UNIVERSITAT HAMBURG

Loss systems in a random environment -

steady state analysis

Ruslan Krenzler, Hans Daduna

Preprint—No. 2012-04 November 2012

DEPARTMENT MATHEMATIK

SCHWERPUNKT MATHEMATISCHE STATISTIK
UND STOCHASTISCHE PROZESSE

BUNDESSTR. 55, D — 20146 HAMBURG






Loss systems in a random environment -
steady state analysis

Ruslan Krenzler* Hans Dadunal
Department of Mathematics, University of Hamburg
20146 Hamburg, Germany

November 8, 2012

We consider a single server system with infinite waiting room in a random
environment. The service system and the environment interact in both direc-
tions. Whenever the environment enters a specific subset of its state space
the service process is completely blocked: Service is interrupted and newly
arriving customers are lost. We prove an if-and-only-if-condition for a prod-
uct form steady state distribution of the joint queueing-environment process.
A consequence is a strong insensitivity property for such systems.

We discuss several applications, e.g. from inventory theory and reliabil-
ity theory, and show that our result extends and generalizes easily several
theorems found in the literature, e.g. of queueing-inventory processes.

We investigate further classical loss systems, where due to finite waiting
room loss of customers occurs. In connection with loss of customers due to
blocking by the environment and service interruptions new phenomena arise.
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1 Introduction

Product form networks of queues are common models for easy to perform structural and
quantitative first order analysis of complex networks in Operations Research applications.

*ruslan.krenzler@math.uni-hamburg.de
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The most prominent representatives of this class of models are the Jackson [Jac57| and
Gordon-Newell [GN67] networks and their generalizations as BCMP [BCMP75| and Kelly
[Kel76] networks, for a short review see [Dad01].

The mathematical description of this class of models are time homogeneous Markovian
vector processes, where each coordinate represents the behaviour of one of the queues.
Product form networks are characterized by the fact that in steady state (at any fixed
time ¢) the joint distribution of the multi-dimensional (over nodes) queueing process
is the product of the marginal distributions of the isolated (non Markovian) queues in
steady state. With respect to the research described in this note the key point is that the
coordinates of the vector process represent objects of the same class, namely queueing
systems.

In Operations Research applications queueing systems constitute an important class
of models in very different settings. But in many situations those parts of a complex
production system which are modeled by queues interact with other subsystems which
usually can not be modeled by queues. Typically, there is a manufacturing system,
(machine, modeled by a queueing system) which assembles delivered raw material to a
final product, consuming in the production process some further material (we will call
these additional pieces of material “items" henceforth) which is hold in inventories which
provide from stock these items.

In classical Operations Research the fields of queueing theory and inventory theory are
almost disjoint areas of research, but with increasing complexity of integrated production
and inventory systems (think of large Supply Chains) the need for integrated models that
encompass queueing and inventory processes and their interaction is obvious.

Indeed, there is a large number of papers on integrated queueing-inventory models,
see the review in [KLM11], but only recently, Schwarz, Sauer, Daduna, Kulik, and Szekli
[SSDT06] discovered product forms for the steady state distributions of an M/M/1/co
under (r,S) and (r, Q) policies with lost-sales. Further contributions to product form
results in this field are by Vineetha [Vin08|, Saffari, Haji, and Hassanzadeh [SHH11],
and Saffari, Asmussen, and Haji [SAH10|. An early paper of Berman and Kim [BK99]
can be considered to contribute to integrated models with product form steady state.
Due to zero lead time for replenishment the queue length can develop independent of the
inventory size.

A similar observation was made for other vector process describing (possibly many)
queues as parts of a system, which furthermore encompasses coordinates which describe
the reliability status of the system as a vector process or as a compound reliability com-
ponent information. In [SD03] it is proved that under certain conditions a product form
equilibrium for such networks of unreliable servers exists.

Our present research is motivated by the observation that in both of the described
situations we have a construction of an integrated model

e for production processes modeled by queueing systems and
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e an additional relevant part of the system, e.g., inventory control or availability
control.

The important observation in those models is that both of the components strongly
interact, but that in equilibrium the coordinates at fixed time points decouple, which
means that a product form equilibrium emerges.

An important common aspect of the interaction in both applications leads to the term
loss system: Whenever, respectively,

e the inventory is depleted,
e the machine is broken down,

service is interrupted due to stock out, resp. no production capacity available. Addi-
tionally, during the time the interruption continues no new arrivals are admitted to both
systems, due to lost sales and because customers prefer to enter some other working
server.

This loss of customers is different from what is usually termed loss systems in pure
queueing theory, where loss of customers happens, when the finite waiting space is filled
up to maximal capacity.

Following the above description, in our present investigation of complex systems we
always start with a queueing system as one subsystem and a general attached other sub-
system which imposes side constraints on the queueing process and in general interacts
in both directions with the queue. For ease of discussion in the general model we will call
this second component an “environment” which influences the production process and
which is influenced by the production vice versa. In typical cases we assume that there
will be a part of the environment’s state space, the states of which we shall call "blocking
states”, with the following property: Whenever the environment enters a blocking state,
the service process will be interrupted and no new arrivals are admitted to enter the

b

system and are lost to the system forever.

Our main result (Theorem 2) is that in these systems where production and environ-
ment strongly interact, asymptotically and in equilibrium (at fixed time instants) the
production process and the environment process seem to decouple, which means that a
product form equilibrium emerges.

This shows that the mentioned independence results in [SSDT06|, [SD03|, [SHH11],
[SAH10], and [VinO8] do not depend on the specific properties of the attached second
subsystem. Furthermore, the theorem can be interpreted as a strong insensitivity prop-
erty of the system: As long as ergodicity is maintained, the environment can change
drastically without changing the steady state distribution of the queue length.

And, vice versa, it can be seen that the environment’s steady state will not change
when the service capacity of the production will change.
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We shall discuss this with related problems and some complements to the theorem in
more detail in Section 3 after presenting our main result there.

In a more abstract setting, we can our present work describe as to develop a frame-
work for a birth-death process in a random environment, where the birth-death process’
development is interrupted from time to time by some configurations occurring in the
environment.

On the other side, the birth-death process influences the development of the environ-
ment.

There are many investigations on birth-death processes in random environments, we
shall cite only some selected references. Best to our knowledge our results below are
complementary to the literature.

A stream of research on birth-death processes in a random environment exploits the
interaction of birth-death process and environment as the typical structure of a quasi-
birth-death process. Such "QBD processes” have two dimensional states, the "level”
indicates the population size, while the "phase” represents the environment. For more
details see Chapter 6 (Queues in a Random Environment) in [Neu81], and Example C in
[Neu89|[p. 202, 203|.

Related models are investigated in the theory of branching processes in a random
environment, see Section 2.9 in [HJV05] for a short review.

An early survey with many references to old literature is [Kes80|.

Another branch of research is optimization of queues under constraints put on the
queue by a randomly changing environment as described e.g. in [HW84].

While the most of the annotated sources are concerned with conventional steady state
analysis, the work [Fal96] is related to ours two-fold: A queue (finite classical loss system)
in a random environment shows a product form steady state.

In Section 5 we turn to more concrete problems. We extend and generalize with the
help of Theorem 2 the known product form results for queueing-inventory and queueing-
availability processes from the literature. We present additionally a promising application
in modeling nodes in a wireless sensor network.

We investigate furthermore in Section 4 classical loss systems, where due to finite
waiting room loss of customers occur. In connection with loss of customers due to
blocking by the environment and service interruptions new phenomena arise. We identify
specific environments which produce in this setting product form steady states. It seems
remarkable to us that, different from conventional queueing theory, the restriction from
infinite waiting room to finite waiting room poses additionally more restrictions on the
environment’s behavior to generate the product form steady state.
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2 The general model

We consider a two-dimensional process (X,Y) = ((X(¢),Y(t)) : t € [0,00)) with state
space ¥ =Ny x K. K is a countable set, the environment space of the process, whereas
the queueing state space is Ny.

We assume throughout that (X,Y’) is a homogeneous strong Markov jump process
with cadlag paths which is non-explosive in finite times. (X,Y’) is assumed throughout
to be irreducible unless specified otherwise.

According to our introductory example the environment space of the process is par-
titioned into disjoint components K := Ky + Kp. In the framework of K describing
the inventory size K describes the status "stock out”, in the reliability problem Kp de-
scribes the status "server broken down”. So accordingly Kjyy indicates for the inventory
that there is stock on hand for production, and “server is up” in the other system.

The general interpretation is that whenever the environment process enters Kpg the
service process is blocked, which is resumed whenever the environment process returns
to Ky, the server works again.

Whenever the environment process stays in Kp arrivals are lost.

Obviously, it is natural to assume that the set Ky is not empty, while in certain
frameworks Kp may be empty, e.g. no break down of the server in the second example.

The server in the system is a single server under First-Come-First-Served regime
(FCFS) with an infinite waiting room.
The arrival stream of customers is Poisson with rate A(™ > 0, when there are n customers
in the system.

The system develops over time as follows.

1) If the environment at time ¢ is in state Y (¢) = k € Ky and if there are X(t) = n
customers in the queue then service is provided to the customer at the head of the queue
with rate x(™ > 0. The queue is organized according First-Come-First-Served regime
(FCFS). As soon as his service is finished he leaves the system and the environment
changes with probability Ry, to state m € K, independent of the history of the system,
given k. We consider

ReRFHIKL with > Rgn=1AR>0.
meK

as a stochastic routing matrix for the environment driven by the departure process.

2) If the environment at time ¢ is in state Y (¢) = k € Kp no service is provided to
customers in the queue and arriving customers are lost.

3) Whenever the environment at time ¢ is in state Y (t) = k € K it changes with rate
v(k,m) to state m € K, independent of the history of the system, given k.
Note, that such changes occur independent from the service and arrival process, while
the changes of the environment’s status under 1) are coupled with the service process.
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(a) K under (r=2,5 =5) pol- (b) K under (r = 2,Q = 3) pol-
icy. In state 0 the arrival icy. In state O the arrival
stream is interrupted. stream is interrupted.

v(0,5)

(¢) K for a complex Loss-System with product form
steady state. In states 0,2 the arrival stream is in-
terrupted.

Figure 2.1: Examples of environments for a queue: inventory under (r, S)-, resp. (r,Q)-
policy , and a more general model. All lead to product form steady states.
Blocking states are red: No service is provided, arrivals are lost. Black arrows
point to states where the system changes as soon as a service expires. Service
rates (™ depend on the queue length n. Blue arrows point to states where
the system can change with rate v(i, j) independent of service activities and
queue length.
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From the above description we conclude that the non negative transition rates of (X,Y)
are for (n,k) € £

= AV ke Ky,

= ™Ry,  keKwy,n>1,

= v(k,m) R}, k#m,

= 0, otherwise for (n, k) # (i,m).

q((n, k) = (n+ 1,k
q((n,k) = (n—1,m
q((n, k) = (n,
qa((n, k) — (3,

Note, that the diagonal elements of @ := (¢((n,k) — (i,m)) : (n,k),(i,m) € E) are
determined by the requirement that row sum is 0.

)
)
m))
m))

Remark 1. Tt is allowed to have positive diagonal entries Ry;. R needs not be irreducible,
there may exist closed subsets in K.
v(k, k) = =3 ek iy V(k,m) is required for all k € K such that

Y = (w(k,m): k,meK)

is a generator matrix.
The Markov process associated with ¥ may have absorbing states, i.e., T then has
ZEero TOWS.

Following our motivating remarks, in figures 2.1 we sketch the way from inventories
(under (r,S) and (r, Q) policies) as environment K towards more general environments
which still fit into our framework. For more details on inventory theory in our framework,
see Section 5.1.

3 Steady state solution

Our aim is to compute for an ergodic system explicitly the steady state distribution of
(X,Y). We can not expect that this will be possible in the general system as described
in Section 2, but fortunately enough we will be able to characterize those systems which
admit a product form equilibrium.

Theorem 2. (a) Denote for n € Ny

d;i’}i) = —(1[keKW])\(n)(1 — Ryr) + Z v(k,m))
meK\{k}
G = A" Rinlpere,) +v(km)  k#m (3.1)

and .
Q™ = (@™ : kyme K).

Then the matrices Q™ are generator matrices for some homogeneous Markov processes.

(b) If the process (X,Y) is ergodic denote its unique steady state distribution by
m=(m(n,k): (n,k) € E:=NygxK).
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Then the following properties are equivalent:

(1) (X,Y) is ergodic with product form steady state

i=0 ulh)
=:{(n)
(ii) The summability condition
0o n=1 ()
;} 11) u?l " (3.3)
holds, and the equation
0.0 — 0 (3.4)

admits a stochastic solution 8 = (0(k) : k € K) which solves also
VneN:0-QM =0. (3.5)

(c) If (X,Y) is distributed according to the (1-dimensional) stationary distribution w
of (X(2),Y(1)) (any t), then

E(n):=P(X =n) O(k):=P(Y =k), n(nk):=PX =n,Y =k)=£&(n)-0(k),

Before proving the theorem some remarks seem to be in order.

Remark 3. )
o oA\@)
€= (e = ] o et (3.6)

is the steady state distribution of an ergodic birth-death process with birth rates A
and death rates u(™. But X = (X(t) : t > 0) is in general not a birth-death process
because in general it is not even Markov.

The observation (3.6) is remarkable not only because X is is not a birth-death process,
but also because neither the A(*) are the effective arrival rates (expected number of arrivals
per time unit) for queue length i nor the p(+1) the effective service rates (expected
maximal number of departures per time unit) for queue length 7 + 1. In case of a pure
birth-death process without an environment (¥, 40+ are the respective rates.

The conclusion is that both rates are diminished by the influence of the environment
by the same portion. It seems to be contra intuition to us that the reduction of A(?) goes
in parallel to that of x(*1), while in the running system under queue length i due to Y’
entering Kp arrivals at rate A(Y) are interrupted in parallel to services of rate u(®.

The similar problem was noticed already for the case of queueing-inventory processes
with state independent service and arrival rates in Remark 2.8 in [SSD*06], but in this
setting clearly the problem of A versus (1) is still hidden.
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Remark 4. The statement of the theorem can be interpreted as a strong insensitivity
property of the system: As long as ergodicity is maintained, the environment can
change drastically without changing the steady state of the queue length at any
fixed time point. An intuitive interpretation of this result seems to be hard. Especially,
this insensitivity can not be a consequence of the form of the control of the inventory or
the availability.

We believe that there is intuitive explanation of a part of the result. The main obser-
vation with respect to this is:

Whenever a customer is admitted to the queue, i.e. not lost, he observes the service
process as that in a conventional M/M/1/00 queue with state dependent service and
arrival rates, as long as the blocking periods are skipped over.

Saying it the other way round, whenever the environment enters Kg and blocks the ser-
vice process, the arrival process is blocked as well, i.e. the queueing system is completely
frozen and is revived immediately when the environment enters Ky, net.

Skipping the problem of i versus ¢ 4+ 1 discussed in Remark 3 this observation might
explain the form of the marginal stationary distribution of the customer process X, but
it does by no means explain the independence of the marginal variables of (X’ ,Y), ie.
the product form structure.

A similar observation was utilized in [SAH10] in a queueing-inventory system (with
state independent service and arrival rates) to construct a related system which obvi-
ously has the stationary distribution of X and it is argued that from this follows that
the original system shows the same marginal queue length distribution.

Remark 5. The proven insensitivity does not mean, that the time development of the
queue length processes with fixed A, u(™ is the same under different environment
behavior. This can be seen by considering the stationary sojourn time of admitted
customers, which is strongly dependent of the interruption time distributions (= sojourn
time distribution of Y in Kp).

Similarly, multidimensional stationary probabilities for (X (¢1), X (t2),..., X (t,)) will
clearly depend on the occurrence frequency of the event (Y € Kp).

Proof. of Theorem 2 (a) We have Q’,g?) > 0 Vk # j and ‘115;2) < 0, and, furthermore, it
holds (for all k € K) :

Z‘iﬁ = _(1[keKW]/\(n)(1_szk)+ Z v(k,m))
mek meK\{k}

+ )\(n) Z Ry 1[kEKw] + Z V(k, m) =0.
meK\{k} meK\{k}

=AM (1=Rep) Lpe k)

which shows that the Q™ are generator matrices.
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(b) (ii) = (i):

The global balance equations of the Markov process (X,Y') are for (n,k) € E

7T(n, k) (]‘[kEKW])‘(n) + Z V(kv m) + 1[kEKW]1[n>1]/J’(n))

mEK\{k}
= (n —1 k)l[keK ]1 n>1])‘ Z n + 1 m mkM(TH_l)
me Ky
+ > o v(m, k) (3.7)
meK\{k}

Inserting the proposed product form solution (3.2) for m(n, k) into the global balance
(3.7) equations, canceling C~! yields

0 (k) H (H—l ( ek A + Z v(k,m) + Lpery) Lpsyu™ ))

i=o M meK\{k}
n—2 ; n
A NG .

- 9<k>H (z+1)1[k’€KW] [n>1]/\ Z B(m H z+1)Rm’f“( =

=0 K me Ky = OM

ol
+ Y 0m) [ —pyrim k), (3.8)
meR\{k} i—o M

5o\ -1
and multiplication with H?;ol (;‘L) yields

(i+1)

0(k) (erl{w])\(")Jr > V(k:m)+1[keKw]1[n>1]M(n))

meK\{k}
(n)
i
)\( ) [kGKW] [n>1]A + Z 0 n+1) mku

meKywy
+ Z O(m)v(m, k)
meK\{k}

_ H(k) (n+1)

— 0) [ 1perwA™ + D vlkm) + Lpery lpznu™
meK\{k}

meKwy
+ Z O(m)v(m, k)

meK\{k}

10
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=0 = —0k) | Lpexy A+ > v(k,m)
meK\{k}
+ Z O(m)A™ Ry + Z O(m)v(m, k)
meKw meK\{k}
=0 = 0(k)q — [ lpery A0 = Ren) + > w(k,m) (3.9)
meK\{k}
=
> 0m) (N Rkl ey + v )+ > 8(m)v(m. k)
meKw \{k} ~ meKp\{k} )
::(j?(;]z THmk

By definition this is (for all n € Ny) the condition (3.4) and (3.5).

By assumption (3.4) there exists a stochastic solution to (9 .Q(®) = 0, which according
to requirement (3.5) is a solution of §.Q(™ = 0 with D ohek 0™ (k) =1 and 6 (k) >0
as well.

Setting #(®) =: # in (3.8) provides a solution of the global balance equations (3.7).
Therefore, the steady state equations of (X,Y") admit a stochastic solution, and so (X,Y)
is ergodic and we have identified the unique stochastic solution of (3.7).

(b) (i) = (ii):
Because 7 is stochastic, summability (3.3) holds. Insert the stochastic vector of product
form (3.2) into (3.7). As shown in the part (ii) = (i) of the proof this leads to (3.9) and
we have found a solution of (3.4) which solves (3.5) for all n € N as well. O

Corollary 6. If in the framework of Theorem 2 the arrival stream is a Poisson-A stream
(which is interrupted when the environment process stays in Kp) then the stationary
distribution in case of ergodic (X,Y) is of product form

)\TL

|
m(n,k) =C Hn:()l pu(i+D)

o(k) (n.k) € E, (3.10)

with normalization constant C'.
Proof. Because of A = X for all n holds Q(® = Q(™) and the condition (3.5) is trivially
valid. O

Corollary 7. If in the framework of Theorem 2 the environment state space K is finite,
then the equations (3.4) and (3.5) always admit stochastic solutions, and the stationary
distribution of (X,Y) is of product form

n—1 i
B 2@
a(n,k) =C '] Wa(k), (3.11)
=0

11
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whenever (3.4) and (3.5) have a common solution.

Remark 8. The proof of Theorem 2 reveals that the solution of the equation 8- Q©® =0
(see (3.4)) does not depend on the values u(™. So, changing the service capacity of the
queueing system will not change the the steady state of the environment, as long as the
system remains stable (ergodic).

The next examples comment on different forms of establishing product form equilib-
rium which may arise in the realm of Theorem 2.

Example 9. There exist non trivial loss systems with non constant (i.e., state dependent)
arrival rates A in a random environment which have a product form steady state
distribution. This is verified by the following example. We have environment

K ={1,2} = Ky,

and for some ¢,d € (0,1) the routing matrix

1-c c
r=(1000)

whereas T is the matrix of only zeros. It follows

~ A A —
(n) _ )\ C C _ (n) C C
@ ( AMd —\(g ) A ( d —d )
It follows that Q") = ("D Q™) holds for suitable ¢t n € Ny, which immediately
shows that (3.4) and (3.5) have a common solution, which is

g (4 ¢
S \d+c’d+e)

Example 10. There exist non trivial ergodic loss systems in a random environment
which have a product form steady state distribution if and only if the arrival rates
A" = X are independent of the queue lengths. This is verified by the following example
(which describes a queueing-inventory system under (r, S) policy with (r = 1,5 = 2), as
will be seen in Section 5.1, Definition 18). We have an environment

K ={0,1,2}, with blocking set Kp = {0},

"routing matrix” R and and the generator matrix Y given as

1 0 0 -v 0 v
R=|1 0 0 , T = 0 —v v
010 0 0 O
It follows
—v 0 v
0 A(m) —\m)

12
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Clearly, if A\ = X are equal, the equations
6-Q") =0, neNy, (3.12)
have a common stochastic solution.
On the other hand, the solutions of (3.12) are

(n) (n)
0 = (6™ (0,00 (1),00(2)) = C(”)*I(A 1,2 A<+> -
v n

), neN. (3.13)

We conclude

H(n)(O) B 0(n+1)(0)
o (1) — glrt)(1)

Vn € Ny : 6™ = gt — e A\ — \(+D)

Remark 11. In Section 4 we will show in the course of proving a companion of Theorem
2 for loss systems with finite waiting room that more restrictive conditions on the en-
vironment are needed. It turns out that the construction in the proof of the Theorem
12 will provide us with more general constructions for examples as those given here, see
Remark 16 below.

4 Finite capacity loss systems

In this section we study the systems from Section 2 under the additional restriction that
the capacity of the waiting room is finite. That is, we now consider loss systems in the
traditional sense with the additional feature of losses due to the environment restrictions
on customers’ admission.

Recall, that for the pure exponential single server queueing system with state depen-
dent rates and N > 0 waiting places the state space is E = {0,1,..., N, N + 1} and the
queueing process X is ergodic with stationary distribution 7 = (7(n) : n € E of the form

n—1 ;
B 2@
w(n)=C 1HW, nekE. (4.1)
=0

If the queueing system with infinite waiting room and the same rates A#), (%) is ergodic,
the stationary distribution 7 in (4.1) is simply obtained by conditioning of the stationary
distribution of this infinite system on E. (Note, that ergodicity in the finite waiting room
case is granted by free, without referring to the infinite system.)

We will show, that a similar construction by conditioning is in general not possible for
the loss system in a random environment. The structure of the environment process will
play a crucial role for enabling such a conditioning procedure.

We take the interaction between the queue length process X and the environment
process Y of the same form as in Section 2, with R and YT of the same form, and

13
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M) > 0 fori=0,...,N, and p» > 0 for i = 1,...,N + 1. The state space is
E :={0,...,N+1} x K. The non negative transition rates of (X,Y) are for (n,k) € E

= M keKpy,n<N+1

= "Ry, keKy,n>1

= v(k,m)eRS, k#m

=0 otherwise for (n,k) # (i,m) € E

q((n, k) = (n+1,k)
(n, k) = (n—1,m)
q((n, k) — (n,m)
qa((n, k) — (i,m)

The first step of the investigation is nevertheless completely parallel to Theorem 2.

)
)
)
)

Theorem 12. (a) Denote forn e n € {0,...,N + 1}

a = ~(Uperw) * Lne(o. vy A = Rik) + > wlk,m))
meK\{k}
(I;(CZZ = MR liery  Lneto,. ny + vk, m) k#m (4.2)

and
Q(” (qkni k,m e K).

Then the matrices QU are generator matrices for some homogeneous Markov processes.

(b) If the process (X,Y) is ergodic denote its unique steady state distribution by
= (m(n,k) : (n,k) € E:={0,...,N+1} x K).

Then the following three properties are equivalent:

(1) (X,Y) is ergodic on E with product form steady state

1HO/N+1 nef{0,...,N+1} ke K (4.3)
(ii) The equation .
0-Q0 =0 (4.4)
admits a strict positive stochastic solution 0 = (6(k) : k € K) which solves also
vnef{0,...,.N+1}:0-Q™ =o0. (4.5)
(iii) The equation
n-T=0 (4.6)

admits a strict positive stochastic solution.
The set Ky C K 1s a closed set for the Markov chain on state space K with transition
matriz R, i.e.,

VkeKw: > Rpm=1,

meKwy

14
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and the restriction W) := (n(m) : m € Kw) of n to Ky solves the equation
W) = W) gW), (4.7)
where
RW) .= (Rpm - kym € Ky) (4.8)

is the restriction of R to Kyy.

Proof. The proof of (a) is similar to that of Theorem 2(a), and in (b) the equivalence of
(i) and (ii) is proven in almost identical way as that of Theorem 2 (b) (with the obvious
slight changes due to having the X-component finite) and are therefore omitted.

We next show

(b) (i) = (iii):

The global balance equations of the Markov process (X,Y) are for (n,k) € E

7 k) | Tperw) - LpeqovyA™ + Y v(km) + Lpery) Lpsy ™

meK\{k}
= 7r(n — 1, k)l[keKW]l[nzl])‘(n_l) + Z 7T(n + 1,m)Rmku("+1) . 1[n6{0,...,N}}
meKwpyy
+ Y w(n,m)v(m, k) (4.9)

meK\{k}

Inserting the proposed product form solution (4.3) for m(n, k) into the global balance
equations (4.9) and proceding in the same way as in the proof of Theorem 2 yields

0 = —0(k) | Lperw] Ipnefo,. vy A ™+ > v(k,m) (4.10)
meK\{k}
+ Z e(m))\(n)Rmk'1[ne{0,...,N}]+ Z O(m)v(m, k)
meKw meK\{k}

For n — N +1 (4.10) turns to

ok [ > wvkm)| = > (m)v(im,k), (4.11)
meK\{k} meK\{k}
which verifies (4.6) with n := 6.
For n < N +1 (4.10) turns to

OE) L pery A™ +0(k) > vkem)= > 0mANI R+ > O(m)v(m,k),
meK\{k} meKw meK\{k}

(*) (%)

15
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where from (4.11) the expressions (x*) and (%) cancel and we arrive at
0 ey A = Y 0(m)A Ry, (4.12)
meKyy

Because (X,Y) is ergodic, 6 is strict positive, and we conclude (set k € Kp in (4.12)
which makes the left side zero)

R, =0, Vme Kyw, ke Kg,

which shows that Ky is a closed set for the Markov chain governed by R.

Now set k € Ky in (4.12) which makes the left side strict positive and realize that
this after cancelling A is exactly (4.7).
This part of the proof is finished.

(b) (iii) = (ii):

For proving the reversed direction we reconsider the previous part (i) = (iii) of the
proof: The strict positive stochastic solution of

n-T=0, (4.13)
which is given by assumption (4.6), yields the required solution for n — N + 1 of

If Ky C K is a closed set for the Markov chain on state space K with transition
matrix R we obtain
Ror=0, VYme Ky, ke Kp,

and therefore for all n € {0,1,..., N}
6-Q" =0
reduces for k € Kp to the respective expression in
n-T=0.

It remains for all n € {0,1,...,N} and for & € Ky to show that for k € Ky the
respective expression in

- Q(") -0
is valid. This follows by considering
N ey A +0(k) Y vlkom)= > nmA Ry + Y p(m)v(m,k),
mEK\{k} meKywy meK\{k}

(%) (¥)

and remembering that the expressions (#x) and (x) cancel. The residual terms are equal
by the assumption (4.7).
This finishes the proof. O
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The interesting insight is that from the existence of the product form steady state
mon E ={0,...,N + 1} x K implicitly restrictions on the form of the movements of
the environment emerge which are not necessary in the case of infinite waiting rooms.
(As indicated above, such restrictions are not necessary too in the pure queueing system
framework.)

The proof of Theorem 12 has brought out the following additional, somewhat surpris-
ing, insensitivity property.

Corollary 13. Whenever (X,Y) is ergodic with product form steady state

n—1 ;
2@
n(n.k)=C ] We(k) ne{0,...,N+1}, ke K
=0

for some (positive) parameter setting (A :i=0,1,...,N),(u® :i=1,..., N+1) with
an environment (K, Kg, YT, R), then for this same environment (X,Y") is ergodic with

product form steady state with the same 0 for any (positive) parameter setting for the
arrial and service rates.

Proof. This becomes obvious at the step where we arrived at (4.12) and we see that the
specific shape of the sequence of the AY) do not matter. The specific u(z) are canceled in
the early steps of the proof already. O

Example 14. We describe a class of examples of environments which guarantee that
the conditions of Theorem 12 are fulfilled. The construction is in three steps.

1. Take for T a generator of an irreducible Markov process on K with stationary
distribution @, which fulfills for all k£ € Ky the partial balance condition

0k) > v(kom)= Y O(m)v(m,k) (4.14)

mGKW ’VTLEKW
and sup(—v(k,k) : k € Ky) < oo.

2. Denote by TW) the restriction of T onto Ky which has stationary distribution
o) .= (0(k)/ (X mer,, 0(m)) : k € Kw), see [Kel79][Exercise 1.6.2, p. 27].

3. Take for RW) (see (4.8)) a uniformization chain of TW) see [Kei79|[Chapter 2,
Section 2.1, e.g. (with I the identity matrix on Kyy)

RW) .= I 4 sup(—v(k, k) : k € Ky) 1)

which is stochastic and has equilibrium distribution #") := ((k)/ (X merq,, 0(m)) :
k € Ky) as well.

(Rkm = k € Kp,m € K) can be arbitrarily selected, e.g. the identity matrix on
Kp.

17
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This construction ensures that the restriction n(") = (

solves the equation (4.7)

n(m) : m € Ky) of n to Ky

W) = W) . gV,
Remark 15. The construction in Example 14 may seem to produce a narrow class of
examples, but this is not so: All reversible T fulfill the partial balance condition (4.14).

Remark 16. The construction above produces another example contributing to the dis-
cussion at the end of Section 3 on the question which particular product forms can occur,
and which form of the environment and the arrival and service rate patterns may interact
to result in product form equilibrium for loss systems with infinite waiting room. We
only have to notice that the equations for n < N + 1 are exactly those which occur for
all n € Ny in the setting of Theorem 2.

The cautious reader will already have noticed that the conditions in (b)(iii) of Theo-
rem 12 provide a similar more abstract example for the discussion on Theorem 2 at the
end of Section 3.

Remark 17. We should point out that in [SSDT06][Section 6] queueing-inventory models
with finite waiting room are investigated with a resulting "quasi product form” steady
state. The respective theorems there do not fit into the realm of Theorem 12 because
the state space is not a product space as in Theorem 12, where we have irreducibility
on E={0,1,...,N,N + 1}.

The difference is that in [SSDT06]|[Section 6] the element (in notation of the present
paper) (N + 1,0) is not a feasible state.

The results there can be considered as a truncation property of the equilibrium of the
system with infinite waiting room onto the feasible state space under restriction to finite
queues.

5 Applications

5.1 Inventory models

In the following we describe an M/M/1/oo-system with inventory management as it is
investigated in [SSDT06].

Definition 18. An M/M/1/0o-system with inventory management is a single server
with infinite waiting room under FCFS regime and an attached inventory.

There is a Poisson-A-arrival stream, A > 0. Customers request for an amount of service
time which is exponentially distributed with mean 1. Service is provided with intensity
w > 0.

The server needs for each customer ezxactly one item from the attached inventory. The
on-hand inventory decreases by one at the moment of service completion. If the inventory
is decreased to the reorder point r > 0 after the service of a customer is completed, a
replenishment order is instantaneously triggered. The replenishment lead times are i.i.d.
with distribution function B = (B(t);t > 0). The size of the replenishment depends
on the policy applied to the system. We consider two standard policies from inventory
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management, which lead to an M/M/1/00-system with either (r, Q)-policy (size of the re-
plenishment order is always Q > r) or with (r, S)-policy (replenishment fills the inventory
up to mazximal inventory size S > r).

During the time the inventory is depleted and the server waits for a replenishment
order to arrive, no customers are admitted to join the queue ("lost sales”).
All service, interarrival and lead times are assumed to be independent.
Let X(t) denote the number of customers present at the server at time t > 0, either
waiting or in service (queue length) and let Y (t) denote the on-hand inventory at time
t > 0. Then ((X(t),Y(t)),t > 0), the queueing-inventory process is a continuous-time
Markov process for the M/M/1/oo-system with inventory management. The state space
of (X,Y)is E={(n,k) :n € Nyp,k € K}, where K = Ny or K ={0,1,...,x}, where
Kk < 0o is the maximal size of the inventory at hand.

The system described above generalizes the lost sales case of classical inventory man-
agement where customer demand is not backordered but lost in case there is no inventory
on hand (see Tersine [Ter94| p. 207).

The general Theorem 2 produces as special applications the following results on product
form steady states in integrated queueing inventory systems from [SSDT06].

Example 19. [SSDT06] M/M/1/co system with (r,S)-policy, exp(v)-distributed lead
times, and lost sales. The inventory management process under (r, S)-policy fits into the
definition of the environment process by setting

K= {07 17 "'75}7 KB = {O}a

if 0<k< =85
Rop=1, Rpp1=1 1<k<S, v(k,m) = sl . =
0, otherwise for k # m.

The queueing-inventory process (X,Y") is ergodic iff A < p. The steady state distribution
m = (m(n,k): (n,k) € E)of (X,Y) has product form

AL
m(n, k) = (1— ;)(;) 0(k),

where 6 = (0(k) : k € K) with normalization constant C' is

C_l(%) k‘:O,
) = O k=1, o
Cfl(A-;\-u)r k=r+1,..,5.

Example 20. [SSDT06] M/M/1/cc system with (r, Q)-policy, exp(v)-distributed lead
times, and lost sales. The inventory management process under (r, Q))-policy fits into the
definition of the environment process by setting
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K = {Oa 17 N Q} KB = {0}

if < k< =
V(k:,m):{y’ if 0<k<rm=k+0Q

R = 17 R —1 = 1, 1 S k S S
0,0 ki k—1 0, otherwise for k # m.

The queueing-inventory process (X,Y) is ergodic iff A < u. The steady state distribu-
tion m = (w(n, k) : (n,k) € E of (X,Y) has product form

w(n, k) = <1 _ 2) (j)nQ(k),

where 6 = (0(k) : k € K) with normalization constant C' is

A
_ -1
0(0) = C71°,
k—1
o(k) = cl<“;”> k=1
o(k) = C—1<A+”> , k=r+1,.,Q,

A
T k-1
0k+Q) = C! ()\—)I:V) —(Aj;y) , 1=1,..,7

Example 21. This example is taken from [KN12], the notation is adapted to that used
in Section 2:

The authors study an inventory system under (7, S)-policy, which provides items for a
server who processes and forwards the items in an on-demand production scheme. The
processing time of each service is exponentially-p distributed. The demand arrives in a
Poisson-\ stream.

If demand arrives when the inventory is depleted it is rejected and lost to the system
forever (lost sales).

The model is a supply chain where new items are added to the inventory through a
second production process which is interrupted whenever the inventory at hand reaches
S. The production process is resumed each time the inventory level goes down to r and
continues to be on until inventory level reaches S again. The times required to add one
item into the inventory (processing time + lead time) when the production is on, are
exponential-v random variables.

All inter arrival times, service times, and production times are mutually independent.

For a Markovian description we need to record the queue length of not fulfilled demand
(€ Np), the inventory on stock (€ {0,1,...,S}), and a binary variable which indicates
when the inventory level is in {r + 1,..., S}, whether the second production process is
on (=1) or off (= 0). (Note, that the second production process is always on, when the
inventory level is in {0, 1,...,r}, and is always off, when the inventory level is S.)
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To fit this model into the framework of Section 2 we define a Markov process (X,Y)
in continuous time with state space

E :=NoxK, with K:={0,1,...,7}u({StU({r+1,...,5-1}x{0,1}) and Kp = {0}.

The environment therefore records the inventory size and the status of the second pro-
duction process, and blocking of the production system occurs due to stock out with lost
sales regime.

Starting from Example 20, Saffari, Haji, and Hassanzadeh [SHH11] proved that under
(r, Q) policy the integrated queueing-inventory M /M /1 /oo system with hyper-exponential
lead times (= mixtures of exponential distributions) has a product-form distribution.
The proof is done by solving directly the steady state equations. In [SAH10|, Saffari,
Asmussen, and Haji generalized this result to general lead time distributions. The proof
of product form uses some intuitive arguments from related simplified systems and the
marginal probabilities for the inventory position are derived using regenerative argu-
ments.

In the following example we show that our models encompasses queueing-inventory
systems with general replenishment lead times under (r,S) policy. This will allow us
directly to conclude that for the ergodic system the steady state has product form and
this will enable us to generalize the theorem (here Example 19) of [SSDT 06| to incorporate
generally distributed lead times.

In a second step we will show that the results of Saffari, Haji, and Hassanzadeh [SHH11|
and of Saffari, Asmussen, and Haji [SAH10] for queueing-inventory systems under (r, Q)
policy can be obtained by our method as well and can even be slightly generalized.

We will consider lead time distributions of the following phase-type which are sufficient
versatile to approximate any distribution on R arbitrary close.

Definition 22 (Phase-type distributions). For k € N and 3 > 0 let
k—1 ;
_ —Bs (53)Z
Tar(s)=1—c¢ ; T 520,
denote the cumulative distribution function of the I'—distribution with parameters 5 and
k. k is a positive integer and serves as a phase-parameter for the number of independent
exponential phases, each with mean B, the sum of which constitutes a random variable
with distribution I'g . (T is called a k-stage Erlang distribution with shape parameter
B.)

We consider the following class of distributions on Ry, which is dense with respect to
the topology of weak convergence of probability measures in the set of all distributions on
(R4,By) ([Sch73], section 1.6). For 8 € (0,00), L € N, and probability b on {1,...,L}
with b(L) > 0 let the cumulative distribution function

L
B(s) = b(OTg4(s), s>0, (5.2)
/=1
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denote a phase-type distribution function. With varying 8, L, and b we can approzimate
any distribution on (Ry,By) sufficiently close.

To incorporate replenishment lead time distributions of phase-type we apply the sup-
plemented variable technique. This leads to enlarging the phase space of the system, i.e.
the state space of the inventory process Y. Whenever there is an ongoing lead time, i.e.,
when inventory at hand is less than r+1 we count the number of residual successive i.i.d.
exp(f)-distributed lead time phases which must expire until the replenishment arrives at
the inventory.

The state space of (X,Y) then is £ = Ny x K with

K={r+1,r+2,..,5tU({0,1,..r} x{L,...,1}),
and (X,Y) is irreducible on E.

Theorem 23. M/M/1/co system with (r,S)-policy, phase-type replenishment lead time,
state dependent service rates ,u("), and lost sales.

The lead time distribution has a distribution function B from (5.2). We assume that
(X,Y) is positive recurrent and denote its steady state distribution by

m = (m(n,k):n e Nyx K).
The steady state © of (X,Y") is of product form. With normalization constant C
n—1 A
— 1 AN
m(n, k) =C H D (k) (5.3)
=0
where 8 = (0(k) : k € K) is forr >0
, L (ABY I B N it —]
0(j,¢0) = G1[—L b — 5.4
6.0 (*37) 2w (575 ) e
j=12,....,r,4=1,...,L

D W [REchgy ez BN it —1

0(0,0) = G 3 ; ;b(g) (W) ( o > . (55)
0=1,...,L,

Or+1) = 9(7~+2):---:9(5>:G—1<AI”> , (5.6)

where the normalization constant G is chosen such that

> 0(k) =1.

keK

For r =0 we obtain § = (0(k) : k € K) with normalization constant G as

L
2 b()
i={

(1) = 0(2)=---=0(8) =G, (5.8)

6(0,0) = G—lg , 0(=1,...,L, (5.7)
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Proof. The inventory management process under (r, .S)-policy with distribution function
B of the lead times fits into the definition of the environment process by setting

K={r+1,r+2,..,SU({0,1,.r} x{L,...,1}), Kp=1{0}x{L,...,1}.

The non negative transition rates of (X,Y) are for (n,k) € E

q((n,k) = (n+1,k)) = A ke Ky,n>0
q((n, k) = (n—1,m)) = ,u,(”)ka ke Kw,meKn>1,
(0, k) > (mm) = wlk,m) €RY, k#m, khmek,
q((n,k) = (i;m)) = 0 otherwise for (n,k) # (i;m) € E;
where
Ry -1 = if ke {T+2,...,S},
Rr—i—l,(r,ﬁ) = b(ﬁ) if (e {L, ceey 1},
R(j,ﬁ),(j—l,z) =1 if (j,g) S {1,...’/“} X {L,...,l},
R ;=0 if k,je K, otherwise,
and

v((5,1),8) =08 if je€{0,1,..r},

v((4.0), G0 —1) =8 if je{0,1,..r},e{L,...,2}
v(k,j) =0 if k,j€ K, otherwise,

Because A(™ = X for all n, Theorem 2 applies and we know that the steady state of
the ergodic system is of product form

_
[Ty we o

according to Corollary 6. We have to solve (3.5) which is independent of n in the present
setting. By definition this is (with R = 0, Vk € K\{0}, Rgpo = 1)

m(n, k) =C"! 0(k) n.k) € E, (5.9)

Ok) | Lperpir+ Y v(k,m) (5.10)
meK\{k}
= Z 6(m) (A(”)Rmk + I/(m,k)) + Z G(m)v(m, k)
me Ky \{k} meKp\{k}
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(I) For r > 0, (5.10) translates into

0(S)- A = > 0(,1)-8, (5.11)
=0
O(k)- A = 6(k+1)-A, k=r+1,...,5-1 (5.12)
O(r,0)-(A+8) = 6(r+1)-Ab()+6(r,l+1)-8, 1<l¢<L, (5.13)
O(r,L)-(A+5) = 0(r+1)-A (L) (5.14)
0(j,L)-(A+5B) = 0(i+1,L)- 1<j<r (5.15)
0(,0)-AN+p8) = 0(G+1,0)- /\—1—0(j,€+ 1)-8, 1<j<r1<t<L, (5.16)
6(0,0)-8 = 6(1,£)-A+6(0,+1)-5, 1</(<L, (5.17)
60,L)-5 = 6(1,L) -\ (5.18)
From (5.12) follows
0(S)=0(S—-1)=---=06(r+1), (5.19)
and from (5.14) and (5.15) follows
r+l1—j
0(j,L) =6(r+1)b(L) </\iﬁ> . (5.20)
From (5.20) (for j=r) and (5.13) follows directly
it
0(r,0) = 7‘—}-1)\ 52 <A+B> , 1<t<L. (5.21)

Up to now we obtained the expressions for the north and west border line of the array
(0(4,€) : 1 <j<r1<{¢<L)which can be filled step by step via (5.16). The proposed
solution is

O(r —h,0) = 0(r + 1) (HAﬁ)hHiZL%b(i)(Afg)Z Z( i+h>, (5.22)

for h = 0,1,...,r — 1,0 = 1,..., L fits with (5.21) (h = 0 with (*;') = 1) and (5.20).
Inserting (5.22) into (5.16) verifies (5.22) by a two-step induction with help by the ele-
mentary formula () + (,*,) = (“H).

n—1 n

For computing the residual boundary probabilities 6(0,¢) we need some more effort.
The proposed solution is for £ =1,..., L,

oo+ (525) 2 {zzb (2 )”(Z’ﬁ+gl>]. 529

{ g=i

From (5.18) and (5.20) we obtain

0(0,1) = 0(r +1) (ﬁﬁ) Aur), (5.24)
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which fits into (5.23), and it remains to check the recursion (5.17). This amounts to
compute

0(1,¢) 2+0(0,€+ 1)
— 0(r+1) (Ai)rgb(i) (Mﬁﬁ) K(“fiﬁ_l) 2+
e (523) 3| 2 S (2) (7 Y)
—(i—1)—¢
_ ﬂr+U(Aiﬁ)x;#§% g;m>(Af5)wD(;?@E€%¢_l>

wen ()
(1) <Afﬁ>H <L o 1)
ol A [E S ) )
-wu»(Afﬁ>b%(L_ij_l)]
e )
()]

O(r+1) =G <M;”>T

completes the proof in case of r > 0.
(II) For r > 0, (5.10) translates into

= 6(0,0).
Setting

0(S)- A = 0(0,1)- 5, (5.25)
0(k)- X = O(k+1)-\, k=1,...,5-1 (5.26)
0(0,0)-8 = 6(1)-A-b(L)+0(0,0+1)-8, 1<i<L, (5.27)
0(0,L)-8 = 6(1)- - b(L). (5.28)
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From (5.26) follows

0(S)=0(5—-1)=---=6(1), (5.29)
and we will show that
A L
6(0,¢) = 6(1) - <ﬁ> [Z b(z’)] , (=1,...,L, (5.30)
=0
holds. For ¢ = L this is immediate from (5.28), and for ¢ < L it follows by induction
from (5.27). Setting §(1) = G~! completes the proof in case of r = 0. O

Remark 24. For r > 0 we can write (5.5) as

(=1,...,L,

and can extend this formula to the case r = 0. This yields with (Bl) = 1 explicitly

\ L
0(0,0) = G*1§ [Zb(z’) , (=1,... L,
i=L

Corollary 25. In steady state the marginal probabilities for the inventory at hand have
the following simple representation.

Denote by v~! the expected lead time.

Let V' denote a random variable distributed according to b = (b(¢) : 1 < ¢ < L), and
let Ve denote a random variable distributed according to the “equilibrium distribution” of
V', resp. b, i,e.

L
P<Ve=i>=E(1V)g§:jib(g>, 1<i<L.

Let W(u,) denote a random wvariable distributed according to a negative binomial
distribution Nb°(u, ) with parameters u € N and o € (0,1), i.e.,

t+u—1
u—1

PW(u,a) =i) = ( >a“(1 —a)', i€N.

Let I denote a random variable distributed according to the marginal steady state proba-
bility for the inventory size. Then for j=1,...,r

P = j) = G <”Aﬁ> PW(r+1—j, Aiﬁ) <), (5.31)
and
P(I=0) = G‘lg (“Aﬁ) (W (r, Aiﬁ) V). (5.32)
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Forj=r+1,...,5 (5.6) applies directly:

PI=r+1)= =P(I:S):G_1<)\J;V>T
Proof. For j =1,...,r we have
B LBV T IE S B N T it —
pu=n = (R R (5) (70)

pon (L) ) G

A .
—J,m)<i),

i) 5007 () ()

O]

We now revisit the results from [SHH11] and [SAH10] for queueing-inventory systems
under (r, Q) policy. We allow additionally the service rate of the server to depend on the
queue length of the system. We assume that the lead time distribution is of phase type.

We enlarge the phase space of the system, i.e. the state space of the inventory process
Y. Whenever there is an ongoing lead time, i.e., when inventory at hand is less than
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r 4+ 1, we count the number of residual successive i.i.d. exp(f)-distributed lead time
phases which must expire until the replenishment arrives at the inventory.
The state space of (X,Y) then is F = Ny x K with

K={r+1,r+2,.,7+Q}U({0,1,..r} x {L,...,1}),
and (X,Y) is irreducible on E.

Theorem 26. M/M/1/co system with (r, Q)-policy, phase-type replenishment lead time,
state dependent service rates p™), and lost sales.

The lead time distribution has a distribution function B from (5.2). We assume that
(X,Y) is positive recurrent and denote its steady state distribution by

m = (m(n,k):n €Ny x K).

The steady state wof (X,Y) is of product form. With normalization constant C

n—1
_ A
m(nk)=C '] paa (k) (5.33)
1=0

where 0 = (0(k) : k € K) can be obtained from formula (3) in [SAH10], and the
subsquent formulas (4) - (10) there.

Proof. The proof is in its first part similar to that of Theorem 23 because the inventory
management process under (7, @)-policy with distribution function B of the lead times
fits into the definition of the environment process by setting

K={r+1,r+2..r+QYU{0,1,..r} x {L,...,1}), Kp={0}x{L,...,1}.

Because A(™ = X for all n, Theorem 2 applies and we know that the steady state of
the ergodic system is of product form

o
H?gol N(H_l)

according to Corollary 6. Thus the product form statement is proven with the required
marginal queue length distribution.

In a second part we have to compute the (k) which is to solve (3.5). This equation is
independent of n, especially independent of the ,u(”).

Therefore the solution in the case of state independent service rates (1™ — u) from
[SAH10] must be the solution in the present slightly more general setting as well. O

m(n,k)=C™* 0(k) (n,k) € E, (5.34)

5.2 Unreliable servers

In [SDO3] networks of queues with unreliable servers were investigated which admit prod-
uct form steady states in twofold way: The joint queue length vector of the system (which
in general is not a Markov process) is of classical product form as in Jackson’s Theorem
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and the availability status of the nodes as a set valued supplementary variable process
constitutes an additional product factor attached to the joint queue length vector.

We show for the case of a single server which is unreliable and breaks down due to
influences from an environment that a similar product form result follows from our The-
orem 2. We allow for a much more complicated breakdown and repair process as that
investigated in [SDO03|.

Example 27. There is a single exponential server with with Poisson-\ arrival stream
and state dependent service rates (™. The server acts in a random environment which
changes over time. The server breaks down with rates depending on the state of the
environment and is repaired after a breakdown with repair intensity depending on the
state of the environment as well. Whenever the server is broken down, new arrivals are
not admitted and are lost to the system forever.

The system is described by a two-dimensional Markov process (X,Y) = ((X(¢),Y (¢)) :
t € [0,00)) with state space E = Ny x K. K is the (countable) environment space of the
process, whereas Ny denotes the queue length. (X,Y") is assumed to be irreducible.

The environment space of the process is partitioned into disjoint nonempty compo-
nents K := Ky + Kp, and whenever Y enters Kp the server breaks down immediately,
and will be repaired when Y enters Ky again.

The non negative transition rates of (X,Y) are for (n,k) € E

A k € Ky,

MRy ke Ky,n>1, (5.35)
= v(k,m)eRS, k#m,

= 0  otherwise for (n,k) # (I,m),

and from Theorem 2 we directly obtain in case of ergodicity the product form steady
state distribution.

An interesting observation is, that we can model general distributions for the successive
times the system is functioning and similarly for the repair times.

By suitably selected structures for the v(-,-) we can incorporate dependent up and
down times.

The distinctive feature which sets the difference to the breakdown mechanism in [SDO03|
is that breakdowns can be directly connected with expiring service times via the "routing
matrix” R, which is visible from (5.35). This widens applicability of the mechanism
considerably.

5.3 Active-sleep model for nodes in wireless sensor networks

Modeling of wireless sensor networks (WSN) is a challenging task due to specific restric-
tions imposed on the network structure and the principles the nodes have to follow to
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survive without the possibility of external renewal of a node or repair. A specific task is
that usually battery power cannot be renewed which strongly requires to control energy
consumption. A typical way to resolve this problem is to reduce energy consumption by
laying a node in sleep status whenever this is possible. In sleep status all activities of
the node are either completely or almost completely interrupted.

In active mode the node undertakes several activities: Gathering data and putting
the resulting data packets into its queue, receiving packets from other nodes which are
placed in its queue (and relaying these packets when they arrive at the head of the node’s
queue), and processing the packets in the queue (usually in a FCFS regime).

The modeling approach to undertake analytical performance analysis of WSN in the
literature is to first investigate a single ("referenced”) node and thereafter to combine
by some approximation procedure the results to investigate the behavior of interacting
nodes, for a review see [WDWO7|. More recent and a more detailed study of a specific
node model is [Lill], other typical examples for the described procedure are [LTLO5|,
[ZL11].

We will report here only on the first step of the procedure and follow mainly the model
of a node found in [LTLO5]. The functioning of the referenced node is governed by the
following principles which incorporate three processes.

e Length of the packet queue of the node (€ Ny),
e mode of the node (active = A, sleep = 5)

e status of the nodes with which the referenced node is able to communicate; these
nodes are called the "outer environment” and their behavior with respect to the
referenced node is summarized in a binary variable (on = 0, off = 1), where "on”
= 0 indicates that there is another active node in the neighborhood of the referenced
node, while "oft” = 1 indicates that all nodes in the neighborhood of the referenced
node are in sleep mode.

It follows that the referenced node can communicate with other nodes if and only if the
outer environment is on = 0 and the node itself is active = A.

Transforming the described behavior into the formalism of Section 2, we end with an
environment

K ={A,S}x{0,1}, Kw ={(4,0)}.

and state space E := Ny x K of the joint process (X,Y).

In [LTLO5| the authors assume that when the the referenced node is active (= A) and
outer environment on (= 0), the stream of packets arriving at the packet queue of the
node is the superposition of data gathering and receiving packets from other nodes. The
superposition process is a Poisson-A process, and processing a packet in the queue needs
an exponential-y distributed time.

For simplicity of the model we assume here that whenever the node is in sleep mode or
the outer environment is off, all activities of the node are frozen. This is different from
[LTLO5], who allow during this periods data gathering by the node.
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Because the overwhelming part of battery capacity reduction stems from the other two
activities (to relay and processing packets), with respect to battery control the additional
simplification can be justified for raw first approximations, especially if this is rewarded
by obtaining simple to evaluate closed form expresions.

This reward is obtained by following |[LTLO05| and assuming that the on-off (0 — 1)
process of the outer environment is an alternating renewal process with exponential-c,
resp., exponential-3 holding times, and that the active-sleep (A — S) process of the node
is an alternating renewal process with exponential-a, resp., exponential-s holding times.

Fixing the usual overall independence assumption for all these holding times and the
processing and inter arrival times, we see that this model fits precisely into the framwork
of our general model from Section 2 and that the Theorem 2 provides us with an explicit
steady state distribution.

Results on battery consumption obtained from the steady state distribution (similarly
obtained to that in [LTLO05]) clearly will then produce lower bounds for the energy con-
sumption (which are weaker than those obtained in |[LTLO5| - which are obtained with
expense of more computational effort).

5.4 Tandem system with finite intermediate buffer

Modeling multi-stage production lines by serial tandem queues is standard technique. In
the simplest case with Poisson arrivals and with exponential production times for one
unit in each stage the model fits into the realm of Jackson network models as long as the
buffers between the stages have infinite capacity. Consequently, ergodic systems under
this modeling approach have a product form steady state distribution.

With respect to steady state analysis the picture changes completely if the buffers
between the stages have only finite capacity, no simple solutions are available. Direct
numerical analysis or simulations are needed, or we have to resort to approximations.
A common procedure is to use product form approximations which are developed by
decomposition methods. A survey on general networks with blocking is [BDOO01], special
emphasis to modeling manufacturing flow lines is given in the survey [DG92].

The same class of problems and solutions are well known in teletraffic networks where
finite buffers are encountered, for surveys see [Onv90| and [Per90].

A systematic study of how to use product form networks as upper or lower bounds
(in a specified performance metric) is given in [Dij93]. A closed 3-station model which is
related to the one given below is discussed in [Dij93|[Section 4.5.1], where product form
lower and upper bounds are proposed.

We consider a two-stage single server tandem queuing system where the first station has
ample waiting space while the buffer between the stages has only N > 0 waiting places,
N < o0, i.e. there can at most N + 1 units be stored in the system which have been
processed at the first stage. It follows that for the system must be determined a blocking
regime, which enforces the first station to stop production when the intermediate buffer
reaches its capacity N + 1. We apply the blocking-before-service regime [Per90]|p.
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455]: Whenever the second station is full, the server at the first station does not start
serving the next customer. When a departure occurs from the second station, the first
station is unblocked immediately and resumes its service. Additionally, we require that
the first station, when blocked does not accept new customers, i.e., it is completely
blocked.

The arrival stream is Poisson-A, service rates are state dependent with u(") at the first
station and v®) at the second. The standard independence assumption are assumed to
hold, service at both stations is on FCFS basis.

This makes the joint queue length process (X,Y) Markov with state space E :=
Nop x {0,1,..., N, N + 1}. The non negative transition rates are

d((n k)= (1K) = A k<N,
g((n k) = (n—1,k+1)) = u, n>1,k<N,
a((n,k) = (nk—1)) = ¥, 1<k<N+1,
q((n, k) = (j,m)) = 0, otherwise for (n,k) # (4, m).

We fit this model into the formalism of Section 2 by setting

K =1{0,1,..,N +1}, Kp = {N +1},
v B i1 <k < N+1,
Rpp1=1,0<k<N, Ryyiny1 =1, v(k,m) = and m=%—1
0, otherwise for k # m.

From Theorem 2 and Corollary 6 we conclude that for the ergodic process (X,Y) the
steady state distribution has product form

ATL
H?:_()l M(H—l)
with probability distribution # on K and normalization constant

w(n, k) =C7! 0(k) (n,k) € E, (5.36)

(o] An
¢ = 7;) M(H—l

It remains to determine ¢ from (3.5), which is (3.9) with A = A,
So, the Q™ := Q matrix is independent of (n) and explicitly

0 1 2 N N+1
- A
1M —@®™ ) A
= 2 v(2)
N (M) A
N+1 H(N) _ V)
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This is exactly the transition rate matrix of an M /M/1/N queue with Poisson-\ arrivals
and service rates v(n) and we have immediately

k
(k) = G 1 -z <k<
k)=G"]] 0 k<N+1
h=1
with normalization constant
N+1 k& A
¢=3> (1)
h=0 h=1
Remark 28. The result
n—1 A" k A
= -1 . -1 J—
w(n,k)=C 1:!) R Hyh, (n,k) € E,

is surprising, because it looks like an independence result with marginal distributions of
two queues feeded by Poisson-A streams. Due to the interruptions, neither the arrival
process at the first station nor the departure stream from the first node, which is the
arrival stream to the second, is Poisson-A. There seems to be no intuitive explanation of
the results.
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