since we need convergence we start
from the trial solution a1™ 3™, To conform with our desired final form we multiply this trial
solution by a constant:

Proposition 4.5 The trial solution (1 — o)a;™ (1 — B2)B2™ with an = py and B! =

%’f—zpl'l —-1- 1—;;& solves the equations (4.1, 4.2) for allny > 0,m2 > 0.

Proof. In this case the compensating term would have ﬂ. = 1, but then 1 — B = 0, so the
compensating term disappears. m
We next add a compensating term to solve (4.1, 4.3). According to (4.15) we choose

1_
0z~ = M1 +,u2/3 “1_ g1 D2

2
H2p2 P2

to obtain a two term trial solution
(1-o1)ar™(1 - £2)B2"™ — (1 — az)as™ (1 — B2) 5. (4.16)

11



In this solution the first term alone solves (4.1, 4.2), and the two terms together solve (4.1,
4.3).

From now on we continue to add compensating terms, to satisfy (4.2) and to satisfy (4.3)
alternately. In the next step we need to compensate the second term of (4.16) to solve (4.2)
again, and we choose 34 according to (4.14). We continue these compensating steps indefinitely.

Proposition 4.6 Let for allk > 1,

1 H1itpe 4 -1 1-m

ﬂ 1 __ ol — s, — (417)
2%k papr 2kl Bak—a I
-1 _ Mt 2, -1 1—po

Ropy1 = —M2P2 Bore — Qg — D2

with initially Bo = 1, a1 = p1. Then the following trial solution
o0

(1 — ask-1)aBi_1 (1 — Bak)B32 — (1 — k1) i1 (1 — Bak)Bpz] (4.18)
k=1

solves the balance equations for all (ny,ns) # (0,1),(1,0), (0,0).

Proof. We show in section 4.7 that the infinite sum (4.18) is absolutely convergent for every
(n1,m2) # (0,0). We will also show that the summation of (4.18) over all the values of
(ny1,m2) # (0,0) converges absolutely. In the rest of the proof we take this statement as
proved.

The pair (oq, ) is on the curve (4.5). Hence, using (4.14, 4.15) and induction, so are
all the pairs (agk—1,82x) and (agxi1,Bex). Hence all the terms in (4.18) solve (4.1), and by
absolute convergence so does the infinite sum for n1 > 0,n2 > 0.

In the sum (4.18) each negative term compensates the preceding positive term so that their
sum solve (4.3); see Proposition 4.4. Hence, for all K,

K

Z [(1 — ak1)ofi_ (1 — Bax) B3 — (1 — aok1 )i,y (1 — Bax)Bot]

k=1
solves (4.3). By absolute convergence (4.18) solves (4.3), whenever the equations do not involve
(n1,n2) = (0,0). Hence, (4.18) solves (4.3) for all (0,n2),n2 > 1.

We saw that (1 — a;)a (1~ B2)B52 solves (4.2). Each positive term (1 — agpq1)ogs (1 -

Pak+2)B3%,o compensates the preceding negative term —(1 — Qiok+1)0los all- Ba2k)B5; in the
sum, so that their sum solves (4.2). Hence, for all K,

(1 —a1)o* (1 - B2)B3* +

K
Z =1 — agrq1)ogt (1 — Bog) 852 + (1 — agks1)ogpy, (1~ Bor+2) B8]
k=1

solves (4.2). By absolute convergence (4.18) solves (4.2), whenever the equations do not involve
(n1,n2) = (0,0). Hence, (4.18) solves (4.2) for all (n1,0),n1 > 1. m
Analogously we can start from the (1, p2) on the curve (4.5), and get another solution:

12



Proposition 4.7 Let for oll k > 1,

1 M1t pe g ~1 1—po
oyl = —anl, -2 4.19
2k liopy " 2k-1 2k—2 D2 (4.19)
1 pitps 0 L, 1-p
= —— — — .
2k+1 apr 2k Bok_1 ”
with initially ag = 1, B1 = p2. Then the following trial solution
oo
[(1 - aok)ogi (1 = Bak—1)B52_; — (1 — agk)omi (1 — Bakt1) P51 (4.20)
k=1

solves the balance equations for all (n1,ng) # (0,1),(1,0), (0,0).

4.5 The complete solution

The two solutions in Propositions 4.6, 4.7 were not defined for (nj,n2) = (0,0). The reason is
that for n; = ny = 0 the sums are not (absolutely) convergent, and so they are meaningless.
As a result we could not check for (n1,n2) = (1,0) or (n1,n2) = (0,1).

To obtain a solution for all (nj,ns) we do the following: For all (n1,ng) # (0,0) we take
the sum of the two solutions (4.18, 4.20). This yields:

(s o]

P(n1,n2) = Y (=DM (1 — ar)oft (1 = Bra1) B2y + (1 — oner)ofh (1= B)B2]  (4.21)
k=1

For (n1,n2) = (0,0) we take:

P(0,0)=1-0a1 1+ _(=1)* (okBrs1 + aks1Bs) - (4.22)
k=1

Proposition 4.8 The expressions for P(ny,ng) in (4.21, 4.22) solve all the balance equations.

Proof. We shall show in section 4.7 that the sum in P(0,0) is also absolutely convergent. We
shall take that as well as absolute convergence of all the other P(n;,ns2), and their sum over
all ni, ne as proved.

We already know by the previous two propositions that P(n,n2) defined by (4.21) satisfy
the balance equations (4.1, 4.2, 4.3) for n; + ny > 1. It remains to consider the balance
equations for (1,0),(0,1),(0,0). For all K we have seen in the proof of Proposition 4.6 that
the sum

(1—a1)of* (1 - B2)B52 +
K

+ Z [—(1 — ages1)aBt (1 — Bok)B52 + (1 - Q1)1 (1 — Bor+2)B2, o) (4.23)
k=1
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solves (4.2). Also for all K we have seen in the proof of Proposition 4.7 that the sum

K

[(1 — 042);)01722(1 — ﬁ2k—1)ﬂg]§_1 — (1 - a2k)ag]:;(1 - ﬁ2k+1)ﬂ;[§+1] (424)
k=1

solves (4.2). Hence the sum of (4.23, 4.24) also solves (4.2). Consider in particular the balance
equation for (ny,ng) = (1,0):

(u1 + p2p2) P(1,0) = popa P(0,0) + p1(1 = p1) P(2,0) + uopa P(0, 1) + po(1 — p2) P(1, 1). (4.25)
It is satisfied by the sum of (4.23, 4.24). We now look at the sum (4.23, 4.24) for ny = ny = 0:

(I—on)(1—-B2) +
K
+ 3 [=(1 = cake1) (1 = Bok) + (1 — aizkp1) (L — Ba2)] +
k=1

K
4+ (1= agk)(1 = Bak—1) — (1 = ag)(1 — Baks1)] =
k=1

2K
= (=DF (2 = o) (1 = Be1) + (1 — arg) (1 = Br)] +

k=1
+(1 = a2k +1)(1 — Box+2) =
2K
=l-a1-/+ Z(-—l)chrl (akBr+1 + ak+18k) +
k=1

—Bar+2 + 0ok 12K +2.

As we shall see, a4, 8x — 0 as k — oo. This property and absolute convergence of the sum
S (=1)**! (akBr+1 + ak+18k) shows that equation (4.25) is satisfied by P(1,0), P(0,1),
P(1,1), P(2,0) as defined in (4.21) and P(0,0) as defined by (4.22). The proof for the balance
equation of (0, 1) is symmetric.

Finally, by the absolute convergence of the sum over all ni,ng of (4.21), we get that the
equation (4.4) is redundant, and is satisfied by (4.21, 4.22) automatically. =

4.6 Normalizing the sum of probabilities
We again take absolute convergence as proved. Based on that we can calculate various quan-
tities. We first obtain marginal probabilities, which are consistent with (1.3).

. Proposition 4.9 For n; >0,

oo

> P(ny,ng) = (1-pi)p:™.

ng—i=0

14



Proof. We make heavy use of the absolute convergence to change order of summations and
group sums of positive and negative terms. For n; > 0 the sum is:

m=0 P(ni,n2) =

= Y S UM - or)a (1 a8, + (1 - ager)afl, (1 - Be)Bp2] =

np=0 k=1
[e o] o0 o0
= Y DM I —ap)a ST - Brrn) B2, + (1 akr)afly Y (1— BB
" k=1 na=0 nz=0

= D DM~ a)af + (1 - agga)afly] =

= (1 - al)alm — (1 - Ozg)aznl +
+(1 — az)a™ — (1 — ag)ag™ +

= (1 - al)al"l
The case of i = 2 is symmetric. ®
We next calculate P(n1 = 0,n2 > 0) and P(ny > 0,n2 = 0).
Proposition 4.10

Z P(0,n2) = py +Z —1)¥ (akBrs1 + ak+1ﬂk)

na=1

> P(n1,0)=p1 + Z )¥ (0kBrt1 + ok+18%) -

ni=1

Proof. We again make heavy use of the absolute convergence.

Z;l“;:] P(O’ n2) =

_ i :1<—1>’°+1 (1= 0) (L= Bes)B%, + (1= aen)(1 - A2 =
= é(—nk“ (1~ o) i(l = Be1)Bigy + (1 — i) iﬂ = BB
= g(-n”l (1 — o) Br+1 + (1 — axs1)Bi] =
= i( DBy + Biyr) + ki * (okBrs1 + w1Bk) =

= =1 :

= B+ (-1)* (akBrsr + aks15r)
k=1

15



The other case is symmetric. m
Finally we have:

Proposition 4.11 The probabilities P(ny,ng) in (4.21, 4.22) sum up to 1.

Proof. By the previous two propositions and (4.22),

[e 4] o0 o0
N Pnng) =3 3 Plny,na) + . P(0,n2) + P(0,0) = 1.
ni,ng ni=1ny=0 na=1

4.7 Absolute convergence

In the previous sections we made heavy use of the absolute convergence of the sums in (4.21,
4.22). This will be proved below.

Proposition 4.12

S S [ - aaft (L - By )82, + (L — anen)ofl, (1 - Br)B] < oo

(na,n2)#(0,0) k=1

Proof.
5 om0 i (1~ o) (1 — Buen) B2, + (1L — op)afy (1 - B)G] =
= ; [(1 - o) {21 = Be+1)Bty + (1 = arsr) Zl(l — Bu)Bi?
+§ il l(l - o) iﬂ(l = Brr1)Bpiy + (1= ony1)ail,y nf;(l - ﬂk)ﬂ,’?] =
= g (1 = ak)Brt1 + (1 = ar1)B) + g (o + s1) <
< ém + 6.

In the next proposition we show that the sequences oy, 8 decrease geometrically, and hence
the last sum converges. ®

Proposition 4.13 For all k > 0,

or+1 < p1Bk, Br+1 < p20k.
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Proof. For k =0 we have ag = fo = 1,1 = p1, 1 = p2 and this is the only case of equality.
For k > 1, by (4.15):

1-po

o (e i+ =1 B —p T 1> ;TG

o = (Y B -l -

where the first inequality follows from ﬂ,:l > a,:_ll and the second from ﬂk_l > 1. The proof
for (i, is symmetric. m
We can also get the asymptotic rate of decay of ay, OBx:

Proposition 4.14 As k — oo,

Ol Prerr Pt pe — V(1 + p2)? — 4p1pap1p2
ak-1" Be—1 4 pa+ /(1 + p2)? — duipepipe

Proof. The parameters ok, and ay_; are the roots of (4.5) with § = f. Dividing (4.5) by
B2 we get that axy1/0x and og_1/B are the roots of

(a1 + p1(1 = p1)BlY? = [(p1 + p2) — p2(l — p2)Bly + papz = 0, (4.26)

with 8 = 8. As k — oo, thén Br — 0 by Proposition 4.13 and thus

(87 (0770
_kﬂ — V1, L - 72,
Br Br

where 0 < y; < 1 < 7y, are the roots of (4.26) with 3 = 0. Hence,

1 M _ Pt — V{1 + p2)? — 4 pop1p2
Q-1 Y2+ pe + /(1 p2)? — 4pipepipe

The proof for fk41/0k is similar. m
From the geometric decay of the sequences ay, B we can further conclude:

Corollary 4.15 (i) The sum which defines P(0,0) in (4.22) is absolutely convergent.
(i) For allm,n > 0,m+n > 0 the sum defining E (();1) ({f)) in (2.5) is absolutely convergent.

4.8 Non-negativity and ergodicity

From Propositions 4.8, 4.11, 4.12 it follows that P(n;, n2) given by (4.21, 4.22) are a nonnull,
absolutely convergent solution of the balance equations, which sums up to 1. From Theorem
1 in Foster [4] we can immediately conclude that:

Corollary 4.16 The Markov jump process X (t) = (X1(t), X2(t)) is ergodic when py, p2 < 1,
and its equilibrium probabilities are given by the solution P(ny,ng) defined by (4.21).
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4.9 Queue length correlation

In this section we show that the correlation between X; and X, is always negative, which is
equivalent to

3 1)k+t |k Br+1 Q41 By
E (X1X2) Z] |: 1— o) (1— Br+1) + (- ag1) (1— ) (4.27)

P1 P2
l—p1l—po

The terms in the infinite sum (4.27) are alternating and decreasing in magnitude, since a1 >
B2 > a3 >---and B1 > az > 3 > ---. Hence, it suffices to show that

ay B2 L B <P _P
(I-a)(1=8) (I-a)(1-5) 1-pl—py

which can be verified by straightforward calculations. This proves:

Proposition 4.17 If p1, p2 < 1, then Corr(X;,X32) <0

Figure 5 displays the correlation for the symmetric system u; = pug = i and p1 = p; = p.
To find the limiting value of the correlation as p T 1, note that in the symmetric case,

o = B =1— %k(k+l)(1 —p)+0(1 - p)?,

which can be derived from the recursive relations for the sequences ay, fx. Hence, from (4.27)
and using that

_ __P - - _pP
E(X)=EXp)=1—, V(X)) =V(X) =755
we obtain
. _ i B(X1X0) ~EQX)E(Xp) _ () _ 2
lim Corr(¥1, X2) = lim VXV (X2) Z <Rk + )2k +2) ml=gm ot

Note, exactly the same asymptotic correlation value appears in the calculations of Boxma and
van Houtum (3], page 488, which is curious, since the two models are quite different.
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