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Abstract

We propose a class of models of random walks in a random environment where an exact
solution can be given for a stationary distribution. The environment is cast in terms of a
Jackson/Gordon—-Newell network although alternative interpretations are possible. The
main tool is the detailed balance equations. The difference compared to earlier works is
that the position of the random walk influences the transition intensities of the network
environment and vice versa, creating strong correlations. The form of the stationary
distribution is closely related to the well-known product formula.
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1. Introduction

In this paper we introduce exactly solvable reversible models of a random walk interacting
with a random environment of a queueing-network type. The environment stems from a
symmetric Jackson network or its closed version (a Gordon—Newell network); cf. [7], [10], [11].
The walking particles can be interpreted as distinguished customers (DCs). Depending on the
site of the network that a DC is in, he/she may prefer to stay in the site if the queue size is large (or
small) and in turn encourages more (or less) tasks to come to this site. Further development is
where DCs interact with each other: here we consider the case of a symmetric simple exclusion;
the zero-range model is also included. By analyzing the detailed balance equations (DBEs),
the equilibrium distribution is derived, closely related to the product-form distribution; cf. [1],
[17], [19]. Our approach can be considered as a further development of earlier papers [5], [22],
where possible applications have been outlined in the area of communication networks.

Other areas of applications may cover problems of random trapping/localization and con-
densation; cf. [2], [6], [8], [21], and the references therein.
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An immediate problem would be to identify a Lyapunov function assessing the speed of
convergence to the stationary (equilibrium) distribution under subcriticality conditions; cf. [9],
[16], and references therein.

A possible step would be to introduce similar models in a quasi-reversible setting [12].
In this direction, it would be interesting to treat a wider class of service rules for tasks and
the DC. Namely, a processor-sharing discipline seems a natural choice, involving a branching
formalism; see, e.g. [18].

Our models also show some potential in the direction of Markov processes with local
interaction. An immediate goal can be to develop models in an infinite-volume configuration
space [3], [4], [20].

2. Description of a basic model

2.1. A symmetric open Jackson network

As a model for an environment, we take a symmetric and homogeneous Jackson job-shop
network; see [10], [11]. The model is defined by the following ingredients:

(i) afinite collection A of sites with a single-server system assigned to each k € A;

(i1) two positive numbers: A > 0, the intensity of an exogenous input flow to a given site,
and u > 0, the intensity of the flow from a given site out of the network;

(iii) a nonnegative symmetric matrix of transmission intensities,
B = (Bix, i,k € A), Bik = Bris Bik = 0, Bii = 0. 2.1

The value A gives the rate of independent Poisson processes of exogenous tasks arriving at
sitesin A and u; = p + B; is therate of servicing the queue atsitei € A, where i = D ;. 5 Bik-
After completing service at site 7, a task leaves the network with probability w/u; and jumps
to site k with probability S;x/p;. Condition 8;; = 0 is used for convenience. In contrast, the
symmetry property Six = Pk in (2.1) is essential but rather restrictive and hopefully could be
weakened in the future.

The above description gives rise to a continuous-time Markov process (MP) with states
n=n;,iecA)eZ? wheren; € Z, := {0, 1,2,...}. The generator matrix Q = (Q(n, n'))
of the process has nonzero entries corresponding to the following transitions:

(i) Q(n,n + €') = A an exogenous arrival of a task at site i;
(i) Q(n,n — el) = w1 1y, >1y a task exits from site i out of the network;

(iii) Q(n,n+ €% = Bix 1y, >1y a task jumps from site i to k.

k _ ¢' and 1 denotes

Here, ¢! = (e}, ] € A) € Z4 has e} = 8;;, ¢ 7% denotes the difference e
the indicator.

Assuming the subcriticality condition A/ < 1, the invariant measure  is the product of
geometric distributions with parameter A/u. Here, the probability 7 (n) of having n; tasks at

sites i € A is of the form

A #A A ni A
n(n):(l—;) ]‘[(-) , n=(n) ez (2.2)

ieA s

https://doi.org/10.1017/jpr.2016.12 Published online by Cambridge University Press


https://doi.org/10.1017/jpr.2016.12

450 M. GANNON ET AL.

In fact, assuming that matrix B is irreducible (i.e. B’ has strictly positive entries for some
t € Z4.), the process is positive recurrent (PR).
Equation (2.2) follows from the DBEs for probabilities 7 (n), n € Z_ﬁ:

nn)Qn,n —i—ei) =n(n+ ei)Q(n + ei, n,
Tm)Qm,n—e)=nn—e)Qm—e,n), n;>gq,

) Qm,n+ ey =gm+e7Hom+ ), m =1,

which are easy to check. Note that the probabilities 7 (n) in (2.2) do not refer to matrix B.
Throughout this paper, A denotes a finite set, and sites of A are marked by i, j, k, [, p,q, r,
s, and j’.

2.2. Random walk in a Jackson environment

We now give the description of the model with interaction. A new ingredient is the presence
of a random particle (a distinguished customer (DC)) walking over set A. Parameters of the
Jackson network are changed only for a site where the DC is located; we call it a loaded site
and denote by j. A site i # j (free of a DC) is called unloaded. In general, i, k, and [ denote
sites in A which may be loaded or unloaded.

In addition to A, i, and B = (Bix) (see items (b) and (c) in Section 2.1), we need more
ingredients and rules. The queue of tasks at the loaded site j has an exogenous arrival intensity
e?X, where ¢ € R, while for the remaining sites the intensity remains A. The exit flow intensity
from all sites of the network equals w as before. The intensities B;x for i # j # k (task
jumps from one unloaded site to another) are as before (and satisfy (2.1)). Next, we introduce
symmetric matrices @ = (6, i,k € A) and T = (7, i,k € A), where

Oik = Oki, Oix = 0, 0i;i =0; Tik = Tkis Tix > 0, 7;; = 0. (2.3)

(Again, condition 6;; = 1;; = 0 is used for convenience.) For the loaded site j, the intensity
of the task flow from j to k # j equals 6. For an unloaded site k # j, the intensity of the
task flow from k to j equals e?f;. Finally, the intensity of a leap of the DC from a loaded
site j where there are nj tasks to a site j* % j is taken to be %" 7. As with intensities S,
symmetry equations 6,3 = 6; and t;; = T}; are essential (in modified forms, they reappear in
the rest of the paper), and it would be interesting to replace these conditions with weaker ones.

Matrices 6 and T and parameter ¢ € R are additional ingredients of the model. (In the future,
we also refer to B, 8, and T as arrays or collections of intensities.) The state of the emerging
MPis apair (j, n), where j € Aandn = (n;, i € A) € Zﬁ. As was said, the entry j indicates
the loaded site, and n;, as before, gives the number of tasks at site i € A. In accordance with
the above description, the generator R = {R[(j, n); (j', n’)]} has the following entries (here
and below, zero-rate transitions are not shown):

R2.1) R[(j,n); (j,n+ ek)] = re®dik exogenous arrival of a task;

(R2.2) R[(j,n);(j,n—e)=pn 1{,,>1) exit of a task out of the network;

(R2.3) R[(j,n); (j,n+ e~D)] = By 1, 1) jump of a task for k # j # I

(R2.4) R[(j,n); (j,n+ e/=hH] = 01 1{,,1.21} a task jumps from the loaded site for [ # j;
(R2.5) R[(j,n); (j,n+ €)= Okje? 1, >1) a task jumps to the loaded site for k # j;
(R2.6) R[(j,n); (j',n)] =e *"it;; leap of a DC, from j to j" # j.
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Pictorially, the DC is served or provides service affecting task arrivals (both exogenous
and intrinsic) at the loaded site, after which it moves to another site. Conversely, the DC
departure from the loaded site is influenced by the number of tasks accumulated in the queue.
If ¢ < O then the presence of the DC suppresses task arrivals, whereas ¢ > 0 means the
opposite. Likewise, the intensity of a DC leap increases with n; for ¢ < 0 and decreases for
¢ > 0. Mnemonically, if the DC attracts/repells tasks to/from the site where it currently is
then it does so for both exogenous arrivals and arrivals from other sites, increasing/reducing
the corresponding ‘nominal‘ rate by the same factor e?. At the same time, the DC would like
to stay for longer/shorter at a given site, by reducing/increasing the rate of its leap by factor

e Y.
3. An exact solution for a single DC

3.1. The basic case

In this section we assume that the rate collections B, 6, and T satisfy (2.1), (2.3), and
are irreducible (i.e. matrices B*, %, and T" have strictly positive entries for some positive
integer u).

Theorem 3.1. Assume that the subcriticality condition holds true: A/, Ae?/u < 1. Then the
MP on A x Zﬁ with generator R is positive recurrent and reversible (PRR). The stationary
probability (SP) w(j,n), j € A, n = (n;) € th, of locating the DC at site j and having n;
tasks in sites of A is of the form

re? ANFA=L 23\ Diea i
7(j,n) = (#A)—l(l - —> <1 — —> (-) e, 3.1
0 g 0

Proof. Probabilities 7 (j, n) from (3.1) satisfy the following DBEs:

n(j, WRIG, n); (j,n+ e =n(j,n+ )R, n+e); (j,m)], k#j (32a)
7(j, m)RI(j,n); (j,n+e)] =n(j,n+e)RI(j,n+e); (j,n)], (3.2b)

7(j, m)RI(, n); (Gon+ 7D =n(j,n+ 7 HRIG, n + 70 (j,m)],
k#j#L#k ng>0, (32c)

7(j,mRI(, n); (G,n+ e/ 7" =n(j,n+ e "F)R[(j,n + e/ 75); (j, )],
j#k n;>0, (32d)

7(j, m)RI(j, n); (', m] = (j', WRI', n); (G, m)], J#ET (3.2¢)

In fact, substituting (R2.1)-(R2.6), omitting constant factors, and canceling the common term
(A/w)2i " yields the identities

e?iA = <%)e“’"1u, k # ], e?ire? = (£>e‘p("1+l)u,

m
B =" B,  k#EjFIFEk ng>0,

0 = e Vg e’ j#£k nj >0, eMie Mg =eie " v, j £

Finally, under the irreducibility assumption, the process is PR. ]
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Note that the SP distribution 77 in (3.1) does not involve B, @, or T. The same pattern will
be observed in the generalizations of the basic model below.

3.2. A direct generalization
In this section the rates R[(j, n), (j’, n)] are as follows (cf. (R2.1)-(R2.6)):

(R3.1) RI(j.n); (j.n + €)] = Ae(ns ), k # i

(R3.2) RI(j,n); (j,n+e)] = 2j(n; j)y;(n));

(R3.3) R[(j.n); (j.n —€")] = pi (i, k) Ljny=1):

(R3.4) R[(j,n): (j.n+ €7D = Bulni, nis j) Linz1y, k # j # 1 # ks
(R3.5) RI(j.n); (j.m+e/ =D =0ji(nj,n) 11y, | # j;

(R3.6) R[(j.n); (j.n+ €)= Oj(np. nj)y;(nj) L1y, k #
(R3.7) RI(j.n); (j'.m)] =[yjn)] ;5 (n), j # j'.

Let us comment on the form of these rates. As one can see, we take into account the number
of tasks in related sites and the position of the DC. To start with, we deal in (R3.1)—(R3.7) with
values A;(n; j) and w;(n; j),n € Z4,i, j € A. Fori # j, values A;(n; j), ui(n; j) give the
intensities of exogenous arrival and exit of tasks, depending on i, the site location, n(= n;),
the current number of tasks at the site, and on j, the current loaded site. Fori = j, u;(n; j)
yields an exit intensity from a loaded site while A ; (n; j) represents a nominal arrival intensity
which will be modified via a gauge function y; (n). Examples are

ri(ns ) =AY oy, wi(n, j) = wYminln, K1, j #1,
A )= 1oy, pims ) = ptminfn, K1,

where AU, AL, MU, ,U,L, C, and K are positive constants (which can be made by varying the site)
with ‘U’ and ‘L’ denoting unloaded and loaded. It means that the arrival at a given (unloaded)
site is blocked if the number of tasks reaches C, and the pre-exit service is done by a K-server
device, with intensities depending on the site.

For simplicity, we assume that

sup[A;(n; j):n>0,i; j € A] < o0, influ;(n; j):n>1,i5j € A] >0,

and that A; (n; j) > 0if A;(n + 1; j) > 0. Throughout, we also set

Li(0; ) = pi(0; ) =1, (3.3)
M= ] xmip,  mimip= ] wimij, n>0. (34
0<m<n 1<m<n

We also work with values y; (n) > 0,i € A, n € Z,, assuming that ;(0) = l and y;(n) > 0
if y;(n 4+ 1) > 0. These values are used to modify intensities of task arrival and jump at loaded
site j. Namely,

e?()

i) =1,  yin = or yj(n)=ne’V,  n>1,
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where ¢(j) is a given real parameter depending upon j. Next, we let, again throughout,

O =1,  ym= [] vnom, n=1 (3.5)

0<m<n

Furthermore, the intensities B;x depend on j and n;, ng, and so we can write B(n; j) =
(Bik(n;, ng; j)). Consequently, we modify the symmetry assumptions in (2.1). For i # k,

Ai(ng — 15 ) . Ak(ngs J)

——Bik(ni,nk; j) = —————Pri(mi + 1, ng — 1; j) (3.6)
wilngz j)y pene+1; )
and set §;; (n;, n;; j) = 0. Similar conditions are imposed on array 6 (n; j) = (0jx(n;, ng; j)).
Fori # k,
Ai(ng — 15 ) . A (ks J) .
0 (ni, ng; j) = ——— =0k (ng + 1,n; — 1; ) 3.7
wi(nis j) mk(ne + 1; j)

and 6;; (n;, n;; j) =0.
Finally, intensities t;; depend upon n yielding an array T'(n) = (tjx(n), i,k € A). In this
section we assume that 7;;(n) = 0 and fori # kandn = (ny, g € A) € Zﬁ,

A ,' A vk
ey [ 2elaiD) kz(")l_[ WL (3:8)

geA q( g1 q(nqyk)

We continue referring to (3.6)—(3.8) as symmetry conditions; one of our primary future tasks
should be their replacement with less restrictive assumptions.

In Theorem 3.2 we assume that conditions (3.6)—(3.8) hold (these conditions will be recast
in Section 4 in a more general situation) and suppose that arrays B(n; j), 8 (n; j), and T (n)
have off-diagonal entries greater than 0. (We keep referring to this property as irreducibility.)
The subcriticality condition for the unloaded and loaded site reads

Ai(n;j
Uij == Z i f_) <400 foralli,jeA,i#], (3.9)
wi(n; j)
n€Z+
Lj:= Z M]—W<m forall j € A. (3.10)
ez, M)

Theorem 3.2. Under (3.9) and (3.10), the MP on A x ka with generator R = (R[(j, n); (j/,
n')]) as in (R3.1)—(R3.7) is PRR. The SP 7 (j, n), of having the DC at site j and ng tasks at
q € A, is of the form

L Ay .
w(j, m) = ]_[ ﬁ yi(nj)). jEA n=(ng) ez 3.11)

[I]

qu
with Ep = ZjeA L; HieA\{j} Ujj. Here, B is the partition function of the model.

Proof. Probabilities 7 (j, n) from (3.11) and rates R[(j, n), (j', n)] from (R3.1)-(R3.7)
satisfy the DBEs (3.2a)—(3.2e). In fact, after omitting the factor 1/E 4 and canceling common
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terms in [[;c5 (A (ni; j)/mi(ni; j)), the DBEs are again verified with the help of symmetry
conditions. For j', j, k,l € A, withk # j £l #k, j #j,

k(s Jyj(ng)

Yinjie(ng; j) = —uk (g + 15 j),
T (i + 15 )
. Aj(nj; yjnj+1) ,
vimixjnj; ying) == ——puj(nj+ 1; ),
JNEJ g JNHT M/(nj 4 1;]) JNT
(g —1; ) o Mg ying) .
Sy () Bu (i, np; ) = L B (g + 1, g — 1), ng>1,
wk (i J) (g + 15 j)
Ajnj—1; jyj(ng) . (g yj(ng—1) .
i e N L ok + 1o — 15 )
wi(mj; j) mr(ng +1; j)
xyjnj—1), nj > 1,
yi(n i) ) =y )y ()" ).
As before, the process is PR under the irreducibility assumption. ]

3.3. A closed-network version

This version arises when the number of tasks in the network remain fixed. Correspondingly,
we drop the three first rates in (R3.1)—(R3.7), i.e.

(R3.4) RI(j,n); (j,n+€7D] = Bulne, nis ) Ypyz1y, k #j #1,
(R3.5) R[(j,n); (j,n+ e/ =) =01(nj, np) Ljn;=1),
(R3.6) RI(j,m); (j,m+ €] = 64 (nx, nj)y;(n)) L=1),
R3.7) RIG,n): (' m)] = Ly )]ty (). j # .
In Theorem 3.3 we assume a modification of condition (3.8):
Tji(n) =1/ (n). (3.12)

Theorem 3.3. Fix N, the number of tasks in the network. Given n € 7 set |n| = ZSGAnS.
The MPon {(j,n) € A X Zj\_: |n| = N} with generator R = (R[(j, n); (j', n)]) as in (R3.4),
(R3.5), (R3.6), and (R3.7) is PRR. The SPs 7 (j, n) take the form

Ljjn=n}

n(j,n) = yj(nj),

EN.A
where By A = Zn:(ns)eZQ: |n|=N Dien V().

Proof. Again, we use the DBEs verified with the help of the corresponding symmetry
conditions

7(j,mRI(,n); Gon+e 7" =n(j,n+e 7RI, n+e75); (j,n)],
i#j#k n >0,

7(j,mRI(, n); (Gon+ e/ 7" =n(j,n+e"FRI(j,n+ e/ 75); (j, )],
J#k nj>0,

7(j, m)RI(j, n); (', m)] = (', mRIG', n); (G, m)], J#ET .
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4. Simple exclusion in a Jackson-type environment

4.1. A closed-open network

The simple exclusion model was introduced in [20] (where the corresponding term was
coined). The model was extensively studied thereafter: see [13]-[15]. Here, the state of the
MP is a pair (y, n), where y = (y5,s € A) € {0, 1} andn = (n;, i € A) € Zj\_. Let us
set [y| = ) ;cays- Wealso write j € y when y; = 1,and j ¢ y when y; = 0. In the case
of a closed—open network, the sum M = |y| remains constant. The rates (now denoted by
R[(y, n); (y', n')]) are specified as

(R4.1) R[(y,n); (y,n+eP)] =r,(np; ypnp)Pr;
(R4.2) R[(y,n); (y,n—eP)] = pup(np; y) Lin,>13;
(R4.3) R[(y. m); (y.n+ €] = Bu(ng, ng: y):
(R4.4) R[(y.n); (y.n+e7))] =¢€jni,nj; y);
(R4.5) RI(y,n); (y.n+ e D] =0 (ni,ni; y);
(R4.6) R[(y.n); (y,n+ e~ =0, nj; y)yj(n);
(R47) RI(y, n); (y + €777 m)] = [y (0 )] 70 (ns p);
assuming

W) i#ji,jey k#1,kl, j ¢y,and

(i) n;, ng > 1.

Here, we deal with intensities A¢(-; ¥) and pe(-; y) depending on y. Such a generalization
is extended to arrays B(n; y) = (Bu(nk,ni; y)), 0(n; y) = (Oxi(nk, ni; y)), and T'(n, y) =
(zjjr(n; y)). We assume symmetry conditions similar to (3.6)-(3.8). For j € y and k #

15 ka l’ j/ ¢ y7
A(ng — 15 ) A y)
——————PBuk,ni; y) = ————— P + 1, n — 15 y), ne>1, (4.1)
k(s y) mi(ng+1; y)
rj(nj—15y) Ak (ng; y)
————0j(nj,ni;y) = ——————Oj(ng + 1,n; — 1, y), nj>1, (4.2)
wingsy) Y S+ Y oy !
and (see (3.3) and (3.4))
A (ng; y) . Mgy +ei=)
Tjj(n; y) =tpj(n;y+e77) —. (4.3)
. qguq( ngiy) ql;[\ﬂq(nq;y+e./—>1)
We also have a new collection of jump rates E(n;y) = (;j(n;,nj; y)) satisfying the

following symmetry property. Fori # j,i, j € y,andn; > 1,

Ai(ni — 15 y)yi(ni — 1) . Aj(njs y)yj(nj)
€j(ni,nj; y) = ———————
wi(nis y) wimj +1;y)

€jitnj+1,n; — 1, y). “4.4)

Until the end of Section 4 we work with irreducible collections B(n; y), 6(n; y), E(n; y),
and T (n; y). Furthermore, assumptions (4.1)—(4.4) are adopted in Sections 4.1 and 4.2.
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The interpretation is that we have a 1-0 configuration y of loaded sites occupied by DCs, with
a total number of DCs M; each of them influences task arrivals and task jumps as indicated,
independently for different sites. In addition, each DC can jump from a loaded to an unloaded
site, again independently.

With y;(n) as in (3.5), the SPs 7 (y, n) can be expressed as

1y Ay (ng:
a(y.n) = 2= T a(1g: y) [T »@» (4.5)

AM gn mg(ng; y) jeh: y=1

with partition function

AM = > [T - [] vy, M<#a,

(1]

y=(y5)€{0, 1} |y|=M 73 yr=1 I: y=0
" M y) Ay (5 )y, (n)
oy n; Yy (n
Uy =y, oy L= 3 T 46)
nezy 1Y o wy

The subcriticality conditions emerging from (4.6) are, for all y € {0, 1} with | yl=M,
Ui(y) < +o0, Lj(y) <+oo foralll,jeA 4.7
withy; =0and y; = 1.

Theorem 4.1. The MP with generator R = (R[(y, n); (y',n')]) as in (R4.1)—(R4.7) on state
space {(y,n) € {0, 1} x Z4: |y| = M} is PRR. The SPs nt(y, n) are given by (4.5).

Proof. As before, the proof is based on DBEs. These are now as follows. For j, j', k, 1 € A,
with k #£ [,

7y, MRy, n); (y,n+ e =n(y,n+e)R[(y,n+e); (y,m)], k¢gy, (48a)
7(y, m)R[(y,n); (y,n+e)] =n(y,n+e)R[(y,n+e); (y,n)], jEy, (4.8b)

7 (y, m)RI(y, n); (y,n+ 7D =n(y, n+ &HRI(y, n + 71); (y, n)),
Yk =y, ng>1, (4.8¢c)

7(y, m)RI(y,n); (y,n+ e 75 =n(y,n+e/"HR[(y,n+e/75); (y,n)],
JeEy. kdy n;j>1, (48d)

7(y, MRy, n); (y+ e~ m)l=n(y+e=7 , m)RI(y + /77, n); (y,m)],
jey. j' ¢y (48e)

The verification is still direct. For definiteness, we show the equation emerging in (4.8c), when
k,l € y (other cases have been effectively considered earlier). Upon omitting the factor 1/E 5
and canceling common terms in the products

[ vy ana ]2

JEA: yj=1 geA Pq(ng; J)

this equation becomes (4.4). O
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4.2. An open-open network
Now the rates (R4.1)—-(R4.7) are complemented with

(R4.8) R[(y,n); (y + . n) = & yi(ni) 1y, oy, arrival of a DC at site k;
(R4.9) R[(y,n); (y — e, n)] = n; 1,=1), exit of a DC from site i.

Here, & > 0 and n; > 0 do not depend on n or y. (This assumption can be generalized but a
certain independence should be maintained.) Furthermore, in this section we assume that (4.1)
holds. In addition, we assume here that, for all n € Zﬁ, the product

V(n) = 1_[ M 4.9)

e Ha(q: y)

does not depend on configuration y € {0, 1}*. Accordingly, (4.3) has to be replaced with

£ i & : .
)L =iy vl ey iy (4.10)
nj nj’
The SPs 7 (y, n) then become
V(n) §jyj(nj)
ry.m=—— [] 2=+ (4.11)
SA jenry=1 N

Here,

A= Z ZV(”) 1—[ fj)’;(.nj)= Z 1—[ &Ly (y) l_[ Ui(y),

ye{0,.13A nezd jeh:y;=1 / ye{0,1}A riy =1 T e y=0

(1]

L,(y), and U;(y) are as in (4.6). The subcriticality condition reads E5 < oo, or
U(y) < 400, L.(y) <+oo forall y € {0, 1}A (4.12)

and/,r € A with y; = 0 and y, = 1, and can be treated as a slight modification of (4.7).

Theorem 4.2. Under (4.12), the MP on {0, 1}* x Z4 with generator R = (R[(y, n); (y',n)])
as in (R4.1)—(R4.9), is PRR. The SPs w(y, n) are given by (4.11).

Proof. As before, we check the DBEs (4.8a)—(4.8e) completed with
m(y.m)RI(y.n): (y + €. m)] = 7(y + e MRy + €. n): (y. m)]. kéy. (413)

In view of (4.9), the latter holds. O

4.3. A closed—closed network

Here, we keep |y| and |n| fixed: |y| = M, |[n| = N. The rates are as in (R4.3)-(R4.7). The
following conditions are assumed. Fori # j,i,j € yandk #1,k, 1, j & y,

Bri(mp,ny; y) = By + 1,n — 15 ), 4.14)
Ojk(mj,ng; y) = Oj(ng +1,n; — 15 ), ng,nj > 1, (4.15)
€j(ni,nj; Y)yini — 1) =yjnjejin; +1,n; — 1, y), ni > 1, (4.16)
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and ‘ )
T y) =tjj(n;y —e +e), 4.17)

which can be viewed as a modification of (4.1)—(4.4) and (3.12).
The SP distribution resembles (3.11):

Ljy|=m, |nj=N}

w(y,n) = =22 [y ()1, (4.18)
SNA JEA
EN.AM = > [ [ty (4.19)
y=(y)€(0,1}*, lea

n=(n,)eZ4 : |y|=M,ln|=N

Theorem 4.3. Given integer M, N > 1, the MP on {(y, n) € {0, 1}* x Zﬂ}: lyl =M, |n| =
N} with generator R = (R[(y, n); (y',n')]) as specified in this subsection is PRR. The SPs
7 (y, n) are given by (4.18) and (4.19).

Proof. Again by means of suitable DBEs (4.8a)—(4.8e), the proof is complete with the help
of (4.14)—(4.16). ]

4.4. An open—closed network

In this version of the model, N, the number of tasks, is fixed, but the number of DCs
varies due to arrivals and exits. A part of the transition rates R[(y, n); (y', n’)] come from
(R4.1)-(R4.7):

(R4.10) R[(y.n); (y.n+ €D = Bu(ni, nis y) L1y, k # 1 kL ¢ y;

(R4.11) R[(y,n); (y,n+e 7N =¢;ni,nj; y) Y1y, i # j, i, j € ¥;

(R4.12) R[(y.n); (y.n+ e/ 7D =0ji(nj,ni; ) Y21y, j € y.1 &

(R4.13) R[(y. n); (y, n+ € 7)) = 0 G njs 9)y () Loe=1y, J € ¥,k & ¥

(R4.14) RI(y,n); (v + /=7 m)] = [y; )1 "2y 9), j €y, j & .

In addition, we use the rates (R4.8) and (R4.9). The DBEsread, fori, j, j/, k,I € A withk # [,
J €Y,

7(y, Ry, m); (y.n+e D] =n(y,n+ DRIy, n+ 7D (v.m),
Yk =y, ng > 1, (4.20a)

7(y, m)RI(y, n); (y,n+ e 75 =n(y,n+e/"HR[(y,n+ /75 (y,n)],
k¢y nj>1, (420b)

7y, WRI(y,n); (y+ e m=n(y+e=/ mRI(y+e 77 n); (y.m)l, ¢y,
(4.20c)

7(y, m)RI(y,n); (y + e, m)]=n(y + e, mRI(y + €, n); (y,m)],  kgy. (4.20d)
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We now assume conditions (4.10) and (4.14)—(4.16). The SPs and subcriticality condition
read as

e Ya
m(pm = —2=2[] [i—"n,(nq)} , 421

qeAN q

> [1 [i—jrq(nq)]q < o0. (4.22)

y=(y)e{0, 1}, gq€A
n=(n;)€ZL: |n|=N

[

=

>
|

Theorem 4.4. Fix N € Z. If Ey p < 00, the MP with generator R = (R[(y; n); (y'; n')])
as above is PRR on state space {(y,n) € {0, 1} x Zﬁ: [n| = N}. The SPs are given by
(4.21) and (4.22).

Proof. The proof follows from using the DBEs, now from (4.20a)—(4.20d). O

5. A zero-range system in a Jackson-type environment

A zero-range modification arises when we allow the DCs to accumulate in sites i € A. Here,
y = (y5, 5 € A) € Z%; we again set |y| = Y sep Vs and write j € ywheny; > landl & y
when y; = 0.

5.1. A closed—open network

In this section, M := |y| is a conserved quantity. The rates are similar to (R4.1)—(R4.7).
Fori, j,k,l, p € A,

(R5.1) RI(y,n); (y,n+ ") = rp(ny; yly,(np)Pr;

(R5.2) RI(y.n); (y.n —e")] = pp(np: y) Ln,>1y;

(R5.3) RI(y,n); (y,n+ €D = Bulue, ni; 3) Y=y, kL €y, k # 15

(R5.4) RI(y.n); (y.n+ €N =¢j(ninj: y) Y=y, inj €y, i # j;

(R5.5) R[(y.n); (3. n+e 7)1 =05(nj,n;; y) Lin,=1y. j €y, L &y

(R5.6) R[(y.n): (y.n+ €] =0ju.nj; Py Lp=1y, j €y, k & y;
(R5.7) R[(y.n): (y + /=0 m)] = [y; )1ty (n: )y ()] 7, j €y, jr # J.

Until the end of Section 5, we suppose that irreducibility of collections B(n; y), 0(n; y),
E(n; y), and T (n; y). In Sections 5.1 and 5.2, intensities €;;(n;, n;; y) are supposed to obey
the following. For alli # j,i, j €y,

Ai(ni — 1, Ylyi(n; — D]

€i(ni,nj;y)

wi(nis y)
Aj(njy Wy
= €iini+1,n —1;y), n;j >1, 5.1
Mj(nj+1;)’) jl( j i y) i (5.D

which replaces (4.4). Conditions (4.1)—(4.3) remain in place in both Sections 5.1 and 5.2.
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The present model gives rise to SPs,

1= Ap(np; y)
n(y.m) = ~2=M T 2220 2 Ty, o, 5.2)
=AM PEA le(n[,, y) geA
Eam = > [T c¢» [] v, (5.3)
y:(yJ)EZQ: ly|l=M T: yr>1 [:y=0
and
Mi(ns; y) Ae(niy)
U =Y X oy = 3, 54
o AR o kr(nsy)
" =

The subcriticality conditions read as follows. For all y € Z_ﬁ with |y| = M,
Ui(y) < +o0, Cr(y) <400 foralll,r € A (5.5

with y; = 0 and y, > 1.

Theorem 5.1. Under conditions (5.5), the MP on {(y,n) € Z4 x Z4: |y| = M} with gen-
erator R = (R[(y, n); (y',n")]) as in (R5.1)~(R5.7) is PRR. The SPs m(y, n) are given by
(5.2)—(5.4).

Proof. The proof follows by still using the DBEs, now for rates (R5.1)—(R5.7). The DBEs
are as in (4.8a)—(4.8¢e), and after cancellations are reduced to (4.1)—(4.3) and (5.1). O
5.2. An open-open network

In this model we allow both the tasks and DCs to arrive and depart. Correspondingly, the
rates (R5.1)—(R5.7) are complemented in a manner similar to (R4.8) and (R4.9):
(R5.8) R[(y,n); (y + eV, m)] =§pyp(np);
(R5.9) RI(y,n); (y — e’ nm)] =np 1y,>1y.

As in Section 4.2, we assume (4.1) and (4.2), and that (4.3) is replaced by (4.9). We also
assume (4.10) holds. (In (4.9), y € {0, 134 is replaced with y € Z_‘t, and in (4.10) the restriction
Jj' ¢ yisremoved.) As in Section 5.1, condition (5.1) is also in place.

Assuming U;(y) and C;(y) as in (5.4), the SPs and subcriticality condition now read as

_— Ap(np; y) £ Yq
7T(y’ n) = dAl L l_[ [_qu(nq)] , (56)
el Kp(np;y) genld
Ex= Y, [ ¢» [] v <o (5.7)
y=(ys)er‘_ r:yr>1 I:y=0

Theorem 5.2. If E5 < 400, the MP on Zﬁ X Zﬁ with generator R = (R[(y, n); (y',n')])
as in (R5.1)—(R5.9) is PRR. The SPs 7t (y, n) are given by (5.6) and (5.7).

Proof. Using the DBEs again. The added equations (R5.8) and (R5.9) are treated similarly
to (4.13). O
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5.3. A closed—closed network

Let us now suppose that both |y| and |n| are fixed: |y| = M and |n| = N. The rates
are (R5.3)—(R5.7). In this section we assume conditions (4.14)—(4.16) and (4.17) hold, with
specification y € {0, 1} replacedby y € Zﬁ and condition j' € y removed. The only exception
is that (4.16) is now replaced with

€iming; Wy — DY =[yjmpPiein; +1,n; — 15 y), i #Jj,i,jey ni>1

(5.8)
The SP distribution mimics (4.18) and (4.19):
1yj=M,nj=N .
7(y, m) = S2EREED Ty )7, (5.9)
EN,A .
JjeA
ENAM= Z H[}’l("!)]y’- (5.10)
y=(y).n=(ns)€ZL: 1€A
|y|=M,|n|=N

The above DBEs and symmetry conditions (including (5.8)) lead to Theorem 5.3.

Theorem 5.3. The MP on state space {(y, n) € Z} x Z4 : |y| = M, |n| = N} with generator
R = (R[(y, n); (y',n)]) as in (R5.3)—(R5.7) is PRR. The SPs 7 (y, n) are given by (5.9) and
(5.10).

5.4. An open—closed network
Here, as in Section 4.4, we only fix N. The rates follow (R4.8)—(R4.12) and consist of

(R5.10) RI(y,n); (3, n+ €] = Bulu, nis y) Y1y, k # 1, kL& y;

(R5.11) R[(y,n); (y,n+ e~ )] =e€;j(ni,nj; y) Y1y, i # j, i, j € y;

(R5.12) RI(y.n); (y.n+ €7D =60ji(nj,ni; y) Yu;=1y, j €y, L € y;

(R5.13) R[(y,n); (y,n+ =) =0;ng,nj; Wy )P L1y, j €y, k € y;
(R5.14) R[(y.n); (y +€/=7" . m)] = [y Vit lyy )17 j £ j€y.

plus rates (R5.8) and (R5.9). As in Section 4.4, we now assume conditions (4.10) and (4.14)—
(4.16) hold, modified like the above (including (5.9)). The SPs and subcriticality condition
read as

11— ¥
7y = ==t H[E—IIW(M)} , (5.11)

leA

i
N = > H[%n(nz)] < o0, (5.12)

y=05), n=(ny)€ZL : [n|=N €A

]

The DBE:s in this case yield the following theorem.

Theorem 5.4. Fix N € Zy and consider the MP on {(y,n) € Z{ x Z&: |n| = N} with
generator R = (R[(y, n); (y',n')]) as in (R5.10)~(R5.14). If En A < oo, assuming (5.11),
(5.12) it is PRR. The SPs are given by (5.11) and (5.12).
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