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Abstract

Based on pathwise duality constructions, several new results on truncated queues and
storage systems of the G/M/1 type are derived by transforming the workload (content)
processes into certain ‘dual’ M/G/1-type processes. We consider queueing systems in
which (a) any service requirement that would increase the total workload beyond the
capacity is truncated so as to keep the associated sojourn time below a certain constant,
or (b) new arrivals do not enter the system if they have to wait more than one time unit in
line. For these systems, we derive the steady-state distributions of the workload and the
numbers of customers present in the systems as well as the distributions of the lengths
of busy and idle periods. Moreover, we use the duality approach to study finite capacity
storage systems with general state-dependent outflow rates. Here our duality leads to
a Markovian finite storage system with state-dependent jump sizes whose content level
process can be analyzed using level crossing techniques. We also derive a connection
between the steady-state densities of the non-Markovian continuous-time content level
process of the G/M/1 finite storage system with state-dependent outflow rule and the
corresponding embedded sequence of peak points (local maxima).
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1. Introduction

The purpose of this paper is to present a prototype duality approach to M/G-type and
G/M-type queues and dams. We show how certain pathwise duality techniques can be used to
analyze queueing systems with admission controls and storage systems with state-dependent
outflow rates. Consider, for example, the workload or content process of a G/M/1 system
with some restrictions at its capacity limit, which has renewal arrival times and exponentially
distributed jumps. The duality transforms the sample paths of such a process into those of
an M/G/1-type process. The paths are turned upside down, possibly modified on intervals
of constancy, jumps are replaced by linear segments, and deterministic pieces between two
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jumps become jumps of the appropriate size. The resulting process again represents a system
with different restrictions at the capacity limit and other features (such as no idle periods).
However, it is of the M/G/1 type and, therefore, Markovian, so it can be studied by well-
known methods. Due to the special form of the admission restrictions, every application of the
duality requires special modifications. We present the method in two important examples, one
from queueing and one from storage theory, which may serve as prototypes for the application
of the duality to specific models. We believe that the approach introduced here will lay the
groundwork for other stochastic storage models, insurance risk, and reliability systems.
We provide an overview of our queueing and then our storage results below.

1.1. Queueing

Many single-server systems have to deal with excessive service requirements in order to
avoid overloads or to meet capacity constraints. The following two natural possibilities were
suggested in [9], [23], and [25].

e Queueing model 1. Under the truncated service policy, any service requirement that
would increase the total workload beyond some constant capacity threshold is reduced
so that this threshold is reached but not exceeded. Note that, according to this policy,
every arriving customer is admitted to the system.

e Queueing model 2. Under the bounded waiting time policy, new arrivals whose waiting
times in line would exceed some fixed constant are not admitted to the system. According
to this policy, admission is interrupted as long as the workload process stays above the
threshold.

In the GI/G/1 case, queueing model 1 corresponds to the standard finite dam with constant
release rule; various versions have been treated in [2], [3], [6], [10], [11], [12], [21], [24],
and [27]. From the point of view of prospective customers, the two models also represent
GI/G/1 with deterministic customer patience. In queueing model 1 each customer stays at
most for a sojourn time of one time unit. In queueing model 2 the bound 1 is the maximum time
a customer is willing to wait in line; this system is often called GI/G/1 + D, and we consider
M/G/1+ D and G/M/1 + D.

For queueing model 2, the distribution for the workload in steady state and for the busy
period length was derived in [19] and [20] for special cases with phase-type service times. In
[16] a related inventory system was studied. For other variants of this model, see [6], [11],
[13], and [26]. A busy period analysis of both models is given in [23] for the M/M/1 case and
in [25] for the M/G/1 and G/M/1 case. Related questions were dealt with in [4] and [27].

The paper contains new results on the M/G/1 and the G/M/1 versions of both models
with emphasis on the G/M/1 version. In Section 2 we consider queueing model 1 for M/G/1
and in particular derive the steady-state distributions of the sojourn time and the number of
customers in the system. In Section 3 we study the M/G/1 version of queueing model 2,
derive the steady-state distribution of the workload, and connect it to queueing model 1. In
Section 4 we present the duality between the two systems, which allows us for the first time to
study the G/M/1 version of queueing model 1. Through this approach we find the steady-state
distributions of the workload and the number of customers as well as the distributions of the
busy and idle periods and the times between overflows.

Alternative policies not considered in this paper are refusal of any customer whose sojourn
time would be greater than some maximum value or quasirestricted accessibility (reducing
the over-the-threshold parts of the service requirements by certain fractions). Results on the
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steady-state distribution of the workload under these policies can be found in [5], [14], and
[23] for M/G/1. The G/M/1 cases are open. The possible applicability of our method to these
examples is discussed in the conclusion section.

1.2. Storage

In Section 5 we consider the duality for a storage system with finite capacity (a truncation
threshold), renewal interarrival times for the inputs, and a general state-dependent release rate.
For Poisson arrival times, this system was frequently studied; see [1] and the references given
therein. Using the duality for the corresponding content process, we compute its steady-state
distribution in the G/M/1 case. This approach leads to a Markovian finite storage system
with state-dependent jump sizes whose content level process can be analyzed by level crossing
techniques. In the last theorem of this section we consider the steady-state densities of the above
G/M/1 content process and the corresponding sequence of its peak points (local maxima).
Denote these densities by fpgy,, and fpp, respectively. It is proved that

}"(x)fDG/M/l()C) = fPP(x) (1)

for all positive x smaller than the capacity, where r (x) is the outflow rate function. Equation (1)
provides an interesting connection between the steady-state distribution of a non-Markovian
continuous-time finite storage system (of G/M/1 type) and that of the subsequence of its peak
points.

All steady-state distributions are given in closed form in terms of their densities in the form of
a series of convolutions. In Section 6 we present an example to show how our duality methods
can be applied to get more explicit formulae in special cases: we compute the Laplace—Stieltjes
transform (LST) of the busy period of queueing model 1 in the case of Erlang arrivals. In
the concluding remarks in Section 7 we summarize our approach and point to possible further
applications.

2. Queueing model 1: basic facts for the M/G/1 case

Queueing model 1 is a single-server system of GI/G/1 type with a restriction on the sojourn
time. Every customer is admitted to the system, but his/her service might be truncated to keep
the sojourn time below a certain constant threshold, the maximum workload capacity, which
we set equal to 1. Let v € (0, 1] be the initial workload at time Ty = 0,1et0 < T7 < T» < - - -
be the arrival times of customers, and assume that the interarrival times 7, — 7,,_1, n € N, are
independent and identically distributed (i.i.d.) random variables with distribution function H
and mean 1/A, while the service requests Si, S2, ... at the times 77, T3, . .. are independent of
the 7; and i.i.d. with distribution function G and mean 1/u. Each service request is known upon
arrival. Under the truncated service admission rule, the workload process vi={vli@):r>0}
is defined step by step as

v, t =0,
Vi) = {max[VI(T_1) — (t = T-1),0l, Ty <t <Ty, n>1,
VIUT,—) + S, t=T, n>1,

where .§,, = min[S,, 1 — Vl(T,, —)] is the actual service time assigned to the nth customer.
A piece of a typical sample path of V! is depicted in Figure 1(a) in Section 4. It starts at
time A at full capacity v = 1 and has customer arrivals (positive jumps) at the time epochs
A1, Az, ... with truncations at As and Ag.
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In the M/G/1 case (in which H(¢) = 1 — M) the steady-state distribution function F; of
V! and the LST of the busy period distribution are known. The function F; has been derived
by different methods [10], [12]; it is given by

Yoo o T [=A(x — w)]"dG () /(n!)
Y20 fy =0 [—a(1 — u)}" dG, )/ (n!)

Fi(x) = 0<x<1, 2)

where G,,, n > 0, denotes the n-fold convolution of the service time distribution G with itself.
The busy period distribution is complicated; its LST was derived in [25].

Let us now determine some other important characteristics in the M/G/1 case, in particular
the steady-state probability that there are n customers present, say p,. We also need the steady-
state distribution of the sojourn time. The following two propositions seem to be new.

Proposition 1. Let Yn1 and W,} be the sojourn time and the waiting time of the nth customer,
respectively. Then lim,_, 5 IE”(WH] <x)= Fi(x) and

lim P(Y) <x)=(G*F)x), x<I,
n—oo
lim P(Y! =1)=1-(Gx F)(),
n—oo
where ‘%’ denotes the convolution operator.
Proof. By definition, Yn1 = Wn1 + S',,. Thus, forx < 1,
lim P(Y! <x) = lim P(W}! +§, <x) = lim P(W! + 5, < x) = (G * F})(x),
n—0oo n—0oo n—o

since S, is independent of W,f and, by the PASTA property, Fj is the steady-state distribution
function of the waiting time. Finally, note that Yn1 < 1.

Proposition 2. Let K = {K (t): t > 0} be the queue length process. Then

7)»)\’}1

1 7Ax n

pn = lim P(K(t) =n) = /0 % d(G * F1)(x) + [1-(G*F)D]. O3

Proof. The long-run average rate at which K makes a jump from n 4+ 1 down to n is equal
to the long-run average rate at which it jumps up from n to n 4 1. Let 7} denote the fraction
of arrivals finding n customers in the system, and let 71,‘,1 be the fraction of departures leaving
behind n customers in the system. The balance equation for the rates can be expressed as
and = ard, yielding 72 = md. By the PASTA property, the latter argument implies that
the number of customers in steady state has the same distribution as the number of customers
arriving during a sojourn time, so that p, = 71,‘3. Now Proposition 1 immediately leads to (3).

We remark that, for n = 0, (2) yields the formula

er(1- u) a1 — n -1
po = Fi(0) = (Z / ( 2l dGn(»o) , @

whereas, by (3),

1
Po =f e d(G * F)(x) +e 1 — (G * F)(D]. (5)
0
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Equation (5) has a probabilistic interpretation. Its right-hand side gives the probability that
no arrival takes place during a steady-state sojourn time (split into the cases that this sojourn
time is smaller than 1 or equal to 1), which is equal to ng and thus to pg. We do not know how
to show the equivalence of (4) and (5) analytically.

3. Queueing model 2

We retain the notation of Section 2 for arrival epochs and service requirements. In queueing
model 2 a customer whose waiting time in line would be greater than or equal to 1 is rejected.
However, any customer whose waiting time would be smaller than 1 is fully served even
though his/her sojourn time can be larger than 1. Accordingly, the associated workload process
V2 = {V2(t): t > 0} can be defined as follows:

v, t=0,
V2(t) = {max[V3(Ty—1) — (t — T—1),0], Ty <t <Ty, n>1,
VX(T,-) + Snlv2er, —y<1ys t=T,, n>1.

Thus, the system is blocked for new customers as long as its workload exceeds or is equal to 1.
In the sequel we need a modified version V2 = {V2(t): t > 0} of V2. The paths of V2 are
obtained from those of V2 by deleting all idle periods and gluing together the busy periods.

We now consider V2 in the M/G/1 case in which the arrival times form a Poisson process
of rate A and the service requests have the common distribution function G. In this case V>
is a Markov process and, by level crossing theory [7], possesses a steady-state distribution F»
with a density f, whose balance equation is given by

XAl

folr) = A/O [ = Glx — w)l A dw + HO1 — G)]

xAl B
— /0 ge(r — w) fo(w) dw + bge(x), ©)

Where~ ge(x) = p[l — G(x)] is the equilibrium density associated with G, p = A/u, and
b = f>(0)/u. Iterating (6) yields

h@) =bY p" () =bQ(x), O0=<x<I, (7)

n=1

where g*" is the n-fold convolution of g. with itself and Q(x) =) .7, o1 g3 (x). To
determine f>(x) for x > 1, we substitute (7) into (6) and get

1
f2(x) = bge(x) +bp/0 ge(x —w)Q(w) dw, x> 1. ®)

The constant b can be determined from the normalizing condition fooo fz(w) dw = 1. We find
that

1 00 oo pl -1
b= [/ Q(x)dx +/ ge(x)dx + p/ / ge(x —w)Q(w) dw dX} . 9
0 1 1 0

The density fz is now given by (7)-(9).
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The ordinary Laplace transform (LT) of f> can be expressed in terms of Fy and pg, which
are given by (2) and (4). Let V! be the modified workload process of queueing model 1 in the
M/G/1 case for which the idle periods are deleted and the busy periods are glued together. The
steady-state distribution function Fi(x)of V1is

(10)

Note that the busy cycles of both V1! and V? are also their busy periods; assume that the
initial cycles, By and B,, respectively, are started by a customer arriving at an empty system.
A comparison of sample paths yields, for all x € [0, 1],

Bl I;z
/0 I{Vl(t)Sx}dtZ/O Loy <y dr. (11)

Take expectations in (11), divide both sides by EB, and take derivatives. For the steady-state
densities f1 and fz of V! and V2, this yields the relation

) EE]f() 0<x<l
X) = ——=— X), =X = 1.
2 Ele

On the other hand, by (10),

d Fi(x) = fi(x)

, 0<x<l, (12)
— po dx 1= po

ﬂ<x>=1

where f denotes the density of Fj. Thus, the balance equation (6) can be written as
. EB, x . .
HLx)=—|2 ] [1-GCGx—w)]fi(w)dw+ fi(0)[1 - Gx)]
EB; 0

for all x > 0; note that f] (x) = 0 for x > 1. Taking LTs we obtain

EB, 0)[1 — G*
fr@ = [ 1 — G e + 2O (“”].
32 [0

Here and in the following f; * and f *, i = 1,2, denote the (ordinary) LTs of f; and f, Since,

by level crossing theory,
EBi= -, i=12,
£i(0)
we arrive at
fe) = fz(O)[;&[l — G*@]ff (@) + ; (13)
f1(0) «

1 - G*(@)
=

where G* is the LST of the distribution G. Now ﬂ (0) is known from (12) at x = 0 and

1

i) = e % f1(x) dx.
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As fz* (a)isan LT, fz (0) can be obtained from the normalizing condition fz* (0) = 1. We obtain
ph© _  phiO)

1) +2 (1= po)fi(0) +2

Summarizing, we have proved the following result.

Theorem 1. The steady-state density fz of V2 is given by fz(x) =bQ(x) forx € [0, 1] and

£0) =

1
fz(x)=bge(x)+b,0/0 gelx —w)Q(w)dw ifx > 1,

where Q(w) and b are defined in (7) and (9), respectively. An alternative formula is

1
(f1(0) + )1 — po)

X
falx) = [?»/ ge(x —w) fr(w)dw + f1(0)[1 - G(X)]},
0
where fi = F|, the steady-state density of V1, is given by (2) and po by (4) or (5). The LT fz*
of f» can be obtained in terms of the steady-state characteristics of V' from (13).

Finally, let us return to the workload process V2.

Theorem 2. The steady-state distribution function F> of V? is given by
Fy(x) = 7o + (1 = m0) F2(x),

where 19 = f2(0)/[ /2(0) + A].

Proof. Clearly, ¢ is equal to the proportion of time queueing model 2 is idle. Since the
expected values of the lengths of the idle and busy periods are 1/A and EB, = 1/f2(0),
respectively, we have mo = (1/1)/[(1/A) 4+ (1/ f2(0))].

4. Duality analysis of queueing model 1 in the G/M/1 case

We now consider queueing model 1 with general interarrival distribution H and exponential
service requests, i.e. G(r) = 1 — e . Clearly, the corresponding workload process V! is
regenerative. The duration of the first busy periodis B! = inf{t > 0: V!(r) = 0} and that of the
first busy cycle is C! = inf{r > B: V!(r) > 0}. The first idle period has length /! = C' — B'.

Our aim is to derive the steady-state distributions of V!, I', B!, and of the number of
customers in the system via a duality with a certain Markovian system of the second type. This
is carried out in two steps as follows.

1. We define a transformation that maps every path of V! to a path of what will be seen
as the attained waiting time process (AWT process) A = {A(¢): t > 0} of a certain
queueing model of type 2. Define

_J1r=vi it Vi) >0,

A = . | o
1+t—inf{s €[0,¢] | V' (u) = 1forallu € [s,t]} if V'(t) =0.

During the busy periods A is simply a reflection of V! at the level %; during each idle
period A increases linearly with slope 1 starting from level 1.
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2. The workload process corresponding to the AWT process A is constructed as follows.
Replace every negative jump of A by a linearly decreasing piece of trajectory with slope
—1 on an interval whose length is equal to the negative jump size. Then replace the
increasing pieces between the negative jumps of A by positive jumps whose sizes are
equal to the corresponding linear increments. The process constructed in this way is
called V2.

A little reflection shows there is an M/G/1 queueing system of type 2 for which A(¢) can
be interpreted as the time elapsed since the arrival of the customer who was last served before
or is being served at time 7, and V2 is the corresponding workload process. This underlying
system has two types of customer, ‘regular’ and ‘nonregular’, and works as follows. Whenever
the system becomes empty a new nonregular customer arrives instantaneously (so that there
are no idle periods). The interarrival times between regular customers are exp(X)-distributed,
and all service times have distribution H. Customers who would have to wait in line for more
than one time unit leave immediately without being served (so that the model is of type 2).

The negative jumps of A arrive according to a renewal process with interrenewal distribution
H, and the jump sizes are exp(X)-distributed and truncated at 0 when they would end below O.
In each period that A spends above 1 there is no jump, and this period is terminated by a
downward jump such that the position after the jump can be written as 1 — min[E;, 1], where
E), is exponentially distributed and independent of the past evolution of A.

A typical piece of a sample path of A is shown in Figure 1(b). It corresponds to that of V1
in Figure 1(a), so that it has negative jumps at the times A, Az, ..., which are the departure
times of the underlying (modified) queueing model 2. Applying the transformation described
in step 2 above to the sample path of A in Figure 1(b) yields the workload sample path V2
depicted in Figure 1(c). The times By, B, ... in Figure 1(b) and (c) are the arrival times of
customers entering the system. Recall that in queueing model 2 customers do not enter if they
have to wait in line more than 1 time unit. The times Vi, V5, ... are the arrival times of those
customers who leave immediately without service due to this restriction. At time As a busy
period of queueing model 2 is terminated.

The importance of the AWT process is due the following theorem. It is the prototype of the
kind of results that can be derived by the duality approach.

Theorem 3. The steady-state laws of V2 and A are the same.

Proof. The proof follows from the observation that, for V2 and A, the hitting times of
level O are the same and also the peak points (the local maximum points, which are the sojourn
times) and the trough points (the local minimum points, which are the waiting times) between
any consecutive hittings of 0 have the same values. Therefore, the rates of downcrossings
of every level x coincide for V2 and A, so that, by level crossing theory, their steady-state
densities are equal (the steady-state distributions are absolutely continuous because the idle
periods are deleted).

Theorem 3 enables us to compute the law of the G/M/1 version of V! with arrival rate A
and service rate  from that of the M/G/1 version of V? with arrival rate 1 and service rate A.
If we denote as before the corresponding steady-state densities by f; and f>, respectively,
we have

A0 —x)= Hx), xel0,1);

f> was computed in Section 3.
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Vi) (a)

A(t)

V2(1) |
AN
PN
LI B S R N BN . ,
Ao Byt Ary Ay By A3 Ag As Ag B
Viva B, V3 Bs By

FIGURE 1: Typical sample paths of the processes V!, A, and V2 connected by duality.

We now use the duality established above to derive several quantities of interest for the
G/M/1 queueing model 1.

4.1. Idle and busy periods

Let /6/M/1 be the length of the idle period in steady state in queueing model 1. By duality,
I6/M/1 can also be viewed as the overflow above level 1 in the modified version V2 (in which
the idle periods are deleted) of queueing model 2 in the M/G/1 case. Obviously, overflows

above 1 associated with V2 are i.i.d. random variables distributed as /6/M/! The following
theorem gives the LST of 76/M/1,
Theorem 4. It holds that

]E(efﬂtIG/M/l) — 1 _ aeo{ floo eiax.]?z(x) d-x )

fa(1)
Proof. The function defined by
palxzn=—29 oy,
I fa(w) dw
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is the conditional equilibrium density of V2 given that it stays above level 1. Now we construct
the process Y = {Y(t): t > 0} from V? by deleting the time periods in which V2 < 1and
gluing together the time periods in which V2 > 1. Clearly, />(x | x > 1) is the steady-state
density of Y. Define Y (t) = Y(¢) — 1. The process Y = {Y (t): t > 0} can be interpreted as a

forward recurrence time process with jump sizes distributed as /6/M/1; its equilibrium density
is thus given by
HLx+1)
feX) = 5, x >0,
[ fa(w) dw

and f, has the LT

fe*(a) _ fooo e:xfz(x +1Ddx _ e% flo:oejafo(x) dx. "
i faw)dw S Fow) dw

The process V?2 is a regenerative process for which every downcrossing time of level x is a
regeneration point. Choose x = 1. By interpreting the time V2 stays above level 1 as an up
time and the time V? stays below level 1 as a down time we obtain an alternating renewal
process. Thus, the key renewal theorem yields

E(IG/M/I)

/lfz(w)dw= EC)

where C is a cycle length, defined as the time between two successive downcrossings of level 1.
By level crossing theory,

1
E(C) = —,
J2(1)
so that o =
E(IG/M/I) — flffﬂ (15)
fa(1)
By standard renewal theory, the LST of the forward recurrence time is given by
1 — Ee™"
f(a) = T RE(CMIT) (16)

The theorem now follows from (14), (15), and (16).

The duality also allows us to deal with busy periods and interoverflow times of the G/M/1
models.

(i) By the construction above, we see that the length of a busy period in queueing model 1
of the G/M/1 type is stochastically equal to the time between two overflows in the modified
queueing model 2 of the M/G/1 type in which the idle periods are deleted (see Figure 2). To
determine this distribution, we need the solution of a two-sided first-exit problem for a standard
M/G/1 workload process starting at level 1. When this process leaves (0, 1) for the first time
by a jump above 1, this first exit time is equal to the first overflow time. When it exits at 0, we
have to consider the next time instant it leaves (0, 1), and so on. We obtain a geometric series
of i.i.d. exit times. An example of such a calculation is given in Section 6.

(i1) The time between two overflows in queueing model 1 of G/M/1 type is stochastically
equal to the length of a busy period in queueing model 2 of M/G/1 type.

https://doi.org/10.1239/jap/1378401226 Published online by Cambridge University Press


https://doi.org/10.1239/jap/1378401226

622 D. PERRY ET AL.

Vi) (@
1 \/\N |
O ’\/\/\I ,’\] |
1=Vi() o (b)
Busy period .
| /
M
V2(1) (©)

Time between overflows

FIGURE 2: Duality between busy periods and interoverflow times. (a) A sample path of queueing model 1
(G/M/1 type). (b) A sample path generated by taking 1 — V! (¢). (c) A sample path generated by duality.
The sample path in (c) describes queueing model 2 of M/G/1 type in which the idle periods are deleted.

4.2. The number of customers

The arrival times form a renewal process with interarrival distribution H. Thus, in steady
state the probability that a departing customer leaves behind n customers is given by

1
po = f [Hy () — Hys1 (0] dFaoj(r), (17)

where H, is the n-fold convolution of H with itself and F;j(x) is the steady-state distribution
function of the sojourn time.

The sojourn times are characterized by the heights of the peak points of the AWT process
(the points just before negative jumps in Figure 1(b)). These peak points retain their values if the
idle periods in the AWT process are deleted. Hence, Fy; is also the limiting distribution of the
sojourn time in the modified process in which the idle periods are deleted and the busy periods
are glued together. The fact that the arrival times of the negative jumps in the latter modified
process form a Poisson process with rate x enables us to apply the PASTA property to compute
Fo; as follows. First we construct the process A={A®@t):1>0} by deleting the idle periods
of A and gluing together the busy periods. We then define the process V={V@®:t=>0
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by V(t) =1- A(r). If Ve is a random variable having thg steady-state dis}ribu}ion of ‘7, the
limiting law of the sojourn time is the same as that of 1 — V.. The density f of V satisfies the
balance equation

f(X)=M/ [1— Hx —w)lfw)dw + fO)[1 - H(x)], 0<x=<1 (18
0

Solving for f (x) in (18) we obtain
fx) = che % K(x),
where he(x) = (1 — H(x))/ fooo ydH (y) is the equilibrium density corresponding to H,

(0.¢]
K(x) =Y p"hi"(x),
-
and the constant ¢ is computable from the normalizing condition fol fx)dx =1,ie.

| o0 -1
c= |:/ Z p"hE(x) dxi| .
0 n=0

It should be noted that the steady state density f is not just the derivative of the distribution
Foj, but Fy,; can be expressed in terms of f . To see this, recall first that the distribution Fj,; has
an atom at 1, since the sojourn time of some customers is truncated at level 1 if the waiting time
plus their service requirement is greater than 1. This means that the negative jumps associated
with A, or, alternatively, the positive jumps associated with V, are not Poisson j jumps. In fact,
the jumps of V are generated by the composition of the Poisson arrivals (with rate ), and the
downcrossings of level O by V (or level 1 by A). By the PASTA property, the Poisson jumps
see the steady-state law of V, but the other jumps occur immediately after the sojourn times
of the departing customers equal 1. By level crossing theory, the long-run average number of
downcrossings of level 0 by V is equal to £(0), so that the long-run average proportion of the
Poisson jumps is p/( f (0) 4+ w). From (17) and the discussion above we get the steady-state
probability p, that there are exactly n customers in the system:

z : £0)

= — H,(1 —x 1 -x)]f(x)dx + ———I[H,(1) — 1
/L+f(0)/0 (a1 =) = Hyga (1 = 0170 x4 = (1) = (D)

where f has been computed above.

5. M/G/1-type and G/M/1-type storage systems with a general outflow rule

We consider the content process Dg,g/1 = {Dg/G/1(¢): t > 0} of a storage system with
capacity 1, i.i.d. inputs whose arrival times form a renewal process, and a general outflow rule
with rate function r(-). This storage system has been frequently studied in the case of Poisson
arrivals; see [1], [8], [15], [16], [17], and [24]. The corresponding steady-state density fp,, /G/1
of Dy/G/1 can be obtained from the Pollaczek—Khintchine balance equation

X
7 (x) fDy6) (X) = )L/ [1 = G(x — w)]fpy, (W) dw + Ax (1 — G(x)), 0<x <1,
0
where 7 = lim;, oo P(Dm/G/1(t) = 0) is the atom of the steady-state distribution at O (see

also [2, Section XIV.3]). Note that # = O if the release rate function is such that the storage
system cannot be empty.
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Our aim in this section is to derive the steady-state law of the content level for the analogous
G/M/1-type storage system by generalizing the duality presented in Section 4. In the case of a
general interarrival time distribution for the inputs there seems to be no direct way to compute
this distribution.

We thus assume that the counting process N = {N(t): t > 0} of the input arrivals is a
renewal process whose interrenewal time distribution function G has finite mean p~! > 0.
The inputs (jump sizes) Y7, Y2, ... are independent and exponentially distributed with mean
A~1. The storage system has finite capacity 1 so that the overflows above level 1 (which are
also exp(A)-distributed) are lost. The output is governed by a general release rate function
r: [0, 1] — [0, co), which is a positive, continuous function on (0, 1] satisfying r(0) = 0. It
follows from these conditions that r(-) is bounded away from O on compact intervals in (0, 1];
in particular,

b
O<H(a,b)=/ %«w (19)

for0 < a < b < 1. The integral in (19) represents the time required to move from state » down
to state a provided the input process is shut off (i.e. no jumps occur). We denote the content
level process of this storage system by Dg/m/1 = {Dgymy1(t): t > 0}. We do not rule out the
possibility that
* du
H(O,x):/ — =00 (20)
o r

for all x > 0. If (20) holds, state O is never reached from any initial state x € (0, 1]. For
example, the shot noise process has this property.

We now present a sample path construction of an M/G/1-type storage (content level) process
which is ‘dual’ to the one above. Three stages are required.

(a) The modified process DG/M/l. The first auxiliary process (still of G/M/1 type) is
Dgvm/1 = {Dgymy1(t): t > 0}, which differs from Dg/m/1 only during the dry periods.
Let Tp = 0, T1 = inf{t > 0: Dgym/1(t) = O}, and, for n > 1, recursively, T,y =
inf{t > T,: Dg/m/1(t) = 0and Dg/m/1(s) > Oforsomes € (T;,t)}. The last wet
period completed before time z ends at L(t) = Tay(;), where M (1) =max{n € Z.: T, <
t}. The modified process DG /M/1 is defined by

Dgmy1(t) it 0 < Dgymy1 () <1,

D =
G/m/1(1) {—(t — L)) if Dgm1(t) =0.

Thus, during the empty periods of the underlying storage system the process Dg /M/1 18
negative and decreases linearly with slope —1.

(b) The risk process R. The risk process R = {R(7): t > 0} is simply defined by R(7) =
1 — Dgym/1(t). Obviously, between its jumps R is governed by the input rate function

f(u)z{r(l—u), O<u<l,

1, u>1.

(¢) The Markovian storage process Dy /G/1- Replace every negative jump of R by a linearly
decreasing piece of trajectory with slope —1 on an interval whose length is equal to the
negative jump size. Then, replace the increasing pieces between negative jumps of R
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by positive jumps whose sizes are equal to the differences between the corresponding
peak points and trough points of R. The resulting process is denoted by DvyG;1 =

{DM/G/l(t): t > 0}. Note that, by this construction, corresponding peak points and
trough points in R and Dy /G/1 have the same values.

The duality described here generalizes that introduced for V! in Section 4. Note that while the
jump sizes of V2 are i.i.d. random variables, those of the Markovian storage system Dy /G/1
are in general state dependent and are thus neither independent nor identically distributed.
However, regardless of the laws of the jump sizes, it is clear that the long-run average rates of
downcrossings of R and Dy /G/1 are equal.

The duality of DG m/1 and Dyi/G/1 is expressed in the following relation of their steady-state
laws. We have

r(1 =x) oo, (1 —x) = fﬁM/G/l(x) forallx € (0, 1)

and ~
Jlim POapn ) =0 = [, (s

where fp, M1 and f Drjon denote the steady-state densities of Dg/m/1 and ﬁM /G/1, respec-
tively. Based on this relation we can now derive the ~steady-state law of fpg M1 and of Dg m/1
using the Pollaczek—Khintchine-type equation for Dyi/G/1 and the PASTA property.

Theorem 5. It holds that

. 0)
f“‘“+‘(1((x), 0<x<l1,
ff)M/G/l(x) = ~ 0) rt ~ 0)
Mf 0(x, w)K (w) dw + MQ(X,O), x>,
A o A
where
O1(x,w) =Q0x,w) =1-G(H(w, x)),
Ont1(x,u) = /x On(x, w)Q(w, u) dw, n>1,
K(x) =) 0ulx,0),
n=1
and

1

1 oo 1 oo -
fﬁM/G/l(O)z,\(f K(x)dx+/ / Q(x,w)K(w)dwdx+/ Q(x,O)dx) .
0 1 0 1

Proof. The balance equation of Pollaczek—Khintchine type for f Dajo)1 is given by

A/O (1= G(H W, )1 fp, (W) dw

+fDM/G/1(O)[1 — G(H(0, x))], 0<x<l1,
Tbyyep ) = .
)\.\/‘0 [1 —_ G(H(w,x))]f[)M/G/l(w) dw

+f[)M/G/1 O[1 = G(H (0, x))], x > 1.
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The density on the left-hand side is equal to the long-run average number of downcrossings
of level x per unit time. Let us show that the right-hand side is equal to the corresponding
long-run average number of upcrossings of x. Here A is the arrival rate, and the integral is the
probability that the state just before the jump is less than x and just after the jump is greater
than x. Here we condition on Dy /G/1 being equal to w just before the jump; then we need the
probability that a jump starting at w is of size greater than x — w. The time it takes for the risk
process R to reach level x from level w is H(w, x). For the jump to cross x, the interarrival
time (with distribution function G) has to exceed H (w, x) so that the probability in question is
given by 1 — G(H (w, x)). The other term on the right-hand side covers the case that a jump
from level O upcrosses x.
For x € (0, 1], we have

x w Foyon ©
Frgyon @) = fo Q(x, w) /O O, u) fp,, () du + —2— 0w, 0) | dw

A
f[)M/G/l(O) 0(x. 0)
x (V) VR (V)
=f0 Q2(x, 1) £y, ., () dut + —2E—0a(x, 0) + ——L—0(x, 0)
_ 12wen @ DM/;/‘ Dk,

It is not difficult to show that

0= Qux,wy = X =W
X, w) < ———
- = (n—1)!
so that the series for K (x) is convergent and f(f 0, (x, u)fﬁM/G/l (u)du — 0 asn — oo. For
x > 1, we obtain

Iy @ ! T, (O
f[)M/G/l(x :%/0 O(x, w)K(w)dw-f-%Q(x,O).

We can now compute f Dyc)1 (0) from the normalizing condition fooo f Drjon (x)dx = 1. The
proof is complete.

We conclude this section by stating an important relation for the peak points, i.e. local
maxima, of the content process of the G/M/1-type storage system. Denote the successive
heights of these peak points by P, Pa, ... and their steady-state density by fpp(x).

Theorem 6. The steady-state densities of Py, P2, ... and of DG m/1 are related as follows:

frp(x) =r(x) fpg, (x),  x€(0,1). 21

Proof. The right-hand side of (21) is equal to the long-run average rate of downcrossings
of level x by Dg/m/1. This rate is the same as the long-run average rate of upcrossings of
level 1 — x by the risk process R defined above, which in turn is equal to the long-run average
rate of downcrossings of level 1 — x by Dy /G/1. This latter downcrossing rate is given by
f Daijat (1 —x). By the PASTA property, f D/t is also the steady-state density of the sequence
of trough points (local minima) of our special M/G/1-type storage system. But this is just the
sequence 1 — Py, 1 — Py, ... Therefore, 7 (x) fpg ), (X) = f[)M/G/l(l —x) = fpp(x).
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DG @ (@)
ll 1 A 4 p |
P, P 2
2 I3
B
B 3
0 LB, By t
R(®) (b)

(©)

FIGURE 3: Typical sample paths of the processes Dg /M/1, R, and Dy /G/1 connected by the duality.

An illustration of the proof is given in Figure 3(a)—(c). The heights of the peak points
P1, P», P3, ... and of the trough points By, By, B3, ... in Figure 3(a) correspond to those in
Figure 3(b) through the relations Pi =1— B;and B; = | — P;, and the same P;s and B;s
appear in Figure 3(c).

Equation (21) relates the steady-state density of a continuous-time non-Markovian content
process (of G/M/1 type) to that of a subsequence taken at discrete time instants (the peak
points).

6. An example

The results for the G/M-type systems derived by the duality approach are explicit; however,
the stationary densities are given in terms of infinite series of convolutions. In special cases
more convenient formulae can be determined. We finally present an explicit computation: we
determine the LST of the busy period of queueing model 1 in the E;/M/1 case. The same
derivation also works for Erl(k, A), leading to k linear equations.

Consider queueing model 1 with Erl(2, 2)) interarrival times (so that each exponential
phase has rate 2A and the arrival rate is 1) and exp(u)-distributed service times. We know from
Section 4 that the distribution of the busy period is the same as that of the time B between
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two overflows in the corresponding V2 process of the modified queueing model 2 with Poisson
arrivals of rate u, service distribution function G having the density g(x) = e 2" (21)2x, and
deleted idle periods. ~

We define the stopping time T = inf{t > 0: V2(¢) € {0, 1}} and use the following notation:

T(B) =Ee PP,

Ye(B) =E@ P8 | VZ(0) = x) = E (e F5),
@y (x; B) = Ex(e_ﬁrl{‘ﬂ(f):o})a
¢ (s B) = Ex (e P 2y,

1 1
V(B) =/ I/fx(ﬁ)dG(X)=/ Ey(e #B)e ™ A%x dx,
0 0
1
CD*(,B) :/ ]Ex(eiﬁrl{‘?Z(T):()})ei)"x)\.z.x dx,
0

1
cD*(ﬂ) = /0 ]EX(e_ﬁrl{f/Z(T)>l})e_)\x)\.2X dx.
The above functions are connected by the renewal-type equation

Ue(B) = (x5 B) + i (x; Bl + 22 1+ i (x; HHW(B), O<x <1 (22

The first term on the right-hand side of (22) is the improper LST of B restricted to the set
{VZ(1) = 1}. The second term is the improper LST of B restricted to the set {(VZ(1) = 0, the
jump size at time 7 is at least 1}; note that 1 — G(1) = e~ 2* 4+ 2xe~2*. The third term is the
contribution of the case in which V?(t) = 0 and the instantaneous jump at time T goes to some
y <l

Multiplying both sides of (22) by e~2**(21)%x and integrating over [0, 1), we obtain

W(B) = D*(B) + [e™** + 2xe DL (B) + DL (B) W (B). (23)
Solving for W () in (23) yields

o* —21 2 —2A q>*
W(p) = (ﬂ)+[el_$(ﬁ§ 10.(8) (24)

By (24) and (22),

Ui (B) = ¢ (x; B) + du(x; Ble™ 2 + 22e™ ]

D*(B) + [e7?* + 2xe 24D, (B)
5« (X3 . 25
+ pu(x; B) .3 (25)

In particular, note that the LST of B is given by

T(B) = ¥1(B)
= ¢*(1; B) + ¢ (1; Ble > + 216 ]
D*(B) + [e7* + 21e 2D, (B)
1—@.(B) '

+ ¢: (1 B) (26)
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The functionals ®*(8) and ®,(B) are simple integrals containing ¢*(x; 8) and ¢4 (x; B), so
we only need to compute the latter functionals. To determine ¢*(x; B) and ¢, (x; B), we use a
suitable Kella—Whitt martingale [18]. Take Z(¢) = V2(t) + (B/o)t for fixed B > 0. Then

t
M) = (g(a) — B) / e Y2 gy 4 72O _ gmaZ(®) (27)
0

is a martingale for ¢+ < t, where the exponent for the case of Erl(2, 24) jumps is given by

o X 2 \°
<p(a)—a—u[ —<2k+a> }

Applying the optional sampling theorem to the stopping time T we obtain the equation

22 \? . ;
[a _”<1 - <2x +a> > _ﬂ]EUo S d“) = —e ™ 4 eV 0. (28)

For fixed 8 > 0, the function ¢(«) — 8 has three real roots «; (8), i = 1, 2, 3, which satisfy

a1(B) > 0 > aa(f) > =21 > a3(B). (29)

The «;(B) are the match points of the function (24/(2A + «))? and the linear function 1 +
B/u — o/ it is easily seen that there are exactly three such points and that they satisfy (29).
Next, from the memoryless property, either V2(r) — 1 « Erl(2, 24) if level 1 is upcrossed by
the first phase of the jump, or V2(7) — 1 «~ exp() if level 1 is upcrossed by the second phase
of the jump. Let F (F3) be the event that level 1 is upcrossed by the first (second) phase of the
jump. Then, for0 < x < 1,

2\
20 4+«

2
E (e”*1O~PT) = gy(x; B) + e—“< ) 01(x; B) +e 02(x; B),

20 4+«

where
0105 ) = Ex(e "™ 1r),  62(x; p) = Ex(e "1,
Thus, the left-hand side of (28) yields the three linear equations

2
—a; (B)x __ . —a .
c _¢*(xvﬂ)+e (2)\‘_{_“1(‘3)) el(xaﬂ)
—u 2\ ) .
+e mez(%ﬁ), i=1,2,3, (30)

for the three unknowns 0y (x; 8), 62(x; B), and ¢, (x; B). The solution of this set of equations
is available via computer algebra. However, the explicit formulae are lengthy and not very
illuminating. Finally, by definition,

¢*(x; B) = 61(x; B) + 0a2(x; B).
Thus, in view of (25) and (26), we have all the components of Y'(8).

Remark. In the above computation we have inserted the roots «; (8) in (28). However, (28)
is derived from (27) and, thus, at first glance, only valid for Re « > 0. This difficulty can,
however, be overcome by analytic continuation. The function &« — @(«) — B is analytic on
C\ {—21}. The function & ]E(fore_“v“(“)_ﬂ“ du) is easily seen to be analytic forall « € C.
Thus, after multiplication by 21 +«, (30) becomes an identity between analytic functions which
holds for Re @ > —2A and, thus, by analytic continuation, for all @ € C\ {—21}. In particular,
we may insert ¢ = o;(B) into (28) so that (30) is valid.
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7. Concluding remarks

In this study we have presented a duality that allows us to derive the characteristics of
G/M/1-type models with restrictions on the accessibility from those of their ‘dual’ M/G/1-type
counterparts with different restrictions, for which their Markovian structure can be exploited.
We have considered the two most prominent such systems (truncated service time policy and
bounded waiting time policy) and derived for the G/M/1 version of the first system the steady-
state distributions of the workload, the number of customers present in the system, of busy
and idle periods, and of the times between overflows via its duality with a restricted M/G/1
version of the second type of system. Other types of access restrictions require modifications
in the duality constructions which may make the computations for the dual Markovian systems
difficult (or even impossible). For example, in the case of quasirestricted accessibility the part
of an incoming service requirement above the threshold is not totally refused but only a certain
(random or deterministic) fraction is added to the workload. The G/M/1 version of this system
has a dual modified M/G/1 system of our type 2 in which at the end of every busy period a new
one is initiated immediately by a new customer whose service time distribution is that of the
corresponding fraction of an exponential random variable. This dual system seems amenable
to an analysis similar to the one given in this paper. Another (more challenging) problem is the
generalization of the duality approach to random thresholds. As mentioned in the introduction,
queueing model 2 can also be viewed as the customer impatience systems M/G/1 + D or
G/M/1 + D, and it would be interesting to treat the case of random impatience via duality.

Queueing model 2 also appears in perishable inventory systems, where the process V2 (in
which the idle periods are deleted) can be interpreted as the so-called virtual outdating process
of the stored perishable items (see the inventory model in [22]). In the latter case, if the value
of an item is not constant over time but depends on its age via a certain function, the constant
release rule of queueing model 2 has to be replaced by a general release rule [22]. The duality
methods seem to be applicable to this model.
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