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Out of great complexity comes great
simplicity.
Adapted From Winston Churchill

Life is like riding a bicycle. To keep your
balance, you must keep moving.

Albert Einstein



To the memory of my parents



Preface

The Second Edition adds 17 new figures bringing the total number to 124; many
of the original figures have been revised. It also includes a new section with a novel
derivation of the Benes series for M/G/1 queues. It describes new results on the
service time for three M/G/1 queueing models with bounded workload. It analyzes
new applications of queues where zero-wait customers get exceptional service,
including several examples on M/G/1 queues, and a new section on G/M/1 queues.
There are two other important new sections: on the level crossing derivation of the
finite time-# probability distributions of excess, age, and total life in renewal theory;
and on a level crossing analysis of a risk model in insurance. These two new
sections make it convenient to split the original Chap. 10 into two chapters. The
new Chap. 10 is on renewal theory. The new first section of Chap. 11 is on a risk
model. More explicit use is made of the renewal reward theorem throughout. Many
technical and editorial changes have been made to facilitate readability. The Second
Edition has many more specific citations and references to enhance efficiency of
perusing the book: 145 references (102 in the First Edition); 125 works listed in the
Partial Bibliography (56 in the First Edition). The Index has been expanded to
expedite locating information in the book.

Windsor, ON, Canada Percy H. Brill
October 2016
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From Preface of First Edition

From 1972 to 1974, 1T was working on a Ph.D. thesis entitled Multiple Server
Queues with Service Time Depending on Waiting Time. The method of analysis was
the embedded Markov chain technique, described in the papers [109] and [103]. My
analysis involved lengthy, tedious derivations of systems of integral equations for
the probability density function (PDF) of the waiting time. After pondering for
many months whether there might be a faster, easier way to derive the integral
equations, I finally discovered the basic theorems for such a method in August
1974. The theorems establish a connection between sample-path level crossing rates
of the virtual wait process and the PDF of the waiting time. This connection was not
found anywhere else in the literature at the time. I immediately developed a
comprehensive new methodology for deriving the integral equations based on these
theorems, and called it system point theory. (Subsequently, it was called system
point method, or system point level crossing method: abbreviated SPLC or simply
LC.) I rewrote the entire Ph.D. thesis from November 1974 to March 1975, using
LC to reach solutions. The new thesis was called System Point Theory in
Exponential Queues. On June 12, 1975, I presented an invited talk on the new
methodology at the Fifth Conference on Stochastic Processes and their Applications
at the University of Maryland. Many queueing theorists were present. Ever since,
LC has become an increasingly used technique for analyzing a large class of
stochastic models. LC can be used to derive integro-differential equations for
transient distributions, or integral equations for steady-state distributions.

This monograph elucidates LC for obtaining probability distributions of state
variables in a variety of stochastic models. Most of the analyses are for steady-state
distributions. However, some results for transient distributions are also given. The
book is intended for research- and applications-oriented workers in operations
research, management science, engineering, probability and statistics, actuarial
science, mathematics, and the natural sciences.

To date, many researchers have applied LC. Applications have appeared in
refereed journals, conference proceedings, technical reports, master’s and Ph.D.
theses, and in chapters and sections of books, worldwide.
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xii From Preface of First Edition

One reason for this great interest and consequent proliferation of publications is
that LC is very intuitive. Furthermore, it leads to exact analytical solutions. An LC
analysis starts with a typical sample path of a stochastic process. A sample path
(sample function, realization, and tracing) can be thought of dynamically. That is,
the path evolves in the state space over time, governed by the probability laws
of the model.

The LC method focuses on time rates at which a sample path exits and enters
certain measurable state-space sets. Level-crossing theorems equate these transition
rates to simple algebraic expressions of the PDF and/or CDF (cumulative distri-
bution function) of the state variable. In a steady-state analysis, the algebraic
expressions often appear in separate terms of Volterra integral equations of the
second kind with parameter. Thus, “physical” sample-path transition rates are in
one-to-one correspondence with terms of the integral equations. The integral
equations themselves are constructed by applying rate conservation laws, e.g., rate
balance. The upshot is that we can write down the integral equations “by inspec-
tion,” upon observing the sample-path structure of a model!

The integral equations are solved simultaneously with a normalizing condition,
which specifies that all probabilities sum to 1. The system of equations is solved for
the PDF and/or CDF of the state variable. We may use analytical, numerical,
algorithmic, simulation, or approximation techniques to solve the system of
equations. We can derive operating characteristics of the model using the solution
and/or LC concepts.

It is axiomatic that one can reach solutions for mathematical models by applying
alternative techniques. My own experience, and that of many other researchers, has
demonstrated that LC often leads quickly and easily to solutions. It provides useful
intuition about the model dynamics. This is due to the perspective taken: geometric
sample-path structure; rate conservation laws; connection to concepts of natural
science such as physics. LC may free the analyst from lengthy derivations of a
system of model equations. Thus, it facilitates focusing on model dynamics and on
operating characteristics. An LC analysis quite often suggests new creative
approaches for studying a model.

I hope that readers will find the monograph interesting, and useful for research.
The concepts, techniques, examples, applications, and theoretical results in this
book may suggest potentially new theory and new applications.

Windsor, ON, Canada Percy H. Brill
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Chapter 1
Origin of Level Crossing Method

1.1 Prologue

This chapter presents a condensed version of the original development of
the level crossing method (LC) for deriving probability distributions of state
variables in stochastic models. I developed LC concomitantly with the more
general system point method (SP method). Thus LC is actually an essential
component of the system point method. A more precise nomenclature for the
overall technique is the system point level crossing method (SPLC). In this
monograph, for simplicity we usually use the abbreviation LC to refer to the
overall procedure.

The LC technique was developed during the period January 1974-August
1974, while I was working on my Ph.D. thesis of a different topic, namely
Multiple Server Queues with Service Time Depending on Waiting Time. The
work, since May 1972, involved analyzing the steady-state distribution of
customer wait in an M/M/c queue with service time depending on wait be-
fore service. This had been my original Ph.D. thesis topic, suggested by my
supervisor M.J.M. Posner. The goal had been to generalize to multiple server
M/M/c queues, the (then) forthcoming paper by M.J.M. Posner [117] on sin-
gle server M/M/1 queues, using the method of embedded Markov chains, a
purely algebraic technique [103]. That analysis formulates Lindley recursions
for successive customer waits and their probability distributions [109]. The
approach utilizes inequalities, conditional probabilities, and the law of total
probability. It also involves multiple integration, transformation of variable,
differentiation, and limit operations.

The embedded Markov-chain analysis can be tedious and time consuming,
especially for complex models. I worked for several thousand hours (about
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2 1 Origin of Level Crossing Method

50 h per week) developing, simplifying and solving “fifty-page” integral
equations on computer paper (the old kind 10" x 17") over a two year period.
Much experience and many observations had shown that the analyses of dif-
ferent model variants ultimately converge to a common stage. Each analysis
culminates with its own system of Volterra integral equations of the second
kind with parameter, for the steady-state pdf (probability density function)
of the customer wait. At this point, all of my analyses were purely algebraic.

While I pondered the complexity and tediousness of various embedded
Markov-chain analyses, the question gradually surfaced as to whether there
may exist an alternative, more intuitive technique for deriving the integral
equation(s) for the pdf. After considerable analysis, finally in August 1974,
I discovered the basic LC theorems and the related methodology.

For queues, the LC method starts by constructing a fypical sample path
(sample function, realization, trajectory, tracing, orbit) of the virtual wait
process (see Sect.2.2). Then we apply LC theorems. These theorems utilize
sample-path structure to write an integral equation, or system of integral
equations, for the steady-state pdf, by inspection! The LC approach can save
an enormous amount of time when analyzing complex stochastic models.
LC provides a common systematic procedure for studying a wide variety of
stochastic models. It focuses attention on sample paths. Therefore it often
leads to new insights into the model dynamics and its subtleties. In complex
models, construction of a sample path may itself be a challenge. However,
the benefit of this construction is that it often leads to a deeper understanding
of the model.

In order to construct the integral equation(s), the LC method employs a
one-to-one correspondence between: (1) the set of algebraic terms in the inte-
gral equation(s) for the pdf, and (2) a set of mutually exclusive and exhaustive
sample-path transitions relative to state-space levels or state-space sets (see
Sects.2.4.3 and 2.4.4).

My original thesis using embedded Markov chains and Lindley recursions

was published in two working papers [48] and [49]. Immediately after my

discovery of LC, I completely rewrote my original Ph.D. thesis using SPLC,
from November 1974 to March 1975. Two additional chapters were added
as well, outlining the System-Point/Level-Crossing theory (Chap.2 in [11]),
and examples from the literature (Chap.8 in [11]). The results using LC
corroborated the original results in [48] and [49], and also pointed to a whole
new array of possible applications. The new thesis was called System Point
Theory in Exponential Queues [11] . This led to the subsequent publications
[50-53].
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Two years later in 1976, J.W. Cohen [61] discussed the same level crossing
ideas, as related to regenerative processes (e.g., [134]), and followed that
work with [62]. The resulting regenerative-process connection to LC is useful
for obtaining certain steady-state (limiting) results in a variety of stochastic
models.

The following abridged version of my development of LC in 1974 deals
with the single server queue. (This preserves the main ideas, which originally
evolved from analyzing complex M/M/c queues with service time depending
on waiting time.) For background, we first derive an integral equation based on
the classical algebraic Lindley-recursion/embedded-Markov-chain method
for GI/G/1 and M/G/1 queues. This was the method used to analyze my
original Ph.D. thesis topic. (Due to multiple servers, that derivation started
with a more general Lindley recursion, employed in working papers [48] and
[49]. It ended with a system of Volterra integral equations for the steady-state
pdf of wait, and its solution.) Then we outline the original development of the
LC method, and use it to derive the same integral equation—by inspection.

1.2 Lindley Recursion for GI/G/1 Wait

Let W,, Sy, Ty+1 denote respectively the waiting time of customer n before
service, the service time of customer n, and the time interval 7,41 — 7, between
the arrival instants (epochs) 73, 7,41 of customers n and n + 1 at the system,
n =1, 2, .... The well-known Lindley recursion for the waiting time is

Wir1 = max{W, + S, — T,+1,0}, n=1,2, ... (1.1)
Referring to Fig. 1.1, we have the following inequalities. For fixed x > 0,

OSWn+l§x
<:>Wn+Sn—Tn+1 <Xx
—y+S,—z<x

— S, <x+z-—Y,

(1.2)

given W, = y and T,+1 = z. (Symbol “<=" is equivalent to “if and only
if” or “iff”.)
Let P(A) denote the probability of an event A.
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n+1

o '
F=4 0

n
]
TrH-I =2 1

Fig. 1.1 Lindley recursion for W, — W, .| geometrically

Definition 1.1 Forn =1, 2, ...

Fp,(x) =P(W, <x), x>0,

fulx) = ;—XF,, (x), x > 0, where the derivative exists,

Pn(0) = Fp(0), (1.3)
B(y)=P(Sn<y),y=0,n=12,..,

B(y) =1-B(y),y > 0.

F, () is the cdf of W,,; f,,(+) is the pdf on the positive part of W,,; F),(c0) =
P, (0) + fxoio fu)dx = 1,n =1, 2, .... Assume that the parameters of the
queue are such that the steady state cdf F(-) and mixed pdf {Pg, f(x)}x>0
of the wait exist, and lim,,_, o, F(x) = F(x),x > 0, lim,_, » P,(0) = Py,
lim,— 0 f(x) = f(x),x > 0. We define f(-) to be right continuous. Thus
f(x*t) = f(x),x > 0. For consistency, we extend the domain of f(-) to
include x = 0, and define f (0") = £(0). Note that £ (0) adds zero probability
to Py.

1.3 Integral Equation for M/G/1 PDF of Wait via Lindley
Recursion

Assume that the arrival process is Poisson at rate ), and that the random vari-
ables U, cn+ {Sn, Tnr1) are mutually independent (where NT = {1,2, ...}).
For this model assume S,,, W,, are independent of each other,n = 1, 2, .... The
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classical approach applies inequalities (1.2) to derive an integral equation,
which expresses F,,11(-) in terms of P,(0) and f,(-). The notation P(A|B)
denotes the conditional probability of event A given that event B occurs.
Conditioning on 7,41 and then on W,,, gives for x > 0,

Fuy1(x)

o0
= / PW,+S8,—z<x|Ty+1 = Dhe Mdz
z=0

o0 px+z
= [P = a2 =y Tt = 00 Vs
z=0 Jy=0~
where 0~ emphasizes that the probability of the atom {0} is included in the

integral. (See Sect.2.4.9 for a definition of atom.) Substituting from (1.3),we
obtain for x > 0,

o0 X+z N
Fry1(x) =/ 0/ . B(x +z— y)fu(0Ae” “dydz
z=0Jy=0"

o0
= P,(0) B(x + 2)\e Ndz
z=0

o0 X+2z
+ / / B(x + z — Y)fa() e Mdydz. (1.4)
z=0 Jy=0
The transformation w = x + z in (1.4) gives, for x > 0,
o0
Fpy1(x) = P, (0) / B(w) e ¥ gy
w=x

+ / / ) B(w — y)f,()Ae @ dydw. (1.5)
w=x Jy=0

For x > 0, take % on both sides of (1.5) wherever it exists. Then
Jnp1(x) = AFpt1(x) — AP, (0)B(x)

— )\/ 0B(x —Wfhdy, x > 0. (1.6)
y=

By definition,

Fus1 () = Pos1 (0) + / i)y x 20

y=
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Substituting into (1.6) yields
fn+1(x) = A (Pn-H 0) +/ Ofn-i-l(y)dy) — AP, (0)B(x)
y:
— )\/x B(x —y)f,()dy, x > 0,
y=0

which simplifies to
Snr1(x) = A [Pn-H ©0) - Pn(O)B(x)]
+ )\/ O(fn+1(y) — B(x = y)fa()dy, x > 0. (1.7)
y=

In (1.7), letting n — oo gives the desired integral equation for the steady
state pdf, namely,

X

f(x) = APoB(x) + )\/ B(x — y)f (y)dy, x > 0. (1.8)
y=0

The normalizing condition that all probabilities sum to 1, is

P0+/Oof(x)dx= 1. (1.9)
x=0

Equations (1.8) and (1.9) are then solved simultaneously to obtain
the steady-state pdf of wait {Py, f(x)}x=0. Steady-state operating charac-
teristics can be computed from {Py, f(x)}r~0: the cdf F(-); the Laplace-
Stieltjes transform fy C:O, e YdF(y),s > 0; the expected values of the
waiting time, system time and number in the system, by applying Little’s
theorem L = X - W [110]; quantiles of F(-); the probability mass function
(pmf) of the number in the system, by conditioning on the wait and applying
the PASTA principle [145]; etc.

When analyzing more general stochastic models, e.g., state-dependent
models, we obtain variations and generalizations of integral equation (1.8).
Examples are: single and multiple server queues with service time or arrival
rate depending on current workload; inventories where demand rate or de-
mand size depends on current inventory level (stock on hand); general storage
systems where input size depends on current content; risk reserve systems in
Insurance where claim size depends on current risk reserve; systems in the
physical and natural sciences with state-dependent parameters.
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The algebraic steps in (1.1)—(1.8) illustrate the classical approach. In com-
plex state-dependent models, the classical approach begins with more general
Lindley recursions than (1.1). Then, significantly more algebra is typically
required to derive an integral equation, or system of integral equations, for
the steady state pdf of the state variable, e.g., [48] and [49].

Itis important to note that the classical method based on Lindley recursions
is very useful both theoretically and computationally, for studying the waiting
time in queues, and state variables in many stochastic models.

The following question gradually evolved while continuing to derive inte-
gral equations for the pdf in complex state-dependent M/M/c models using
the classical method [48] and [49]. Does there exist an alternative way to
derive integral equation (1.8), and analogous integral equations in complex
state-dependent models, which: (a) bypasses starting from (1.1); (b) reduces
the amount of accompanying algebra? The goal was to derive equations like
(1.8) in a manner similar to the well-known, intuitively appealing rate into
state = rate out of state balance equations for the state probabilities in discrete-
state, continuous-time Markov chains, e.g., [125]. Persevering with this idea,
while continuing to apply the classical method, ultimately led to the SPLC
methodology. The developmental process is outlined in Sects. 1.4—1.7.

1.4 Observations and Questions

The following elementary observations and simple questions considered to-
gether, lead to a very powerful approach for analyzing stochastic models.

1. For each x > 0, the cdf F(x) € [0, 1]. Thus F(x) is a dimensionless
quantity. It is a real number without associated units.

2. For each x > 0, the pdf f(x) ( r (x)) has dimension 1/ [Time]. This

follows because Ax has the same dimension as x, namely [Zime] be-

cause f(x) is the pdf of waiting time, in the defining formula f(x) =

lima,_, M

3. In 1ntegra1 equatlon (1.8), the dimension of both left and right hand sides
is [sze] Note that the parameter A has dimension [Tl in e].

4. A number having dimension [1/7ime] is the measure of a rate, a notion
from Physics.

5. Each side of integral equation (1.8) is the measure of some unknown (in
1974) rate.

6. In integral equation (1.8), the left hand side f (x) and the right hand side
APoB(x)+\ fyx:() B(x—y)f (y)dy, may represent two different rates, which
have the same value.
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7. Question: What geometric or physical rate, if any, does f (x) measure?
8. Question: What geometric or physical rate, if any, does APoB(x) +
A fy o B(x — »)f (y)dy measure?

Remark 1.1 The classical approach, starting from Lindley recursions , is a
completely algebraic technique. There was no inkling whatsoever in 1974,
of the geometric picture that was about to emerge, as described in Sect. 1.5.

1.5 Further Properties of Integral Equation for PDF
of Waiting Time in M/G/1

To answer Questions 7 and 8 of Sect. 1.4, we study (1.8) further. Let x | O
on both sides of ( 1.8). This yields

F(0T) = APo. (1.10)

Observation: For the M/G/1 queue in steady state (equilibrium), consider
two discrete states that the system may present from the viewpoint of an
arriving customer: {0}: no wait; {1}: wait. Over time the system alternates
between presenting states {0} and {1} to the arrival stream. An arrival waits:
(a) zero time iff the server is idle at the arrival instant; (b) a positive time iff
the server is busy at the arrival instant. Thus we may equivalently redefine
the states from the viewpoint of the system (or server) as: {0} : idle; {1}: busy.

The rate at which busy periods start is APg, due to Poisson arrivals, and
the rate out of state {0} = APy, as in continuous-time, discrete-state Markov
chains. By conservation of rates out of and into {0}, the rate at which busy
periods end must also be APy. Furthermore, a connection is made to integral
equation (1.8) via the relation (1.10), £(0T) = AP.

Figure 1.2 depicts the motion between the two states {0}, {1}. The sojourn
times of visits to {0} are i.i.d. (independently and identically distributed)
random variables distributed as an idle period. An idle period is exponentially
distributed with mean 1/A. The sojourn times of visits to {1} are i.i.d. random
variables distributed as a busy period. A sample path corresponds to that of a
two-state alternating renewal process. Itis a special case of a Markov renewal
process or semi-Markov process with 2 x 2 Markov transition matrix HP,-j H
where Pg; = P1o = 1 (see pp. 457460 in [125]). Let {A(#)};>0 denote this
two-state process, where A(¢#) = 0 if ¢ € idle period and A(¢) = 1 if ¢ € busy
period. A sample path consists of alternating horizontal, right-continuous line
segments (Fig. 1.2).
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Busy Idle
period period

{1}

{0}

Time t —

Fig. 1.2 Sample path of alternating renewal process {A(#)},>0

1.5.1 Connection with Virtual Wait Process

Reflecting on the structure of the alternating renewal process {A(f) };>0, led to
the recognition of a close correspondence with the well-known virtual wait
process (thanks to [140] which the author had become aware of in 1964).
The virtual wait represents how long a customer that arrives at time ¢ must
wait to start service (same as the workload at time ¢ in standard M/G/1). For
the standard M/G/1 queue, the virtual wait {W (#)},>0 is a continuous-time,
continuous-state process with state space [0, co). Sample paths of {W (¢)};>0
are real-valued, non-negative, right-continuous functions on [0, co). Charac-
teristically,
dw(@) | -1if W() > 0,
d [ 0ift W@ =0

(Fig. 1.3). Jumps occur at Poisson rate \. Jump sizes are distributed as the
service time. Table 1.1 shows the correspondence between {A(¢)};>¢ and
{W(®)}=o0.

Observation: Sample paths of {W(t)};>0 are strictly positive during busy

periods and equal to zero during idle periods. Sample paths of {A(t)}i=0

have the same property, if we make the correspondence as in Table 1.1.
Interestingly, for the process {A(¢)};>0 state {1} can be viewed as a “black

box” containing all possible busy periods. Whenever the sample path enters

{1}, a random busy period is generated.

Observation: For the M/G/1 queue, it is well known that the cdf and pdf of

W (t) as t — oo are respectively equal to the cdf and pdf of W, as n — oo,
provided the limits exist (e.g., [140] ).
The above discussion leads to the following observation.
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W(1)
Busy Idle
period period
| ’ |
| | |
Sz
A SP
S, ‘
X \"\
0 MNi=0 §W N
7 7, 73 7,
Time —»

Fig. 1.3 Sample path of virtual wait {W(#)};>0 in M/G/1 showing: actual waits
{W,}=1.2...; busy and idle periods; system point SP; fixed level x

Table 1.1 Correspondence Between {A(t)} and {W(t)}

Time r > 0 A1) W)
t € idle period 0 0
t € busy period 1 € (0, 00)

Observation: f(0%) = rate at which a typical sample path of {W(t)}>0
hits level O from above at a 45° angle (Fig. 1.3). Hits of level O from above
occur at the ends of busy periods.

Insight: Shift attention to sample paths of the virtual wait {W (t)}s=0! Focus

on the geometry of a typical sample path of {W (t)}i=0!

The last observation provides an alternative interpretation of Eq. (1.10).
In complex systems, this observation may lead to extra conditions to help
solve for unknown constants of integration arising in the solution of a sys-
tem of integral (or differential) equations. More importantly, the foregoing
considerations suggest the key question and conjecture given in Sect. 1.5.2.

1.5.2 Looking Upward from Level Zero

Key Question: At what rate does a typical sample path of {W (t)}s>0 hit any
state-space level x > 0, from above?
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To answer the key question, imagine, temporarily, that the M/G/1 model
under consideration were really an M/M/1 model with service rate p. The
jump sizes of the virtual wait process (Fig. 1.3) would then be exponentially
distributed with mean 1/p. Fix level x > 0 in the state space. Consider a jump
that starts at some level y < x and ends above x. By the memoryless property
of the exponential distribution, the excess jump above x would have the same
distribution as the total service time. Thatis, P(S, > x—y+2z|S, > x—y) =
e ", n=1,2, ..., independent of y and x . This implies that each sojourn
time of a sample path above every x > 0, would be statistically identical to a
busy period, independent of x! Thus, the picture during sojourns above level
x would be a probabilistic replica of Fig. 1.3 during busy periods above level
0. However, the sojourns at or below level x, would be of different durations
depending on x (see Sect.3.4.16). This leads to the key conjecture. Recall
that £ (0) = £(0T).

Key Conjecture: For each x > 0, f(x) is the rate at which a sample path

of {W(¢t)} hits level x from above.

The key conjecture generalizes the last observation in Sect. 1.5.1. The con-
jecture is readily confirmed mathematically for M/M/1, M/G/1 and GI/G/1
queues. Furthermore, in many general, state-dependent stochastic models,
analogous results connect sample-path hits of a state-space level, and the pdf
of the state variable at that level. The notions of sample-path smooth hits
of a level and jumps across a level, naturally suggest the concept of level
crossings: in particular, downcrossings and upcrossings.

Remark 1.2 Various areas of real analysis and stochastic processes utilize
level crossing concepts. In stochastic processes most work deals with level
crossings of processes having continuous sample paths. Prior to 1974, level
crossings had not been directly connected with, or used to obtain integral
equations to solve for probability distributions of state random variables. The
level crossing method is particularly useful in continuous-time continuous-
state stochastic models where sample paths have discontinuous jumps. It is
also applicable to processes with strictly continuous sample paths, as in a
dam with alternating influx and efflux (see Sect. 11.8).

In this monograph, we shall regularly use the terms: level crossing, down-
crossing, upcrossing. In the present context it is sufficient to use their intuitive
meaning, as in Fig. 1.4. Roughly speaking, for the virtual wait of a standard
M/G/1 queue, a downcrossing of a level at instant #y is a smooth or left-
continuous hit of that level from above at #y. An upcrossing at instant 7y is
made by a jump, which starts below, and ends above the level, at #y. These
concepts are discussed more precisely in Chap. 2.


http://dx.doi.org/10.1007/978-3-319-50332-5_3
http://dx.doi.org/10.1007/978-3-319-50332-5_11
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Wi(1) Busy lferiod Idle .Period
— : —
i
x “ \:\\' =
o

Fig. 1.4 Sample path of {W(#)};>¢ indicating downcrossings of level x and hits of
level 0

1.5.3 Integral Equation in Light of the Sample Path

Consider the left side of (1.8). For each x > 0, f(x) is equal to the sample-
path downcrossing rate of level x. That is, f (x) corresponds to the rate of a
particular type of sample-path transition across level x. This correspondence
has an intuitive appeal, which we now explore further.

Question: Does the right side of Eq. (1.8), APoB(x) + A fyx:o B(x—y)f(dy,
correspond to the rate of a particular type of sample-path transition across
level x?

The last question prompts consideration of the idea conservation law,
or principle of set balance (rate balance across a boundary separating two
disjoint state-space sets). Referring to W (¢), t > 0, (Fig. 1.4), letxg = W(0),
and fix x > 0. The state space is S = [0, co) = [0, x] U (x, 0co) (union of two
disjoint sets). The long-run sample-path exit and entrance rates of state-space
set (x, 0o) are equal, independent of the initial state xp. Exits and entrances of
(x, 0o) alternate in time, and correspond to sample-path downcrossings and
upcrossings of level x, respectively. Set balance (rate balance across level x)
suggests interpreting APoB(x) + A fyx:o B(x — y)f (y)dy as the sample-path
upcrossing rate of level x. We now show that this interpretation is correct.

For the process {W (¢)};>0 the following property holds for a sample-path
jump starting at level y < x (Fig. 1.4):

P(end of jump > x | start of jump =y < x)
= P(service time > x — y)
=B(x —y). (1.11)
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If a jump upcrosses x, it starts either at level O or at a level y € (0, x).
Setting y = 0 in (1.11) shows that the rate of upcrossings of x, starting at
level 0, is APoB(x). The rate of jumps starting in a small interval (y, y + dy)
is Af (y)dy. From (1.11), the rate of upcrossings of x, starting in (0, x) is
A fyx:o B(x — y)f (y)dy. Thus, there is a one-to-one correspondence between
the set of three algebraic terms of (1.8) and the set of three mutually exclusive
and exhaustive sample-path crossing rates of level x (see Fig. 1.6).

1.6 Basic Level Crossing Theorem for M/G/1

The foregoing notions lead to the basic level crossing theorem for the steady-
state pdf of wait in the standard M/G/1 queue, namely Theorem 1.1 below.
Assume AE(S) < 1, where A is the arrival rate and E(S) is the expected value
of the service time. Consider a sample path of the virtual wait process.

1.6.1 Downcrossing and Upcrossing Rates

For fixed x > 0 and fixed ¢ > 0, let D;(x), U;(x) denote the number of
down- and upcrossings of level x during (0, #), respectively. The average
rates of down- and upcrossings during (0, ¢) are Df(x) and u,(x) , respectively.
Let E(X) denote the expected value of a generlc random Varlable X. The
average rates of the expected number of down- and upcrossings during (0, )
are 22 gpg £ (u;(x)), respectively. Note that the singleton discrete state
{0} is an atom having steady-state probability Py > 0. (See Sect.2.4.9 for
a definition of atom.) Let O,({0}) denote the number of exits out of, and
7:({0}) the number of entrances into, the discrete state {0} during (0O, ¢). Here,
an intuitive notion of exit and entrance suffices. Define D;(0) = Z; ({0})
and lim;_, o w = lim;_ oo w. These notions are specified further in
Chap. 2.

Theorem 1.1 (P.H. Brill, 1974) For the virtual wait process {W (t)}, in the
stable M/G/1 queue (p = AE(S) < 1)

tim PO _ i (1.12)
lim D’t( *) =f@).x =0, (1.13)
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W(t)
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Fig. 1.5 Sample path of virtual wait in M/G/1 queue. Shows levels x and x + & and
various sojourn times in interval (x, x + /), used in proof of Theorem 1.1

X

= \PoB(x) + )\/ B(x —y) f(y)dy,x >0, (1.14)
y=0

i

—00

- EU)
o 1

. U(x) - —
lim = APyB(x) + A Bx—y)f(dy,x > 0, (1.15)
—00 t a.s. y=0
where ‘=" means ‘equal almost surely’ or ‘with probability 1°.

a.s.

Proof (Note: A different proof is given in Corollary 3.6 of Theorem 3.4 in
Sect. 3.2.7 for the transient pdf of {W(1)},>o. Also see [50], [11], [52])
Here we demonstrate some of the simple intuition underlying the SPLC
methodology. Consider a sample path of the virtual wait on (0, t), i.e.,
{W(s)}g<s<; and fix levels x > 0 and x + A, where 2 > 0 is small (Fig. 1.5).

Sojourns in (x, x + k) after downcrossing of level x + h

The contribution to the expected sojourn time in (x, x + h) due to sojourn
times = A is
h-e™M=h-[1=M+o0h)]=h+oh)

due to the memoryless property of exponential interarrivals. The sample
path spends a shorter or longer time than /4 in (x, x + &) with probability
less than [Ah + o(h)] because in either case a jump must occur before the
sample path exits (x, x + /). That jump ends either above or below x + .
Thus the contribution to the expected sojourn time in (x, x + h) is less than
h-[Ah+o(h)] = o(h).

Sojourns in (x, x + &) after upcrossings of x that end in (x, x + i)


http://dx.doi.org/10.1007/978-3-319-50332-5_3
http://dx.doi.org/10.1007/978-3-319-50332-5_3
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1.6 Basic Level Crossing Theorem for M/G/1 15

The probability that a jump upcrosses level x and ends in (x,x + h) is
b(x — y)h for some y € [0, x). We assume b(-) is bounded. The contri-
bution to the expected value of the subsequent sojourn in (x, x + k) is: (a)
less than & - b(x — y)h = o(h) if there is no arrival before the sample path
falls to level x, or (b) less than A - b(x — y)h [MAh + o(h)] = o(h) if the sojourn
time in (x, x 4+ &) is extended due to an arrival, where 0 < A < . (We use
the fact that

(A - b(x — Y [\ + o(h)]
t

) < b(x —y)h[MAh+ o(h)] = o(h)

below to get the left side of (1.16).)

Thus, the contributions to the expected sojourn times in (x, x 4+ &), that
are #h is o(h). Hence during the interval (0, ¢),t > 0, the expected fotal
time spent in (x, x + h) is E(D;—p(x + h)) - [h + o(h)]. The limiting expected
proportion of time that the sample path spends in (x, x + h) is

I ED—p(x+ 1) - [h+ o(h)]
1m

t—00 t

=F(x+h) - F(x), (1.16)

by the definition of F'(x), x > 0. Dividing both sides of (1.16) by 4 and letting
h | 0 gives

lim 2P (")

im ————

t—00 t

=),
since E(D,- (x*)) = E(D;(x")). At downcrossing instants the sample path
is continuous from the left, so that E(D,;(x")) = E(D;(x)). Hence
I E(D:(x))
im —

t—00

=f(x), x> 0.

This proves (1.12). The counting process {D;(x)};>0 is a renewal process due

to Poisson arrivals. Therefore lim;_, o w = lim; , D’T(x) [125], and
a.s.

(1.13) follows.

An intuitive proof of (1.14) and (1.15) follows from the discussion in
Sect. 1.5.3. |
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Corollary 1.1 For the M/G/I queue in equilibrium

tim FPO o) = p10) = A, (1.17)
Jim. D’fo) =, 0D =f0) =P, (1.18)
Proof Letx | 0in (1.12)—(1.15) and apply (1.10) [}

Note that (1.17) and (1.18) equate the sample-path: (1) downcrossing rate
of level 0 (= entrance rate into discrete state {0}); (2) exit rate from {0};
(3) the pdf £(0) at level 0. An important notion is that sample-path rates into
and out of a discrete state, are equal to a particular value of the pdf of a
continuous random variable! This relation connects {0}, which is a boundary
of [0, 00), to the state-space interval of continuous states (0, 00).

Formula (1.19) below, gives the principle of set balance for a state-space
set (x, 00), x > 0, in terms of rate balance across level x.

Principle of Rate Balance for Level x
This is the same as set balance for (x, 00), i.e.,

lim;— oo D’z(x) = lim;— oo u’t(x),x > 0, (a.s), (1.19)
lim;_ 00 —E(D;(x)) = lim;— 00 —E(u;(x)) ,x > 0. '

Formula (1.19) means that for each x, the (long-run) SP down- and upcrossing
rates of level x are equal, independent of the initial state W (0) = xg att = 0.
Rate balance for levels (set balance for sets having the level as a boundary)
is discussed more fully in Chap. 2, Sect.2.4.7.

1.7 Integral Equation for M/G/1 Waiting Time Using Level
Crossing Method

We now derive (1.8) using LC, by applying Theorem 1.1 and rate balance
(1.19). Start with a typical sample path of {W(t)};>0. Fix level x > 0.
Apply the one-to-one correspondence that exists between the set of mutually
exclusive and exhaustive sample-path crossing rates of level x, and the set of
algebraic expressions which contain {Py, f(x)},. . Write integral equation
(1.8) as a rate-balance equation using (1.19), by inspection of the sample
path (Fig. 1.6)! Note that starting from level 0, the upcrossing rate of level

x>0is
! E(O:({0}))
im — .

=00

B(x) = \PyB(x).


http://dx.doi.org/10.1007/978-3-319-50332-5_2
http://dx.doi.org/10.1007/978-3-319-50332-5_2
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f)=ABWE +A[ Blx=y)f (y)dy

Downcrolsssing Upérosssing Upcrosssiﬁg rate
rate of level x rate of level x, | |of level x, from
fromlevel 0 levels in (0.x)

Fig. 1.6 One-to-one correspondence between virtual-wait sample-path rates of
crossing level x and terms of integral equation (1.8) for f(x)

Summary of Steps in LC Derivation of Integral Equation (1.8)

1. Construct a sample path of {W (t)};>0 (Fig. 1.4).
2. Substitute from (1.12) and (1.14) term by term into (1.19).
3. Write integral equation (1.8) (Fig. 1.6).

This completes an abbreviated outline of the original developmentin 1974,
of the system-point level-crossing method for analyzing stochastic models.
Note that the SPLC method was developed first for multiple-server M/M/c
queues and then for M/G/1 queues immediately after. For the M/M/c case,
the method of sheets (or pages), was developed simultaneously, since it is
a vital component of the SPLC method (see Sect.4.5.7, and Refs. [11] and
[52]).


http://dx.doi.org/10.1007/978-3-319-50332-5_4

Chapter 2
Sample Path and System Point

2.1 Introduction

When applying the system point level crossing method (abbreviated SPLC,
or briefly LC) to obtain probability distributions of state variables in sto-
chastic models, intuitive notions of sample-path transitions often suffice (see
Fig. 1.6). In some models, however, more rigorous notions of such transi-
tions are useful for applying SPLC. This chapter provides definitions and
examples which enhance intuitive background about sample paths and SP
motion in state spaces which are subsets of R (the set of real numbers). Perti-
nent sample-path transitions include exits and entrances of state-space sets;
boundary crossings, downcrossings, upcrossings, tangents, hits, egresses and
pass-bys of state-space levels. We discuss the useful principles of rate balance
across state-space levels, and of set balance between disjoint state-space sets.
These transitions and principles are relatively easy to discern from a “typi-
cal” sample path of the state variable of the model. They relate directly to the
probability distribution of the state variable (as in Theorem 1.1). Thus they
help us develop model equations for the probability distribution by inspection
of the sample path (as in Fig. 1.6). Section 2.5 summarizes geometrically 35
types of sample-path and SP transitions with respect to state-space levels.
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2.2 State Space and Sample Paths

2.2.1 Sample Paths

For each stochastic model considered, we will tacitly assume the existence
of a basic probability space (£2, f, P), where € is the set of all possible
outcomes of the associated random experiment, [ is a o-field of events,
and P is a probability measure on f . The first step of the LC method is
to construct a “typical” sample path of the state variable of interest over
Time, from the sequences of random variables and the rules defining the
model (e.g., Fig. 1.4). Examples of such sequences occur in: queues—inter-
arrival and service times; inventories—inter-demand times and demand sizes;
dams—inter-input times and input sizes; actuarial models—inter-claim times
and claim amounts; pharmacokinetics—inter-dose times and dose amounts.

A “typical” sample path is one which is “reasonable” or “not rare”. Exam-
ples are sample paths of: the virtual wait in an M/G/1 queue where the aver-
ages of the alternating busy and idle periods converge to their respective
theoretical values (Fig.2.1); the net inventory of an (s, S) inventory system
with product decay where the average of the replenishment cycles converge
to the theoretical value (Fig.2.2).

We assume that: the state space S consists of continuous and/or discrete
states (atoms); the number of atoms is finite in finite state-space intervals.
For example, the state space of the virtual wait process in M/G/1 queues has
exactly one atom, at level O (Fig.2.1).

W(1) | Busy EPeriod Idl|e EP?riod
| 1
L pump AN
\ N ’ \
X, T\ Sp
o
Time —

Fig. 2.1 Sample path of virtual wait in M/G/1 queue. Emphasizes SP jumps and
hits of level O from above
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Replenishment cycles

S AX
-..SP
Iy 1Yl N~ | N Upward Jump
N2 Downward Jump
Ry
l Downward & upward

oeeneemee-d jUMPS at same instant

0 Y

Time —

Fig. 2.2 Sample path of net inventory in (s, S) model with product decay, no lead
time

Let T denote the continuous parameter set of the model. Usually,
T ={t|t € [0, 00)}, the time axis.

We employ the following “working” definition of a sample path. It is
sufficiently general for a large class of stochastic models in OR (Operations
Research), and applies to the models analyzed in this monograph.

Definition 2.1 A sample path is a bounded real-valued or vector-valued,
right-continuous function X (¢), ¢t € T, with domain T and range a subset of
the state space S. Left limits exist for all # > 0. All sample-path discontinu-
ities are jumps. During arbitrary finite time intervals, the number of jumps
and number of relative extrema (excluding “trivial” extrema during sojourns
in discrete states) are finite with finite expectations.

Sample paths are also called sample functions, realizations, trajectories,
tracings, orbits. (Reference [69] contains a comprehensive treatment of sam-
ple functions.) A sample path is a possible outcome w € € of the back-
ground random experiment associated with a model; each @ corresponds
uniquely with a function w; : T — R. For fixed ¢, X (¢) is a random vari-
able with domain £ and range a subset of S. If S € R then X (¢) has cdf
P(X(t) < x) = P({lwlow; < x|}, x € S, and pdf %P(X(t) < x), where
the derivative exists. If 7y is not an instant of jump, then X (-) is continuous
at fo. If 7o is an instant of “jump” then generally X (7,) # X (fo); however
possibly X (z,) = X(fo) if there is a double jump at 7y (see Example 2.3
and Fig.2.6, on (s, S) inventory with no decay). (Note: The symbol (s, S)
denotes an inventory system with a reorder point s and order-up-to level S.)
For many models in this monograph, sample paths are piecewise continuous
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Efflux pattern
for all levels

X(t)

Input—----‘\ n----Efﬂux
\\0 N T | NN A \\ SP

Time —

Fig.2.3 Sample path of content in dam with general release pattern (efflux). Empha-
sizes sample-path jumps, right continuity, and slopes for all positive levels

Busy Period Idle Period
| i | |
V(1)
Interarrival-time
-- Downward Jump
/*/‘ SP
0
’ Amval Arrlval to
to system empty system

Time —»

Fig. 2.4 Sample path of extended age process in G/M/1 queue. V() = time cus-
tomer in service at ¢ has been in system, if V(¢) > 0. —V (¢) = remaining time at ¢
until next arrival, if V (¢) <0 (see Sect.5.1). Emphasizes downward jumps and right
continuity of sample path

and differentiable between jumps; the slope at a fixed state-space level x is
independent of ¢ (see Figs.2.2, 2.3, 2.4 and 2.5).

2.2.2 Sample-Path Properties and Jumps

Proposition 2.1 The total number of sample-path jumps and/or relative
extrema for a model with time domain T = [0, c0) is a countable set (a.s.)
(almost surely, with probability 1 with respect to (€2, -, P)).

Proof The time domain T = U [n — 1, n) is a countable union of disjoint
=1
finite intervals. Each interval contains at most a finite number of sample-path
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Xo Exponential ~ Pareto  Premium

claims claims rate ¢
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Threshold M ————F4——=7=
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to restart to restart
at level x, at level x,
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Deficit at ruin-— Deficit at ruin-——-
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Time —

Fig.2.5 Sample path of surplus (risk reserve) in ruin-like model in Insurance. Shows
first 2 regenerative cycles (see [54]). In this example claim size distribution depends
on surplus at claim instant: exponential below M; Pareto above M

jumps and/or relative extrema (a.s.), by Definition2.1. A countable union of
countable sets is countable (e.g., [6, 56]). [ |

For continuous time models, in practice it is possible to observe a jump of
a state variable X (-) at any instant ¢ € T. For some models it is possible that
two “‘jumps”, e.g., downward and upward, occur at the same instant, which
can affect the physical behavior of the system (see Examples2.1, 2.2 and
Remark 2.1). We discuss such multiple jumps in Sect.2.3.

Example 2.1 Consider a typical sample path of the stock on hand (net
inventory) {I(t)};>¢ in a continuous review (s, S) inventory with a sin-
gle product, random demand stream, random demand sizes, no lead time,
and continuous product decay (Fig.2.2). The “wide-sense” state space is
(—00,8] < R (see Sect.2.3.1). The reorder point is s, and the order-
up-to level is §, 0 < s < §. Arrivals of demands generate downward
jumps. The OR analyst prescribes an order to replenish the stock up to S,
corresponding to sample-path upward jumps, in response to the following
signals: (a) a demand causes a downward jump that ends at or below s, (b)
the stock on hand decays continuously from above into level s. All upward
jumps start below or at level s, and end at level S. At each instant when signal
(a) is detected, both downward and upward jumps occur, resulting in a net
upward jump of the sample path.

In Fig.2.2 the sample path consists of piecewise deterministic, contin-
uous curved segments with negative slope. The relative extrema (peaks
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and troughs) are contained within the state space interval [s, S]. The jumps
are not part of the sample path per se. Nevertheless, the jumps are observable,
and they determine the structure of the sample path over Time. Downward
jumps that signal instants to place an order, occur at the same instants as the
corresponding prescribed upward jumps, which replenish the stock to level
S. There are no discrete states in S.

Remark 2.1 We briefly discuss examples of sample paths in some models
of applied probability. For: (1) the virtual wait process in a G/G/1 queue,
upward jumps occur at arrival instants (Fig.2.1); (2) the content in a dam
with instantaneous inputs, upward jumps occurring at input instants, and
general pattern of efflux (Fig. 2.3); (3) the extended age process in a G/M/1
queue (the time that a customer in service has been in the system, or, negative
of remaining time until the next arrival to an empty system) (see [19]), down-
ward jumps equal in distribution to the inter-arrival times, occur at departure
instants (i.e., completions of service) (Fig.2.4); (4) the risk reserve process
(surplus) in actuarial science (Insurance), downward jumps occur at claim
instants, and upward jumps may occur at ruin instants (epochs) when using a
recent LC analysis (see Fig.2.5; [54]); Sect. 11.1 below); (5) the concentra-
tion of a drug in a one-compartment pharmacokinetic model with multiple
bolus dosing, upward jumps occur at instants of dosing (Fig. 11.2).

2.3 System Point Motion and Jumps

Empirically, sample paths may be viewed as evolving in Time. We assume
that sample paths evolve in the same direction in Time: —oo — 400, or left
— right in diagrams, unless otherwise specified.

We call the leading point of an evolving sample path the System Point
(abbreviated SP) (Figs.2.2,2.3,2.4,2.5 and 2.6). The author coined the term
system point 1in this context because the leading point (¢, X (¢)) of a sample
path at instant # contains relevant information about the system, due to the
history up to . In Markov processes, the information conveyed by (¢, X (7))
is sufficient to statistically predict the future evolution after ¢, independent of
the history up to ¢. (Interestingly, the SP can also be considered as the trailing
point of the future sample path!)

Assume the state space is S € R. If #p > 0 is a point of continuity
of the sample path X (¢), ¢ > 0 then the SP moves in the direction defined
by %X (t)|r=1, where the derivative exists (see Sect.6.2 and Fig.6.1). If the
derivative does not exist, then the SP changes direction to the slope of the
right derivative j—tX (*)lty1y- If 2o 1s an instant of jump, then the SP moves
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Fig. 2.6 Sample path, At f, SP double jumps;
and SP (system point) sample path is continuous.
motion in (s, S) I(t)

inventory with no S

K
product decay. At 1 |
sample path is
continuous. At other SP

jump instants, sample
path is discontinuous

in the direction up, down or both (i.e., double jumps), not in the direction of
Time (Figs.2.2,2.5,2.6). Technically, the SP jumps are not part of the sample
path, which is by definition a mathematical function on T = [0, 00).

Given the time, placement, size and direction of a jump, the immediately
following continuous sample-path segment is determined assuming its slope
at all levels is known, e.g., is independent of time (see Fig.2.3). The end-
point levels of two continuous segments which are contiguous and separated
by a jump, determine the net sample-path jump (see Fig.2.2). While tracing
the continuous segments of a sample path the SP is imagined to have a
“finite velocity” in Time. When the SP jumps, it has “infinite speed”. The
completely-evolved sample path is an inert graph on [0, 00). On the other
hand, the SP is like the moving tip of a stylus that is imagined to plot the
graph (see Sect.4.5.2).

We quantify the foregoing description of jumps further. Consider a typical
sample path X (¢), t > 0. Let rg be an instant of jump (possibly adouble jump).
Let uys, and d;, denote respectively the sizes of the upward and downward
jumps at to, where u;, > 0, dyy, > 0 and u,zo + d,zo > 0. At least one of uy,,
dy, is positive. The resultant position of the SP at ¢y due to the jump(s) is the
sample-path value

X(to) = X(ty) +upy — dyy = }if}lX(t).
0

The net sample-path jump is X (zp) — X (¢, ), which may be positive, neg-
ative or zero (Figs.2.2, 2.5, 2.6). If X (19) — X (#,) = 0 the sample path is
continuous at #g although the SP makes jumps at 7. In this case, real changes
occur in the associated physical system at #y (e.g., an order is placed and
received), but the sample path is continuous (Fig. 2.6).
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Example 2.2 Consider the stock on hand in a continuous review (s, S)
inventory with a single product,0 < s < § < co. Assume arandom demand
stream, random demand sizes, no lead time, and continuous product decay.
Downward jumps occur at demand instants (Fig.2.2). Let 7o be a demand
instant when I () = y, s <y < S, and let the demand be d, > y — 5. The
would-be resulting stock on hand at 7y, due to the demand, is y — dy, < s so
that y — d;, ¢ (s, S]. The unsatisfied demand (deficit) at 7y is s — y + dj,.
The downward jump that ends below s is a signal at #y to place an order and
replenish the stock up to level S immediately (no lead time). There is a pre-
scribed upward jump of stock at 7y equal to us, = S — y + dy,. This satisfies
the deficit and restores the stock up to S, i.e., I (f9) = S. The SP makes both
downward and upward jumps at #y (double jumps) which result in a single
net sample-path upward jump of size S — y = u;, — d;,. The SP upward
jump is a prescribed or policy jump. In summary, at 7y the SP makes two
jumps in opposite directions; the sample path has one net upward jump.

Example 2.3 In Example 2.2 with no product decay (see Fig. 2.6), at instant
to the SP makes two jumps of equal size in opposite directions: one downward
(demand) and one upward (replenishment). The sample path makes a net
jump of size 0. That is, /(z, ) = S, a demand of size dy, > S — s occurs,
impelling the SP below level s. The order-up-to level S policy prescribes
an immediate upward jump at #y of size u;, = d,,, ending at level S. Thus
I(19) = 1(t; ) = S, which implies the sample path is continuous at 7y by right
continuity.

Remark 2.2 Examples2.2 and 2.3 show that at least two SP jumps can occur
at an instant, not in Time (orthogonal to the time axis). SP multiple jumps
are compatible with a common assumption about the occurrence of multiple
events in continuous time stochastic models. That is, multiple probabilis-
tic events cannot occur at the same instant in Time. The latter assumption
technically applies to sample paths and to the sequences of random vari-
ables defining the model. It usually prohibits to occur more than one: arrival,;
service completion in a queue; demand of an inventory; input to a dam; insur-
ance claim; etc., at a particular instant in Time. The LC method is based on
the count or rate of SP transitions across levels or state-space boundaries,
or between state-space sets. The transitions may be due to SP jumps, or
sample-path smooth descents or ascents to a level. In the (s, S) inventory, LC
counts jumps due to chance events like demands, and jumps due to prescribed
responses like replenishments, when computing rates of crossing state-space
levels.

Remark 2.3 Consider Example 2.1. An observer of the sample path who
is aware of the (s, S) policy, and observes X (fo) = S just after a jump at #p,
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cannot determine whether the SP has made a double jump, or a single upward
jump at #g (Fig. 2.2). That is, the jump resulting in X (#9) = S could have been
caused by a signal of either type (a) left-continuous descent to level s, or
type (b) demand that causes the SP to jump below s (see [43]).

Remark 2.4 In Example 2.3 (Fig.2.6), assume an observer of the sample
path knows the policy is (s, S) and that X (z9) = S. The observer cannot
distinguish 7y as being an instant of SP activity (placing an order and replen-
ishing to §) or an instant of SP inactivity, since the SP motion is “invisible”
at tp. Knowledge of the sample path is sufficient to derive probability dis-
tributions of the net inventory. However, knowledge of the SP motion over
Time including SP motion at instants of jump, implies knowledge of the sam-
ple path structure as well as of the ongoing actual activity of the real-world
inventory.

Remark 2.5 In a real-world (s, S) inventory the signal to place an order
precedes the replenishment. The signal is the cause of the replenishment
under the (s, S) policy. There is a time order of the signal and the replenish-
ment, even if the separation is only a nanosecond or picosecond. In the math-
ematical model, both signal and replenishment occur at the same instant.

To summarize, the SP moves in Time during sample-path continuous seg-
ments, and moves in the state space orthogonal to Time at instants of jump. (It
is a coincidence that ‘sample path’ and ‘system point’ have the same initials.)

2.3.1 State Space in the Wide Sense

Examples 2.1-2.3 pose a conceptual question. The state space is usually con-
sidered to be the interval (s, S], since all states describing net inventory are
subsets of (s, S]. However, observations of the jumps are required in order
to construct the sample path. Jumps may end or start in the interval (—oo, S]
(some outside (s, S]). Hence it is crucial to be able to observe SP motion in
(=00, §] = (—o0, s]U (s, S]. In these examples we call (—oo, S] the state
space in the wide sense.

In this monograph the term state space will mean state space in the wide
sense, unless otherwise specified. The state space in the wide sense contains
the range of all possible SP jumps.
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2.4 State Space a Subset of R

In the models discussed so far, the state space is an interval subset of R. Most
models in this monograph fit this category. We now discuss such models
more formally, to develop intuitive background about the SPLC methodology.
(Models with more general state spaces are discussed in Chaps.4 and 7.)

Consider a stochastic model having state-space interval § € R. Set S is
often an infinite interval. In Table 2.1 S is in the ‘wide sense’ (see Sect.2.3.1).
To illustrate, in Example 2.2, using the state space in the wide sense has no
effect on the values of the cdf and pdf of stock on hand; all probability is
supported on (s, S].

2.4.1 Picture of a Subset of S Over Time

Let X(¢), t > 0, denote a sample path in the two-dimensional Cartesian
product space T x S =[0,00) x S ={(t, x)|t € [0,00),x € S}.LetA C S
be a proper interval subset of S. Then T x A C [0, 00) x S. For set A, let A€
denote the complement in S, d A the boundary, A the interior set, and A€ the
exterior set (= interior of A€) (see, e.g., [136], P. 5ff). Set A° may be the union
of two disjoint intervals. The two-dimensional Cartesian product sets 7' x A,
TxA,Tx0A, T x A°, T x A®, are proper subsets of T x S (Fig.2.7). Sets
A°, §A, A are mutually disjoint, as are their respective Cartesian products
with T.

Table 2.1 Examples of models with state space a subset of R and corresponding
figures

Stochastic model State space S See figures
Virtual wait in M/G/1 queue [0, o0) Figure 2.1
Extended age process in G/M/1 queue (—00, +00) Figure2.4
Stock on hand in (s, ) inventory (=00, 8], S >0 | Figures2.2,2.6
Content in dam [0, c0) Figure2.3
Surplus in risk model (—o00, +00) Figure2.5
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Fig. 2.7 Sets A, A and X(1)
TxA,TxAS, T x0A T »
when interval A T TxA——
ACSCR i ' .
A TXA éTxaA
s | <
S I — rha
- T =10,00)
Time + —

2.4.2 Levelsin S

A level-x contour in 7' x S is defined as a straight line 7' x {x}, x € §. We
call this line level x for brevity. Level x is parallel to the ¢ axis at a distance
|x| from the line T x {0} (¢ axis). When we discuss transitions of a sample
path (or motion of the SP) with respect to level x, we mean with respect to
the level-x contour in T x S. We also use the terminology level x in the state
space, or level x € S, since these expressions convey the idea intuitively.
(Technically level x € S is the projection of the level-x contour in 7' x S
onto S.)

We consider arbitrary levels x € S, because of the basic level crossing
theorem for M/G/I (Theorem 1.1, Sect. 1.6). That theorem connects the prob-
ability distribution of the state variable (virtual wait) at an arbitrary value x,
with sample-path and SP down- and upcrossing rates across level x (e.g.,
Fig. 1.6). Similarly, we can gain empirical background about an arbitrary
stochastic model by observing the motion of the SP and the structure of a
sample pathin 7 x S.

For fixed x € S, we may observe rates of SP or sample-path down- and
upcrossings, and of tangents (see Definition2.2). Applying level crossing
theorems like Theorem 1.1, greatly facilitates the derivation of integral equa-
tions or algebraic equations for the pdf and/or cdf of the state variable, which
are valid for each x € S (as in Fig.1.6). We can solve such equations by
analytical, numerical, or simulation techniques.


http://dx.doi.org/10.1007/978-3-319-50332-5_1
http://dx.doi.org/10.1007/978-3-319-50332-5_1
http://dx.doi.org/10.1007/978-3-319-50332-5_1
http://dx.doi.org/10.1007/978-3-319-50332-5_1
http://dx.doi.org/10.1007/978-3-319-50332-5_1

30 2 Sample Path and System Point

2.4.3 Sample Path Transitions

Consider an interval A € S (Fig.2.7). We first define the following transi-
tions: sample-path exits, entrances, tangents, boundary crossings and level
crossings with respect to T x A, using elementary topological concepts of
real analysis (see, e.g., [6, 56, 127], or [136]). Let X (¢),¢t > 0 denote a
sample path. Assume #y > 0 is an instant of either sample-path continuity or
jump. Let X (7;) = 1iTrt13X(t) (left limit at #y exists, Definition2.1).

Definition 2.2

Sample-path Exit:

X () exits A atinstanttpif 3¢ >0 X(t) € T x Afort € (ty — ¢, fp) and
X()eT x A€ fort € (fg, to + €).

Sample-path Entrance:

X (-) enters A at instant 7 if X () exits A€ at .

Sample-path Interior Tangent:
X (+) is interior tangent to A at instantfpif 3¢ > 0> X() € T x A°,
t € (to — &, 10 + &)\ {to} and either X (¢,) € T x dA,or X(10) € T x dA.

Sample-path Exterior Tangent:
X (-) is exterior tangent to A at instant 7y if X (-) is interior tangent to A€ at
instant fg.

Sample-path Boundary Crossing:
X (+) crosses boundary 9 A at instant 7o if X (-) exits A’ and enters A (denoted
A% — A°), or X(-) exits A¢ and enters A° (denoted A¢ — A°) at 1.

In Definition2.3 below fix x € § and let A = (x, o0) N S. Then
A’ =(x,000NS =A4, A = (=00, x)N S, 0A ={x}NS.

Definition 2.3

Sample-path Downcrossing:

X () downcrosses level x at instant g if X (-) crosses the boundary T' x {x}
(denoted T x A° — T x A°) at ty. Equivalently, X () exits T x (x, 0c0) NS
and enters T x (—o0, x) N S at 1.

Sample-path upcrossing:

X (-) upcrosses level x at instant #y if X (-) crosses the boundary T x {x}
(T x A® > T x A°) at ry. Equivalently, X (-) exits T x (—o0,x) N S and
enters T x (x,00) N S at 1.

Definitions 2.2 and 2.3 apply at an instant of either sample-path continu-
ity or sample-path jump. At instants of continuity of X (¢),t > 0, system
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point (SP) transitions are defined identically as for sample-path transitions in
Definitions 2.2 and 2.3. However, at instants of jump (sample-path disconti-
nuity), SP transitions are defined differently, since the SP moves orthogonally
to the direction of Time; either upward or downward in T x S.

2.4.4 System Point (SP) Transitions

We now define SP transitions with respect to T x A at an instant of jump, say
to. Assume that at 7 the SP makes a single jump either of size d;, downward
or size u,, upward. Let

0 — 1 if direction of the jump is downward,
~ | 0if direction of the jump is upward.

Definition 2.4
SP Exit at Instant of Jump:
The SP exits A at 7y if X (z,) € T xA and

X(t0) = X (1) — Odyy + (1 — O)yy € T x AC.

SP Entrance at Instant of Jump:
The SP enters A at 7y if the SP exits T x A€ at 1.

SP Boundary Crossing:
The SP makes a boundary crossing of 9A at 7y if X(7,) € T x A° and

X(to) = X(t5) —0djy + (1 = Q)ug € T x A°(A? — A°),
orif X(z,) € T x A® and
X(to) = X(ty) —6d;y + (1 —O)uyy € T x A°(A° — A?).

For Definition 2.5 below we fix x € S. Then T x {x} is a boundary of both
T x (x,o0)NSand T x (—o0,x)NS.

Definition 2.5

SP Downcrossing:

The SP downcrosses level x at tg if the SP crosses boundary T x {x} from
T x (x,00)NStoT x (—o0,x)N S atty ((x,00) = (—o00, x)).

SP Upcrossing:

The SP upcrosses level x at 7y if the SP crosses boundary T x {x} from
T x (oo, x)NStoT x (x,00) NS atzy ((—o0, x) = (x, 00)).
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To motivate Definition 2.6 below, consider Example 2.1 (see Fig.2.2).
Assume a demand for the product is placed at 7, causing the SP to jump
downward to level z < s. An order is placed, the SP immediately rebounds
with a prescribed upward jump to level S, to replenish the product. Thus the
SP touches level z from above and immediately rebounds with an upward
jump; but the SP has not entered state {z} at fo. We say that the SP makes a
pass-by of level z (see [59]). State {z} is a boundary of the intervals (z, S)
and (—oo, 7). Definition 2.6 of pass-by assumes that a double jump occurs
at fp because the SP must make fwo jumps in opposite directions.

Definition 2.6
SP Pass-by of a Boundary at Instant of Jump:
The SP makes a pass-by of a boundary d A at ¢ if

X(ty) eT x (A° U A°), X(tg) e T x (A°U A®)
and X () —0dyy + (1 —O)uyy =z €T x 0A,

where 8 = 1 if the downward jump occurs first, touching level z; 8 = 0 if
the upward jump occurs first, touching level z. Thus, 8 = 1 implies X (#p) =
2+ uygy, and 0 = 0 implies X (fo) = z — dy,.

2.4.5 Continuous and Jump Crossings

Definition 2.7

Left-continuous crossing:

An SP down- or upcrossing of level x at instant 7y is called left-continuous
if X(t,) = x.

Continuous crossing:

A down- or upcrossing of level x at instant #q is called a continuous crossing
if X(1,) = x = X ().

Thus a continuous crossing is a left-continuous crossing, but a left-
continuous crossing is not necessarily a continuous crossing (see
Figs.2.12, 2.13).

Definition 2.8

Left-continuous jump downcrossing:

A downcrossing of level x at instant 7 is called a left-continuous jump
downcrossing if X (7,) = x and X (1) < x.

Left-continuous jump upcrossing:

An upcrossing of level x at instant 7 is called a left-continuous jump
upcrossing if X (7,) = x and X (t9) > x.
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Notation 2.1
Ds(x), U (x): number of downcrossings and number of upcrossings respec-
tively of level x during time interval (0, ¢).

D¢ (x), Uy (x): number of left-continuous downcrossings and number of left-
continuous upcrossings of level x respectively, during time interval (0, t).

Dtj (x), L{tj (x): number of jump downcrossings and number of jump upcross-
ings of level x respectively during time interval (0, ¢).

Figures2.12,2.13,2.14,2.15 and 2.16 picture various types of sample-path
and SP transitions. Note that

Di(x) = D (x) + D] (x),

: (2.1)
U (x) = U (x) + U (x).

Remark 2.6 Dy (x), U (x) count all left-continuous down- and upcrossings
respectively, including those continuous from the right, and those not con-
tinuous from the right.

2.4.6 Number of Transitions in a Finite Time Interval

Consider state-space interval A C S.

Notation 2.2

O(A), I, (A):

number of SP exits, and number of SP entrances of T x A during (0, t),
respectively.

T°(A), T4 (A):

number of sample-path interior tangents, and number of sample-path exterior
tangents, of set A during (0, ), respectively.

In Proposition 2.2 below, the term sample-path relative extrema includes:
maximum, minimum, supremum and infimum (see Definition 2.1).

Proposition 2.2 Fix ¢ > 0in 7 and level x € S. The random variables
OI(A)7 IZ‘(A)’ ZO(A)v ZE(A)7 D[(x)s ul(x)

and their corresponding expected values are finite.

Proof

(1) Exits and Entrances: At most one sample-path exit or entrance of (0, ) x
A can occur between two successive sample-path relative extrema during
(0, t) (see Fig.2.8).
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(2) Tangents: Interior or exterior tangents can occur only at instants of relative
extrema during (0, t).

(3) Down- and upcrossings: At most one SP down- or upcrossing of level x
can occur between successive relative extrema during (0, 7).

By Definition 2.1, a sample path has at most a finite number of relative
extrema during (0, ¢). Thus the random variables in the hypothesis are discrete
and finite. Their expected values are finite because the expected value of the
number of extrema in (0, ¢) is finite. |

Corollary 2.1

lim;— 0 (01 (A) + Z; (A) + T°(A) + T,°(A) + Di(x) + Us(x)) is a cou-
ntable set.

Proof The time axis T = [0,00) = lim; ,[0,1) = U;’lozo[n, n—+ 1).
In Proposition 2.2 the number of exits from set A during time interval
[n,n+ 1) =0,41(A) — O, (A), which is finite. Similarly, the values of the
other random variables in the hypothesis are finite during [, n+1). Therefore
the sum of random variables in the hypothesis is finite in each time interval
[12, n+41). Countability follows since T is a countable union of finite numbers

(e.g., [6]). [ |

X(1)

A T XA R-Relative maximum

{

; " —T X dA~,
P A TxA

5 al | —T x A4
| / \ |

A T % A° —-Infimum

Time T =[0,0) —>

Fig. 2.8 X(t),t > 0, during an arbitrary finite time interval (0, ¢), showing relative
extrema, transitions with respect to set T x A, and transitions with respect to a fixed
level x
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2.4.7 Principle of Set Balance

Consider a proper subset A C S.

Proposition 2.3 Instants of sample-path and/or SP exits and entrances of
T x A alternate in time.

Proof The proposition follows from Definitions 2.1, 2.2, 2.3, 2.4 and Propo-
sition 2.2. ]

From Proposition 2.3 for fixed t > 0

—1
O(A)-1;(A) =1 0 (2.2)
+1

depending on whether X (0), X (¢) are in A or A°. Dividing both sides of
(2.2) by ¢ and letting t — oo, gives the principle of set balance for exits and
entrances of set A, assuming the limits exist, as follows.

Principle of Set Balance
For every set A C S,

limy oo A = lim, o 24
(a.s.) (23)
lim,_ o E(O;(A)) = limy— oo E(IIZ(A))'

When emphasizing entrance and exit rates of sets, we usually refer to (2.3).
Setbalance expressed by (2.2) and (2.3) is applied in a number of places in this
monograph, e.g., (3.5) of Theorem 3.1, Sect. 4.5, inreference [11], and numer-
ous other publications.

2.4.8 Rate Balance for Down- and Upcrossings

By Definition 2.3 and Proposition 2.3, instants of down- and upcrossing
alternate in time. Thus for each ¢ > 0.

—1
Di(x) —Us(x) =4 O (2.4)
+1

depending on whether the values of X (0), X (¢) are in (x, 00) or in (—00, X).
Dividing (2.4) by ¢ and letting t — o0, gives the principle of rate balance
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for down- and upcrossings across level x € S, assuming the limits exist,

(a.s.)

lim; s o D’T(X) = lim;— o Z@’ 25
E(D(x) _ 1 EU(x)) 25
: = t—00 Fa

lim; oo

When referring to level crossings, we usually refer to (2.5) as rate bal-
ance across level x. Occasionally we call (2.5) set balance if we empha-
size that crossings are exits or entrances of the sets T x (x,00) N S and
T x (—o00,x) N S, asin (2.3).

Remark 2.7 When applying LC, the choice of state-space intervals and
boundaries, is flexible and somewhat arbitrary. This facilitates potential cre-
ativity in obtaining solutions. Thoughtful choices may yield straightforward,
simple derivations of systems of integral equations for the pdf and cdf of
state variables in complex models. Examples given in the following chapters
indicate the potentially wide applicability of LC.

2.4.9 Continuous and Discrete States

Atom: Definition In this monograph, a singleton discrete point {x} in the
state space is called an atom if it has a positive probability (see, e.g., p. 137ff
in [74]).

A singleton state {x} C S may be either continuous or discrete with respect
to the distribution of the state random variable (Table2.2).

Table 2.2 Examples of atoms (discrete states) in various models; and corresponding
figures

Stochastic model State space Atoms Figures
Virtual wait, M/G/1 [0, 00) x=0 Figure2.1
Extended age, G/M/1 (—o0, +00) None Figure2.4
(s, S) inventory, decay (—o0, +S] None Figure2.2
(s, S) inventory, no decay (—o0, +S] x=S Figure 2.6
Content, dam [0, 00) Possibly x = 0 | Figure 2.3
Risk model, no barrier (—00, +00) None Figure2.5
Birth-death, standard 0,.. N 0,...N Figure2.10
Birth-death, extended [0, N] 0,..N Figure2.10
Elevator-like model [0, N] 0,...N Figure2.11

Any other states are continuous
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Continuous State in State Space

A continuous state {x} is characterized by having probability 0. That is,
P(X(#) =x) =0,t >0, and lim;_, P(X(t) = x) = 0. The long-run
proportion of time that X (-) spends in T x {x} is 0.

The LC method gains much power to analyze stochastic models from the
one-to-one correspondence between: (a) sample-path left-limit down- and
upcrossing rates of an arbitrary level x € S (and other types of transitions
related to level x), and (b) the transient and/or limiting pdfs of the state
variable, and integral transforms of them, at level x (see Fig. 1.6).

Discrete States (Atoms)

A discrete state or atom is a singleton {x} characterized by having positive
probability. Thatis, P(X () = x) > Oforsomet > Oandlim;_ o P(X(¢) =
x) > 0, when the limit exists. The long-run proportion of time that X (-)
spends in T x {x} is positive.

Proposition 2.4 The number of sample-path sojourns inside of a discrete
state {x} C S is finite in finite time intervals, and is a countable set in
T = [0, c0).

Proof Sojourns in {x} start at instants of sample-path entrance into {x} and
end at instants of exit from {x}. Countability follows from Proposition 2.2
and Corollary 2.1. If X (-) = x at the start and/or end of a finite time interval,
the result is the same. |

Set Balance for Discrete States
Substituting {x} = A in (2.2) and (2.3) yields

+1

O:(fxh —Zi(fxh =7 0 , t>0,and
—1

liml‘_)oo Ot(t{x}) == limt_)oo M (a.S.),

(2.6)

EO({x)) E@ ({x})
o0 t t :

lim[_> = hmt_)oo

Equations (2.6) are equivalent to the well-known balance equations used
for the rates into and out of discrete states, in continuous-time discrete-state
Markov chains—CTMCs (e.g., [125]). The balance equations for CTMCs
originally suggested to the author in 1973, the possibility of extending the
“rate balance” technique for discrete states to analyze continuous states
in continuous-time continuous-state Markov processes (or to mixed-state
Markov processes). This was another motivation leading the author to the
discovery of SPLC.
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2.4.10 Hits and Egresses of Levels

Hits

Sample-path hits of a level describe the sample path in time left neighbor-
hoods before “touching” the level. Hits describe the SP approach to the level
from above or below. Intuitively, hits can be thought of as landings, touch
downs, dives to, impacts with, descents to, ascents to, etc.

Egresses

Sample-path egresses from a level describe the sample path in time right
neighborhoods after touching the level. Egresses describe SP departures
from the level above or below. Egresses can be thought of as takeoffs, leaps
from, rebounds from, jumps or dives away from, descents from, ascents from,
etc.

Sample-path hit:

X () hits level x at instant fy if X (¢,) = x (left limit) or if X (¢9) = x and
de >0 X(t) #x,t € (tg— &, 1p).

Sample-path hit from above:

A sample-path hit of level x at g is from above if X (¢) > x,t € (ty — &, 1p).

Sample-path hit from below: A sample-path hit of level x at #y is from
below if X (1) < x,t € (to — &, 1p).

Sample-path egress:

A sample path makes an egress from level x at 7o if X (1,) = x orif X (1) = x
andde > 0> X(¢) £ x,t € (ty, 1o + &).

Sample-path egress above:

A sample-path egress from level x at ¢y is above if X (¢) > x,t € (to, to+ €).

Sample-path egress below:

A sample-path egress from level x at ty is below if X (¢) < x,t € (¢, to+ ¢€).

Level as boundary. A level is a boundary of a set in T x S. For example,
level x € S is a boundary of the sets:

T x (x,00)NS; T x[x,000NS; Tx(—00,x)NS; T x (—o0,x]NS,

and an infinite number of other subsets of S. The choice by an analyst of a set
whose boundary is T x {x} may simplify derivations of integral equations
for the pdf and/or cdf at level x of the state variable. When applying “level
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crossing” theorems, we may require knowledge of the rate of sample-path hits
of alevel from above or below. On the other hand, we may require knowledge
of the rate of sample-path egresses above or below (see Fig.2.9).

Hits and egresses may be due to different types of transitions, such as
sample-path exits, entrances, level crossings, or tangents.

A hit of level x from above at instant 7o may be due to having X (#,) = x;
e.g., a left-limit downcrossing of x or left-limit tangent from above (interior
tangent of T' x (x, 00)). A hit of level x from below may be due to a left-limit
upcrossing of x or tangent from below (exterior tangent of 7' x (x, 00)).

An egress from level x above at #p may be due to a continuous upcrossing
of x or interior tangent of T x (x, co) having X (fp) = x. An egress from
level x below at 9 may be due to a continuous downcrossing of x or exterior
tangent of T x (x, 00) having X (fp) = x = lim, 4, X (7).

The rate at which a sample-path hits level x from above is not necessarily
equal to the rate of egress from x below (see Fig.2.9). When such transi-
tion rates on opposite sides of a boundary are unequal, LC theorems often
facilitate the derivation of analytical properties of the pdf and cdf of the state
variable, such as the position, size, and direction of any discontinuities. Dif-
ferent sample-path transition rates on opposite sides of a boundary occur in
a variety of stochastic models (see Example 2.4).

Example 2.4 Consider a typical sample path of the virtual wait W (z),¢ > 0,
for the M/D/1 queue. The state space is S = [0, 00). Arrivals occur at a
Poisson rate A; every customer gets the same service time D > 0 (Fig.2.9).

W(t)
H \

Time —

Fig. 2.9 Sample path of {W(#)},5, in M/D/1 queue. Service time = D. Rate of
egresses from level D below = Rate of hits of level D from above + arrival rate to
empty system
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All SP jumps are upward of size D. Consider level D, i.e., the line T x {D}.
The SP hit rate of T x {D} from above is due exclusively to continuous
left-limit downcrossings of level D. This rate is less than the rate of egresses
from level D below. The latter rate is due to two sources: (a) continuous
downcrossings of level D and (b) exterior, right-continuous (same as right-
limit) tangents of the set (D, co) (tangents of D from below). The tangents
touch level D at the ends of SP jumps that start at level O, at arrival instants
when the system is empty. We show in Example 2.5, and also in Sect.3.10
that the singleton state { D} is a continuous state (not an atom). Assuming
the traffic intensity AD < 1, the limiting pdf of wait { Py, f(x)},>0 exists.
Level crossing theorems can be used to prove that there is a discontinuity
f(D7) — f(D) = APy, where Py = lim;_,o, P (W (t) = 0) (Example 2.5).

2.4.11 Principle of Rate Balance for Hits and Egresses

Superscripts will have the following roles:

[TPRLR

a”: from above, or to above (depending on transition type);
“b”: from below, or to below (depending on transition type);
“c”: left-limit (= left-continuous) (e.g., X (#;) = x; same as continuous if
X(ty) = X(10) = x).
“j”: jump transition.

The meaning of the superscripts will be clear from the context. Superscript
“c” plays a dual role, which suffices because given a level x and an instant
of transition ¢y, SPLC is concerned, e.g., with state-space intervals like (x —
g, x), (x,x +¢), e > 0, and with Time open neighborhoods like (zy — ¢, p),
(t07 t() + 8)7 &> O
H{ (x), H(x): number of sample-path hits and left-limit hits of level x,
from above during (0, t), respectively.

’Hﬁ’ (x), Hﬁ’c (x): number of sample-path hits and left-limit hits of level x,
from below during (0, ¢), respectively.

7% (x), 7, (x): number of tangents and left-limit tangents of x, from above
during (0, ) (interior tangents of T x (x, co) N S), respectively.

77’ (x), T,bc (x): number of tangents and left-limit tangents of x, from below
during (0, #) (exterior tangents of T x (x, o) N S), respectively.

Ef(x), Elh (x): number of egresses from level x, to above and to below during
(0, 1), respectively.
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For example,

H{ (x) = Dy (x) — D} (x) + T (x),
H(x) = Df(x) + T2 (x),

HY (x) = U (x) = U (x) + TP (x),
HY(x) = Uf (x) + T (x),

TP (x) = TA(T x (x,00) N S),
Eb(x) = DS (x) 4+ TP (x).

2.7)

In (2.7) dividing all terms by ¢ and letting + — oo gives rate equations.
Each rate corresponds to some transition rate of the sample path in the cor-
responding model of interest. SPLC theorems like (1.1) give these rates in
terms the limiting pdfs or cdfs of the state variable of the model, analogous

to {Po, f, (x)},-o in Fig. 1.6.
Example 2.5 For the M/D/1 queue (Example 2.4, Fig.2.9), 7, (x) = 0 and

Dtj (x) =0forall x € S (a.s.), i.e., there are no tangents from above and no
downward jumps. Hence H{“(x) = D; (x), x > 0. For level D

Hi(D) = D{(D). 2.8)

Since all hits of level D from above are left-limit (left-continuous) down-
crossings,

EP(D) = H(D) + T,2(D) = D¢ (D) + T(D), (2.9)

upon substitution from (2.8). In (2.9) dividing by ¢ and letting t — oo yields

D¢(D END T (D
lim AC lim (D) _ lim e ). (2.10)
t—00 t t—00 t —00 t
From Theorem 1.1
D¢(D END T>(D
lim i ( )=f(D), lim r( ):f(D_), lim ( )=AP0,
I—>00 t —00 t —>00

where { Py, f(x)},.¢ is the limiting pdf of virtual wait. (All tangents of level
D are due to jumps from level 0.) Substitution into (2.10) yields

f(DT) = f(D)= f(D7) = APy, or f(D7)— f(DY) =aPy. (2.11)

Equation (2.11) expresses the analytical property that the limiting pdf has
a jump discontinuity downward at x = D of size APy (see Sect.3.10.1).
The limiting pdf has no other discontinuities for x > 0. In addition, every
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downcrossing and tangent from below of level D, has no motion in the direc-
tion of Time in the line T' x { D}. The total number of such transitions of level
D in T = [0, 0co) is countable (Proposition 2.2, Corollary 2.1). Therefore
the long-run proportion of time spent at level D is 0. So { D} is a continuous
state.

2.4.12 Hits and Egresses for Discrete States (Atoms)

A hit of a discrete state (atom) {x} € § C R may be an SP entrance into
{x}, a left-limit down- or upcrossing of level x, a tangent of level x, etc. In the
model of interest there must be, with positive probability, at least one way to
enter and sojourn for a positive time in {x} (e.g., there may be different rules
regarding entering {x} by jumps that start in disjoint state-space intervals
below level x). This ensures that the long-run proportion of time spent in {x}
is positive, making {x} an atom.

An egress out of a discrete state {x} may be an SP exit from {x}, a right-
continuous down- or upcrossing of level x, a right-continuous tangent of level
x, etc. (see Figs.2.14, 2.15).

Example 2.6 Consider a sample path of the virtual wait {W (¢)};>¢ for
the standard M/G/1 queue (Fig.2.1). (The M/D/1 queue is a special case
of M/G/1.) Let the arrival rate be A and the service time S. Assume the traf-
fic intensity AE(S) < 1, so that the limiting distribution of wait exists. Let
{ Py, f(x)}x>0 be the limiting mixed pdf of wait. State {0} is the only discrete
state (atom) in the state space S = [0, 00). Py is the long-run proportion of
time that the sample path is in {0}, i.e., lim;_,oc P(W(¢) =0) = Py > 0.

All hits of level 0 are due to sample-path left-continuous entrances into
{0} from (0, 00); at a hit instant say 79, W(Z, ) = W (#) = 0. The hit rate of
level O from above is the entrance rate of state {0}, namely

a ¢+
lim HO) _ lim ZA0) _ lim A

t—00 t t—00 t t—00 t

— % fx) = f£00") = £(0),

by Theorem 1.1.

The SP egress rate from level 0 above is the exit rate from state {0}. This is
the rate at which customers arrive when the system is empty, namely A Py. Set
balance between the sets {0} and (0, 00), equates entrance and exit rates of
the atom {0} (formula (2.6)). It yields the equation f(0) = X Py, which relates
(curiously) the continuous part f(x), x > 0, of { Py, f(x)}x>0 to the positive
probability Py of the atom {0}. Thus, the SP entrance rate into and exit rate out
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of the discrete state {0} is £(0) (= £(0™)). This type of relationship appears
in different forms in various models, and is useful for computing limiting
distributions of state variables. The PASTA principle (Poisson arrivals see
time averages [145]) ensures that the “arrival-point Py” is the same as the
“time-average Py” in { Py, f(x)},-0-

At an instant of egress from level O, the SP jumps upward by a realized
value of the r.v. S, say s. This jump upcrosses every state-space level in
interval (0, s). The end point of the jump is tangent to level s from below. If
S is a continuous r.v., the probability of hitting level s from below again due
to a jump occurring at any other instant, is 0.

Example 2.7 Consider a standard birth-death process having states0, ..., N
(Fig.2.10, [125]). Let the Poisson rate of jumps from n to n + 1 be A,, and
fromnton — 1 be u,, n = 1, ..., N. The conventional state space is the set
of discrete states S = {0, 1, ..., N} having limiting probabilities Py, ..., Py
respectively. Let S be extended to the state space in the wide sense, i.e.,
the closed interval [0, N]. This extension does not change the probability
distribution associated with the model. All probability is still concentrated
on the discrete states 0, ..., N. The SP moves at jump instants in S orthogonal
to T x S (not in Time), through state-space intervals (n, n + 1)p,=0,... N—1,
implying P(U,iV:_O] (n,n+1)) =0.

We derive the values of Py,..., Py using SPLC. Fixlevel x,n < x < n+1,
n € {0, ..., N — 1}. The down- and upcrossing rates of x are respectively

X(t)
Al
47T ~
B — —
Ninis i
0 —

Time r—»

Fig. 2.10 Sample path of birth-death process with N = 5 discrete states (atoms).
State space (in the wide sense) is the interval [0, 4]
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. : DJ
limy— 00 22 = 1imy - o0 242 = pty+1 Py1 and
J
lim; . o0 u[,(x) = lim; L) ,(X) = Ay Py,
respectively. By rate balance (2.5)
j j
lim;— o0 D) = lim;- 0 U x)

t [
M1 Pyt = A Ppyn=0,..., N — 1,
Poii=-22P,n=0,...,N—1,

Mn+1

Thus we obtain the well-known formula

N WY
Pp=———P,n=1,..,N.

M1 b
Substituting into the normalizing condition Py + --- + Py = 1 yields
Py. and Py, ..., Py (e.g., [125]). The above derivation appears to be iden-
tical to the conventional “rate in = rate out” argument for discrete states
([64, 125]). However, the extension of the state space to the wide-sense
state space, includes continuous states. This allows us to use SPLC directly.
The SPLC approach displays a subtle difference, which is prescient regard-
ing solving more complex discrete-state continuous-time models (see Exam-
ple 2.8).

Example 2.8 Consider an “elevator-like’” model (Fig.2.11). An elevator
may stop at N + 1 floors, O, ..., N. Assume the elevator travels at constant

X(t)
6 1+

Nl .
3

0 o1 >—

Timet —>

Fig.2.11 Sample path of elevator-like model, N = 6 floors. Discrete states (atoms)
are 0, ..., 5. Continuous states are open intervals (n,n +1),n =0, ..., 4
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speeds k and & meters per minute when moving respectively upward and
downward between floors. We ignore the start-up acceleration and slow-
down deceleration phases, for exposition. To fix ideas, assume the motion
is in a semi-Markov environment (see Sect.11.4 and, e.g., [125]). Assume
that from the instant the elevator stops at floor i, its sojourn time at floor
i has mean p; minutes until the next motion starts to a different floor. Its
next stop will be at floor j with probability P;j,i # j € {0, ..., N}. The
(N +1) x (N + 1) matrix H P;j H is a Markov matrix. Assume the stationary
probabilities of H P;j H are w;, i = 0, ..., N. Let the limiting probability that
the elevatoris atfloori be P;,i = 0, ..., N. Let the partial pdf of the elevator’s
position when it is moving upward and downward between floors i and i + 1
be respectively fi1(x), fio(x),x € (i,i +1),i =0,..., N — 1. Let

fix) = fiit(x) + fio(x),x e (i,i+1),i =0,..., N -1,

so that fi(x),x € (i,i + 1) is the limiting pdf of the elevator’s position
between floors i and i 4+ 1 regardless of its direction of motion. The state
space is § = [0, N]. The discrete states (atoms) are 0, ..., N, representing
the floors. The continuous states are points in the open intervals between
floors, (i,i + 1),i = 0, ..., N — 1. The total probability is concentrated on
both the discrete and continuous states. Hence the total pdf of the elevator’s
position will be “mixed”. The normalizing condition is

N

N-1 g
ZP,-—I—Z/ fi(x)dx = 1.
i=0 i=0 /X=

The goal is to determine fori = 0,...,N — 1: P;, fij(x),j = 1,2 and
fi(x),x € (i,i 4+ 1). To solve for these quantities we can apply the method
of pages (also called method of sheets) originated and applied by the author
in [11], and explained and applied in Sects.4.11, 11.8, references [39, 42,
44, 52], and elsewhere. The relationship between f;(x) and the slope of
the sample path (elevator speed) at level x is given in Theorem 6.4 below,
reference [31]; and Sect. 11.4.

2.5 Transition Types Geometrically

Figures2.12,2.13,2.14, 2.15 and 2.16 summarize geometrically 35 different
types of sample-path and SP transitions with respectto alevel x € § € R
that can occur in various models.
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is a continuous or discrete state

is a discrete state

Downcrossing Tangent from Entrance from
above above
/
Left .
Limit \
Jump v s _ e

Fig. 2.12 Sample-path hits of level x € S from above

is a continuous or discrete state

is a discrete state
Upcrossing Tangent from Entrance from

below below
Left . / -~

Lim it / /\ /\ /
Jump x — —~ ——

Fig. 2.13 Sample-path hits of level x € S from below

is a continuous or discrete state

is a discrete state
Upcrossing Tangent from Exit Above

Above
Right / \ —
Lim it
/
Jump X f/ L/ 4

Fig. 2.14 Sample-path egresses from level x € S above

is a continuous or discrete state i iser
Downcrossing Tangent from Exit Below
Below
Right \
ig N

Limit

- ’
Jump  x - f\ f.\

Fig. 2.15 Sample-path egresses from level x € S below
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x} _is a continuous or discrete state Double Jump
Downcrossing Upcrossing Pass-by
Jump x — R — Touch SN 2

S
Fig. 2.16 Jump downcrossing and upcrossing—no hit of, or egress from level x.
Touch of level x—pass-by due to double jump

Figures2.12, 2.13, 2.14 and 2.15 illustrate four categories of transitions:
SP hits from above and below; egresses above and below. In these figures,
the instant of contact with level x is assumed to be 9 > 0. In Figs.2.12, 2.13,
“left limit” means X (1, ) = x; “jump” means X (¢, ) # x and X (#p) = x.In
Figs.2.14, 2.15, “right limit” means X (fp) = x ; “jump” means X (f, ) = x
and X (t9) # x. Figure2.16 illustrates level crossings that are not hits of, or
egresses from level x; it also depicts a “touch” of a randomly determined
level x from a “pass-by” due to a double jump.

Example 2.9 We illustrate the use of Figs.2.12,2.13,2.14,2.15and 2.16. In
Fig.2.12 consider the 2 sub-diagrams in the position (Left Limit, Tangent
from Above). The SP makes a hit from above of level x which is a left-limit
tangent from above. These 2 sub-diagrams apply when {x} is a continuous
or a discrete state (atom).



Chapter 3
M/G/1 Queues and Variants

3.1 Introduction

This chapter considers the virtual wait process (workload) and related
concepts in the M/G/1 queue, and variants of the model. It first develops rela-
tionships between sample-path level crossings and the time dependent (tran-
sient) distribution of wait. These relationships provide sample-path quantities
obtainable via simulation or computation, which can estimate the analytical
transient pdf of wait. They also lead in Sect. 3.3 to an alternative proof of the
basic LC theorem for the steady-state pdf of wait (Theorem 1.1 in Sect. 1.6),
by taking limits as time tends to infinity. The relationships are also of inherent
interest for general time-dependent methods of analysis.

Next, in Sect.3.3.1, alternative forms of Eq. (1.8) are derived by using
a different, but very useful LC interpretation of sample-path jumps. These
equation forms facilitate the analysis of certain variants of M/G/1 queues such
as M/Discrete/1 where the service time has a general discrete distribution
(Sect.3.11.3).

The remainder of the chapter gives LC analyses of M/M/1 and M/G/1
models in the steady state, which illustrate the effectiveness of LC in practice.

3.2 Transient Distribution of Wait

Consider an M/G/1 queue with Poisson arrival rate A, positive service times
with cdf B(x), x > 0, and pdf %B(x) = b(x), where the derivative exists.
Let B(x) = 1 — B(x). Consider a sample path of the virtual wait {(W(@)}i>o0,
and fixlevel x > O inthe state space S = [0, co) (Figs.2.1and 3.1). Let D, (x)
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and U; (x) denote the number of down- and upcrossings of level x > 0 during
(0, 1), respectively. Both {D;(x)};>0 and {{4;(x)};>0 are counting processes
(e.g.,p.312in [125]). The existence of & E(D; (x)) and 2 E (D, (x)) is impor-
tant for the transient analysis, so we consider this property in Sects. 3.2.1 and
32.2.

3.2.1 Derivative OE(D;(x))/0t,x >0

For economy of notation, we define D;(0) = D;(07) = H;"“(0) (number of
left-limit continuous hits of 0 from above during (0, ¢)) =Z;(0) (number of SP
entrances into {0} during (0, ¢)) (see Sect.2.4.11). (Here all downcrossings
are continuous downcrossings).

Proposition 3.1 The partial derivative g E(D;(x)), x > 0, exists and is pos-
itive for ¢ > 0.

Proof The memoryless property of the exponential distribution implies that
for each x > 0 {D,;(x)};>0 is a delayed renewal process (e.g., p. 466 in
[125]; p. 197 in [99]), i.e., after each downcrossing of level x the future is a
probabilistic replica of the whole process starting at time dy. The delay do
depends on the initial wait W(0) = xo. If xo = x, dp = 0. If xo # x, dp is
the time from ¢ = O to the first downcrossing of x. Starting from time dj, let
the level-x inter-downcrossing times be dy, da, ..., where dy = dy, k =2, 3,

dis
... (Fig.3.1). Let Hy,(-), hg,(-) denote the cdf and pdf of dp, respectively.
We prove the result when dy > 0; if dg = 0, the proof is similar.
The following well-known relationship (e.g., p. 423 in [125]; p. 167 in
[99]) holds forn = 1,2, ...,and ¢t > O:

Dix)>n < do+d1+---+dy—1 <t.

Thus P(Dy(x) >n) = P(dy+d1+---+dp—1 <1).

Summing on both sides overn = 1, 2, . . ., gives, by mutual independence of
{di}izo1,2,..5

o o t
E(Di(x)) = > Fiyrdyttdg () = D / F=Nt = $)hay(s)ds,
n=1 n=1 s=0

where Fgy+d,+-.+d, ,(t), t > 0, is the cdf of dp+d; +---+d,—1 and
F;l_l (+) is the (n — 1)-fold self convolution of Fy, (-). Since {D;(x)};>¢ is a
delayed renewal process, E (D;(x)) is the renewal function. Thus E (D;(x))
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w()]
u, | U ! u, !u3| u, lu5!
d, | 4] d, |4 | da] d; | dg|
1 | | | 1
X | uy muiw | N
R AN
X, F«
0
Time t —>

Fig. 3.1 Sample path of virtual wait in M/G/1 showing inter down- and upcrossing
times for level x, {d,},—1.2..., {#n}n=1.2...., and their components, e.g., d;, dy, us, ub,
etc.

is finite for all 7, and the series >~ | Fay+d,+--+d, , () converges uniformly
(e.g., p- 182in [99]).

Since F L’;l_] (0) = 0, we obtain the derivative of the (n — 1)-th summand
as

% Sz Fi='(t = $)hay(s)ds
= [0 ZF}N (1t — 9)hay(s)ds + Fj " 0)hgy (1)
f i Yt — $)ha,(s)ds,

where f é’l_ (-)isthe pdf of the (n — 1)-fold convolution of d; . (Due to Poisson
arrivals, d; is a continuous random variable implying dy + d; + - - - + d—1
is continuous.) If we assume the parameters of the M/G/1 queue are such

that the series of derivatives { f ! f n-l (t — s)hg, (s)ds} 5 also con-

verges uniformly, then we can 1nterchange the order of differentiation and
summation (e.g., p. 317 in [6]), giving

o) = a [t
EE(DZ(X)) :ZE/S=0 Fdl l(t_S)hdo(S)dS

= Z/ o Yt — $)ha,(s)ds .
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Moreover, gE(D,(x)) > 0 since both f;l_l(t —5) >0 and hg,(s) > 0.

(Alternatively, %E (D¢ (x)) > 0 follows since E(D;(x)) is a non-decreasing
function of ¢.) |

Letd; =df + dl.b , Where d{ is the time interval spent above x and d;’ is
the immediately preceding time interval spent below x by W (-) during d;,
i=1,2,...

3.2.2 Derivative OFE (Us(x))/0t, x =0

Consider a sample path of {W(¢)},~(. The process {/; (x)};>0 is a “delayed”
process. In general, however, {I/; (x)} ¢>0 1s not a renewal process. The delay
ug, is the time from ¢ = 0 to the first (jump) upcrossing of x after time d.
The subsequent level-x inter-upcrossing times starting at uq are denoted by
uy,uz, ... (Fig.3.1). Let u; = uf + uf where u{ is the time interval spent
above x and uf.’ is the immediately following time interval spent below x by
W (-) during ;. In general the random variables {u;};—1 2, . are noti.i.d. (see
Remark 3.1).

Remark 3.1 Let ), denote the excess of a jump over level x given that the

jump starts at level y < x and initiates the interval u;. Then P(7yy, > z) =

Bx—y+2)
B(x—y)

an M/G/1 busy period that starts with W (0) = Vx|y- (Note: The symbol “dz_ ”
s LS

means “is equal in distribution to”, henceforth.) If i # j then uf # u;‘ a.s.

dis
(almost surely, i.e., with probability 1) because the start-of-jump position y
is a continuous random variable. Now u; dz_ ull’ ,1=2,3, ..., because at the
LS

a a
. Thus u{ depends on x — y, and u; = B, where B, denotes

start of uf’ {W(t)},>0 downcrosses x and the future evolution is a probabilistic
replica of {W(¢)},>( from the start time of di, due to Poisson arrivals (that
is, due to the memoryless property of the exponential interarrival times).

Proposition 3.2 The partial derivative OFE (U, (x))/0t, x > 0, exists and is
positive for ¢ > 0.

Proof The delay time u¢ is a continuous random variable (r.v.). The process
{U;(x)}:=0 1s a counting process, but is not a renewal process (Fig.3.1). Let
Hy,(-), hyy(-) denote the cdf and pdf of ug, respectively.

The following relationship, usually applied for a renewal process, also
holds for a counting process even though the inter-occurrence times are not
independent. Thus
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U(x)>n < uot+ur+---+u,—1 <t,n=1,2,...

PU(x) =n) = Puo+uy +---+up—1 <1).

Summing on both sides overn = 1, 2, ... gives

EWU () =D Fugtur-tu ()

n=1
o0 t

=3 [ B = Oy (5)ds
n=15=0

where F .4y, () is the cdf of uy + - -+ u,—_1. Since u; is continuous

foreachi=1,2,...,thesumug + u| + - - - + u,— is a continuous r.v. Taking

% on both sides (differentiating under the integral) gives

) ([ 0
o5 EU () = ; ( / 3y Pt (= iy (9)ds
+ Fu1+-~~+u,,_1 (O)huo (t))

e t
=D furtetuna = hug(s)ds.,

n=1"s=0

where fi,+...4u, () is the pdf of uy + - - - 4+ u,_1, since Fy 4...4u, ,(0) =
0. The rest of the proof is similar to that in Proposition 3.1. Positiveness
follows since E (U, (x)) is an increasing function of ¢. [ |

The derivatives %E (U;(x)) and % E(D;(x)) are fundamentally related to
the transient cdf of W (z) (Sects.3.2.3-3.2.8).

Remark 3.2 Assume the service time S is exponentially distributed with
mean 1/p as in M/M/1 (Sect.3.5). Then for any sample path

Bx—y+42z) e 0t
Bx—y) et

—uz
’

P(vxy > 2) = =e

which is independent of x, y, and x — y, so that u{ = Exp,, (:= expo-
s
nential r.v. with mean 1/y). In that case u{ dE' By/ms,i —1,2, ... where
s
Buyymy 1 = busy period of an M/M/1 queue with § = Exp,, (Sect.3.5.6).
LS

Then {u;};—; 5. is a renewal process.
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3.2.3 Level Crossings and Transient CDF of Wait

Denote the transient time-f cdf, pdf and probability of a zero wait respectively

as
Ff(x):P(W(t) Sx)v-x ZOJZO,

fi(x) = &F,(x), x > 0,1 > 0, wherever 2 F, (x) exists, (3.1)
Po(t) = F;(0),1 = 0.

Define the joint cdf of (W (¢1), W(#2)) as

Fiin(x1,x2) = P(W(t1) <x1, W(t) <x2),t1 #12 > 0,x1,x2 > 0.
(3.2)
The marginal cdfs are

Ft1 (.X]) = Fl‘],tz(xl’ OO), th(xl) = Ftl,l‘z(oov XZ)’ X1, x>0 (33)

Note that D;(x) — U;(x) € {0, 4+1, —1} for every x >0, t > 0, since
down- and upcrossings of a fixed state-space level alternate in time (for-
mulas (2.4) and (2.2)). The simple but useful Theorem 3.1 below connects
EU;(x)), E(D;¢(x)) and the transient cdf F;(x), by using (3.3) with #; = 0,
th =t >0,and x; = xp = x (Fig.3.2).

In M/G/1, D;(x) = D5 (x) since all downcrossings are left-continuous (see
Sect.2.4.5). AlsolU; (x) = Z/l,j (x), since all upcrossings are jump upcrossings.

Theorem 3.1 (P.H. Brill 1983) In the M/G/1 queue, for fixed x > 0,¢ > 0,
E(Dy(x)) = EU;(x)) + Fi(x) — Fo(x). (3.4)

Proof Equation (3.4) holds when ¢ = 0 because Dy (x) = Up(x) =0, x > 0.
For t > 0, we compare possible sample path values of {W (s)}o<s<; ats =0
and s = ¢ with respect to level x, and relate the possible values to Fp(x),
F;(x) and Fy(x, x) (Fig.3.2). This procedure leads to the following values
and probabilities for D, (x) — Uy (x):

Fig. 3.2 Values of Wity

D, (x) — U, (x) are Fy(x) 1-F,(x)— F,(x)
+1,0, —1, with “Fo (e +F, (x,x)
probabilities shown in N 0

the finite and infinite 0 +1
sub-squares and two Fo,ex) ) E(x) —F,(x.x)

infinite rectangles of the (0.0)

(W(0), W(1)) plane ¥ w(0)


http://dx.doi.org/10.1007/978-3-319-50332-5_2
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D (x) — U (x) Probability
0 1 — Fi(x) — Fo(x) +2Fp (x, x)
+1 Fi(x) — Fo(x, x) (3-5)
-1 Fo(x) — Fo.i(x, x)
From (3.5) we obtain for fixed x > 0,
E(D;(x)) — EU; (x)) = Fi(x) — Fo(x),1 =0, (3.6)
equivalent to (3.4). |

In (3.5) the term D; (x) — U;(x) = 0 contributes 0 to E (D;(x) — U;(x));
it is included for completeness. In further similar computations of expected
value, terms with value 0 may be omitted.

Equation (3.6) leads to Theorem 3.2 below, which is fundamental for relat-
ing the transient probability distribution of wait and sample-path properties
(see Remark 3.3 below).

3.2.4 Relating the Transient CDF and Level Crossings
Theorem 3.2 (P.H. Brill 1983) In the M/G/1 queue

0 0 0
EE(DI(X)) = EFI(X) + EE(MI(X))’I >0,x>0. (3.7)

Proof Differentiating (3.4) with respect to ¢ gives formula (3.7). (Existence
of %(-) of each term in (3.4) is considered in Sects.3.2.1 and 3.2.2.) [ |

Remark 3.3 Theorem 3.2 is a special case of the more general Theorem
B (Theorem 4.1 in Sect.4.2.1), which connects the sample-path marginal
entrance rate and marginal exit rate of an arbitrary measurable set A C S
(S := state space) to P;(A) (:= probability of A at time ¢). In Theorem 3.2
A = [0, x].

3.2.5 Downcrossings and Transient PDF of Wait

Theorem 3.3 below shows that the sample-path quantity OF (D;(x))/0t
equals the analytic pdf f;(x), x > 0, where f;(0) := f;(07). We now briefly
outline an important consequence, realizable by a computer program.


http://dx.doi.org/10.1007/978-3-319-50332-5_4
http://dx.doi.org/10.1007/978-3-319-50332-5_4
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Simulate a finite number of independent sample paths of {W(s)};~o on
[0, + A] (h small) to estimate E(D;(x)) and E(D;4+p(x)), respectively.
Then use (E(D;+r(x)) — E(D;(x))) / h to estimate OE (D, (x))/0t ~ f;(x),
x > 0. Adjust the values of ¢, x and & as needed to fit the particular model
being considered.

Another important consequence is Corollary 3.2 below, which leads to an
alternative proof of the crucial ‘downcrossing’ part of the basic LC theorem
for the steady-state pdf of wait (i.e., lim; . oo E(D;(x))/t = f(x),in Theorem
1.1) in Chap. 1.

Theorem 3.3 In the M/G/I queue, for eacht > 0,

0
EE(Dt(x)) = fi(x),x >0, (3.8)
0
EE (D:(0)) = f£:(0). 3.9

Proof For the virtual wait {W(#)},-, fix state-space level x > 0. Consider
the state-space triangular set A; x , := {(t,x + h), (¢,x), (¢t +h,x)},t >0,
where £ is “small” (see Fig. 3.3). Examination of some possible sample paths
W (s) with respect to A; , ; leads to the possible values of D,y (x) — D;(x)
and their corresponding probabilities given in the table in (3.10); a brief
explanation follows immediately after Theorem 3.3.

Diin(x) — Dr(x) Probability
+1 Fi(x +h) — Fi(x) + o(h)
. . . (3.10)
—1 0, since D;(x) increases with ¢
> 2 o(h)

Computing E (D;4+p(x) — Ds(x)) using (3.10), and dividing by % yields

E(Diyp(x)) — E(Dy(x))  Fi(x+h)— F(x)  o(h)
h a h + h

Letting /2 | O gives (3.8); then letting x | 0 yields (3.9). |

Explanation of the Probabilities in (3.10)

Let the Poisson arrival rate be A. Assume the pdf b(x) of the common
service time is bounded on (0, co). In this paragraph we denote the event
{D;(x + h) — D;(x) = 1} by {Diffl} for brevity. Consider P (Diff]) for the
three types of paths that enter and exit set A,  ; in Fig.3.3. Employing the
memoryless property of the exponential distribution, we get


http://dx.doi.org/10.1007/978-3-319-50332-5_1
http://dx.doi.org/10.1007/978-3-319-50332-5_1
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Fig. 3.3 Sample-path
examples in triangle

57

A, ., resulting in x+h
Di(x +h) —D;(x) = 1.

Probabilities are: P (path

type 1) =1— Ay — [Pp—

x) +o(y —x); P(path
type 2) < o(h); P(path
type 3) < o(h)

S N

['Ii'h

Time t ——

P(Diffl|path 1) = ¢~ 20~ — lash | Osince (y —x) < h,
P (Diffl|path is type 2) = [M + o(h)] [b(-)h + o(h)] = o(h),
P (Diffl|path is type 3) < [Ah + o(h)][b(-)h + o(h)] = o(h),

where Ah 4+ o(h) = P(an arrival occurs in (0, h)), and b(-)h + o(h) = P(a
service-time jump ends in an interval of size < h). Similar considera-
tion of other possible paths implies that P(D;p(x) — Di(x) = n) = o (h)
(n=2,3,...). Then P(D;yj(x) — Di(x) > n) = o (h) results because a

countable sum of o(h)s = o(h).

Alternative Proof of Formula (3.8) for Perspective

‘We can write

E(Diyn(x) = Di(x)) = 1+ P(Dyyp(x) — Di(x) = 1) +o(h)

= [, e09 fi(dy + o)

= [E = A =) + 0y = 0] fi()dy + o(h)

= F(x+h) = Fx) — |

A = x) = o(y = 0] fi(n)dy + o(h)

y=x

= F(x +h) = F((x) = R [AQ* = x) = o(y* = 0)] fr (5*)dy + o(h),

x <y*<x+h,
(3.11)
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by the mean value theorem for integrals (e.g., p. 237 in [137]). Dividing both
sides by h gives

E(Dyyp(x)=D;(x))
h
F, h)—F;
= BLEZB)  \(* = x) + 0 = x) - i) + 2.

Letting & | 0 leads to (3.8), because & | 0 implies: (y* —x) | 0; o(y™ —
x) 4 0; i) = fi(x);0(h)/h — 0.

Corollary 3.1 For fixed ¢t > 0,
t
E(D;(x)) :/ fs(x)ds, x > 0,t > 0. (3.12)
s=0

t
E(D;(0)) :/ fs0)ds, t > 0. (3.13)
s=0

Proof Solving (3.8) for E(D;(x)) and (3.9) for E (D;(0)) by integrating with
respect to ¢, and applying the initial condition E(Dy(x)) =0, x > 0, gives
(3.12) and (3.13), respectively. |

3.2.6 Alternative Proof of lim;_, oo E(D;(x))/t = f(x)

Starting from the transient analysis, Corollaries 3.2 and 3.3 below provide an
alternative proof of the downcrossing-rate part of Theorem 1.1 in Sect. 1.6,
Chap. 1, i.e., Egs. (1.12) and (1.13). Let { Py, f(x)}x>0 denote the limiting
(steady-state) mixed pdf of {W(#)},~. We assume AE(S) < 1 (condition for
existence of steady state). -

Corollary 3.2
llggogE(D,(x)) - tlggow = f(),x >0 (3.14)
Tim %E(Dt(m) — lim w — 0= f0). (315

Proof Letr — oo in (3.8) and (3.9) giving respectively
.0 .
lim —E(Dy(x)) = lim f;(x) = f(x),x > 0,
t—o00 Ot t—00

0
Jim = E(D:(0) = lim f:(0) = f(0).


http://dx.doi.org/10.1007/978-3-319-50332-5_1
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In (3.12) and (3.13) divide both sides by ¢ > 0, and let # — c0. Then
1 t
lim E(D;(x))/t = lim —/ fs(x)ds = f(x),x > 0,
1—00 t—o0 f s=0

t
lim E(D,(0)/t = lim % / £,(0)ds = £(0).
— 00 — 00 SZO

Then (3.14) and (3.15) follow. [ |
Corollary 3.3
. Di(x)
lim = f(x),x>0(a.s.). (3.16)
t—00 t

Proof Since {D;(x)},~ is a renewal process due to Poisson arrivals, by the
elementary renewal theorem,

E(D D
fim 22D DO 0.
t—00 t t—>00 t
Thus (3.16) follows from (3.14) and (3.15). |

Corollary 3.4 gives an alternative perspective of set and rate balance (see
Sect.2.4.7) in Chap. 2.

Corollary 3.4
E(D E
lim (—’(x)) = lim M,x > 0, (3.17)
t—00 t t—00 t
D
fim 26 _ i 49 6 s (3.18)
t—00 t t—>o0

Proof D;(x) —U;(x) € {0, +1, —1}, t > 0, x > 0, for all possible sample
paths of {W (2)},>¢. Hence —1 < D;(x) — U;(x) < +1,and —1 < E(D,(x))
— E(U;(x)) < +1. Dividing by ¢ > 0 and letting t — oo gives (3.17) and
(3.18). [ |

Remark 3.4 Formulas (3.17)and (3.18) also state the principle of set balance
for sets [0, x) and [x, 00), x > 0. That is, the equation sample-path exit rate
from set [0, x) = sample-path entrance rate into [0, x) holds. The same
principle applies to set [x, 00). Moreover, SP motion contains the sample
path as a subset; i.e., SP motion includes the “not-in-Time” state-space jumps
(see Sect.2.3 in Chap.?2). Hence the same principle applies to SP exits and
entrances.


http://dx.doi.org/10.1007/978-3-319-50332-5_2
http://dx.doi.org/10.1007/978-3-319-50332-5_2
http://dx.doi.org/10.1007/978-3-319-50332-5_2
http://dx.doi.org/10.1007/978-3-319-50332-5_2
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3.2.7 Upcrossings and Transient PDF of Wait

Theorem 3.4 below connects the sample-path quantity %E U;(x)) to the
analytical transient mixed pdf {Py(?), f;(¥)}o<y<x,t > 0.

Theorem 3.4 In the M/G/1 queue with arrival rate A and service time cdf

B(")

0 — -
“SEQU () = B By(r) + A / B0y 619
y=

0
EE(Z/{I(O)) = APy(1). (3.20)

Proof We define Udiff:=U; 4+, (x) — U (x) here for brevity. Letx > 0,¢ > 0,
and small & > 0 be given. We examine possible SP upcrossings of level x
in the state-space infinite rectangle LI := {(¢, t + h) x (0, 00)} (Fig.3.4). We
consider possible SP entrances into LI at time 7. Entrances that occur: above
x + h imply Udiff = 0; within (x, x + h) imply Udiff = 0 or P(Udiff =
1) = [Mi 4+ o(h)] B(x — y) f;(y)dy for some y € (x — h, x); within (0, x)
imply Udiff =0 or PUdiff = 1) = [Ah+o(h)] B(x — ) f;(y)dy for
some y € (0, x — h); at level O imply Udiff =0 or PUdf =1) =
[M: + o(h)] B(x) P,(0). For any n > 2, P(Udiff =n)=o(h) because at least

Fig. 3.4 Examples of
sample-path (and SP)
entrances and exits of

7
""

set shaped like LI. P S 0
Numbers at the ends of R
path segments are values i\‘-\
of Udiff NN T+
\l\\\ - I
~ T
1 >~ 1
] \\ i

. ~ -4 N - \1
~J - !
\\’ N ’.\‘ : L
ib.\\’\ E = 1
: ) i R
H i
[} ~ =
: 1
: - 0
0 2
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n arrivals would be required during (¢, ¢ + &) (equivalently during (0, /) due
to the memoryless property). Finally we get

Urn(x) — U (x) Probability
+1 [A 4 o(h)] Py(t) B(x) B
+ [ +o(h)] f(f B(x —y) fi(y)dy + o(h)
>2 o(h).

(3.21)

In (3.21), the values Uy, (x) — U (x) < 0 are omitted since {U/ diff = 0}
does not affect E (Udiff), and negative values are not possible because U; (x)
is a counting process (non-decreasing). Utilizing (3.21) gives

EUpn(x) = Up(x)) = [Mr + o(h)] Po(t) B(x)
+ M+ o) [Ty Blx — y) fr(»)dy + o(h).

Dividing both sides by & and taking limits as & | 0 gives (3.19). Letting
x | 0in (3.19) gives (3.20) since ; (0) = U, (0T), and B(0) = 1, since B(x)
is right continuous. n

Corollary 3.5 For fixed t > 0,
t 't px
EU(x)) = )\/ B(x)Py(s)ds + /\/ / B(x —y) fs(y)dyds,x >0, (3.22)
s=0 Js=0Jy=0
t
EU(0) = )\/ Py(s)ds. (3.23)
s=0

Proof Integrate over time from O to ¢ in (3.19) and (3.20). The constants of
integration are 0 because E (Up(x)) =0, x > 0. [ |

Corollary 3.6 If the steady state exists, then

tlim gE(Ut(x)) = tlim w = AB(x)Py + A/ B(x —y) f(y)dy,
—00 —00 0

(3.24)
lim 2E(u,(O)) = lim EU©O) = \P,. (3.25)
t—00 Ot t—00 t

Proof Note that
lim F;(x) = F(x), lim f;(x) = f(x), lim Py(t) = Pp.
t—00 1—00 —>00

In (3.24) and (3.25), the results for
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li 0 EU d I 0 E U0
Jm = (U (x)) an Jm = (U (0))

follow from (3.19) and (3.20) respectively. The results for

. EU(x)) . EU(0))
lim —— and lim ————
t—00 t t—00 t
follow from (3.22) and (3.23). [ |

Corollary 3.6 completes the alternative transient-analysis derivation of
Theorem 1.1, which seems to provide a more general perspective than the
equilibrium-analysis approach of Sect. 1.6.

3.2.8 Integro-differential Equation for PDF of Wait

We apply LC to derive the Takdcs integro-differential equation for the
transient probability distribution of wait, by utilizing Theorems 3.2, 3.3 and
3.4 above. (See Remarks 3.5, 3.6 and 3.7 below.)

Theorem 3.5 For an M/G/1 queue with arrival rate A\ and service time cdf
B(-), the transient distribution of the virtual wait satisfies the following equa-
tions for each t > O:

) —
Ji(x) = = Fi(x) + AB(x) Po(1)

A / Blx — ) f,(0dy. x > 0, (3.26)
y=0
0
f1(0) = EPO(’) + APy(1), (3.27)
Po(t) + / fdy=1. (3.28)
y=

Proof The theorem follows by applying (3.7), substituting from (3.8), (3.9),
(3.19), (3.20), and using (3.1). Equation (3.28) is the normalizing condi-
tion. |

Remark 3.5 Equation (3.26) was derived by Takécs in [139] by a different
technique. Also, see formula (17), p. 87 in [140].

Remark 3.6 Minor extensions of the proofs in this section yield relation-
ships and integro-differential equations for the transient pdf of wait in the


http://dx.doi.org/10.1007/978-3-319-50332-5_1
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important cases where the arrival rate and probability distribution of the
service time are also time-dependent. In the formulas (3.26) and (3.27)
we can replace A by A(¢) so that the arrival process is non-homogeneous
Poisson; and B(y) by B:;(y) so that the service time is time-dependent
(see Sect.3.2.9 below). Equation (3.26) is called in the literature the Takacs
integro-differential equation (see [139]; formula (5.172), p. 227 in [104]).

Remark 3.7 The LC proofs of (3.26) and (3.27) have important ramifi-
cations. The relationship of both sides of (3.26) and (3.27) to E(D;(x)),
E U (x)), x > 0, leads to techniques for LC estimation of the transient dis-
tributions by simulation of multiple independent sample paths (see Remark
9.2 in Sect.9.2). LC estimation (computation, approximation) for steady-
state distributions is discussed in Chap. 9. LC estimation is a form of non-
parametric distribution (or density) estimation.

Example 3.1 below illustrates how transient sample-path quantities can be
used to solve transient integro-differential equations numerically for analyt-
ical transient pdfs or transient probabilities.

Example 3.1 Assume W (0) = xo (> 0) so that Py(xg) = 1. Note that Py(s)
= 0,0 < s < xo. What is a point estimate of P;(0) for a finite time ¢ > xo?
From Egs. (3.27) and (3.9) we have the differential equation

0 0
EPo(t) + APy(t) = EE(D,(O)),I > X0. (3.29)

Using integrating factor ¢ in (3.29) and solving for Py (1) we get

d d
= (M Po) = M ZED(0)).

t
M Py(t) = / e [%E(Ds (0))] ds + A

=X0

where A is a constant. Letting ¢ | xo implies A = eMo py (x0) = eM0_ and
! d
Po(t) = e ( / e [—E(DS(O))} ds) + e N0 p 5 xo. (3.30)
S=X0 ds

‘We estimate the function j—sE (Ds(0)), xo0 < s < tin(3.30) as follows. Select
a partition on [xo, ] having small norm 4 such that t — xg = vh, v € NT
(set of positive integers). E.g., if + — xo is rational or irrational select
h = 0.001 (¢ — xp) or 0.0002 (t — xp), etc. Simulate N independent sam-
ple paths of W(s), s € [0, t + h], where N is large. Let D; ;(0) := number of


http://dx.doi.org/10.1007/978-3-319-50332-5_9
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downcrossings of level 0 (left continuous hits from above) during time inter-
valls [xo + (j — Dh,xo + jh], j = 1,...,v 4+ 1 for the ith sample path,
i=1,...,N.Let D;(0) = #+ >V D; j(0), j = 1,...,v + L. An estimate
of ddTE (Ds(0)) is the step function

D;(0) : o
— xo+(G—Dh<s<xo+jh,j=1,...,v+1.
.. 5,~(0) . . .
Substituting into (3.30), we get the point estimate of Py(¢) as
R e~ M v+l xo+jh
Py(r) = Z D, (0)/ ’ Mds 4 e~ MTX0)
s=xo+(j—Dh

At V+1 A0+ _ Ao+ —Dh)

== Z(Dj(oy p )—l—e_)‘(’_x()). (3.31)

Jj=1

FORTRAN-programmed computations were carried out in the Masters
project [120] to estimate Py(¢#) when xo = 0, using a special case of the
method outlined in this example. The computations generally agreed with the
known analytical value of Py(¢), t > 0, computed from the analytic formula
given in [140].

Remark 3.8 Concepts in Example 3.1 relate to renewal theory since down-
crossings of level 0 occur at the ends of busy cycles, which are i.i.d. random
variables forming a renewal process (see formula (5.1) p. 189 in [99]). This
will be discussed further in Chap. 10.

3.2.9 PDF When Arrivals and Service Are Time Dependent

We very briefly revisit the transient pdf of wait in the M/G/1 queue in
Theorem 3.5 above in Sect. 3.2.8. We can prove by a slight generalization of
the proofs in Sect. 3.2, that the theory holds for models where the arrival rate
A and cdf of service time B(x), x > 0, depend on time 7. Denoting them by
A(t) and B;(x), x > 0, respectively, we obtain

fi(x) = FFi(x) + A () Bi(x) Po (1)
FA@) [1_g Bi(x — ) fi(»)dy, x > 0, (3.32)
£10) = £ Po(t) + A (1) Po(n).
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The solution of the differential equation for Py(¢) in (3.32) is

!
Py(t) = e ") / ") £,(0)ds + Py(0)e™" ", (3.33)
s=0
1if W(0) =0,
where m () = fslzo A (s)ds and Py(0) = [ 6 othf(:r\)Nise.

3.2.10 Steady-State PDF of Wait from Transient PDF

Equation (1.8) for the steady state distribution of wait, is now proved directly
from the foregoing LC connections between sample paths and the transient
distribution of wait. The next theorem gives two such proofs.

Theorem 3.6 For an M/G/1 queue with arrival rate A and service time S
having cdf B(-), where AE(S) < 1, the steady state pdf of the virtual wait
{P09 f(x)}x>07 ls given by

f(x) = AB(x)Py + /\/ B(x —y)f(y)dy,x > 0, (3.34)
0

F0) = APy, (3.35)

Py +/O f(ndy = 1. (3.36)

Proof Since M\E(S) < 1, the transient probability distribution converges
to the steady state probability distribution, i.e., lim;— o Fr(x) = F(x),
lim;, o f7(x) = f(x), lim;_, 5 Po(t) = Py. Moreover

.0 .0
tl_lfganz(x) =0, x >0, tl_lfgoapo(f) =0.

Then (3.34) and (3.35) follow from Theorem 3.5 by letting t — oc.
Alternatively, (3.34) and (3.35) follow from the principle of rate balance

expressed in (3.17), (3.18), and substituting from (3.14), (3.15), (3.24), and

(3.25). |

Remark 3.9 For the M/G/1 queue with AE(S) < 1, it is well known that
Iim P(W(t) <x)= lim P(W, <x), x >0,
t—>00 n— 00

where W, is the waiting time of the nth customer (arrival-point wait) (see

[140]). Hence Egs.(3.34)—(3.36) hold for the steady-state distributions of
both the arrival-point wait and the virtual wait.
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Remark 3.10 Using LC to derive (3.34)—(3.36) is useful because each alge-
braic term corresponds to a unique down- or upcrossing rate of level x > 0.
This one-to-one correspondence enables the derivation of exact analytical
integral equations for steady-state distributions of state variables in many
complex stochastic models, intuitively and straightforwardly, using the sam-
ple path as a template. The idea is to construct a pertinent typical sample path
of the stochastic model; then write the integral equation(s) by inspection
using LC theorems and the principle of rate and/or set balance. The solution
of the equation(s) is found with the aid of initial conditions (e.g., f(0) =
APy, f'(0) = —APyb(0) + N> Py). This procedure can save time and help the
analyst focus on the model dynamics.

3.3 Steady-State Distribution of Wait

We begin with Example 3.2 below, which illustrates the derivation of the
steady-state pdf of wait in an M/G/1 queue, where G := Erli , is the sum of k
iid. Exp, r.vs. (Erlg , denotes an Erlang r.v.; Exp, denotes an exponential
r.v. with mean 1/p.) In the M/Erl /1 queue E(S) =k - E(Exp,) = k/p.

Example 3.2 Consider the M/Erl; /1 queue with arrival rate . Let Si(x)
;= event {sum of k i.i.d. Exp,s < x}, and Gi(x) := event {number of Poi,
events in (0, x) is > k}, where Poi,, denotes a Poisson process with rate p
(see pp. 312-316 in [125]). Since Sx(x) <= Gi(x), we have P(Sk(x)) =
P (Gr(x)), and cdf B(x) = P(S < x) = P(Si(x)) = P(Gr(x)). Therefore

o0

B(x) = P(Gr(x)) = > |

i=k

—pux i
w, x> 0. (3.37)
1.

(See Sect.2.3.2 for Exp,; Chap.5 for Poij,, in [125].) Taking % in (3.37)
readily shows that b(x) (:= %B(x)) is given by

_ e (0

b(x) G-

x > 0. (3.38)

(Intuitively, (3.38) is equivalent to ‘b(x)dx = P((k — 1) Poi, events in (0, x)
and the kth event occurs at time x) dx’.) Since Z?io e M (ux) /il =1,

k—1 i
B(x)=1—B(x)=e¢ (Z (px) ),x > 0. (3.39)

i!
i=0
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The condition for existence of the steady state is AE(S) < 1or A < pu/k.
Substituting e~/ ( kol @) for B(x) in (3.34), we obtain
Fo0) = Roet (2hoy )
o i (3.40)
+)\ f;:() e—u(x—y) (Zi;o (M(Xi—!y)) ) f(y)dy, x> 0.

where Py =1 — AE(S) =1 — (Ak) /u. The normalizing condition is

Po+/OO fx)dx =1.
x=0

Case k = 2: We illustrate the solution when k = 2, which corresponds to
the M/Erl; /1 queue. From (3.40) we have

@) = APye M (1 + px) + /\/x e MO (L 4 px — y) fOdy, x > 0. (3.41)
¥

Differentiating (3.41) with respect to x twice results in the second order
differential equation

00+ Qu—=Nf'x) + (=22 f(x) = 0,x > 0,

with solution
f(x) =aie™ +ae™, x >0, (3.42)

where a|, a> are constants to be determined, and

A1
VA2 +4pN, rn=—p+ >+ 5\/)\2 +4p,

are the solutions of the characteristic function

1
rl__M+§_§

22+ Qu— Nz + (u* =2\ = 0.

Both r{ <0, r» <0. The constants a1, ap and Py can be determined
from the initial condition f(0) = APy, and the normalizing condition Py +

JiZo f()dy = 1, giving
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rr

APy
ay = (I—Py+—),
r

re—=r
a) = APy —ay,

Ph=1-——.
1

3.3.1 Alternative LC Equations for PDF of Wait

We now give two different forms of the basic integral equation (1.8) for the
limiting pdf of wait in the M/G/1 queue (see Fig. 1.6). The alternative forms
are useful due to their applicable LC interpretation. We can write (1.8) as

FG) = A1 — B(x))Po+ A / (= Bl = ) S0y
.

= A (Po +/ . f(y)dY) —A (B(X)Po +/ . B(x — y)f(y)dy)
y= y=

which gives two alternative forms of the LC equation:

FO) = AF(x) = A / DB —ydFG), x2 0, (3.43)
y=0

FGO) = AF(r) — A / U P dBG), x20,  (.44)
y=0

noting that F(x) = Py + fyx=0 f(»)dy, and F(oc0) = 1. Formulas (3.43) and
(3.44) have intuitive LC interpretations which help us write them immedi-
ately. Consider a sample path of the virtual wait (Fig.1.4) and observe a
one-to-one correspondence between the set of algebraic terms in the equa-
tions and a set of mutually exclusive and exhaustive sample-path crossings
of level x, different from those depicted in Fig. 1.6.

In (3.43) and (3.44) the left side is the SP downcrossing rate of level x,
as usual (see formula (3.14)). However, on the right side, AF'(x) is the rate
of all SP jumps that start in the state-space interval [0, x]. The second term
subtracts off the rate of such jumps that end below level x (do not upcross x).
Therefore the right side is precisely the total rate at which SP jumps upcross
level x. Rate balance, (3.17) or (3.18), gives these equations directly. Note
that (3.43) yields (3.44) by using the transformation z = x — y, dz = —dy,
and integrating by parts.
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Equations (3.43) and (3.44) are useful when analyzing variants of M/D/1
and M/Discrete/1 queues (Sects.3.10 and 3.11); they help us derive the
steady-state cdf F(x) directly since f(x) = F’(x). They are also useful in
theoretical applications, such as in TAM (transform approximation method)
[87, 129, 130]. The LC intuitive interpretations of (3.43) and (3.44) also sug-
gest how to use LC to develop integral equations for the pdf of state variables
in more general models.

Example 3.3 Consider the M/U g /1 queue with arrival rate A, where the

service time S d=‘ U(0,¢), a uniformly distributed r.v. on (0, ¢), ¢ > 0, i.e.,
I

0,x <0,
B(x)=1%.0<x<c, (3.45)

1,x >c.

We assume: {W (t)},>( is unbounded, i.e., 0 < W(z) < oo; the steady state
pdf {Po, f(x)},~0 and cdf F(x),x > 0, exist. A necessary and sufficient
condition for the steady state to existis AE(S) < 1 <= (Ac¢/2) < 1. Then
busy periods are finite (a.s.), and Pp =1 — AE(S) =1 — A5.

Solution Approach in Example 3.3

We first solve (3.52) for f(x),0 < x < c; then we indicate the iteration on

successive state-space intervals [c, 2¢), [2¢, 3¢), .... (In Sect. 3.10 we obtain

a complete solution for the M/D/1 queue, using a similar technique.)
Substituting from (3.45) into (3.43) and using F(x —¢) = 0,0 <x < c,

gives (3.46).

X

@Y iFG).0<x <e. (3.46)
C

fx) =)\F(x)—)\/
y=0

(x—y)

f(x):)\F(x)—)\F(x—c)—)\/

y=x—c

dF(y),x >c. (3.47)

The LC explanation of (3.46) is the same as for 3.43. In (3.47) on the right
side, AF (x) is the total rate of jumps that start below x. The term —AF (x — ¢)
subtracts off the rate of jumps that start at any y € [0, x — ¢), and thus cannot
upcross level x. The term —A\ f;:x_c @a’ F (y) subtracts off the rate of
jumps that start in (x — ¢, x) but are too small to upcross x.

Differentiating (3.46) twice with respect to x results in the second order
linear homogeneous differential equation

f”(x)—)\f/(x)—kgf(x):O,x € (0,¢). (3.48)
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with characteristic (also called “auxiliary”) equation

A
2= r+Z=0,
c

1 / A
r=- (A +,/A\2— 4—). (3.49)
2 c
This gives

1 [
o= 5 E )
2V ¢
1 [
raz e Sin(i/: : X),x €(0.0. (350
C

where a;, ap are constants to be determined. The cos and sin functions occur

having solution

because we assumed that A < 2/c¢ < 4/c, so that the discriminant /A2 — 4%

in (3.49) is a complex number (see Sect. 3.5, pp. 106-114 in [10]). In (3.46),
applying the initial conditions f(0) = APy, f'(0) = \>Py — % with Py =

1— %, gives ay, az in (3.50) as

(1= 29M\ =1y

JEow

We can iterate to solve for f(x), x € [c, 2¢), x € [2c, 3¢), etc., by using
(3.50). For x € [c, 2¢), we have

A
ar = A(1 —76‘), a) =

FO)=AF(x) =\ [, S22 dF(y)

C

n (3.51)
-2 fyc:xfc %f(y)dy — M (x —¢),c <x <2c.

We solve (3.51) by substituting f(y) from (3.50) on the interval (x — ¢, ¢)
into the second integral in (3.51), Then use discontinuity at x = ¢, i.e.,
f(c™) — f(c™)=—=APy(letting x | cin(3.51),x 1 c¢in(3.50), and subtract-
ing). The computation of f(x), c < x < 2c¢ by stepping upward from state-
space interval (0, c¢) to interval [c, 2¢) is iterated on intervals [ic, (i + 1)c),
i > 2. (A similar discontinuity in the pdf f(x) occurs at x = D in the M/D/1
queue considered below in Sect.3.12.)
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Example 3.4 Now we assume a workload-bounded M/U g /1 queue, i.e.,
{W(t)};>0 is bounded at level K > 0. To demonstrate the solution technique
we let K :=c, and assume all service times that cause the virtual wait to exceed
level c are truncated at level c. (See variant 1 in Sect.3.16 and Fig.3.33.)
The steady-state cdf F'(x) exists for all A > 0 (see Sect.2.1 in [25]). Sub-
stituting from (3.45) into (3.43) and using F(x —¢c) =0,0 < x < ¢, gives

F'(x) = AF(x) = A [y S22d F(y)

© ey (3.52)
= \F(x) — )xfy:O T2 f(dy — APy%,0 <x <,
for the steady-state cdf F(x).
Solution Approach for Example 3.4
Taking d/dx in (3.52) leads to the second order differential equation
U / )\
F'(x) = AF(x)+ -F(x)=0,0<x <c. (3.53)
c
Assuming A > 4/c, the solution of (3.53) is
F(x)=ay-e""+ay -, 0<x <c, (3.54)
where
% ()\c +A/c2\% — 46)\) % ()\c — A2\ — 4c>\)
r = s 2= ,

C C

and a; and a, are constants to be determined. Using the initial conditions

F0)=a) +a =Py,
F’(O+) =ay-r+ax-rp=A\P,

results in

mn—A rr— A
Py, a =
ry—nr ry —nr

ay = Po. (3.55)

From (3.54) we get

rn—A re— A
F(x)=Po( g
r—nr ry—nr

-erzx),Ofx <c; (3.56)

by using the boundary condition F(c) = 1,
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-1
Po:[rz_)\ ey 172 -erzc} :

ry—nr ry—nr

Generalization When Workload Bound is Greater Than ¢

Suppose the workload bound k is such that ¢ < k < 2¢. Define F(x) :=
Fo(x) - Io,c1(x) + Fi(x) - I'te g(x), where I 4(x) = 1ifx € A,andOif x ¢
A. The corresponding pdfs are f;j(x) =dF;(x)/dx, i =0, 1. Thus Fy(x)
=aqap-e"" +by-e?*, 0<x <c asin (3.54). (Here ap and by will have
different values than ai, a in (3.55) because now Fy(k) = 1.) An integral
equation for Fy(x), c < x < k, is given in terms of Fy(-) and fo(-) as

Fi(r) =\F1 (1) — A / C =) by — Ao — )
y=c
_ A/C X =Y e vydy.e < x <k (3.57)
y=x—c ¢

If the bound k € (jc, (j + 1)c], j € N*, we can iterate to solve for
Fit1(x), x € [je, k), j=1,2,..., similarly as in (3.57). In the solution,
we can use Fjy1(jc™) = Fj(jct) by continuity of the cdf at jc, j =
1, 2,...,lk/c] to facilitate solving for the constants. A related solution tech-
nique is applied for the M/D/1 queue in Sect. 3.12. When numerics are substi-
tuted for the parameters A and c, the solution procedure can be programmed
on a computer.

3.3.2 Relating System and Waiting Times Using LC

Let o denote the system time in the M/G/1 queue. Denote the pdf and cdf
of o as f,(x) and F,(x), x > 0, respectively (see, e.g., Sect.3.5.2). Then
o= W, + S, where W, is the wait before service and S is the common
service time. The pdf and cdf of W, are f(x), x >0, and F(x), x >0,
respectively. We use LC interpretations of sample-path quantities to develop
an analytical equation relating f(x), F(x) and F,(x). This is an example
where using LC interpretations of sample-path quantities can lead directly
to analytical results, or to estimation methods for analytical quantities in
particular models (see LC estimation in Chap.9).

Peaks, Troughs and Downcrossings

A sample path of {W(s)};>¢ (Fig.3.5) has a sequence of peaks (relative
maxima) and troughs (relative ‘minima’, which are infima, i.e., greatest lower
bounds, due to sample-path right continuity). A trough at level 0 is considered
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W(t)

Busy Period Idle Period
| : i
Peak
X D
Trough Peak--
% N <sp
Time s —> Trough

Fig. 3.5 Sample path of virtual wait {W(s)}o<,<, showing peaks, troughs, level
x, and subset of the associated partition {0 = xp < x| < --- < X183 < X9} Which
depends on the realized sample path over [0, 7]

to be an interval which starts at an instant the SP hits level O from above, and
ends at the next instant the SP leaps (jumps upward) from level zero.

Fix time r > 0 and level x > 0. Let P,J“ (x), ’Zf“ (x) denote respectively
the number of peaks and troughs strictly above x during [0, ). When s =
t the point (¢, W(¢)) is a trough since j—sW(s) =—1-10,00)(W(s))+0-
I0y(W(s)). Then D, (x) (number of SP downcrossings of x during (0, t)), is
a step function with respect to x, with constant integer values on subintervals
of the partition {0 = xo < x1 < ---X,—1 < X,}, where x; is the ordinate of
apeak ortrough (j = 1,...,n — 1) and x,, is the highest peak during [0, ¢].
Such a fixed partition exists for each realized sample path (Fig.3.5). An LC
interpretation leads to

Di(x) =P (x) — 7, (x), x > 0. (3.58)

The values of D;(x) in adjacent subintervals, (x;_1,x;) and (xj, xj41), j
=1,2, ..., differ by £1, or 0 if S is a continuous random variable. If S has
discontinuities, as in M/D/1 in which § = D, then the values of D;(x) in
the two subintervals abutting on D will generally differ by more than 1; in
this case, a difference >1 is the result of a discontinuity in the pdf of wait
at x = D. Formula (3.58) can be useful when simulating sample paths for
estimating state-space pdfs.
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Equation Relating f(x), F(x) and F,(x)
Let N4(¢t) denote the number of arrivals during (0, 7). Assume Ny4(t) > 0.
Dividing (3.58) by ¢ > 0, we obtain

Di(x) P T

t t 4
_N0 R0 N0 T (3.59)
= Na(t) t Na(®)’ . '

Note that P;"(x) represents the number of system times greater than x in
(0, 1). Also ’Z;Jr (x) represents the number of waiting times greater than x in
(0, t). Taking limits of the terms on the right side of (3.59) as t — o0 yields

Na(t PT T+
fim YAD oy gim B e o tim 2 E) e,
t—00 t a.s t—00 Ny(t) as t—00 Na(t) as

which provides two more alternative forms of the M/G/1 integral equation
for the pdf of wait, namely

J&) = A1 = F5(x)) = A1 = F(x)), (3.60)

and
f(x) = AF(x) — AF,(x). (3.61)

LC Interpretations of (3.60) and (3.61)

On the right side of (3.60) the first term is the rate of all jumps that end above
level x (system time > x). The second term subtracts off the rate of those
jumps that start above level x (wait > x). Thus, the right side is the rate of
SP jumps that upcross x.

The LC interpretation of (3.61) is that the first term on the right side is the
rate of all jumps that szart in [0, x] (wait < x). The second term subtracts off
the rate of those jumps that end atlevels in [0, x] (system time < x). Thus the
right side is the rate of SP jumps that upcross x. Equation (3.61) is equivalent
to (3.43) since, by independence of S and W,

X

Fo(x) = P(S+ W, < x) = / P(S < x — y|W, = NdF(y)
y=0

=/ B(x — y)dF(y).
y

—0

Remark 3.11 Equation (3.59) combines sample-path peaks and troughs and

the key part of the basic LC theorem lim;_, o th(x ) — f(x), for a concrete
a.s

derivation of integral equation (1.8) (same as (3.34)) in 'Fig. 1.6, based on LC
interpretations of SP motion.
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3.4 Waiting Time Properties in Steady State

We derive several familiar properties of the steady-state distribution of the
waiting time before service starting from the basic LC integral equation
(3.34). We let W, := wait before start of service.

3.4.1 Probability of Zero Wait

In (3.34) integrate both sides with respect to x over (0, co). This yields

o0 o0 X
1—Py= )\Po/ B(x)dx + )\/ / B(x —y) f(y)dydx;
x=0 x=0Jy=0

interchanging the order of integration in the double integral leads to

1 —Py=APE(S) + AE(S)(1 — Pp),
Po=1—-XES)=1—-0p. (3.62)

3.4.2 Pollaczek-Khinchine (P-K) Formula

In (3.34) multiply both sides by x and integrate with respect to x over (0, 00).
We obtain

/00 xf(x)dx = APy /00 xB(x)dx + )\ - /x xB(x —y) f(y)dydx.
by =0

=0 x=0 x=0Jy

In the double integral, interchange the order of integration, write x = x —
y + y, and simplify, giving

E(W,) = APy

+ A(1 — Py)

2 2
E(;) E(zs ) + AE(W,)E(S),

from which we obtain the well-known Pollaczek-Khinchine (P-K) formula

AE(S)  XE(S?H)  Awar(S) + (E(S))%)
2(1 —XE(S) 2(—-p) 2Py ’

E(W,) = (3.63)

where var () := E(5%) — (E(S))?%. (See pp. 220225 in [84] for a discussion
and variations of the P-K formula.)
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3.4.3 Expected Number in Queue and in System

Let N, denote the number of customers waiting in the queue before service;
let L, = E(Ny). From Little’s formula L = AW (see [110]), and formula
(3.63), we get

NESY)  NE(S?)  NE(SY)

Lo = AEWa) = 50 3ES) ~20=p) — 2P0 (364
The expected number in the system is
L=L,+Ls
where L denotes the expected number in service, given by
Li=1-(1-Py)+0-Py=AE(S) =p.
s NE(S?) NE(S?)
= 20— \E(S) +AE(S) = TN +p (3.65)

3.4.4 Laplace-Stieltjes Transform (LST) of a PDF

Before deriving the LST of f(x),i.e., the pdf of W, we very briefly define the
LST and related Laplace transform LT of a function. (See pp. 455-460 in [84]
for a concise, clear introduction to the LST and LT.) The LST applies when
the function has atoms or is continuous. The LT applies when the function
is continuous. (Sect.11.9 in Chap. 11 below presents an LC technique for
estimating the LST and LT.)

LST
The Laplace-Stieltjes transform of f(x) is

o e.¢]

F*(s) := E(eW) :/ e Y dF(x) = Py +/ e f(x)dx,s > 0.
x=0 x=0
(3.66)
The LST of b(x), i.e., the pdf of the service time, is

B*(s) := /00 e **dB(x) = /Oo e **b(x)dx.

=0 =0
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LT
The Laplace transform (LT) of B(x), i.e., the cdf of the service time, is

B(s) := / - e *B(x)dx.

Integrating B(s) by parts shows that B*(s) = sB(s),s > 0.
In (3.34), the basic Volterra integral equation for f(x), x > 0, we multiply
both sides by ¢ ~** and integrate with respect to x over (0, 00), giving

Flo) = F*(s) = Py = [Z) ™ f(x)dx

= APy [Zoe ™ B(x)dx + X [2 e fyx:o B(x —y) f(y)dydx.
(3.67)
In the double integral, express e **as e~ . e =S¥ ~Y) and interchange the
order of integration, giving

f(s) = APy [ e ¥ B(x)dx

- , — (3.68)
A [0 e ™V F () [, eI B(x — y)dxdy
Simplifying yields the well-known formula

~ SP()

I = = B o)
- SUZAEG) _ 1mr o 3.69)
- — (1 — B* - 1—B*(s ’ ’ '

STM=B6)  p_p (h)

(see p. 237 in [84]). Substituting p := AE(S) and expanding f(s)asa geo-
metric series gives

P S 1 - B* )\
f)y=a p);p (—SE(S) ) . (3.70)

3.4.5 Series for PDF of W, by Inverting f (s)

Let s denote the limiting excess service time having pdf g(x), x > 0. Gen-
erally g(x) = B(x)/E(S), x € (0, 0c0) N (domain of S). (See, e.g., p. 193 in
[99]; p. 453 in [125]; p. 317 in [143]; and others.) (In Chap. 10 below we use
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LC to derive an analytical expression for g(x), which is denoted as f, (x)
therein.) Then

- 1 oo —5X _ 1 l_ oo —5X

g(s) = E(S) xzoe (1 — B(x))dx = E(S) (S /xzoe B(x)dx)
1 (1 B B*(s) 1= B*(s)
TE®) \s s ) TOSE®S)

which is raised to the power k in the series (3.70). Moreover, (§(s))k is the
LT of the kth self convolution of g(x), which we denote by g, (x), with
8, (x) = 1. Since the LT uniquely defines a function and conversely, we can
write (3.70) as the series

f@) =0=p) D g, @), x>0, (3.71)

k=0

which is known as the Benes series (see [8]). Due to its importance in queueing
theory we give several additional references for (3.71): pp. 200-201 in [104];
p- 236 in [84]; Example 7.24, p. 453 in [125]; pp. 169—170 in [99] ; Theorem
18, p. 37 in [118]; and also see [32, 65]; Sect.10.1.3 in Chap. 11 below.
Section 3.17 shows that (3.71) is a special case of a more general series
having a term by term level-crossing interpretation.

Probabilistic Interpretation of LT

Remark 3.12 Equations (3.67) and (3.69) can be interpreted as the proba-

bility that the waiting time in queue is less than an independent ‘catastrophe’

random variable, say Y = Exp;. That is, the wait in queue finishes before the
LS

catastrophe occurs with probability F*(s). This probabilistic interpretation
is useful for deriving Laplace transforms of random variables associated with
stochastic models (see, e.g., Sect.7.2, p. 2671ff in [104]; Sect.3 in [41]; and
also see [92, 126]; many major papers supervised by M. Hlynka, University
of Windsor).

3.4.6 Another Look at System Time

Here we use the notation of Sect. 3.3.2. For an arbitrary arrival, ¢ > x iff the
arrival waits in queue y < x and its service time exceeds x — y, or, the arrival
waits in queue > x. Thus
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1—F,(x)=P(oc > x)

X

_ PyB(x) + / Blx — ) f()dy + 1 — F(x)

y=0
= @ +1— F(x), (3.72)
implying
J(x) = AF(x) — AF5(x),

which is the same as (3.61). If f(x) is known, then F'(x) can be computed.
Then F,(x) and F/(x) = f,(x) can be obtained.

3.4.7 Connecting PDFs of System and Waiting Times

We now give a new LC-derived equation connecting f,(x) directly with
f(x). Consider a sample path of the virtual wait and fix level x > 0. We view
the SP jumps at arrival instants from the ends of the jumps (rather than from
the starts of the jumps). The level of the end of a jump represents the system
time of the corresponding arrival.

The downcrossing rate of level x is given by

0
A / e A0 o (y)dy,
y=x

since A f-(y)dy is the rate of SP jumps that end within a “dy” neighborhood
about level y > x, and e~ is the probability that the next customer
arrives more than y — x later. Thus the time interval of duration y — x is
devoid of new arrivals and associated SP jumps. The SP descends with slope
—1 to level x, making a left-continuous downcrossing of x. (In this scenario,
the jumps that end ‘at’ y may start either below x or in state-space interval
(x, y). The end level y is the system time of the associated arrival.)

By Theorem 1.1, another expression for the SP downcrossing rate of x is
f(x) (also equal to upcrossing rate of x). Hence we have the equation

fx) =\ / ” e 070 £ (v)dy. (3.73)
y=x

Multiplying both sides of (3.73) by e~ and differentiating with respect
to x yields

fol0) = Fx) — % x>0, (3.74)
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wherever f’(x) exists. Thus, if f(x) is known, f,(x) can be found directly
using (3.74).

Example 3.5 In My/M,/1, f(x) = APpe™“" VX, x > 0 (see (3.112) and
(3.117) in Sect. 3.5.2). Substituting f(x) into (3.74) yields
fo(x)=(u—N) e~ W=Nx v 5,

(3.75)
Fy(x) = f;:() Jo(y)dy =1— e—(,u,—)\)x’x >0

Example 3.6 In M/Erl, /1, the continuous part of the pdf of wait is
f(x) =a1" +axe™, x > 0;

thus ryx X
aijrie + arre
fo(x) = are™ 4+ ae™ — 3 ,x >0,

where a;, r;, i = 1, 2 are given in Example 3.2, Sect. 3.3.

3.4.8 Number in System Probability Distribution

We obtain the steady-state probability distribution of the number in the system
in two ways: by conditioning on W, or conditioning on o. Let P,,n =
0, 1, ..., denote the probability of n customers in the system at an arbitrary
time point (P, := proportion of time »n are in the system). Let a,, d,, n =
0, 1, ..., denote the steady-state probability of  in the system just before an
arrival, and just after a departure, respectively (a,, := proportion of arrivals
that “see” n; d,, := proportion of departures that leave n).

For the M/G/1 queue it is well known that P, = a,, due to Poisson arrivals,
and generally a, = d, (e.g., pp. 501-502 in [125]; see also in [145]).

Conditioning on W, we obtain

o0
P, = / P(n — 1 arrivals during y|W, = y) f(y)dy
y

=0
00 Av) 1

:/ O —A>E Y) Oy =12, (3.76)
y=

Iﬂ;quatior.l (3.76) is consistent with Py + f yoi() f (n)dy = l.since.the propor-
tion of time the system presents a positive wait to a potential arrival is
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Alternatively, conditioning on o,

o0
P, = / P (n arrivals during y|o = y) f,(y)dy
y=0

:/ 0 e (Ay)n fody.n =0, 1, (3.77)
y:

which is also consistent with Py + f yoi() f(y)dy = 1 since

2 P / ‘”(Z(ny)) fo(y)dy—/ foy)dy = 1.
n=0 n=0 ’

If £(-), f5(-) are known for a particular M/G/1 model, either Eq. (3.76) or
(3.77) can be applied to yield { P, },—¢ ... Note that both a,, and d,, are also
given by (3.76) or (3.77).

Interestingly

Py = / 0y = o0 (3.78)
.

the Laplace transform of f,(-). Using the probabilistic interpretation of the
LT, formula (3.78) says that Pp = P(0 < Y) where Y is a an independent
exponentially distributed “catastrophe” variable having rate \ (see Remark
3.12 in Sect.3.4.4).

3.4.9 Renewal Reward Theorem: Statement

We state here the renewal reward theorem for easy reference, due to inter-
mittent use in the sequel. The theorem applies generally to regenerative
processes, although we state it here with respect to busy cycles in the stan-
dard M/G/1 queue. This brief section is based on the references in the Proof
section immediately after Eq. (3.79) below.

Theorem Let R, denote the amount of ‘reward’ earned during the busy cycle
Cy,where {R,},_; » . areii.d.random variables. Assume E(|R;|) < oo, and
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let R(t) denote the fotal reward earned during the time interval (0, 1), ¢ > 0.
Then {R(1)},> is called the renewal reward process. The key result is

E(Ry) . R@® . -
= lim —— with probability 1. (3.79)
E(C) t—oo t

Proof Proofs of (3.79), and related material, are given in the following
references: p. 41ff in [143]; p. 4394f in [125]; Proposition 3.4.1, p. 192
in [122]. |

3.4.10 Expected Busy Period in M/G/1

Let B denote a busy period, Z an idle period, and C a busy cycle. Then C =
B + 1. The sequence {C,},,— »..., where C, = C, forms a renewal process.

LS
Consider a sample path of the virtual wait {W (¢)},~o. {W(¢)},~¢ is a regen-
erative process with respect to {Cy,},,— 2, .. (For discussions on regenerative
processes see, e.g., p. 4471f in [125]; p. 215ff in [122]; also see [132, 134],
and others.)

Expected Busy Period
We now look at several ways to derive E(13), for perspective.

{1} An expression for the (long-run) expected proportion of time that the
sample path is in the state-space interval (0, 00) is 1 — Py = p := AE(S). A
different expression for the same proportion of time is

i U (0)E(DB) U (0)

li = lim
t—00 t t—oo f

E(B) = APyE(DB),

since each exit of level 0 above (upcrossing of 0) initiates an independent
busy period; moreover lim;_, oo U (0)/t = A Py. Equating these two different
expressions gives

APYE(B) = ME(S),
E(S)

EB) = O (3.80)

{2} From the elementary renewal theorem (see, e.g., Proposition 7.1, p. 428
and Theorem 7.1, p. 432 in [125]), and LC theory,

1 1

© downcrossing rate of level 0 f(0) APy

(3.81)
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In the renewal reward theorem let R, = B,, where B, is the busy period
embedded in C,, B, = B, n=1,2,.... Then E(R;) = E (B). Equation
LS

(3.79) gives

E(B) . E(B) .. amount of time server is busy during (0, 7)
EQ ~ & a0 p
= proportion of time workload is in (0, 00) = p = AE(S).
AE(S E(S
B = 225 O
APy Py

which agrees with (3.80).
{3} Since C=B +Z,

1 1 1-—P E(S
FB)=E©-E@ ==t =50

{4} Intuitively E(B) is the (1 — Py)-th proportion of E (C), i.e.,

1— Py ME(S) _ E(S).

EB)= (- Py) EC) = NP, NP, Py

this is really a version of the renewal-reward-theorem method.

The appearance of Py in the denominator of (3.80) follows from the
renewal reward theorem, or from f(0) = APy in Theorem 1.1, Corollary
1.1. The expression

1- P
E(B) = 3.82
(B) NPy (3.82)
appears to be more fundamental than the expression E (B) = % since

in some well-known variants of the standard M/G/1 queue, Py # 1 — AE(S)
(e.g., if the workload has a positive barrier (see [25]; also Sects.3.9 and 3.13
below).

{5} Busy periods and idle periods form an alternating renewal process. Hence

b E(T) 1

"TEB+ED  EB +1L )

the last equality implies (3.82). This derivation also assumes the renewal
reward theorem, so is similar to derivation {2}. However, it does not directly
“explain” the appearance of Py in the denominator; derivation {2} does pro-
vide the explanation.
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Remark 3.13 Formula (3.82) shows immediately that
EB) <o0iff 0 < Py <1,

and equivalently
E(B) = oo iff Py = 0.

The stability condition for the standard M/G/1 queue is Py > O (same as
AE(S) < 1). The queue is stable iff state {0} is positive recurrent iff B is
finite (a.s.)

Remark 3.14 Formula E(B) = lf_(g)‘) is even more fundamental than

E(B) = %, since in some M/G/1 variants f(0) # APy. For example
f(0) = APyB(K) in a workload-barrier M/G/1 queue with finite barrier
K > 0, where a customer balks if its service time would cause the work-

load to overshoot the barrier (variant 2 of Sect.3.16.3); in that case E(B) =
1-P,
)\POB((}()‘

3.4.11 Egquation for f(x) via Renewal Reward Theorem

Consider {W (t)};~¢. Let { Py, f(x)},~ be the limiting pdf of wait in M/G/1.
We have f(x) = lim;_, o, D;(x)/t by Theorem 1.1. We now apply the renewal
reward theorem to derive the right hand side of Eq. (1.8), as a check on
the upcrossing-rate interpretation in Theorem 1.1, and because the renewal
reward theorem is useful for analyzing many complex models as well (see
references following Eq. (3.79)). Let C := an M/G/1 busy cycle, and A¢ :=
number of arrivals during C (same as number of SP jumps of the embedded
busy period 53). Denote the customers served in B as {C;};—;
1 if customer-i’s service jump upcrosses level x, i =1, ..., Ac,
Ui(x) = { 0 otherwise.
Assume we do not know the order of arrival of the C;’s. Conditioning on the
starting levels of the SP jumps, we have

PUx)=1)= P >x|W;=0)P(W; =0)

X
—I—/ PSS >x—y|Wi=ydy,i=1,...,Ac.
y=0

where the events {W; =0} and {W; = y},.( are mutually exclusive and
exhaustive. Thus
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X

PM@%iDZEM%+/Ogu—wﬂw@JZLuwAa
y=|

EU;(x) = B(x) P +/ OE(x —WfWdy,i=1,..., Ac.
y:

Since E(A¢) = 1/ Py (see 3.4.14 below), The number of upcrossings of x
during Ag is,

Ac
Ue(x) =D Us(x), x > 0,
i=1
EUc(x)) = E(Ac) E(U; (x)

1 (- =
== (B(x)Po +/ B(x — y)f(y)dy)
0 y=0

_ 1 x
:mm+7/)Bu—Wﬂw@.
y

O =0

Finally the renewal reward theorem implies

U EQUe) _ B() + 35 [y B(x = y) f(»)dy
" T TR0 T 1/(APo)

X

= APyB(x) + A/ 0F(x — ) f(dy;
y=

rate balance across level x, viz., lim;— oo D;(x)/t = limU;(x)/¢, yields
Eq. (1.8).

3.4.12 Busy Period Structure in Standard M/G/1

The M/G/1 busy period B can be partitioned into a set of sub-busy periods,
different from a classical partition (see pp. 206-211 and p. 220ffin [104]; also
[140]). Direct observation of a sample path of {W (¢)},~ in Fig. 3.6, leads to
a partition of B which preserves the scale with respect to the time axis ‘¢ —’
and the ordinates W (¢) throughout B. Suppose a customer arrives at 7, and
W(t,) =y > 0; the SP then has coordinates (¢, , y). The SP immediately
jumps an amount = S, ending at (14, y + ). Let

ty = min{t > 14|W(1) = y}.
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W(t)
| ’\,N h’\ !\,\
2
| B,
0L '
:tl TZ T} .4 15 T(v 17
'T,* T, ‘!L'w
——— B = Busy Period ———
Time —>

Fig. 3.6 Busy period B = S+ SN B ZS’ B i =1,..., Ng. Ns = number of
“tagged” (pseudo) arnvals in B. Here Ng = 3 NS = number of arrivals during S.

Tagged arrival times are 7" = 7, 75 = 74, 7} = Te. Tagged arrivals 1, 4, 6 during B
initiate sub-busy periods By, B;, B3

The interval (74, #y) having length ¢, — 4 is a busy period B if y = 0;
(tA, t)) is a sub-busy perlod = B if y > 0. The time interval t, —t4 is

independent of y, since the 1n1t1a1 SP jump at 4 is = S. We utilize this

partition of 13 to study its structure. (The foregoing definition of busy period
is equivalent to the usual definition made for y = 0O only, e.g., [140]; see also
p.10 and p. 102 in [84].)

Consider B within whichn > 1 customers arrive. Denote their arrival times

within B by 71 < ™ < - -+ < 7, implying that 71 occurs within the initial
service time S. Then W(7;7) > 0,i = 1,2, .... Define 7 = 71 and T}k =
min{z > ’7' JI0<W(@) < W(T _ D} Jj =2,...,n. Due to the memoryless

property of the inter-arrival times and since %W(t) =—1(W() > 0), the
ordinates {W(T;i)} j=1,..,.n are distributed the same as n customer arrival
times during the first service time S of 3. We call the customers that arrive
at {Tj}jzlw’n “tagged” or “pseudo’ arrivals with respect to the initial S of
B (see Fig.3.6).

Let Ng denote the number of ragged arrivals during B. Then Ng
is distributed as the number of arrivals to the system during the service
time S. Tagged arrivals initiate their own sub-busy periods starting at
{(T”_*, W(T”_*))}nzl,...,Ns similar to By, B, B3 depicted in Fig. 3.6 (where
T =TI, Ty = T4, 73 = 7). The tagged arrivals during B are customers 1, 4
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and 6, which initiate Bj, B, B3, respectively. Note that (7, %,
W (T, *))n=1,... Ng are strict descending ladder points [74] within /3. Then

Ns
B=S+> B, (3.83)

where {B,};=12,... are i.i.d. sub-busy periods d; B, and independent of Ng.
LS

Equation (3.83) is known, and is usually derived by different, but equivalent,
reasoning (see Example 5.27, pp. 347-349 in Ross [125]). From (3.83), we
obtain

EB)=E(S)+ E(Ns)E(B) = E(S)+ \E(S)E(B) (3.84)

which gives E(B) as in (3.80).
Also, we can obtain (3.80) by recursively substituting for B; in (3.83).
This gives an infinite series of terms

Ns Ng Ns Ns Ng
B=S
= +ZS W IDILIEDIDID I IS
i=1 j=1 i=1 j=1k=1
where S;, S; ;. Si j ks - .,aredz_ S. Assuming 0 < AE(S) < 1, {Py, f(x)},~0
LS

exists and B < oo (a.s.). Then

E(B) = E(S)+ >(E(S))> + >*(E(S))* +
= E(S) - 14+>ES)+(CES)> +--+)
_E(©®)
1= ME(S)

If AE(S) > 1 it is possible for the busy period to be infinite. Then its mean
and variance do not exist.

We compute the known formula for the variance of B assuming it exists
from (3.83) and the definition Var(B) = E(B%) — (E(B))?,for complete-
ness; we intend to use the result for E (%) when discussing M/G/1 priority
queues in Sect. 3.14 (see p. 349 in [125]).

To compute E (3%), we first obtain a formula for B2 from (3.83) as

2

Ng Ng
B2 = §2 +ZSZB,- + ZB,-
i=1 i=1
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Conditioning on § = s, gives the conditional expected value
NY N‘ 2
EB%|S =s) =5+ 2sE(ZBi) +E (Z Bi) .
i=1 i=1

In the second term on the right Zf\i | Bi is a compound Poisson process with
rate A (see p. 346 in [125]). Thus

NV
E (Z Bi) = MsE(B).
i=1

The third term on the right is

Ny 2 Ny Ny
E (ZB,-) =E(D B+ > BiB;
i=1 i=1 i#j=1
= AsE(B?) + E(Ny(N; — 1)B:B;)
— AsE(B%) + E(N,(Ns — 1))(E(B))>

= MEB>) 4+ (\s)>(E(B))>.

since - A
EN N, — 1y = > M DET A 2
n=2 '
Thus

E(B%|S = s) = s> + 2As?E(B) + A\sE(B%) + (\s)*(E(B))>.

Unconditioning with respect to the service time distribution, substituting from
(3.80) and simplifying yields

oy _ EGHUA+AE®B)®  E(S ES?)
E(BY = 1 — M\E(S) (1= XES)?  (1—p)3° (3.85)
where p := AE(S).
Since Var(B) = E(B%) — (E(B))?, from (3.80) and (3.85)
3 3
Var(B) = Var(S) + ME(S))”  Var(S)+ Ap ‘ (3.86)

(1-XE(S)? P
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3.4.13 Probability Distribution of the Busy Period

Starting from formula (3.83) above, we can proceed as on pp. 211-226 in
[104] to derive Fg(y), y > 0 := the cdf of B. Formula (5.169) on p. 226 in
[104] gives an explicit expression for F(y), y > 0 as

Y a9
Fp(y) = / Oze*“Tb(n)(s)ds, y >0, (3.87)
s=0,_ .

where b, (s) := the n-fold self convolution of b(s). The paragraph following
(5.169) therein observes that the “study of the busy period has really been the
study of a transient phenomenon”, which makes it more complicated than
the analysis of a phenomenon in steady state.

3.4.14 Expected Number Served in Busy Period

Let N :=the number of customers served in a busy period. Let A¢ :=number
of arrivals in a busy cycle. Then Ny = Ac. Let A(¢) denote the number of
arrivals to the system during time interval (0, 7). We get E(Ng) by applying
the renewal reward theorem; thus

EWNg) _ E(A0) _ . AW

EC) ~ EQ) o 1 A
1 1
E(Ng) = AEC) = A= (3.88)

(See Exercise 17, p. 233 in [64].)

Another View for £ (Ng) using Nz as a Stopping Time

Let S;, T; denote the ith service and inter-arrival times during 3, respectively,
i=1,2,....Then Ng = min{n| Z?Zl(Si — T;) < 0}1is a stopping time for
the sequence {(S; — T;)},=1.2,... (see, e.g., Exercise 13, p. 486, and pp. 678—
679 in Ross [125]). Since T; Exp ), the excess inter-arrival time at the

end of B is also distributed as Exp » due to the memoryless property. Hence
Zi:l (S; — T;) ends a distance below 0, which is = Exp,, implying
LS

Np

E(D(S5i—T)| = —i.

i=1
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Applying Wald’s equation (aka Wald’s identity; see, e.g., p. 47ff in [122])
gives

1
E(Np) (E(S) - X) =-% (3.89)

1 1

ENe =135 = R

(3.90)

We may also write Ng = min{n| >}, S; < >7_; T;}. In this form it is
seen that N is a stopping time for both sequences {S;}; =12, and {T;};=12, ...
That is, we observe the r.v.s in the order Sy, 71, S», T3, ... and stop at n in both
sequences when the stopping criterion (>, S; < >/, T;) is first satisfied.
Thus the event { Nz = n} is independent of S,,+1, 7,41, . . .. Moreover, since
B = ZlN:Bl S; where S; = S, from (3.80) we have

E(S)

E(B) = E(NR)E(S) = ToAEG)’

which yields (3.90). (Interestingly, E(S) x E(Ng) is an intuitive way of
thinking about E(B).)

Note that C = vafl T; (one interarrival time precedes each arrival in a
busy cycle). From E(C) = 1/ (APy) we have

1 1
EC) = Vi E(NB)E(T) = (E(NB)) % (3.9

which also gives (3.90).

We may write
Ns

Ng=1+ > Np

i=1
where Np, dz_ Np, and Ng = number of arrivals in the first service time of
)

B (see Fig.3.6; one sub-busy period for each arrival during the first service
time). Then

E(Ng) =1+ E(Ns)E(N) =1+ AE(S)E(Np),

again leading to (3.90).

In (3.90) if Py 5 1 (close to 1) corresponding to a very low traffic intensity
p, then E(Np) Z 1 (close to 1) meaning most customers in service are alone
in the system.
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The role of LC in this section, is that the downcrossing rate of level O (SP
hit rate of 0 from above) is f(0), which implies E(C) = ﬁ = /\LPO. Also,
applying the stopping-time definition of a busy cycle just preceding (3.89),

leads to (3.90).

3.4.15 Inter-Downcrossing Time of a State-Space Level

Consider a sample path of {W(#)},>o (Fig.3.7). Let dy denote the time
between two successive downcrossings of level x > 0. Starting at the instant
of the first downcrossing of state-space level x, d; is an interval of a renewal
process {D;(x)};>0 due to exponential inter-arrival times. The renewal rate
is limy, oo 20 = lim, , o 2 = () (see Corollary 3.2 in Sect. 3.2.5
above; Theorem 7.1, p. 432 in Ross [125]). Thus,

E(d,) = >0 (3.92)

! x
f) T

where f(x) is the solution of (3.34) and (3.36).
Since dy =C :=busy cycle, dy = B + Z (B :=busy period; Z :=idle period).
Letting x | 0in (3.92) gives
1

E(dy) = —— = E(B) + E(D).
(do) 70) (B) + E(I)

Thus, using method {3} in Sect.3.4.10 we get E(B) in (3.80).

3.4.16 Sojourn Below a Level of {W (t)};>¢

Let b, denote a sojourn time below, or at, level x > 0 (Fig.3.7). Assuming
the queue is stable (p < 1), the proportion of time a sample path spends at or
below x, is limy—, o E(D;(x))/t - E(by) = f(x)E(by), and is also equal to
the limiting cdf F(x). Hence

F(x)
fx)

(see Remark 3.15 below). Letting x | 0, reduces (3.93) to the expected idle
period

E(bx) =

(3.93)
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F (0) Po 1

Etbo) = FO) APy N
Also, from (3.93)
i InF(x) = ——,
dx E(by)

which leads to expressions for the cdf F(x) and pdf f(x) (= F’ (x)) of wait
in terms of E(by),0 <y < x,

F(x) = Poe[ =0 E(”>> ,x >0, (3.94)
P f =0F by
@) = g5 L= 0. (3.95)

3.4.17 Sojourn Above a Level of (W (t)};>¢

Let a, denote a sojourn time above level x > 0 (Fig.3.7). Then ag = B. By
Theorem 1.1 in Sect. 1.6 the down- and upcrossing rates of level x are both
equal to f(x),x > 0. The proportion of time that a sample path spends above
x is limy oo (Us (x) - E(ax)) /1 = 1imy—oo Us(x)/1) - E(ayx) = f(x)E(ax),
and is also equal to 1 — F(x). Therefore

1 —F(x)

E(ay) = W,x > 0. (3.96)

W(r) Busy Period Idle Period
i i

e S
lab-bd o, —b— a0 —— b, —da]

W(O()) \ w PSP

Time r —>

Fig. 3.7 Sample path of {W(#)},5, in M/G/1. Shows inter-downcrossing time d.,
sojourns a, and b,, busy and idle periods
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Letting x | 0, in (3.96) gives E(ap) = (1 — Py) / (APy) = E(B).

Remark 3.15 Formula (3.96) can also be proved using the renewal reward

theorem (Sect. 3.4.9), since {D;(x)},>o is a renewal process (starting from

the first downcrossing of level x) since interarrival times are = Exp) having
LS

the memoryless property. Thus

E(ay) . time spent above xduring(0, ¢)
= lim = 1- F(x),
E(dy) t—00 t a.s.

1 — F(x)
fe)

We can derive formula (3.93) for E (b, ) similarly.

E(ax) = E(dy) - (1 = F(x)) =

Proposition 3.3 below shows that if E(ay) = E(B), x >0, then the
absolutely continuous partof { Py, f(x)},.(hasanexponential form. Assume
p:=AE(S) < 1.

Proposition 3.3 If E(a,) = E(B) for all x > 0, then the steady-state cdf of
waitis F(x) =1— pe E® and {Py, f(x)},- is given by

Po=1—p, f(x)=A\Pye FEB, x>0,
Proof If E(a,) = E(B), x > 0, then from (3.96)

fx) 1 .
1-F(kx) EMB’

a0l — Fx)) = ——
dx " N="F5 "

> 0, (3.97)

> 0.

Formula (3.97) is the hazard rate (failure rate) of the pdf of wait at x. (See
Sect.3.4.18 below.) Integration with respect to x yields

1— F(x) = Ae EB , x > 0,
where A is a constant. Letting x | 0 gives

A=1-FO0)=1-Py=p;

X 3.98
Fx)=1—pe EB® x>0. ( )

Differentiation of F'(x) in (3.98) with respect to x > 0 gives
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1 _ o x 1 _x _x
fx) = %pe EB) = WAE(S) e EB) = \Pye EB  x > 0.
Py

(3.99)
|

Remark 3.16 The standard M)\/M,/1 queue satisfies the hypothesis of
Proposition 3.3 because S = Exp,,. All jumps that upcross level x have
LS

excess above x = Exp,, by the memoryless property, implying ay = B,
LS LS
x > 0 (see Sect.3.5.6).

3.4.18 Hazard Rate of PDF of Waiting Time

The term hazard rate, also called failure rate, is usually defined for positive
continuous random variables in renewal theory, and failure time of compo-
nents in reliability models (see, e.g., pp. 1-7 in [66]). In this monograph,
we apply the ‘hazard rate’ to the pdf at x of waiting time (and other state
variables, e.g., pdf at x of content of a dam in Sect. 6.2.12 in Chap. 6, etc.). In
M/G/1 we may think of sojourn a, as a ‘lifetime’ spent above level x. Thus,
¢(x)E(ay) =1, where ¢(x) := f(x)/ (1 — F(x)), the hazard rate at x. Then
E(a,) (E(lifetime above x)) varies inversely with ¢(x). This idea fits the
notion of failure rate in reliability models. Let X := lifetime of a component
(also called failure time). The failure rate at lifetime x is the conditional pdf
of lifetime given the lifetime exceeds x. Following pp. 1-4 in [66],

6(x) = lim Px <X <x+ Ax|X > x)
Ax]0 Ax
Px <X <x+4 Ax)
= lim
Ax}0 AxP(X > x)
. F(x+ Ax)— F(x) 1
= lim
Ax}0 Ax (1= F(x)
_
(I - F(x)’

For the pdf of waiting time, the dimension of ¢(x) is the same as that of f(x),
viz., 1/ [Time]. In other stochastic models the dimension of ¢(x) is the same
as that of the pdf of the state variable.
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3.4.19 Sojourn Above a Level and Distribution of Wait

Proposition 3.4 below relates E(ay), y € (0, x), to F(x) and f(x), x > 0.
In general E(ay) varies with y > 0. (However, in M/M/1 E(ay,) = E(B),
y>0.)

Proposition 3.4 For the M/G/1 queue in equilibrium (p < 1),

F)=1—p-¢ b=m® v 5, (3.100)
Fa) = L b mm® g, (3.101)

Proof Consider a sample path of {W (#)},>(. The pdf f (x) is the SP upcross-
ing (and downcrossing) rate of level x. Hence the long-run proportion of time
{W(#)},>0 spends above level x is

F)E(ay) =1— F(x).

Thus
fo 1

1—F(x)  E(a)’
The term f(x)/ (1 — F(x)) is the hazard rate of the waiting time at level x
(see Sect.3.4.18 above). From (3.102)

x> 0. (3.102)

d 1
—In(1 - F =—— x>
7 (x)) Ea) >
Integrating with respect to x gives
)X 0 E(a})

1—F(x)=A :
where A is a constant. Letting x | 0, gives
A=1-FO0H=1-FO0)=1—-Py=p.
Hence we obtain (3.100); (3.101) follows by taking d F'(x)/dx in (3.100). B

Equivalence of Formulas for F (x) in Terms of E(b,) and E(ay,)
We now check that the right sides of (3.100) and (3.94) are both equal to
F(x), x > 0, and therefore to each other. Thus
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X y X F(x)
P()e‘/i"':O % = Poef}‘zodln F(y) = Poeln(F(O))
F(x)
OF0)

=F(x),x >0,

and

1 — pe hoo 575 = [ — pehodm=FO)

e (FF) (L2
=1=pe =1=r\T=F0

=1—p(#) = F(x),x >0,

proving the equivalence of the two formulas.

3.4.20 Computing F (x) via E(ay)

Suppose we do not have an explicit formula for F (x) in a particular M/G/1
model. We can compute E (ay ) (reciprocal of hazard rate) either analytically
or using simulation, and apply formula (3.100) to obtain an analytical formula
for F(x), or an estimate of F(x).

Analytical We can get analytic expressions for E(ay) in some models. We
know E(ay) = B in M/M/1. In general, however, E(a,) may be difficult
to compute analytically. Example 3.7 below computes E(a,) analytically
in an M)\/Erl, ,/1 queue. (Erlg, , := Erlang random variable; see Gamma
distribution in Table 2.2, p. 66 in [125].)

Example 3.7 In M/Erl; /1 with arrival rate A\, E(S) =2/pand p = X - % <

1, consider a sample path of {W ()}, (see also Example 3.2 in Sect.3.3). S

= Erly ,, is the sum of two i.i.d. Exp, random variables; we call these phase
A

1 and phase 2 respectively. Either ay = B for the standard M,/Erl; ,/1

LS
queue, Or dy d; B for the M)/Erl /1 queue where zero-wait customers
LS
have S = Exp,, (i.e., special (exceptional) service for ‘zero-wait’ arrivals),
LS

depending on the initial service-time phase that covers x. That is, ay’s initial

SP upcrossing of x covers x either during phase 1 or during phase 2 of the

Erlp , service time. If phase 1 covers x, then the excess jump above x =

LS

Erly ,,, due to the memoryless property of Exp,,. If phase 2 covers x, then the

excess jump above x = Exp,,. If phase 1 covers x, applying (3.82) we get
LS
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E(B) = ﬁ If phase 2 covers x then the initial § = Exp,,; this results
dis
in an M)/Erl, ,/ 1 with E(ay) = E(B) = 2)\, because a, = B in which

zero-wait customers receive “special” service Expu different from the rest of
the service times which are Erl; ;s (see Sect.3.6.1 below). Thus,

2 1
E(ay) = p1(x) (M_ 2/\) + p2(x) (M—Z/\)’

where p;(x) = P (phase i of an SP jump covers x|SP upcrosses x),i = 1, 2.
From (3.100)

X
1
F(x)=1—-pexp —/ 5 dy
y=0 pi(y) (m) + p2(y) (u—zA)
(3.103)
In Example (3.2), Eq.(3.41) for M), /Erl, ,/1 yields
M Poe 4 [y e HY) f(y)dy
pl(X) = ( - ](C)(x) )
Poe "+ [0 e ) f(y)dy
= Poe wE(px)+ [ e w N (A+pu(x—=y)) f (»)dy, x>0’ (3.104)
Pe—lx HXE=Y) (x— d
pa(x) = e px+[T_g e~ wx—=y) f(»)dy .

Poe ™ (1) + [[_ e M=) (1 pu(x—y)) f (v)dy, x>0’
where { Py, f(y)},= is specified in (3.42).

Example 3.8 InExample3.7, S = Erly ;, and E(B) = E(5)/ Py = #g/u) =
s

5 Then E(ax) = pi() (725 + P2 (7755) where pi(0) + pa(x)
= 1land pi(x) > 0, po(x) > 0. Thus E(ay) < % = E(B).

Alternatively, we could estimate pi(x), p2(x), x > 0, from a simulated
sample path of {W(¢)},>(. Then substitute the estimated values into (3.103)
to estimate F'(x), x > 0. This hybrid technique combines estimated values
from simulation and analytical results.

Simulation to Estimate E(a,)

To estimate E(ay), y € [0, x], simulate a single sample path of {W (z)}, 0 <
t < Tsim, where Ty;p, is “large”. We utilize {W (1) }o<;<7,,,, to estimate E(ay,)
where y; is a level of a state-space partition of [0, x]: 0 =yp < y; <--- <
yn, and choose the subintervals to be “small”, e.g., yj1+1 —y; =h >0, j =
0,..., N — 1 (depending on the required accuracy). Take N = |x/h] where
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La ] denotes the greatest integer < «. Suppose in the simulated sample path
there are M; sojourns above level y; during [0, T§;,,]; let their observed

values be ay;.1, ..., ay; M;- Assume Tj;,, is sufficiently large so that each
M; is “large” enough for the required accuracy. Then estimate E(ay,) using

M.
R 1M .
E(ayj) = Vzayj’i’] =0,1,...,N
7 i=0

We can estimate the value of f yx:o #ay)d y in (3.100) by

X N
h =
/ OE(ay) Z:E

J=

(We consider LC estimation in Chap.9.)

Intuitive Meaning of the Hazard Rate
Denote the hazard rate of wait at x by ¢(x). From (3.102), a plausible estimate
of ¢(x) is

Hx) = (3.105)

1
E\(ax)'
By definition
P(x <W; <x+dx)

P(W; > x)

p(x)dx = P(Wy € (x,x +dx)|W; > x) = ,
where W, is the teady-state queue wait (see, e.g., p. 299 in [125]). Formula
(3.102) suggests an intuitive meaning based on ¢(x) = 1/E(ay), i.e., ¢ (x)
is large iff E (ay) is small, and ¢(x) is small iff E(a,) is large. This suggests
studying connections between hazard rates of state random variables, and
their sample-path expected sojourn times with respect to state-space levels
in related stochastic models. (See Sect.3.4.18 for pertinent comments.)

3.4.21 Events During an Inter-downcrossing Time

Consider {W (¢)},>(. We derive formulas for £ (number of SP downcrossings
of an arbitrary level x > 0) during d,, y > 0, and E(number of customer
arrivals) during dy, y > 0; see Sect.3.4.15 and Fig.3.1. (See also Sect.3.5
below regarding the M/M/1 queue.)
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Consider a sample path of {W(7)},5¢ for an M/G/1 queue with p < 1.
Denote the steady-state pdf of wait by {Pp, f(x)},~¢. Fix level y > 0. Let
Dy, (x) denote the number of SP downcrossings of an arbitrary level x > 0
during a sample-path inter-downcrossing dy.

Proposition 3.5
f(x)
E(Dg4,(x)) = . (3.106)
’ f)
Proof Since {D;(y)},( is arenewal process starting at the first downcrossing
of y,
E(Dg, (x D
o) o D
E(s) 1o 1

by Theorem 1.1 and the renewal reward theorem. Also, E(z,) = 1/f(y) by
the elementary renewal theorem. Equation (3.106) follows. |

Observe that for arbitrary x, E (D, (x))/ E(ay) is invariant for all y > 0.

For example, if y = 0 then dy = C (busy cyclé), and E(Dy,(x))/E(dy) =

E(Dyy(x))/ (1/ (APo)) = f(x).
If y =0and x | 0then E(Dg,(0)) = E(D¢(0)) = 1. Thus

E(Day(0))/ (1/ (APo)) = 1/ (1/ (APo)) = APy = f(0),

which is compatible with Theorem 1.1.
Let A4, := number of customer arrivals during dy. Let A(7) := number of
customer arrivals during (0, #).

Proposition 3.6
A
E(Ag) = ——,y > 0. (3.107)
’ y
Proof
E(Aq) E(Aq) . A1)
= = lim — =
EG) 1/f) 1= 1

by Theorem 1.1 and the renewal reward theorem, resulting in (3.107). W

A,
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Letting y | 01in 3.106 gives

E(Ag) = E(A¢) = E(Np) = A = A —1
(do— (Ac) = (B—m—)\—[_,o—ﬁ),

which is an additional proof of Eq. (3.88).

3.4.22 Boundedness of PDF in Steady State

Why is it potentially useful to know that in the limiting pdf of wait
{Po, f(x)},~0, f(x) is bounded by a finite quantity? Suppose we want to
estimate f(x) in an analytically intractable M/G/1 model by means of sim-
ulation of a sample path. It would be helpful to know this fact when writing
a computer program for the simulation.

In the standard M/G/1 queue let the arrival rate be A, let S have cdf B(y),
y > 0, and p < 1. Assume B(-) is absolutely continuous.

Proposition 3.7
fx) <A x>0. (3.108)

Proof (1) In the integral equation for { Py, f(x)},- (1.8), repeated here for
convenience,

X

ﬂm=AmRm+A/OEu—vam%x>0
.

B(x) <1, x >0 (for any cdf H(-), 0 < H(x) <1, where H (x) is right-
continuous and monotone increasing). Thus

f(X)</\Po+/\/x
y

FO)dy = A (Po + / f(y)dy) ZAF() < Ax > 0.
y=0

(2) On the right side of the alternative form of the LC integral equation
(3.43) (repeated here)

X
ﬂm=AHm—A/OB@—yM@M%X>O
y:
the subtracted term is > 0. Thus

fx) < AF(x) < A\
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(3) Consider a sample path of {W(z)},>o. Let D;(x) and A(z) denote
the number of SP downcrossings of level x, and number of arrivals to the
system during (0, ¢), respectively. Examination of the sample path yields
Di(x) < A(),x >0, >0, (a.s.). Hence

D) _ AW

f(x) = lim <1 A,
t—00 t—oo t
since {A(t)} is a Poisson process with rate \. [ |

Example 3.9 In My/M,//1, f(x) = APje “ M x>0, Pp=1-p>0
(Sect.3.5.1). Both 0 < Py <1 and 0 < e~*“=Y* < 1, x > 0. Therefore
f(x) < APy, x > 0.

Inequality (3.108) also holds in: the workload-bounded M/G/1 queue
(Sect.3.16); the M/D/1 queue (Sect. 3.12); and others.

3.5 M/M/1 Queue

We now derive some steady-state results for the standard M/M/1 queue

with FCFS (first come first served) discipline. Some well-known results

are included to develop facility with LC and reinforce intuitive background.

Let A := arrival rate, service time S = Expy, B(x) =e M x>0, Bx) =
LS

1 —e M x>0, p:=XE(S) = \/p < 1.

3.5.1 Waiting Time PDF and CDF

Consider a sample path of {W()},>¢ (e.g., Fig.3.5). From the basic LC
integral equation (3.34), or Fig. 1.6 in Sect. 1.7, we get

X

f(x) = APpe ™™ + )\/ e MY £(y)dy, x > 0, (3.109)
y=0

where { Py, f(x)},-¢ is the steady-state pdf of wait.
Differentiating both sides of (3.109) with respect to x, yields the ordinary
differential equation

)+ @pw—Nfx)=0,x>0, (3.110)

with solution
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fx) = Ae” WM x> 0; (3.111)
the constant A is determined by letting x | O in both (3.109) and (3.111).
Thus A = £(07) = APy, giving
fx) = APge VY x > 0, (3.112)
where, for the standard M/G/1 (see e.g., Eq. (3.62))

A
Ph=1—-p=1-2. (3.113)
n

We may also compute Py by substituting (3.112) into the normalizing con-
dition,

Py +/ f(x)dx =1, (3.114)
x=0

which yields (3.113) directly.
From (3.112) the cdf of wait is

X

F(x) =P +/ A1 = p)e W= Vdy =1 — pe=W=N¥ x5 0.
y=0
(3.115)

3.5.2 System Time PDF and CDF

Let o denote the system time, f,(x) its pdf, F,(x) its cdf, x > 0 (see
Sect.3.3.2). Since 0 = W, + §, we obtain

P(oc > x) = P(S > x|W,—0) Py + fy’;o P(S>x—y|W, =y f)dy
+ P(W; > x)

= Pye M + \Py f;:o e—(u—/\)ye—u(x—y)dy + fyoix )\Poe_(“_’\)ydy

= _lfOA e~ =X — p=(u=Nx - (),
m

(3.116)
We can also obtain (3.116) using Eq. (3.61) (or equivalently Eq. (3.72)).
Thus o d=' Exp,—»,1e.,
LS

fox) = —=2N) e(“_’\)x,x >0

(3.117)
F,(x) =1—eH=N¥ x >0.
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Additionally, we can obtain f,(x) directly in terms of f(x) using (3.74),
thus getting (3.117) similarly as in Example 3.5 in Sect. 3.4.7.

3.5.3 Number in System Probability Distribution

Let N denote the number of units in the M/M/1 system at an arbitrary time

point in the steady state. Let P(N =n)=P,,n =0, 1, ... (see Sect.3.4.8).

We obtain the distribution of N by conditioning on W, or on o.
Conditioning on W,, substitute f(x) in (3.112) into (3.76), getting

—1
P, = /00 e_/\y—()\y)” APye~H=Ny gy,
y=0 (n—=D!

by n fe'e) n—1
= (_) / e gy = Pot =01,
0 y=0 (n—1)!

since the integrand e " (uy)" !/ (n — 1)! is the pdf of Erl, ,, (see formula
(3.38) in Example 3.2, Sect. 3.3).

The normalizing condition >_,° , P, = lyields Py > - p" = 1, whence
Py =1 — p, giving the well-known geometric distribution

Po=P(1—P)'=(1=pp',n=0,1,.... (3.118)

Conditioning on o, substitute f,(x) from (3.117)into (3.77) in Sect. 3.4.8,
getting

o )\ n
P, =/ e_)‘y—( y') (n— Ne =My gy
y=0 n:

:(i) (l_i)/“’ I

% ) Jy=0 n!

=11-= —) =0=pp",n=0,1,...,
2 w

because the integrand e =Y (11y)" 11/n! is the pdf of Erly 1,45 Py so derived
is consistent with (3.118).

E(number in system) The right tail probability is P(N >n) = p*,n =
0, .... Thus
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o 0.¢] )\
E(N):ZP(NZn)zzpnleppzm, (3.119)

which agrees with the M/G/1 result E(N) =L = A2 E(S ) 4 p in (3.65), since
E(S?) =2/u* when S = Exp,.
)

Remark 3.17 A classical way to derive P,, n =0, 1, ..., in M/M/1 is via
birth and death processes (e.g., pp. 49-55 in [84]; Sect.6.3, p. 374 and
Example 6.14, p. 395 in [125]; and others). Using the birth-death derived
values of P,, the pdf {Py, f(x)},~¢ of wait is then derived by condition-
ing on N. Here, we reason in the opposite direction: first derive the pdf
{Po, f(x)}y~0 or f5(x),x > 0, then condition on W, or on o to derive the
values of P,,n =1, 2, .... Similar remarks apply to other exponential mod-
els, like multiple server M/M/c queues (Chap.4).

3.5.4 Expected Busy Period

The M)/M,,/1 queue is an M/G/1 queue having E(S) = - Substltutlng -
into (3.80) in Sect. 3.4.10 gives the well-known result

E(B):E(S)z L .t (3.120)

Py M(l—%) w— A

3.5.5 CDF and PDF of Busy Period in M/M/1

Applying formula (3.87) in Sect. 3.4.13 we obtain, since the n-fold convo-
lution of b(y) (:= pe ") is by (y) = Erl, (). The cdf of B is
LS

0 —)\y AV) 1 ,—uy n— l
Fa(x) = / Z (y) e M (py) iy

(n—1)!
~— \2n—1
:/x e~ Aty o i( )\uy) dy
y=0 VALY - n!(n—1)!

X o0
— e~ Aty B | 0,
/ \/> nz; n!(n—1)! A
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which yields F(x) and pdf fz(x) of B as

X TR Ot
Fp(x) =/ 0 p/Ae /yyh(zv A“y)dy, (3.121)
y=
/ —(A+p)x
fatry = YHATTTTNCYND) (3.122)
X

where 11 (z) := modified Bessel function of the first kind of order 1 given by

o0

(z/2)*" D
L(z) = Z =D

n=1

(see, e.g., pp. 101-102 in Gross et al. [84]).

3.5.6 Geometric Derivation of CDF and PDF of Wait

Consider a sample path of {W (¢)},>( in M/M/1. Let 3 denote a busy period.
Given that the SP upcrosses level x, the sojourn above x is a, = B, inde-

LS
pendent of x > 0, due to the memoryless property of Exp,, (Fig. 3.8). (See
Proposition 3.4 in Sect. 3.4.19; also paragraph following “Key Question” in
Sect. 1.5.2.)
Substituting E (B) for E (ay) in formulas (3.100) and (3.101), and applying
(3.120) yields

w(t)
Sojourn time Like Like
above x distributed I I busy I I busy I
as busy period period period

AN
Levelx r
\\ e
0

Time t —»

Fig. 3.8 Sample path of {W (¢)},~o in My/M,/1 queue showing a, = B. SP excess
jumps above x are = Exp,, ‘


http://dx.doi.org/10.1007/978-3-319-50332-5_1
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F(x)=1—pe TB =1 — pe" =% x>0, (3.123)
F) =M1 = ple” BV = APpe” VY x> 0. (3.124)

The M/M/1 model satisfies Proposition 3.3 in Sect.3.4.17.

3.5.7 Inter-crossing Time of Level x

We now consider d,, by, ay, defined in Sects.3.4.15, 3.4.16 and 3.4.17,
respectively. We look at the time between SP successive upcrossings (inter-
upcrossing time), and E (number of SP crossings of a level) during a busy
cycle or during sojourns above or below an arbitrary level.

Inter-downcrossing Time of Level x
We have
dy = by +ay, E(dy) = E(by) + E(ay).
In M/M/1 the inter-arrival and service times are = Exp) and Exp,,, respec-
LS
tively. For fixed x > 0, successive triplets {dx ,, bx.n, dx.nln=12,.. form a
sequence of i.i.d. random variables (d d; dy, bx d:' by, ayx n d=_ dy).
LS LS s

Thus {dx?”}nzl 5 forms a renewal process and {by, , dx n}n—1,2,... forms an
alternating renewal process. As in Sects.3.4.15, 3.4.16 and 3.4.17,

1 F(x) 1 — F(x)
E(dy) = —, E(by) = ——, E(ay) = ———. 3.125
(@) =Fy B0 =Fay P =7 (G:129)
Sincea, = B

dis

E(ax) == 7-x ZOa (3126)

w—A
Eap=L% 1 59 (3.127)
SO NNTED S ‘

Letting x = 0 in (3.127) gives E(dp) = E(C) where C := busy cycle = dj.
Thus
F(0) 1 Po 1 1

EC: = = = s
=0 A" wm T ioA T xi=p ~am

(3.128)

which agrees with formula (3.81). We obtain E(d,) by substituting f(x)
from (3.124) into (3.127). Thus
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Fig. 3.9 Expected ;
inter-downcrossing (or 1001
inter-upcrossing) time of /
level x, E(d,) (or 801 f
E(u,)) in M/M/1: /
A=1.0,p=2.0, 3 &b /
p=05 < v
40 /
204
0 1 2 3 4
®
Ed,) = ———, x>0, 3.129
@) == 2 (3.129)

which increases exponentially with x (Fig.3.9).

Inter-upcrossing Time of a Level

Denote the inter-upcrossing time of level x by u,. Inspection of sample paths
of {W(t)},>( indicates that u, = d; due to the memoryless property of both
the inter-arrival and service times in M/M/1. Hence the plot of E (u,) versus
x is identical to that of E(dy) versus x in Fig.3.9.

3.5.8 Number of Crossings of a Level in a Busy Cycle

Denote the number of downcrossings of level x > 0 during dop(= C) by
Dyy(x)(= Dc(x)). Since Dy (x) is the number of downcrossings of x dur-
ing time interval (0, ¢), from the renewal reward theorem

E(DdO(X)) — 1im E(D;()C)) — f(X) — )\Poe—(u—)\)x’x > 0.

=1l
E (do) t— 00
Hence,

E(Dgyy(x)) = APoe~ =N L E(dy) = APye~ =¥ . %
(3.130)
= e_(,u‘_)\)x’ x > 0.
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Since A < 1, E(Dgy(x)) < 1. From (3.130), E(Dy,(x)) decreases exponen-
tially as x increases.

Let Uy, (x) := number of upcrossings of level x during dy. Since Dy, (x) =
Ugy(x), x > 0, formula (3.130) gives

E(Dyy(0)) = EUqy(0)) = lii% PR (3.131)

Equation (3.131) is intuitive, since during C the SP hits level 0 from above
exactly once, and egresses from level 0 above (upcrosses 0) exactly once.
The SP hit occurs at the end of the embedded B. The SP egress occurs at the
start of the embedded B.

3.5.9 Downcrossings at Different Levels

From formula (3.106) in Sect. 3.4.21 for the M/G/1 queue, E (number of SP
downcrossings of x) during an inter-downcrossing time dy, is given by

f(x)
E(Dy, (1) = =2, x = 0, (3.132)
F»
which implies in M/M/1
E(Dy(y)(x)) = e WV x>0, y >0, (3.133)

since f(x) = APye~ =¥ x > 0. From (3.133)

< lifx >y,
E(Dg,(x)) 1 =lifx =y, (3.134)

> lifx < y.

In (3.134) E(Dy, (x)) = e~ W=NE=X) — 1 ¥ >0, in agreement with intu-
ition, upon examining a sample path of {W (1)},>.
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Proposition 3.8 For arbitrary state-space levels x, y, y1, y2, ..., ¥n

E(Dy,(x)) = E(Da,(y1)) - E(Da,, (32)) - E(Da,_ () - E(Dy, (1))

(3.135)
Proof From (3.132) we obtain
EDy (o)) = 28 SO0 SO SO) S
’ F»  fe») fon fOu=1) fOn)
which is equivalent to (3.135). [ |

Remark 3.18 The resultsin (3.132) and (3.135) hold for the standard M/G/1
queue, since the proofs depend only on having a Poisson arrival process. In
order to apply these formulas to a specific M/G/1 model, we must have a
formula for f(x). The pdf f(x) is known analytically in many M/G/1 models,
e.g., M/D/1, M/Erl; /1 and variants; otherwise f(x) can be approximated
or estimated by numerical or simulation methods.

3.5.10 Number Served in a Busy Period

Equation (3.88) in Sect.3.4.14 yields

1 1
E(Ng) = — = ——. 3.136
(NB) B 1=, (3.136)
It follows that the number served in a k-busy period, starting with k customers
in the system at time 0, is equal to k/ Py (see Exercise 17, p. 233 in Cooper
[64]).

Remark 3.19 Sect.5.1.15 in Chap. 5 considers the number of system times
above or below a state-space level x during a sojourn ay, y > 0, and related
quantities. The M/M/1 results are presented in Sect.5.1.15 because they fol-
low as special cases of related results for G/M/1 queues given in Sects.5.1.13
and 5.1.14.

3.5.11 Relationship Between M/M/1 and M/M/1/1

The M/M/1/1 queue is an M/M/1 variant restricted to having at most one
customer in the system at all # > 0. The second /1 in the notation M/M/1/1


http://dx.doi.org/10.1007/978-3-319-50332-5_5
http://dx.doi.org/10.1007/978-3-319-50332-5_5
http://dx.doi.org/10.1007/978-3-319-50332-5_5
http://dx.doi.org/10.1007/978-3-319-50332-5_5
http://dx.doi.org/10.1007/978-3-319-50332-5_5
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W(t)

Eﬂ*l E‘ﬂ*}L E =4 l?/l—}L PA SP

Time t —>

Fig. 3.10 Sample path of workload for My/M,,_,/1/1 queue with arrival rate A and
service rate ;1 — \. Blocked customers are cleared

refers to the queue discipline, namely: customers arriving when there is
a customer in service, are blocked and cleared; customers arriving when
the system is empty start service immediately. We compare the virtual wait
process (same as workload) {W (¢)},~( for M/M/1 (Fig.3.8) and the work-
load process {W (1) };>( for M/M/1/1 (Fig.3.10). (In M/M/1/1 all customers
that get served wait 0.) The LC approach immediately connects the two
models in steady-state. The cdf (3.123) and pdf (3.124) of wait (workload)
in M\/M,,/1, are respectively identical to the steady-state cdf and pdf of
workload in M\/M,,_\/1/1 (arrival rate A, service rate pn — ).

This exact similarity of cdfs and pdfs is evident from a sample path of
the workload {W (t)},50 in M)/M,,_»/1/1 (Fig.3.10). Fix level x > 0. The
SP downcrossing rate of x is f(x), as in Theorem 1.1. The SP upcross-
ing rate of x is APyP (S > x) = APye~#~N*_since all SP jumps start at
level 0, and are distributed as Exp,,_\, where p > A. In both M/M/1 and
M/M/1/1, E(B) = ﬁ and Pp =1 — A/p. InM)/M,,_\/1/1, the busy period

B and the blocking time are identical, and are = (u— Ne H=Vx x > 0.
LS

Also, the system times are both = (u— Ne WM x > 0. Although the

expected busy periods are 1dent1ca1 their busy-period probability distribu-
tions are quite different—evident from formulas (3.121) and 3.122 involving
Bessel functions. These probability distributions depend on the (different)
jump structures of the {W ()}, ¢s. The M\/M,,_»/1/1 workload has the same
distribution as the wait (workload) in M\/M ,,/1, namely

A
Po=1—2, f(x) = APpe M x > 0.
i


http://dx.doi.org/10.1007/978-3-319-50332-5_1
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A key point is that the pdf of workload { Py, f(x)},~o in MA\/M,,_»/1/1 is
derived immediately by inspection, since all SP jumps start at level 0.

The foregoing relationship suggests re-examining integral equation
(3.109). We substitute the M)/M,,_»/1/1 solution into the integral in (3.109),
ie., f(y) = APpe” =YY and simplify. The immediate result is the solution
for the M/M,,/1 model f(x) = APye~ =N x = 0, obtained while bypass-
ing differential equation (3.110). This solution for M)/M,,_»/1/1 “solves”
integral equation (3.109) for My\/M,,/1.

This solution procedure suggests exploring conditions that facilitate solv-
ing for the pdf of state variables “by inspection” in more general models than
M/M/1. The idea is to identify a “‘companion” or “isomorphic” model having
a much simpler sample-path jump structure.

3.6 M/G/1: Service Time Depending on Wait

Consider an M/G/1 queue with arrival rate A and service time depending on
the wait before service, S(W,). Let P(S(Wy) < x|W,; =y) = By(x),x >
0,y > 0, having pdf by (x) = %By(x), x > 0,y > 0, wherever the deriva-
tive exists. Let W, have steady-state cdf F'(x), x > 0 and pdf { Py, f(x)}x>0
(assuming %F (x) = f(x)exists). Wedefine f(0) = f(0™) for convenience
(does not add probability to Pp). A sample path of {W(z)},> resembles that
for the standard M/G/1 queue, except that the SP jump size (service time)
generated by each arrival depends on the SP level at the start of the jump
(actual wait).

Consider a fixed state-space level x > 0 in a sample path of {W(2)},>¢.
The downcrossing rate of x is f(x), by Theorem 1.1. The total upcrossing
rate of x is

X

APyBo(x) + )\/ By(x —y) f(y)dy; x > 0. (3.137)
y=0

In (3.137) the term A Py Bo(x) is the upcrossing rate of x by SP jumps at arrival
instants when the system is empty. The term \ | yx:o By(x —y) f(y)dyis the
upcrossing rate of x by SP jumps at arrival instants when {W (1)}, is at
state-space levels y € (0, x). Rate balance across level x yields the integral
equation for f(x),

X

£ = AP Bo() +A | B3SOy, 120 (13
y=


http://dx.doi.org/10.1007/978-3-319-50332-5_1
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As in the standard M/G/1 queue, letting x | 0 gives f(0) = APyBo(0) =
APp.
Integrating (3.138) on both sides with respect to x over (0, co) gives

o0
L Py = poPo + / oy )y,
y=0
L— [0 pyf(0)dy
Py = ly=o» (3.139)
1+ po

where py, = AE(Sy), y > 0. (Eq. (3.139) is an implicit formula for Py since,
from (3.138), f(y) in the integral contains Py. See Eq. (3.144) below for an
explicit value for Py in the case where zero-wait customers receive special
service.)

One way to deal with Eq. (3.138) is to partition the state space using
{xi}i=0.....M+1, where integer M > 0, and

O=xo<x1<X2<: <Xy <Xpyt] = OO, (3.140)

as in the paper by Posner [117]. Denote the service time of a zero-wait
customer as Sp, and of a y-waiting customer, y € (x;_1, X;), as S;. Assume
the service-time is Sg for all arrivals who wait zero, and S; for all arrivals
who wait y € (x;_1, x;). Thus the cdf of service time is

Bo(x), x > 0 for zero-wait arrivals,

Bj(x),x > O for all arrivals who waity € (x;—1,x;),i =1,..., M + 1.
(3.141)

Integral equation (3.138) can then be written

F@) = APoBo(x) + AT [5 Bi(x — ) f(n)dy
A [, B =Wy, x € (ot xp)j =1, M+ 1.

(3.142)
where Z?:l = 0.In(3.142), for any fixed x > 0, the right side is the upcross-
ing rate of level x. Thus, we have constructed integral equation (3.142) in a
fast, easy, intuitive, straightforward manner using LC.

Queues with service time depending on wait appear in the literature in, e.g.,
([57, 58]). The single-server model was treated in the literature using
Laplace transforms in [108], and by the embedded Markov chain technique
using a Lindley recursion in [117], who obtained an explicit solution for

{Po, f(X)}x=0-
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Remark 3.20 Deriving (3.142) using the embedded Markov chain technique
is “relatively” tedious and purely algebraic (see Sect.1.3 in Chap.1). The
single-server model was generalized to multiple servers using the embedded
Markov chain technique in [48, 49] (the original topic and methodology
of the author’s Ph.D. thesis). After my discovery of LC in 1974, the model
solution was completely revised using LC in the Ph.D. thesis [11], which
greatly simplified the derivation of the integral equations. An analysis of an
M/M/2 model with service time depending on wait is given in [53]; a revised
version appears in Sect.4.11 below.

3.6.1 M/G/1: Zero-Wait Arrivals Get Special Service

A particular case of M/G/1 with service time depending on wait, which has
many useful applications, is a model where the initial customer of each busy
period receives special service; we set M =0, xo =0, x1= oo in the state-space
partition (3.140). (e.g., see, [144]; also Example 3.7 in Sect. 3.4.19; the last
division of this Section; Example 3.11 in Sect. 3.8.5 below).

The integral equation (3.142) reduces to

o0

ﬂU=A%EMM+A/0§Kx—wf@M%x>Q (3.143)
y:

Integrating (3.143) with respect to x over (0, 00), using fxoio fx)dx =1-—
Py, gives

O 1=XES) 1—p

T L= AES)+HAES))  1—pi+po

A necessary condition for stability is p; < 1 (guarantees Py > 0 and {0} is
a positive recurrent state). (If p; > 1 then 1 — p; < 0. We would then need
1 — p1 + po < O to ensure that Py > 0, causing |1 — p1 + po| < |1 — p1].
But that would imply Py > 1 in (3.144), a contradiction. If p; = 1, then
Py = 0, which would imply the queue is unstable.)

Multiplying both sides of (3.143) by x, and integrating for x € (0, c0)
gives a Pollaczek-Khinchine (P-K)-like result for the expected wait before
service

Py

(3.144)

ME(S3) + E(59))
2(1 — AE(S))

EW,) = (3.145)
Expected Busy Period When M = 0 in Partition (3.140)

In this case there are two types of arrivals. Customers that don’t have to wait
(wait time = 0) have service time Sp. Customers that wait a positive time


http://dx.doi.org/10.1007/978-3-319-50332-5_1
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have service time S;. We determine E(B) where B := busy period when

initial service is = So and all other services are = S1.
LS LS

Method 1

The busy period is

Asg

B=Sy+ > Bui (3.146)

i=1

where Ag, = number of arrivals, including pseudo arrivals during Sp, the
LS

initial service time of B (see Sect.3.4.12 and Fig. 3.6 therein); the sub-
busy periods {Blvi}jzl , areiid. rv.s distributed as a busy period Bj in
a standard M \/G/1 queue with service time S; (see Fig.3.11). The By ;s are
independent of Ag,. Taking the expected value in (3.146) gives

E(S1)

E(B) = E(So) + AE(So)E(B1) = E(So) + )\E(So)m

_ E@So) _ E(So)
L —p1 Py’

(3.147)

where Py 1 = P(wait = 0) in the standard M/G/1 with common service time
S1.

Method 2
Applying the LC-based result for the expected busy period in M/G/1 (3.82),
and using Py in (3.144) we get (3.147) as follows:

W(t)
S NN
Level x | 5 Sl B\} S“
5o 1 s, ,S‘W 5
Exp,
I B | +—5—

Time —>

Fig. 3.11 B’s are busy periods in M,/G/1 with zero-waits receiving service time

= So. B1’s are busy periods of M,/G/1 with all service times = S|, generated by
LS LS
pseudo arrivals during Sy
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1 1-\E(S))

Epy = =P _ LT TEsoEGy o EGo) _ EGSo) _ E(So)
- - 1-ME(S1) 1= T 1= - ’
APy MoEGH RS L=AEWS)  T—=pt P

We can now derive the expression for Py directly using the expression for
E(B). Thus

1 1
1 1 E(So) _ :
xTEB)  +12 l=pitm

3.6.2 M/M/1: Zero-Wait Arrivals Get Special Service

We now derive the pdf { Py, f(x)};.o when service times are exponentially
distributed with By(x) =1 — e7#0*, Bj(x) = 1 — ¢7#1*, Substituting e~ +0*
for Bo(x) and e"*1* for B (x — y) in (3.143) and applying differential oper-
ator (D + po) (D + p1) (equivalent to differentiating twice with respect to
x, followed by some algebra) yields a second order differential equation

(D4 p1 = A) (D + po) f(x) =0,

with solution
f(x) = ae”MTNT 4 pemhox |y 5, (3.148)

provided pg # p1 — A (if pp = 1 — A, f(x) in the differential equation has
adifferent solution; see, e.g., pp. 106—113in [10]). Constants a, b are obtained
from two independent initial conditions:

f(0) = APyand f'(0) = —poAPo + A f(0),
giving

—\2P A1 — o) P 1 —
4 (. (1 — po) Po P P1

= , Pp=————, (3.149)
p1— po — A p1—=po — A l—p1+p

where p; = A/u;,i = 1,2.(See Example 3.12 in Sect. 3.17.3 for an alternative
solution technique to derive f(x), x > 0.)

Expected Busy Period When Service Times Are Exponential
From Eq. (3.147),

1

P 0
b po(pr — A)
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Mild check on E(B): If ug = 1 = p then E(B) =1/ (u — A), as in the
standard M/M,//1 queue.

Sojourn Above Level x When Service Times Are Exponential
Let vy, denote the excess above x given {W (1)}, upcrosses level x. Then
Yx = Expy, or vx = Exp,,,, where Sy = Exp,, and S = Exp,,,. Then

LS LS LS LS

1/po 1/
E(ay) = 101()6)—1 3 +1!)2()c)1 >
Com o

where p;(x) := P(an upcrossing is due to the service time jump of a type-
i arrival), i = 1,2, and p1(x) 4+ pa(x) = 1. If 1/pg < 1/uq then E(ay) <
E(B). If 1/pg > 1/u; then E(ay) > E(B). Moreover (see derivation of
(3.170) in Sect. 3.8.6 below)

PyeHox a(x) = f;,czo B(x —y) f(y)dy
FoO/N F)/A ’

where { Py, f(x)};~¢ 1s given in (3.148) and (3.149).

pi1(x) =

3.7 Expected Sojourn Above Level x in M/G/1

We derive E(a,) in M/G/1 with general service time S, where a, := sojourn
by {W(t)};>¢ above a fixed level x > 0. The derivation utilizes a connection
with M/G/1 where zero-wait customers receive special service (Sect.3.6.1).
Consider a sample path of {W (¢)},>. A sojourn a, is initiated by the excess
of an upcrossing of x. We derive a formula for E (a,) when S is a positive con-
tinuous random variable having pdf b(y), y > 0, cdf B(y), y > 0, and B(y)
=1— B(y),y > 0.Let{Py, f(x)},- be the limiting mixed pdf of {W (1)},>
as t — oo. From Theorem 1.1 in Chap. 1, { Py, f(x)},. is determined by
the equations

f) = APB() + A [;_g B(x = y) f()dy, x > 0,

Y (3.150)
Po+ [ 2o f(x)dx = 1.

Let vy :=excess over x, which initiates an a, whenever {W (¢)},>( upcrosses
level x. The a,s are i.i.d. random variables since they occur within regenera-
tive cycles delimited by successive level-x downcrossings (one a, per cycle)
(see Fig.3.12).
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W(t)

S
s N S
Levelx Y Yy Ys

Time t —

Fig. 3.12 ~, :=excess over level x. a, :=sojourn above level x. 3 | := busy period

when zero-wait service = 7y, and other services = §
dis dis

The first jump size of each a, is = = vx. However, during a,, all jump sizes

are = S. Thus, ay = busy period of an MG/ queue where the first service
LS

is exceptional (special), denoted as By 1 in Fig.3.12 (see formula (3.147) in
Sect.3.6.1).
Let G, (z), z > 0, denote the cdf of .

Theorem 3.7 For fixed x > 0,

E(vo)  J2g(1 =G, () dz

E((lx) = PO = PO
JZo[M e B+ 2= ydF ()| dz
= (3.151)
TR

Proof We employ the equation
(1= G, (@) £ = APB(x +2) + )\/ Blet+z—fG)dy.x>0.2>0, (3.152)
y=0

where the LHS = P(,,> z|SP upcrosses level x) x (rate at which SP
upcrosses level x), mindful that f(x) is both the up- and downctossing rate
of x (see Theorem 1.1). Thus the LHS is the upcrossing rate of level x + z
by the excess over x, of jumps starting below x. The RHS is a different
expression for the upcrossing rate of level x + z by jumps staring below x;
all upcrosses of x 4 z occur during the excess over x. Therefore Eq. (3.152)
follows, implying


http://dx.doi.org/10.1007/978-3-319-50332-5_1
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APyB(x +2) + A fyxzo B(x+z—y)f()dy

1—-G. (2) = ,
! f(x)
so that
o 0 (-6, @) 15 [)\fyxzoﬁ(x +z—y)dF(y)] dz
E(~ =/ -Gy, (2))dz = .
* z=0 K f(X)
Formula (3.151) follows since E (ay) = E(Bo.1) = %) by formula (3.147)
in Sect.3.6.1. |

We can solve the equations in (3.150) for {Py, f(x)},5( analytically,
numerically or by simulation; or obtain an approximate solution. Theorem
3.7 then enables us to calculate E(ay), x > 0.

3.8 M/G/1 with Multiple Poisson Inputs

Customers arrive at a single-server system in N independent Poisson streams
atrates \;, i =1,..., N, ZIN:1 Ai= A. Let the corresponding service times
be S; having cdf B; (x), Bi(x) =1 — B;j(x),x >0, and pdf b; (x) = %Bi (%),
x > 0, wherever the derivative exists. The service discipline is FCFS. The
service time of an arbitrary arrival is S; with probability \; /A. Denote the
steady-state pdf and cdf of the wait before service, Wy, by { Py, f(x)}x~0 and
F(x), x > 0, respectively.

Due to independent Poisson arrivals, we may view the system as an M/G/1
queue with arrival rate A and service time

Sy with probability 4L,
§= o (3.153)

Sy with probability 2.

S has a mixture probability distribution with mixture components S; and mix-
ture weights \; /A (> 0) such that Z,N: 1 (A\i/A) = 1. Hence the nth moment
§" = §;" with probability \;/\,i =1,...,N;n=1,2,.... Thus

N N

ES) =) %E(Si), E@SH =Y %E(S,-z). (3.154)

Employing p; = M E(Si),i=1,..., N,
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Po=1-AES)=1-> p;. (3.155)
i=1

Stability
The system is stable iff every typical sample path of {W(¢)},>( returns to
state {0} iff Py > 0, i.e.,

N
> pi<l. (3.156)

3.8.1 Integral Equation for PDF of Wait

Sample paths of {W(#)},>o resemble those of the standard M/G/1 queue,
except that the jump size due to an arrival is =S S; with probability A; /A,

having cdf B;(-),i =1, ..., N. Thus jumps = S; occur at Poisson rate \;.
LS

By Theorem 1.1, for a fixed state-space level x > 0, the SP downcrossing
rate is f(x). The SP upcrossing rate for type i arrivals is

X

N PoBi () +Al~/ B =0 OMy.i = 1N,
y:

Balancing the fotal SP down- and upcrossing rates of level x for all customer
types, yields the integral equation for f(x),

N
HOEDIPY |:P0§i(x) +/
i=1

X

Bi(x — y)f(y)} dy,

or

N A\ X N A
OE (ZX ) (Z; x—y))f(y)dy-

(3.157)
Integral equation (3.157) is in the form of the analogous integral equation
(3.34) for the pdf of wait in a standard M/G/1 queue with A = ZlN: 1 Ai»and

B(x) =2, (\/NBi(x), % > 0.
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3.8.2 Expected Wait Before Service

Since E(§?%) = vaz 1 % E (Siz), the Pollaczek-Khinchine (P-K) formula (3.63)
gives the expected wait before service as

AE(SD) AL /N ESH XL NESD)
(1 = AE(S)) 20 =N o) 2Py
(3.158)
Alternatively, we can obtain E(W,) in (3.158) directly from (3.157) upon
multiplying both sides by x, then integrating both sides with respect to
x € (0, 00), changing the order of integration in the double integral, and
doing some algebra.

E(Wy) = 5

3.8.3 Expected Number in Queue

Let L, = expected number of units in the queue before service in the steady
state. Then by L = AW (Little [110]) and (3.158)

AS NES)

L, = E(W,) = 7

(3.159)

Denote the steady-state expected number of type i units in the queue by
L ;. Let the wait of an arbitrary type i customer be W, ;, and the wait of an
arbitrary customer be W,. Then W, ; = W,, because the waiting time of

LS

any arrival depends only on the current workload at the arrival instant. Thus
EW,)=EW,;),i=1,...,N,andby L = AW,

NS NESD

Lyi=NEWy;)=NEW,) = 2P,

1,...,N.
(3.160)

3.8.4 Expected Busy Period

Applying (3.82) and (3.155), the expected busy period is given by

=P _1-R _ 3¥p

E(B) = £O) — AP A(I—Z,N:lpi)'

(3.161)
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As a mild check on formula (3.161), let S = §; with probability 1/N, i =
I,...,N.Then \;/A = 1/Nsothat >N (\/N) =N, (1/N)=1,p; =
NE(S) = (\/N)E(S;) and 3N pi = \/N) Y| E(S;). The multiple
Poisson input model reduces to a standard M/G/1 queue with arrival rate A
and E(S) = + >V | E(S;). From (3.161)

%Zﬁ] E(Si) _ %Z,N:] E(S;) _E®)
A(l—Z,N:lpi) =3 Po

which is the formula for E(B) for the standard M/G/1 queue.

E(B) =

’

3.8.5 M/M/1 with Multiple Poisson Inputs

To outline a solution technique for integral equation (3.157), we assume
the service times are (j:_Expm with B;j(x) = e #* i =1,2,..., N.Then
LS

(3.157) becomes

N
fx) = Z Ai [Poe"’”‘ +/
i=1 Y

We can apply the differential operator (D + w1)...(D + un) to Eq.
(3.162), to derive and solve analytically an Nth order differential equation
with constant coefficients for f(x), using initial conditions to obtain the
constants of integration.

The differential operator (D + ;) is commutative with respect to expo-
nential functions of the form ¢®**? where o and (3 are constants, i.e., for
any permutation (i1, i, .. ., iy) of the numbers (1,2, ..., N)

X

em(xy)f(y)dy} ,x>0. (3.162)
=0

(D +p1) - (D4 )™ = (D + py) -+ (D + ) e
= (D4 )+ (D ) e
= ((D —+ llj’il) e (D + /’LiN)>eax+ﬁ‘
The commutativity property simplifies the transformation of an integral equa-

tion into a differential equation, when the kernel of any integral in the equation
has an exponential form like e *=) in (3.162).
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Expected Wait and Expected Number in Queue
If S; = Exp,, then E(Sl.z) = 2//1,.2, which substituted into (3.158) and (3.159)
s

respectively, yield

>0l

EWg) = —— "+ (3.163)

=2 &

AL
Lq S (3.164)

Similarly, substituting into (3.160), gives
D % _

Lq,izm,z:l,...,N. (3.165)

Two Customer Types

To illustrate the solution, we consider two distinct customer types, and
derive {Pp, f(x)}. Set N =2 in (3.162). Applying differential operator
(D + p1)(D 4+ po) to both sides, gives a second order differential equation

(D? + (1 + p2 = ND + (w12 — s — A1) f(x) =0

having solution
F(x) = ae®™ 4 pefor, (3.166)

where R;, i = 1, 2 are the roots for z in the characteristic equation

2+ (4 2 — Nz + prpe — pide — paAy = 0.

Both roots are negative since the product R{ Ry = pipp — pt1A2 — pio A1 >
0 (equivalent to 1 — p; — p2 > 0, the stability condition), and Ry + Ry =
—(u1 + p2 — A) < 0. Constants a and b are determined by applying two
independent initial conditions for f(0) =a + b and f'(0) = Rja + Ryb,
obtained from (3.166) and also from (3.162), resulting in two equations for
a, b:

a—+b=\Py,

Ria + Rab = — (i1 + p2A2) Po + Af(0) = — (i1 + 2o — A2) Po.
(3.167)
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Thus f(x) is given by (3.166) where [a, b] is the solution of the two equations
in (3.167):
a = —Po(RoA — N + A + dapia)/(R1 — Ra),

(3.168)
b= Py(RiA— N2+ A\iju1 + M) /(R1 — R2),

and

Pp=1-—2_2

H H2

_ —B | /B2 _4AC _ —B _ +/B>-4AC (3.169)

Ri=5+"5 " R=53 R
A=1,B=p;+pu— A\ C=pjpup — 1Ay — 2.

Example 3.10 Consider a numerical example with N =2, A\ =1,

A =0.5, u1 =3, up =2. Then Py=0.4167, Ry = —1.0, R, = —2.5,
a = 0.555555, b = 0.069444, and

f(x) =0.555555 ¢~ 10% +0.069444 ¢+, x > 0.

A computational check shows that F(o0) = 1, and f(0) = APy, i.e.,

F(o0) = Py + f(x)dx
x=0

= 0.4167 + (0.555555 ¢~ 0% 4+ 0.069444 ¢ 7> ¥)dx = 1,
x=0

fO0)=a+b=APy=0.625.

3.8.6 Expected Sojourn Above Level x — E(ay)
Let p;(x) := P (arrival type i| {W(?)};>( upcrosses x), i =1, ... N. Using
Bayes’ formula, and Eq. (3.162),

P({W(t)},>0 upcrosses x| arrival type i) - P (arrival type 7)
P({W(t)};>¢ upcrosses x)

(PoBi) + [y Bitx = ) f0)dy) - i/ A)
S [Po i/ Bi@) + [y O/ N Bi = ) f () |

_ Poi/N Bi(x) + [;_o Ni/N) Bi(x — y) f (y)dy
- f@)/X '

pi(x) =

(3.170)



124 3 M/G/1 Queues and Variants

Let 7, (x) = excess above level x due to a type-i upcrossing of x. Sojourn
ax = By with probability p;(x), i.e., a, has a mixture distribution with
LS

components B and mixture probabilities p;(x). which is a busy period
where zero-waits get service Sp =% (x), and positive-waits get service
LS

time S; (see formula (3.153)). Applying (3.147) in Sect.3.6.1 and formula
(3.161) gives

E(75(x))
e
=2 1 pi

E (a,) in M/M/1 with Two Types of Poisson Inputs
Consider two types of input with §; = Expu ,1 =1, 2. By the memoryless

E(ay) = (3.171)

property s (x) = Expu ,i=1,2, for all x > 0. If the upcrossing of x that

initiates ay is due to a type-i arrival then a, = Bi, an M/G/1 busy period
LS

with initial service Sp = Exp,,, and other service times a mixture of Exp,,
and Exp,,. Thus

E(ayx|excess = 7, (x)) =

and
1

Wi (1 ->, ﬂi)

From (3.170) the probability of a type-i upcrossing of level x is

2
E(ay) =Y pi(x) (3.172)
=1

Py (N\i/\) e it + f;zo Ni/X) e M) f(y)dy
pi(x) = =1,

F&)/A

Example 3.11 Using the input values and f(x), x > 0, in Example 3.10,
Sect.3.8.5, we compute

0.27777 e3%(0.5 €0-5% 4 ¢2)

- , —1- x>0
PIY) = 05555 e 1 0.06944 e 25¢ P2 p1(x), x

Applying formula (3.172) and using p2(x) =1 — p1(x) gives

1
E — .
(ax) = 11?1(96)1 5T p2(x )0 23333
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Fig. 3.13 E(a,) versus 1
x in Example 3.11.
E(ao) = E(B) 0991
0.98
0971
EG,) 0.961
0951
0941
E(B) - , .
0 2 4 6 8 10
X
Fig. 3.14 Changes in
pi(x),i =1,2and
p1(x) — pa(x), x >0,
in Example 3.11
— P (X) = p,(x)
0.1
0 r
0 2 4 6 8 10



126 3 M/G/1 Queues and Variants

From (3.161) the expected value of the M/G/1 busy period with multi-
ple Poisson inputs is E(B) = 0.9333. We see from a plot that E(a,) >
E(B),x >0, E(ap) = E(B) and limy_, » E(ay) = 1 (Fig. 3.13). Moreover
limy_, 0 pi(x) =0.5,i = 1,2 (Fig. 3.14). These observations are readily
verified analytically. The growth of E(ay) as x increases is due to the fact
that E(vx) = 1/u; independent of x, implying that the evolution of E(ay)
on (0, 00) is determined by the p;(x)s which do change as x increases. (In
examples where E(,) depends on x the properties of E(a,) would be dif-
ferent.)

3.9 M/G/1: Wait-Number Dependent Service

Arrivals occur at Poisson rate A. The queue discipline is FCFS. The service
time is denoted as S(N,) where N, := number of customers left waiting in
the queue just after a start of service. Thus N, € {0, 1, .. .}. For exposition,
we assume there are two different types of service. Let

So, it Ny =0,
S(Ng) = .
S, if N, =1,2,....

Let P(Sp < x) = Bo(x), Bo(x) = 1 — By(x), P(S <x) = B(x), B(x) =
1 — B(x). Denote the steady-state wait before service as W, having cdf
P(Wy <x)=F(x) and mixed pdf {Py, f(x)},~o wherever %F(x)
(=f(x)) exists.

We represent this M/G/1 queue by M/G(N,)/1. The analysis utilizes the
construction of a sample path of the virtual wait {W (t)},~o by applying the
definition of virtual wait literally. The virtual wait W (t) atinstant 7, is defined
as the time that a potential (would-be) arrival at  must wait before starting
service. The virtual wait is a continuous-state continuous-time process. Its
value at any instant ¢ is conditional on an arrival occurring at instant 7.

Remark 3.21 In order to validate the LC method immediately after its dis-
covery in 1974, the author applied LC to derive { Py, f(x)};-oin M/G(Ny)/1
(and in several other queueing models in the literature; and in multiple-server
state-dependent queues in his original Ph.D. thesis topic, where solutions
had been derived using Lindley recursions and embedded Markov chains
[48, 49]). The author included an LC analysis of M/G(Ny)/1 in his Ph.D.
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thesis (pp. 206-213 in [11]). The results agreed with the classically-based
analysis of M/G(N)/1 in C.M. Harris’s 1966 Ph.D. thesis [85] and in C.M.
Harris’s 1967 journal article [86]. (See also Example 5 in [51].)

3.9.1 Sample Path of {W(t)};>¢

Consider Fig. 3.15. The first customer C; arrives, initiates a busy period and
receives a service time Sp, since zero customers are left behind in the queue
when C; starts service. Customer Cy arrives at ¢t~ during C;’s service time
and is allotted a “virtual” service time S, although C;’s actual service time
is not known until later at C,’s start-of-service instant. The reason is that the
virtual wait may be considered to be the answer to the following question
asked a non-countably infinite number of times, i.e., at every instant ¢ > 0:
“How long would a new arrival at instant t have to wait before its start-of-
service instant?” The answer to this question forces us to allot service time S
to C; at its arrival instant. That is, a would-be new arrival immediately after

Busy Period
W(1) | }
S
* S|
S
S T
S T
0 T i T T il
Cl CZ C3 C4
Time —>

Fig. 3.15 Sample path of {W(#)},5¢ in M/G(N,)/1 during a busy period. Shows
jumps of size Sy from level 0 and size S from positive levels. Illustrates a double
jumps in the virtual wait {W (1)},5¢
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C,’s arrival, would force C, to start service with at least one customer left
waiting in the queue. In other words, if C; arrives at ¢, the virtual wait at ¢
is the time that a would-be new arrival would have to wait before service.
Suppose, as depicted in Fig.3.15, zero customers arrive during C,’s wait.
Then at Cy’s start-of-service instant, C, must receive an actual service time
So. This cancels S assigned at C;’s arrival epoch, and substitutes an actual
service time Sp. The SP jumps both downward to level 0, and upwards by an
amount Sy, at the start-of-service instant of C,. All SP upward jumps from

level 0 are = = So, and all SP upward jumps from positive levels are = S.

At instants like the start-of-service instant of C, the SP makes a dou-
ble jump (for other examples of double jumps see Examples 2.2 and 2.3 in
Sect.2.3, and Figs.2.3, 2.5 and 2.6 in Chap. 2).

Next we discuss and derive the steady-state distribution of the virtual wait
(in contrast to workload).

3.9.2 Integral Equation for PDF of Virtual Wait

Consider a sample path of {W(#)},>( and fix level x > 0 in the state space
(Fig.3.15). The SP downcrossing rate of x has two components:

1. fo) by~Theorem 1.1,

2. AB(x) f()\) due to SP downward jumps similar to that at the start-of-
service instant of C,. Here f(s) := fyoio eV f(y)dy,s > 0,isthe Laplace
transform of f(x), and f()\) = f(s) ls=n- (f(s) is also denoted by L 7 (s)
or other symbols; Sect.3.4.4 briefly discusses the Laplace transform.)

In component 2, S must be greater than x in order for a downcrossing of
X to occur at instants such as the start of service of C, in Fig.3.15. The rate
of such downcrossings is

AP(S > x, and zero customers arrive in a waiting time)

= AP (S > x)P(zero customers arrive in a waiting time)

= AP(S > x) / h e f(yndy = XB(x) f(V),
y=0

by independence of S and the arrival stream. The total downcrossing rate of
X is

F(xX)+ABx)f(\), x > 0. (3.173)
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The SP upcrossing rate of x has three components:

1. ABo(x) Py, due to arrivals when the system is empty,

2. )\fyxzo B(x —y)f(y)dy, due to arrivals when the virtual wait is y €
0, x),

3. ABo(x) f (A), due to arrivals that must wait a positive time and have
zero customers arrive behind them during their wait in queue. The total
upcrossing rate is

ABo(x) Py + A / Bl D)y £ NBo) . BT
y=l

Rate balance across level x equates (3.173) and (3.174), leading to the
integral equation for f(-),

f() = ABox)Po+ A [[_g B(x = y) f(y)dy

_ - 3.175
+A (Box) = B@)) - f). x > 0. G

3.9.3 Exponential Service

AssumeEo(x) = ¢ HOX, E(x) =e M x> 0,andletpy = %,p = %.Then
(3.175) reduces to

f(x) = e HOX Py 4+ A fyx=0 e_“(x_y)f(y)dy

+ (e_uox _ e—,u,x) . f()\), x> 0. (3176)

Applying differential operator (D + po)(D + p) to both sides of (3.176)
yields the second order differential equation with constant coefficients

(D + (1o + i — ND + po(pe — N)) f (x) = 0, (3.177)
with general solution
F(x) = ae” WY 4 pemHX x>, (3.178)

assuming po # p — A # 0. From the first term of formula (3.178), a neces-
sary condition for stability is A < p, since necessarily f(co) = 0.
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Using the initial condition f(0) = APy, substituting f(y) from (3.178)
into (3.176), and equating coefficients of common exponents, we obtain the
parameters in (3.178) as

1 —
Py = - , (3.179)
1 —p+po+p5—pop
and 5
—\p3 P, (1 — )P
y— L (1 + po)(po — p) o (3.180)
PO — P — pop PO — P — pop
Expected Busy Period

The rate at which the SP makes left-continuous hits of level O from above is
f(0) = APy (Fig.3.15). Hence the expected busy period is, from (3.82),

1—P _po+P%—POP
APy A1 —=p)

E(B) = (3.181)

As amild check on E(B),set pg = p = % Then the model reduces to a stan-
dard M/M/1 queue. Formula (3.181) reduces to E(B) = ﬁ, corresponding
to E(B) for the standard M/M/1 queue.

Distribution of Number in System
Applying formula (3.76) and using (3.178) and (3.180) we obtain the steady-
state probability of n customers left in the system at departure instants,

00 e—)\x (Ax)n—l
dn =/XZOWJ‘ (¥)dx

po - (pﬁ_l — Py =P+ po)”‘l)
= o= 7= o o Py, n=1,2,..., (3.182)

where Py (=dp) is given in (3.179). The values in (3.182) agree with the
values of d,, obtained in the earlier works [85, 86].

3.9.4 Workload

In the standard M/G/1, {W()},>¢ is the same as the workload at instant 7.
In M/G(N)/1, the workload is not known at the instant just after an arrival,
because the added service time is either Sg or S depending on future arrivals
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during its wait before service. We can determine the probabilities of these
two service times, which allows us to proceed with the analysis.

Consider the workload process which we designate {Wy(7)};¢. Then
Wyi (1) := amount of remaining work in the system at time ¢. Denote the
steady-state pdf of {Wyr(¢)},_, o bY {Po,wk, g(x)}x>0 .

In order to construct a sample path, we ask the question immediately after
an arrival when the actual workload is y: “What is the workload just after
the arrival?”. The answer logically causes the SP to make a jump of size S
with probability (1 — e ) (P(at least 1 arrival in time y)), or size Sy with
probability e~ (P(no arrivals in time y)). This leads to the upcrossing rate
of level x as the right side of (3.183) below. The downcrossing rate of x is
g(x). Rate balance across level x gives

g(r) = ABo(x) Po.uk + A / B - (- e g0dy
.

X
+>\/ Bo(x — y)e M g(y)dy. (3.183)
y=0

If service time Sp = Exp,q, S = Exp,, then By(z) = e 0%, B(z) =
LS LS

e H 7z > 0,in (3.183). Applying (D + u) (D + po) to the resulting integral
equation yields a second order differential equation with a variable coefficient
for g(x)

(D + (o + 11 =MD+ po(a = N) = G = p)Ae™ ) g(x) = 0.

The solution is given by

—Iax
gx) = o3 (—H—HOFN)x (a Bessel) (_ I—/\—iﬁuol’ ZJ;T—\%; 2 )
(3.184)

1
|—A—ptpol 2y/Eo—pe 2
+ b BesselY (— O, 0 7 )) ,

where a, b are constants to be determined using the initial conditions g(0) =
APy wis 8 (0) = — (o — M) APy, wi; and Bessell :=firstkind (v = 1), Bessel Y
:=second kind (v = 2), which satisfy Bessel’s equation

xy" +xy + (—% + xz)y =0,vr=1,2,

(see Bessel functions in Maple 17 software). We solve for Py ,x using the
normalizing condition Py ,x + f xoio g(x)dx = 1. Due to the Bessel functions
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in (3.184), it is difficult to get analytic solutions for a, b and Py ,,«. However,
one can obtain numerical solutions when the input parameters A\, 1, and g
have numerical values.

3.10 M/D/1 Queue

The M/D/1 queue is a classical model in queueing theory, first analyzed by
A K. Erlang in 1909 [72].

Here we use LC to derive the cdf of the wait before service, F(x), x > 0,
the mixed pdf { Py, f(x)},-¢, Where f(x) =dF(x)/dx,x > 0, wherever the
derivative exists. We also obtain the probability distribution of the number of
customers in the system P,, n =0, 1, 2, ..., and related quantities.

The arrival stream is Poisson at rate \. The service time for each customer
is deterministic S = D > 0. The traffic intensity is p = AE(S) = AD < 1,
implying stability. Consider the virtual wait {W(¢)},>¢, (Fig.3.16) and the
actual waiting times {W,},_ » .. Denote P(W, < x) by H,(x), x > 0 and
lim,,_, oo Hy(x) = H(x), x > 0. Due to Poisson arrivals (e.g., [140])

Fx) = t1_1>no10 PW() <x)= nlglgo PW, <x)=H(x),x >0.

The {W(0)};50 <> {Wu},—0.1.... connection ensures that a study of the virtual
wait yields considerable information about both processes.

We define f(x), x > 0, to be right continuous, and for notational conve-
nience f(0) = £(0™) which adds zero probability to F(0). The probability

W(t)

] AN

-

Time —>

Fig.3.16 Sample path of {W(?)},-, in M/D/1 queue. Black circles at peaks indicate
right continuity
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of a zero waitis Pp= F(0) =1 — p=1— AD. The mixed pdf { Py, f(x)}r>0
is related to F(x) by

X o0

fMdy,x >0, F(o0) =Py +/ fx)dx = 1.

Fx)= P +/
y=0
(3.185)

y=0

3.10.1 Properties of PDF and CDF of Wait

We use LC to derive three properties of { Py, f(x)}x>0 and a property of
F(x),x > 0.

Proposition 3.9 For the M/D/1 queue: (1) {Po, f(x)}x=0 has exactly one
atom, which is at x = 0; (2) f(x) has a downward jump discontinuity of size
APy at x = D; (3) f(x) is continuous for all x > 0, x # D.

Proof Consider sample paths of {W(#)},-( in Figs.3.16 and 3.17.

1. State {0} is an atom since a sample path spends a positive proportion of
time in {0} (a.s.), namely Py =1 — AD > 0 (from (3.62) in Sect.3.4).
The state space S = [0, co) has no other atoms, since the proportion of
time the SP spends in each state x > 0, is 0.

2. Consider state-space levels D and D — ¢, 0 < ¢ < D. Fix time ¢t > 0.
’Z;b(D) is the number of tangents of level D from below during (0, )

N

SP

t

t+¢€
Time —

Fig. 3.17 Sample path of {W(¢)},~( in M/D/1 showing levels D and D — ¢ and
instants ¢, t 4+ . See Proposition 3.7, Proof, Part (2)
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(see Fig.2.13 (row 2, column 2) in Sect. 2.5; and Examples 2.4 and 2.5 in
Sect.2.4.10). We have

Di(D)+T,7 (D)

Dye(D—e)= > Ii(D,e); (3.186)
j=1

where [;(x, ) = 1 if the jth downcrossing or tangent of level x from
below, is followed by a downcrossing of level x — ¢ exactly € time
units later, and 7;(x, €) = 0 otherwise. Due to the memoryless prop-
erty P(Ij(x,e) = 1) = e e, x > 0. Set x = D; I;(D,¢) is indepen-
dent of D;(D) + 7,2 (D), and E(I;(D,¢)) = e, j = 1,2, .... Taking
expected values on both sides of (3.186) gives

E(Dy+=(D — €)) = E(Dy(D) + T2 (D))e ™. (3.187)
By Corollary 3.2 of Theorem 3.3 in Sect.3.2.5

lim M = f(D)and zl—lfgow = f(D —e).

t—00 t
b
Also, lim;_, M = APy, due to the one-to-one correspondence
between zero-wait arrivals and tangents of level D from below. Dividing
both sides of (3.187) by ¢, writing % = t%g : HTE on the left side, and letting

t — 00 gives
f(D =) = (f(D) + APo)e .

Letting € |, 0 yields, since f(D) = f(DV),
f(D7) = f(DF) = M\Po. (3.188)

3. Case x > D. With probability 1, sample paths are not tangent to level x
due to continuous inter-arrival times (d=‘ Exp,). Let e be < (x — D) and
LS

small. Then
Dy (x) A (e)
Diex—e) = D Li(x, o)+ > vj(e), (3.189)
j=1 j=1

where v () = 1 if an arrival occurs when W(t) ={ € (x —¢ — D, x —
D) causing a jump ending at{ + D € (x — ¢, x). Note that P(vj(e) = 1)

= [P fdy =ef(€), € € (x — D —e,x — D). But f(£*) <


http://dx.doi.org/10.1007/978-3-319-50332-5_2
http://dx.doi.org/10.1007/978-3-319-50332-5_2
http://dx.doi.org/10.1007/978-3-319-50332-5_2
http://dx.doi.org/10.1007/978-3-319-50332-5_2
http://dx.doi.org/10.1007/978-3-319-50332-5_2
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A, (see Proposition 3.7 in Sect.3.4.22). So P(vj(e) = 1) < eA. Thus
E(vj(e)) < e, whichtendstoOase | 0.
Taking expected values in (3.189) and dividing both sides by ¢, gives

E(Diye(x —€)) = E(Dy(x)) - ¢ + E(A) - Ew;(e))
i EQuie =) _ . E@i))e™ . ME®W;(e))
im = lim ——— 4+ lim ————

t—00 t t—00 t t—00 t

fx —e) = f(x)e™ + AEW;(e)).

Letting € | 0 gives f(x7) = f(x).

3. Case 0 <x < D. If 0 <x < D then, similar to Eq. (3.186) with D
replaced by x, and omitting ’];b (x), we have

Dy (x)

Dije(x —¢) = ZI(D ).

Taking expected values on both sires, dividing by #, letting + — o0, then
letting € | 0, gives f(x7) = f(x). |

Proposition 3.10 (1) F(x), x > 0, has a jump discontinuity at x = 0 of size
Py; (2) F(x) is continuous for all x > 0.

Proof (1) F(x) has a discontinuity at x = 0, since 0 is an atom having prob-
ability F(0) = Py. (2) Fix x > 0 in the state space. Then x is not an atom
(Proposition 3.9 Part (1)); therefore P ({x}) = 0. That is, x is not a point of
increase in probability. Thus x is a point of continuity of F(-). |

3.10.2 Integral Equation for PDF of Wait

Applying the alternative form of the basic LC integral equation (3.44) with
B(x —y)=0ifx —y < Dand B(x — y)=1ifx — y > D, we immediately
write an equation for f(x) in terms of F(-), which is a differential equation
for the cdf F(x) since f(x) = F'(x),

fx)=AF(x)—AF(x—D),x > 0. (3.190)

To explain (3.190) in terms of LC, consider a sample path of {W(#)},>¢
(Fig.3.16). In (3.190) the left side f(x) is the SP downcrossing rate of level
x. SP jumps occur at rate A, all upward of size D. On the right side of (3.190),
the first term AF'(x) is the rate of SP jumps that start in state set [0, x]. The
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second term, —\F (x — D) subtracts off the rate of jumps that start in [0, x]
and end below x, because jumps starting below x — D cannot upcross x.
Thus the right side is the upcrossing rate of x. Rate balance across level x
then yields (3.190).

Remark 3.22 The properties in Proposition 3.9, and Eq. (3.190) are readily
inferred intuitively upon considering a sample path (Fig.3.16), and applying
LC interpretations of transition rates. Such intuitive insights often lead to
formal proofs as in Proposition 3.9.

3.10.3 Analytic Solution for CDF and PDF of Wait

CDF of Wait We give the solution of (3.190), for completeness. For x €
[0, D), F(x — D) = 0; thus f(x) = AF(x), or

F(x) = \F(x) =0,

having solution
F(x) = Age™, x € [0, D)

where Ay is a constant. Letting x | 0, gives the constant Ag = Pp =1 — p.
Thus
F(x) = Pye™, x € [0, D).

For x € [ D, 2D), (3.190) is equivalent to
F'(x) = AF(x) = APy’ x € [D,2D).

Multiplying both sides by the integrating factor e~ **~?) and then integrating
both sides over [D, x) yields the solution up to a constant

F(x) = —Po\(x — D)™™ D) 4 4,207D) € [D, 2D).

The constant A is determined from the continuity of F(x), x > 0 (Proposi-
tion 3.10). Thus F(D~) = F(D),or A} = Poe)‘D resulting in the solution

F(x)= Py (—A(x — D)D) 4 eM) .x €[D,2D).

Mathematical induction on (3.190) yields the classical formula for the cdf of
wait originally derived in [72],
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F(x) = PoZ( A)’ilD) ACD) x € [m, (m + 1)D), m=0,1,2,. (3.191)
i=0

An alternative form of (3.191) is (e.g., p. 385 in [84]),

1x/D) . D)
F(x) = Py Z( N DY paivy s (3.192)

where |« := greatest integer < a.
PDF of Wait The pdf f(x) may be obtained by differentiating F'(x) with
respect to x. More simply, we obtain f (x) by substituting (3.191) into (3.190)
giving

f(x) = APe™,0<x <D
and forx e mD,(m +1)D),m=0,1,2,...,

fx)

z  iD) A—iD) e\ G—(£DD)  Ax—(+1)D)
= ARy 3 (<A UREPIP) S () LD Ao

1= 1=
= APy(—\)" S A= D)

m—1 i ) . ) .
4 z (—i?\) [(x — iD)te)\(x—lD) —(x—(+ I)D)le)‘(x_(l+1)D)]-
i=0

(3.193)

The pdf f(x) in (3.193) has a discontinuity at x = D (Proposition 3.9 Part
(2)). Thatis (D7) = APpe*P,and f(D™) — f(D) = APy, illustrating that
f (x) has adownward jump of size A Py at x = D. Moreover f (x) is continuous
for all other x > 0 (see Fig.3.18). In Fig. 3.18 there is a concave wave in f (x)
forx € [D, 2D), the waviness dampens to the right of x = 2D. The cdf F (x),

Fig. 3.18 PDF f(x) of pge

wait in M/D/1:

A=095D=1, &k

p = 0.95 (high traffic). k3

Shows discontinuity and . 0.09 1

downward jump of size 0.08 4

APy atx = D; and 0.07 3

extreme waviness in —

right neighborhood

[D,2D) Clos
0 I 2 3 4 5
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Fig. 3.19 CDF F'(x) of 0.25 4
wait in M/D/1:
A=095 D =1. 0]

Shows continuity of
F(x),x > 0; and

: F(x) 0.151
decrease in slope of
F(x)atx =D ot ]
005 T T L | T 1
0 0.5 1 1.3 2 2.5

for the same example, is given in formula (3.191) and plotted in Fig.3.19,
where the continuity of F(x), x > 0, and discontinuity of %F (x)|x=p are
evident.

Remark 3.23 An LC examination of a typical sample path of {W(#)},>¢
suggests an isomorphism: {sample-path properties} <> {analytical properties
of f(x) and F(x)}.

3.10.4 Probability Distribution of Number in System

Let N be the number of customers in the system at an arbitrary time
point and let W, (>0) be the wait before service, in the steady-state. Let
P, := P(N = n). Consider a,, d,, the probabilities that the number of cus-
tomers in the system is n just before an arrival, and just after a depar-
ture, respectively. Due to Poisson arrivals, a, = P, =d,, n =0,1,2,....
Arrivals “see” n customers in the system iff W, > 0 and W, € ((n — 1) D,
nD],n=20,1,2,.... Thus

a,=FmD)—F(n—-1)D)=P,=d,,n=0,1,2,....
From (3.191)

Py = F(0) — F(—=D) = F(0) = Py
P = F(D) — F(0) = Pye? — Py = Py(e™” — 1)
P, = F(2D) — F(D) = Py’ (=AD + e’ — 1)

P,=FnD)—-F(n—-1)D),n=0,1,2,... (3.194)
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The cdf of N is

n
P(an):ZPi:F(nD), n=0,1,2,..., (3.195)
i=0

where F'(nD) is computed using (3.191) or (3.192).

3.11 M/Discrete/1 Queue Aka M/D,,/1

We look at the M/D,,/1 queue, which is an M/G/1 queue with multiple Poisson
inputs where the service times are discrete quantities { D, },,—; 5. (also called
an M/Discrete/1 queue). We study the wait before service W,, and derive
analytical properties of its cdf F(x), x > 0, and pdf { Py, f(x)},.(, Where
fx) = %F (x), x > 0, wherever the derivative exists. Consider a typical
sample path of the virtual wait {W (¢)},>( (Fig.3.20).

Customers arrive in a Poisson stream at rate A at a single server. For each

arrival,
N
P(S=D)=pi. Y. pi=1
i=1
where D; >0,i =1,..., N, and N is a positive integer. Then E(S) =

ZZNZ 1 pi Di. Without loss of generality, reorder the D;s if necessary, such
that

W(t)

" N
0

Fig. 3.20 Sample path of {W (¢)},~ in M/{D,}/1 queue with N = 3 service levels

\

Time t
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0=Dyg< Dy <---< Dy < Dyy1 =00.

Customers that receive a service time D; arrive at rate ) p;. The traffic inten-
sity is p = AE(S) < 1 (stability). Due to Poisson arrivals (e.g., [140]),

Iim P(W() <x) = lim P(W, <x),
[—00 n—oo

where {W,},_; » . is the process of actual (arrival-point) waits.
We define f(x),x > 0, as right continuous. The probability of a zero wait
is
: N
Py=FO0)=1-p=1-X1> Dip;.
i=1

The cdf and pdf are related by
X o0
F(x)= Py —i—/ fO)dy, F(oo) = Py +/ fx)dx =1. (3.196)
y=0 y=0

Remark 3.24 The arrival stream may be viewed in two distinct ways:

1. A homogeneous class of customers arrives at rate A. For each arrival the
service time S has a mixture probability distribution with components D;
and mixture probabilities (weights) p;, Z;N: 1 pi =1

2. N classes of customers arrive in independent Poisson processes at rates
Ai = Ap;, ZlN: | pi =1, and receive independent service times D;, i =
1,..., N, respectively. This way shows that M/D,,/1 is an M/G/1 queue
with multiple Poisson inputs.

These two viewpoints yield the same steady-state distribution of wait, as

reflected in the two equivalent forms for the traffic intensity p = A (lez 1
piD;) =N X D;, where \; = Ap; (see Sect.5.3.4, p. 319 in [125]).

Remark 3.25 A similar analysis of the M/D,,/1 queue applies if N = co.

3.11.1 Properties of PDF and CDF of Wait
The steady-state distribution of wait has analytical properties given in Propo-

sition 3.11.

Proposition 3.11 In the M/D,, /1 queue, {Py; f(x), x > 0}: (1) has exactly
one atom which is at x = 0 (state {0} is an atom); (2) has exactly N down-
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w(t)
D, N
D \A-—-SP

Di*l
Dz‘L
D N
1 l\ N
0 t t+e

Time —»

Fig.3.21 Sample path in M/{D, }/1 showing levels D;, D; — ¢ and instants 7, t + €.
See Proposition 3.11, Proof, Part (2)

ward jump discontinuities of sizes Ap; Pp at x = D;, i =1,...,N; (3) is
continuous forallx > 0,x # D;,i =1,..., N.

Proof Check a typical sample path of {W (2)},> (Fig.3.20).

1. State {0} is an atom since a sample path spends a positive proportion
of time in {0} (a.s.), namely Pp =1 — A vazl pi Di. Each sojourn time
in {0} = Exp). There are no other atoms in the state space, since the

LS

proportion of time that a sample path spends in each state x > 0, is 0.

2. The proof is similar to the proof of Part (2) in Proposition 3.9, Sect. 3.10,
upon replacing D, D —e by D;, D; —e; A by Ap;; and where ¢ €
O, D; — Dj_1),i =1,..., N;(as in Fig.3.21). Using similar reasoning
as in Proposition 3.9 we obtain

f(Di —&) = (f(D;)) + ApiPo)e ™, i=1,....,N

where A p; Py is the rate at which the SP makes a tangent to level D; from
below, which is the same as the arrival rate of type-i customers when the
system is empty (rate of SP jumps of size D; from level 0). Lettinge | 0
results in

f(D;7) = f(D;) =ApiPo,i=1,...,N.

verifying downward jumps at D; of size Ap; Pp,i = 1,..., N.
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3. The proof is similar to the proof of Part (3) in Proposition 3.9. We thus
obtain forx > 0, x ¢ {D;};—1 __n

flx—e) = fx) e
Letting € | O yields f(x~) = f(x) so that x is a point of continuity. H

Remark 3.26 From Part (2) of Proposition 3.11, the sum of the downward
jumps at points of discontinuity of the pdf f(x) is APy ZlN:1 pi = APy. This
formula is the same as the size of the single downward jump in the pdf of
wait in the M/D/1 model, independent of N.

Proposition 3.12 In the M/{D,, }/1 queue the steady-state cdf of wait F (x),
x > 0, has a single jump discontinuity at x = 0 of size Py, and is continuous
for all x > 0.

Proof F(-) has a jump discontinuity at level 0, since {0} is an atom having
probability Pg = F'(0) (Proposition 3.11, Part (2)). Fix x > 0 in the state space.
Then x is not an atom (Proposition 3.11, Part (3)). Hence x has probability
0. Thus x is a point of continuity of F(-). |

3.11.2 Expected Busy Period

From (3.80) the expected busy period is

ES) _1-PR _ ¥ Dip
L=XES) AP 1-AXN, Dy

E(B) =

Another way to compute Py is, letting Z denote an idle period,

N
E) 5
Py = = =1-\ D;.
""ED+EB 1 4 XL piD Z‘pl l
A I—AZ,N:] piDi -

3.11.3 Integral Equation for PDF of Wait

The alternative form of the LC integral equation for M/G/1 (3.44) leads
immediately to an “integral” equation for the pdf f (x) (differential equation
for cdf F(x)),
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N
f)=AF(x) =AY piF(x — D)
i=1
N
= \F(x) — Z NF(x — D), x> 0. (3.197)
i=1

To explain (3.197) consider a virtual-wait sample path (Fig.3.20). In
(3.197), the left side f(x) is the downcrossing rate of level x. SP jumps
occur at rate A = 211\/:1 Ai; having size D; with probability p; = A\; /). On
the right side, the first term A\ F'(x) is the rate at which SP jumps start in state-
space set [0, x]. The second term, —A\ ZZNZI F(x — D;)p;, subtracts off the
rate of those jumps which start in state set [0, x] and end below level x. SP
jumps of size D; that start below x — D;, cannot upcross level x. Thus the
right side is the sample-path upcrossing rate of x. Rate balance across level
x gives (3.197).

3.11.4 Solution for CDF of Wait

Differential equation (3.197) for F(x) is solvable. However the form of F'(x)
differs in the state-space intervals

[0, Dy1), [D1,2Dy),
..., [juuD1, D2), [Dy, (ji1 + 1)D1), [(ju1 + 1)D1, (i1 +2)Dy),

etc., where jj; = L%J (greatest integer < %). At D5 in the state space, we
need to consider jjp = Lg—fJ and jy = L%J’ etc. This makes the solution
procedure complex. We must keep track of the positions in the state space
of the break points where the functional form changes, by considering the
relative sizes of D1, D, ..., Dy. Section3.11.5 discusses another approach
to solve for F(x), x > 0.

3.11.5 Alternative Approach for CDF of Wait

We can obtain a solution for F(x), x > 0, using a “specialized” M/D,,/1
queue. Assume, without loss of computational accuracy, that all D;s are
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rational numbers. (Rationals can approximate irrational numbers arbitrarily
closely.). Let
Dy =kiD,Dy=k)D, ..., Dy =knD,

where D = gcd{Dy, ..., Dy} (gcd denotes greatest common divisor); and
0 < k) <ky < --- < ky are positive integers.

Consider an M/D,/1 queue where D; =iD,i =1,..., N. We call this
model an M/{i D}/1 queue. It is somewhat easier to obtain an analytical solu-
tion for the cdf and pdf of wait in M/{i D}/1 than in M/D,,/1. Once a solution
for M/{i D}/1 is obtained, then adjust the arrival rates for customers that
get service times k; D (=D;) so that they correspond to those of the orig-
inal M/D,/1 queue. The arrival rates for intermediate service time values
{iD|iD # D;,i =1, ..., N} are set to 0 in that solution. The resulting cdf
for M/{i D}/1 is equal to F(x), x > 0, for the original M/D,, /1 model (i.e.,
the solution of (3.197)).

Thus M/{i D}/1 (where D = gcd{Dy, ..., Dy}) may be considered as
equivalent M/D,/1. Also, it is more amenable analytically and computa-
tionally. We next examine the M/{i D}/1 queue.

3.12 M/{iD}/1 Queue

We analyze the M/{iD}/1 queue, mindful of its close relationship to
M/D,, /1 (Sect.3.11.5).

In M/{i D}/1 there are N types of arrivals at Poissonrates A\;,i = 1,..., N,
where N is a positive integer. Customers of type i receive a service time
S =1iD, where D > 0 is fixed. Equivalently, customers arrive at Poisson
rate A and get S = i D with probability p;, vazl pi = 1.Thus Ap; = \;. The
expected service time is E(S) = ZlN: 11Dp;. Assume AE(S) < 1 (stability).
Let Py denote the steady-state probability that the system is empty. Then

N N
Py=1-XES)=1-X> iDp;=1-) iD\. (3.198)
i=1 i=1

The M/D/1 queue is a special case of M/{i D}/1 with N = 1. The M/{i D}/1
queue is a special case of M/{D, }/1, with D, = k,D,n=1,...,N, k, is
an integer in the set {1,..., N}, and D= gcd{D, ..., Dy} (gcd := great-
est common divisor). Paradoxically, M/{i D}/1 may also be considered as a
generalization of M/D,, /1! (Sect.3.11.5).
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3.12.1 Integral Equation for CDF of Wait

Let W, denote the wait before service in the steady state, having cdf F(x) =
P(W; <x),x > 0and pdf f(x) = %F(x), x > 0, wherever the derivative
exists. We apply the ‘alternative LC’ Eq. (3.43) (see also Eq. (3.190) for the
M/D/1 queue) relating f(x) and F(x) of wait to obtain

N N
f) =AF(x) =AY F(x —iD)p; = \F(x) — > A F(x —iD),x > 0.
= —
= ’ (3.199)
Consider the virtual wait process {W(#)},>o (similar to Fig.3.20). To
explain (3.199) the left side is the sample path downcrossing rate of x. On
the right side, the term A F (x) is the rate of jumps that start at levels in [0, x].
The term — ZZNZ 1 Ai F(x — i D) subtracts off the rate of jumps that start at
levels in [0, x] and end below x. For example, \; F(x — i D) is the rate of
type-i jumps of size i D that do not upcross x, since they start below x — i D.
Hence, the right side is the upcrossing rate of x. Equation (3.199) results by
rate balance across level x.

3.12.2 Recursion for CDF of Wait

We now outline a procedure to solve (3.199) recursively for F(x), x €
[mD,(m+1)D),m =0,1,2,.... Let

F(x) = Fp(x), f(x) = fux), x €e[mD,(m+1)D),m=0,1,2,...
and F_;(x) = 0if k is a positive integer (see Figs. 3.22 and 3.23). Then write
(3.199) as

N
Sn@) = AFu(x) = D NiFi(x — D),
i=1
xe€mD,m+1)D), m=0,1,2,... (3.200)

First, let us consider the state-space interval [0, D). Thecdf F(x — D) =0
if x — D < 0. For x € [0, D), Eq. (3.200) reduces to

fo(x) = AFp(x), x € [0, D),
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Fig. 3.22 PDF of wait
in M/{i D}/1 queue:

D = 1.0, four arrival
types (N =4), A =0.2,
p1 = ps = 0.01,

P2 = 0.39, pP3 = .59.
Downward jumps at
x=1,2,3,4

Fig. 3.23 CDF of wait
in M/{i D}/1 queue.

D =1.0,N =4,
A=0.2,
p1=ps=0.01,p, =
0.39, p3 = 0.59. The
slope decreases abruptly
atx =1,2,3,4

or differential equation
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Fj(x) = AFy(x), x € (0, D),

with solution, using the initial condition F (0) = Py,

Fo(x) = Pye™, x € [0, D).

Next, on interval [ D, 2D), Eq. (3.200) reduces to

f1(x) = AF1(x) — Fo(x — D)X\, x € [D,2D),
or F{(x) = AFi(x) — Py’ "D\, x € [D,2D).
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The last equation is a differential equation in F1(x), which is readily solved
up to a constant, by using continuity Fo(D ™) = F| (D), resulting in

Fi(x) = Py (eAx + (D — x)e_’\(D_x)) .x €[D.2D).

Imagine extending the domain of Fy(x) to [0, 00). The last equation can then
be written as

F1(x) = Fo(x) + PoAi (D — x)e MNP~ x € [D,2D).
Similarly we obtain recursively
F>(x),x € [2D,3D), Fi(x),x €[3D,4D), Fu(x),x €[4D,5D),

where we extend the domains of F;,(x) to [m, c0), m =0, 1, .... The recur-
sive formulas in (3.201) below summarize the values of F(x) on state-
space interval [0, 5 D) by specifying the corresponding functions on intervals
[0, D), ..., [4D, 5D), respectively.

Fo(x) = Ppe™,
Fi(x) = Fy(x) + PoA(D — x)e AP0

20y 2
F,(x)= Fi(x)+ Py ()Q(ZD —x)+ /\1(2#) e—)\(ZD—x),
F3(x) = Fa(x) + Py (A33D — x) + A1 (3D — x)?

3 _\3
+A1(3#) ¢—A3D—x).

2047 v\2
Fi(x) = F3(x) + P ()\4(4D —x) + A3A (4D — x)? 4 28400

MA2@D—x)?  M@b—-x)*\ _ _
+213! LA 4!x e~ 4D—x)

(3.201)
The recursion (3.201) can be continued indefinitely. The general solution
appeared in an article in 2005 by J.F. Shortle and P.H. Brill (see [128]), and
is stated below in Sect.3.12.3.
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3.12.3 Solution for CDF and PDF of Wait

Using mathematical induction, it can be shown that an analytical solution of
the indefinitely extended recursion (3.201) for the cdf of W, is

—\iD— i D—x)|£l
Fn(x) = Py 2 Lo e NP9 3 piy T Hé)) [Tjec A

xe[mD,(im+1)D), m=0,1,...,

(3.202)

where: P (i) is the set of partitions of integer i; L is a partition in P(i); r1 >
rp > --- > rq are the distinct integers in £ with multiplicities ny, ..., ng,
respectively; H(L) =ny!'na! -+ ng!; |Ll =ni + ny + -+ + ng; Hje[l Aj

= M/ N2 A2 Also, if i = 0, then

(iD — x)*! H
Aty y PYY
LeP(0) H(E) JEL

The pdf of wait is f, (x) = F,, (x). Differentiating (3.202) with respect to x,
givesforx € (mD,(m+1)D),m =0,1,2,...,

—  _A(D—x) , (iD—x)le-!
fm@)=Po D e 2 D —x) L) e — [ 2
i=0 LeP(i) JeL
(3.203)

As a mild check on the cdf of W, in M/{i D}/1 given in (3.202), we obtain
from it the cdf of W, in M/D/1 (formula (3.191)), namely

Fu(x) =Py >, e—,\(iD—x)@)\i = Py o (=N @e—x(m—n,

x €mD,im+1)D),m=0,1,....

To explain, the latter M/D/1 formula it results since: (1) A\ = Aand \; =0,
i > 1;(2) for each i, the only partition in P (i) that contributes positive terms
is that of i 1s, {1,..., 1}; (3) each i yields one such partition with ny = i,
H(L) =il and [Tjcp Aj = M.

Remark 3.27 In [128], formula (3.202) was derived by inversion of the
Laplace transform of wait (see Eq. (3.69). The inversion procedure is at least
as involved as the foregoing LC derivation. Moreover, it also requires the
induction step. The advantages of the LC approach are: (1) the analysis prior
to the induction step is intuitive and completely in the time domain; (2) the
effect on the solution, due to the discontinuities in f (x), and the continuity of
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F(x), is clear using LC; (3) since LC emphasizes sample paths, it enhances
intuitive understanding of the model dynamics, and suggests new avenues
for research.

3.13 M/G/1: Wait Related Reneging/Balking

We analyze an M/G/1 queue in which arrivals either: (1) join the system and
stay for full service, or (2) balk from joining the system or renege from the
waiting line, depending on their estimated (approximate) required arrival-
point wait and on their staying resolve (e.g., patience). We assume that the
arrivals to the system occur according to a Poisson process at rate A, from a
homogeneous source.

Let {W(#)},>0 denote the virtual wait process, and 7, the arrival time of
customer C,, n = 1, 2, ... (Fig.3.24). Let the service time be

S if C,, obtains full service,
= n=12 ...,

0 if C,, balks/reneges before starting service

where S has cdf B(x), x > 0, and B(x) =1 — B(x), x > 0, independent of
n. The arrival-point waiting time W (7,, ) (:=W,) is the required wait before

service of C ,,n =1, 2, .... We assume that a system manager informs C,,
W(t)
| B | T |
I | 1
S
SP
S;
0 A Y Y X
T 7, T, T, T,
Time —»

Fig.3.24 M/G/1 with wait-dependent reneging: busy period 3, idle period Z; stayers
arrive at 7,,, n = 1, 2, ... ; balkers arrive at x



150 3 M/G/1 Queues and Variants

at time 7, , the estimated (approximate) waiting time W,. Some arriving
customers will balk immediately upon arrival. Others will wait hoping that
the approximate wait is higher than the true wait, or that their patience will
endure the true wait, or joining has high personal priority. For example, a bus
terminal continuously displays electronically the (approximate) wait until
the next bus departure; a doctor’s office informs an arriving patient about the
(approximate) required wait to see the doctor; a telephone answering service
informs the caller about the (approximate) wait for the next available agent;
etc. If the customers are mechanical devices needing service, the manager
may accept or reject entrance to the system, according to the (approximate)
required wait before service.
Define, forn =1,2, ...,

6, [ 1 if C, stays and receives full service, (3.204)

0 if C, balks from joining and is cleared.

Since the customer source is homogeneous, we define the common random
variable § = 6,. Thus 6 is a Bernoulli random variable taking the value 1
(stay), or O (balk).

Our aim here is to determine the steady-state mixed pdf of wait denoted
by {Po, f(x)},~g, Where f(x) := pdf of customers who join and wait for
service; and related quantities.

3.13.1 The Staying Function R(y), y > 0

For each y > 0, we define the common conditional probabilities

Ry):=PO=1W, =y),y>0,

3.205
R(y) i= PO =0|W, =),y =0, (5209

independent of n = 1, 2, .. .. From (3.204)
RO +R(y)=1,y>0; (3.206)

P(Cy stays|W,, = y) = R(y); P(C, balks|W, = y) = R(y).
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3.13.2 Sample Path of {W (t)};>¢

The r.v., W(t), is the required wait until service of a would-be time-¢ arrival.

Consider a sample path of {W(#)},-( (Fig.3.24) and an arrival at 7, . If W),=

y then the SP jump size = S having cdf B(-) with probability R(y), and
LS

jump size = 0 with probability R(y). A would-be arrival at time 7, just after a
balker/reneger arrives (and is cleared), also would have a required wait y until
service. This implies W (7,) = W(r,7) =y if y > 0. The sample path would
be continuous with slope —1 at 7, (such #,s are denoted by x in Fig.3.24).

Integral Equation for { Py, f(x)},>0
An integral equation for { Py, f(x)},>0 is (see, e.g., Fig. 1.6 in Sect. 1.7, and
Eq.(3.34) in Sect.3.2.10)

f(x) = AR(0)PyB(x) + A /O Bx —yY)R(Y) f(y)dy,x >0, (3.207)

with normalizing condition Py+ fooo f(x)dx =1.The left and right sides of
Eq. (3.207) are equal to the sample path down- and upcrossing rates of level
x, respectively. The upward jump sizes are related to B(-) on the right side.
Jumps occur at rates that customers stay for service. These rates are state-
dependent, viz., AR(y), y > 0. The pdf on the left side is a time-average
pdf, the pdf on the right side is the arrival-point pdf at arrival instants; their
equality is addressed below. We first briefly discuss the system dynamics
with respect to the state-dependence.

E(Idle Period) and State Dependence

Consider an idle period Z (Fig.3.24). When y = 0 arrivals enter the system at
Poisson rate AR (0), implying E(Z) =1/ ()\ﬁ(O)). Viewed alternatively, cus-
tomers arrive at Poisson rate \; at each arrival instant P (the customer stays for
service) = R(0), and P (the customer balks) = R(0). When y = 0, the num-
ber of balks until the next stay is distributed as a geometric random variable
where a start of service is a success and a balk is a failure. Thus, E(number
of arrivals until a start of service) = 1 /E(O) (see, e.g., p- 37 in [125]). The
expected time between arrivals is 1/\. By independence of the interarrival
times and random variable 6, E(Z) = (1/)) - (1/R(0)) = 1/ (AR(0)), which
agrees with taking AR (0) to be the Poisson rate of stayers. A similar argument
holds for any fixed arrival-point wait y > 0.

Equality of Time-Average and Arrival-Point PDFs
In Sect.8.4.2, Chap.8, we use the embedded LLC method to show that the
time-average pdf { Py, f(x)},- is identical to the limiting arrival-point pdf


http://dx.doi.org/10.1007/978-3-319-50332-5_1
http://dx.doi.org/10.1007/978-3-319-50332-5_1
http://dx.doi.org/10.1007/978-3-319-50332-5_8
http://dx.doi.org/10.1007/978-3-319-50332-5_8
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Fig. 3.25_Staying 1
function R(x) =e™"*. (r \
= 1 in the diagram); limit o \
L=0.R(x)=1—-R(x) T
=1—e ", x>0, the -.
cdf of an Exp, random _ os
variable R(x)

0.41

0.2

¥ 2 3 6 8 1o

asn — 0o, denoted by {PL,O, 1 (x)}x>0 _, because both pdfs satisty integral
equation (3.207) and the same normalizing condition.

Form of the Staying Function R(-)

We assume E( ¥),y > 0,isamonotone, piecewise continuous, non-increasing
function (decreasing in the wide sense), with range a subset of [0, 1].
(See Figs.3.25, 3.26 and 3.27.) Then limy_)ooﬁ(y) =L € [0, 1] exists. If
E(y) =1,y >0, then L = 1, and there would be no reneging or balking;
each arrival would receive full service. The model would be a standard M/G/1
queue.

Remark 3.28 In a more general model, R(y) may be an arbitrary function
such that R(y) € [0, 1], y > 0, is not necessarily monotone. In that case, the

Fig. 3.26 Staying 11

function R(x) = 1,

0<x<1,Rx)=0, sl

x > 1. Limit L = 0.

R(x) =1 — R(x), is the

cdf of a deterministic r.v. 08

R(x)

0.41
021

o 02 04 06 08 1 12 14 16 18 2
X
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Fig.3.27 R(x) =1, 1
x <1, R(x)_: 0.5, _
1<x<2 R(x)=0.1, 08l
x > 2. R(x) is not a cdf. -
Limit L > 0 j
0.6
R(x)

0.4
0.2-

0 T T T T

0 1 2 3 4

presented analysis applies as well. However, the stability condition would be
slightly modified (see Theorem 3.8 and Remark 3.31 below).

Interestingly, the renege/balk M/G/1 queue where R(x) =1- 1 0,1)(x) +
0 - I1,00)(x) is essentially the same as M/G/1 with a threshold at level 1
denoted as Variant 3 (with K = 1) in Sect.3.16.6 below.

Proportion of Customers that Get Full Service
Denote by gs the proportion of arrivals that are stayers. Then gg := P(an
arbitrary arrival gets full service), namely

o0

gs = RO)P + / RIS )dy. (3.208)
y:

The proportion of customers that balk upon knowing their actual or approx-
imate required wait before service is

o0

gp=1—qs = R(O)P0+/ RO ().
y:

3.13.3 M/M/1: Wait Dependent Reneging/Balking

We now study the particular case where the service times of stayers are
d:_Exp,,,, with B(x) = e ", x > 0. Then (3.207) becomes
s
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X

f(x) = APyR(0)e " + A / ; e IR f(y)dy. (3.209)
y:

Applying differential operator (D + 1) to both sides of (3.209) yields the
first order differential equation

(D + p) f(x) = AR(x) f (x),
/() + (u— AR(X)) f(x) =0,
f/x) dinf(x) —
o S = —(u — AR(x)).

Integration on both sides of the last equation with respect to x, followed by
exponentiation gives

F) = A~ AL ROD) (3.210)

where A is a constant. Letting x | 0in (3.209) and (3.210) implies
f(0) = A = APyR(0).

From LC, f(0) is the SP entrance rate into T' x {0} (i.e., into level 0) from
above. The term A PyR(0) is the SP exit rate of level 0 above (i.e., into state-
space interval (0, 00)). The resulting pdf of wait is

(1= g ROay)

f(x) = APyR(0)e ,x > 0. (3.211)
The normalizing condition Py + f xoio f(x)dx = 1leads to
1

Py = — .
L AR() [y (A B ROM) g

(3.212)

3.13.4 M/M/I1: Reneging/Balking-Stability Condition

In the M\/M,,/1 queue, Theorem 3.8 below gives a necessary and sufficient
condition relating A and y, such that { Py, f(x)},-( exists (stability).

Theorem 3.8 In M),/M,/1 with wait-time dependent reneging/balking
assume the staying function E(x), x > 0, is monotone non-increasing and
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piecewise continuous. Let L = limy— o R(x). A necessary and sufficient
condition for stability is
0<A<f if0<L<1,
0<A<oo ifL=0.

(3.213)

Proof (Adapted from [90]) By the hypothesis 1 > R(a) > R(b) > 0 when-
evera < b; hence limy_, o R(x) := L € (0, 1] exists (see, e.g., Problem *8§,
p. 119, in Chap. 8, in [137]). Stability holds iff the discrete state {0} is positive
recurrent iff 0 < Py < 1. Let

> A E RO
1 ::/ e~ HA =0 RO) Ydx,
x=0

in the denominator of (3.212). Stability holds iff
I < oo. (3.214)

We now show that the condition (3.214) is equivalent to the condition (3.213)
above. Wehave L < R(x), x > 0, because L is the greatest lower bound (i.e.,
glb, infimum) of the range of R(-). Hence

X X
ALx = )\/ Ldx < /\/ R(y)dy
y=0 y=0

e—u,x—i-)\Lx < e*/LX‘F/\f;:()ﬁ()’)dy

(0,0
— / e~ W=ALY gy < (3.215)
x=0

Foragivene > Othere exists M. > 0 such that R(x) < ¢ + L forx > M..
Thus

X M. X
A/ R(y)dy < )\/ R(y)dy + /\/ (e+L)dy
y

=0 y=0 y=M:
=Ci+AX(Ee+L)x, x > M,

N
— oA [izo RNy _ Coe HEHMNE+DX oy

> A Ryd *©
/ e—ux—|— jy:O ) Ydx < Cz/ e(—/ﬁ—/\L—l-)\a)xdx
x=M; x=M;

o0
— [ <C3+C / e(THAALAADX g (3.216)
x=M:
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where C1, C», C3 are positive constants. Combining inequalities (3.215) and
(3.216) gives

o o
/ e WAY g < [ < C3 4+ Cy / THTALFADX g0 (3.217)
x=0 x=M.

In (3.217), if I < oo then
o
/ e~ WA gy < 00 & p— AL > 0. (3.218)
x=0

If 1 — AL > 0O then choose € so that —p + AL + \e < 0,1.e.,¢€ < %
Then

o0
/ e(_ﬂ+)‘L+)‘E)xdx <00 — [ < o0. (3219)
x=M,

&

The stability condition (3.213) is equivalent to (3.218) and (3.219). |

Remark 3.29 To shed additional perspective on the stability condition
(3.213), consider the exponent in the integrand of

00 R
I= / TN B ROMY g
x=0

The function px is linear with slope p > 0. The funchn of x, f£ -0 R(y)dy,
x > 0, is positive and increasing with slope % fyx:o R(y)dy = R(x),x > 0.
If R(x), x > 0, is strictly decreasing and differentiable, then fyx:o R(y)dy is
concave since Cz% [y R(y)dy :_%E(x) <0, x > 0. Additionally,
limy s 0o % fyx:o R(y)dy = limy_, 5 R(x) = L. We compare the graphs of
px and A\ f;fzo R(y)dy, x > 0in Fig.3.28.

If L > 0 then there exists M > 0 such that ux — A fyx:O R(y)dy > 0 for
all x > M iff u — AL > 0iff A < p/L. If L = 0, there exists M > 0 such
that ux — A f;f:O R(y)dy > 0 forall x > M iff x> X - 0. In that case A can
assume any positive value, i.e., A € (0, 00).

Remark 3.30 If R(x) is piecewise continuous, we can obtain similar per-
spective as in Remark 3.29.

Another Look at Theorem 3.8
We provide an alternative verification of the stability condition, in order
to clarify the intuition behind the result. Consider an optimization problem
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A=A Ux
slope slope= 1 slope
—>u i AL

AJC, R(ydy

] NS SR S
NS
Il

X —»

Fig. 3.28 Functions pux and A f) ),;0 R(y)dy, indicating M such that pux —
A fVX:O R(y)dy > 0forx > M.Indicates range 0 < X\ < \* such that stability holds.
The system is stable for Aif A f;:() R(y)dy intersects and remains below ix thereafter

where )\ is the decision variable. We shall derive a range 0 < A < A\* for
which there exists M > 0 such that yx — A szo ﬁ(y)dy > Oforallx > M,
thereby making the system stable (see Fig.3.28). The value A* is the solution
of the following optimization problem P. (Note that x > 0, L > 0.)

Problem P
Maximize )\

such that w—AL >0
subjectto A > 0.

The solution of problem P is readily seen to be
o Eif L >0,
ooif L =0,
which is the same result as in Theorem 3.8.

Remark 3.31 The stability condition given in Theorem 3.8 was originally
proved in [16] together with a theorem in which R(y), y > 0 may be other
than monotone non-increasing. That proof is based on the fact that
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o A R(y)d o A R(y)d
/ oA [ig ROy 4 =/ o Hx L Mmoo ROy 4
x=0

x=0

R(y)dy

is the Laplace transform of e Jy=0 evaluated at the parameter p. A

sufficient condition for the Laplace transform to be finite is that e Jy=o ROy
is of exponential order. Let L = lim sup,._, ., R(x). A sufficient condition for
stability is
A< BT >0,
L

A <ooif L =0.

3.13.5 M/M/I: Reneging/Balking-Exponential R(-)

We illustrate the M/G/1 model by taking G(-) := Exp,,. Let B(x) = e M,
x>0,and R(y) =e™", y > 0, 7 > 0. Thus R(y) is monotone decreasing
and L = limy_.oc R(y) = 0 in the notation of Sect.3.13.3. Also, R(0) = 1,
so that all zero-wait customers join the system.

Equation (3.209) becomes

X

f(x)=:AIbe‘”x+-AJ/ e THE= Y £(y)dy. (3.220)
y=0

Substituting e Y for R(y) in (3.211) gives the pdf of wait { Py, S()}o0as

rx

F(x) = APpe e =e™) _ \ N pomix=2e™™ o0 (3.221)
Substituting (3.221) into (3.212) yields
1
1 3

a 1+ e fooo e hr—pe

x=

dx % + M [, e =T gy
(3.222)
A,—rx
In the denominator of Py the term || xoio e M Tr¢ Tdx < 1/u < oo for every

Py

rx

rx

trio of positive numbers {\, u, r}, since the integrand ehx=eTY g ,
x > 0. Thus Py > 0 for all positive {A, p, r}. In particular Py > 0 for
every arrival rate A > 0. This adds credence to Theorem 3.8 above when
limy_ o R(x) = L = 0.
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Expected Busy Period E (B)

In the standard M/G/1 queue, E(B) = E(S)/ (1 — AE(S)). However, in
M/G/1 with balking Py # 1 — AE(S). Hence, we use the more fundamental
formula for E(B) in terms of Py. From (3.82) and (3.222),

I—P()_I—P()

EB) = =
FO) ~ NP
= e% /Oo e_ﬂx—%eimdx = /OO e_ﬂx—’_%(l_eim)dx- (3.223)
x=0 x=0

We can infer formula (3.223) immediately since Py in (3.222) has the form

I EO
1+EB EDQ+E®BY

Py =

and E(Z) = 1/, because all zero-wait customers stay for service if E(y) =
eV, y>0.

3.13.6 M/M/I1: Reneging/Balking and Standard M/M/1

Assume A < p (stability condition for standard M/M/1). In (3.223), (1 —
e ") <rx,x >0and (1 — e ") =0. Letting subscript ‘b’ represent M/M/1
with reneging/balking, and subscript ‘s’ the standard M/M/1, we have, since
1=e™)/r<x,x>0,

R A —rx 0 1
E(By) :/ e~ I=e gy < / ey = —— = E(By).
x=0 x=0 A
In (3.222), we again apply the inequality

o0 A —rx 1
/ e_#x+7(1_e )dx <
x=0 w—= A
which gives
P, 1 ! A

0> —— =1——==PFp.
The comparisons for E(B) and Py are intuitive. In the reneging/balking
model, the arrival rate of customers that increase workload is AR(y), y > 0.
In the standard model, itis A > AR(y), y > 0.
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3.13.7 M/M/1: Reneging/Balking-Number in System

Let P,, ay, d, denote the steady-state probabilities of n stayers in the system
at an arbitrary time point, just before an arrival and just after a departure,
respectively. Then a, =d, = P,,n=0,1,2, ..., (see Sect.8.2.2, p. 500 in
[125]); and Py is given in (3.222). Furthermore, since ﬁ(y) =e "V, y>0,

X = n—1
_ [T (AR (A Jo R()dy)
dn = /x:o (e o y) n—nr SO

0o (A 1 — e~ "x))n—1
= )\Po/ il ) e Mdx,n=1,2,.... (3.224)
x=0 (n—1)!
(see Eq. (3.76) in Sect.3.4.8).
In formula (3.224), AR(y) (=Xe™"”) is the arrival rate of stayers when the
required wait is y.

Remark 3.32 We outline a derivation of (3.224) using an approximation
of R(x) by a step function. Let [0,82) be a large waiting-time interval in
the state space. Partition [0, 2) into m subintervals A; = [x;, Xj+1),1 = 0,
...,m — 1, where xg = 0, x,, = Q. We then approximate R(y) by R(y) =
R(x}), y € A;. Thus the arrival rate of stayers is a constant AR(x;) if the
required wait y € [x;, x;41) at an arrival instant. The probability that n — 1
stayers arrive during an individual required wait y € A; is approximately

e ROV (AR (x) )" !

where x/ € A;. The probability that n — 1 stayers arrive during (0, Q) is
approximately the Riemann sum

m=1 —\R(x))x] (AR (x)x)"!
(n—1)!

F&xHA;

i=0

wherex” € A;.Letm — ooand A; | 0,i=0,...,m — 1. Thenx;, x/,x!" — x
and

1 — _
e e_)\ﬁ(xl.)xl{ (AR(xi)x,{)n !

Q _ n n—1
= /_0 e_’\R(x)x%f(x)dx.
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Letting 2 — oo implies (3.224), where f(x) is given by (3.221).

3.13.8 Proportion of Customers Served

In M/M/1 with wait-time dependent reneging/balking and R(y) = ¢’”, y >
0, from (3.208), (3.221) and (3.222), the proportion of customers that get
complete service is
o0 14 Ae? f2 emhx—re T rx gy
qs = Po +/ e fx)dx = X =0 Fp
x=0 L+ Xer [Zoe M re dx
(3.225)

The proportion of customers that renege from the waiting line is 1 — gs.

In the expressions for Py, E(B), and ¢gs the integrals do not have closed
forms. They can be evaluated using series expansion or numerical methods,
for given values of A, u, and r.

r

3.14 M/G/1 with Priorities

Assume N types of customers arrive at a single-server system at independent
Poissonrates \;,i = 1, ..., N. We denote the type-i service time as S; having
cdf B (x),x > 0,B;(x)=1 — B;(x),x > 0,and pdfb; (x), x > 0. We assume
type 1 (i = 1) has the highest priority, type 2 the next highest, ..., and type
N (i = N) the lowest priority. The service discipline is FCFS within priority
classes. The priority discipline is non-preemptive, i.e., any customer that
starts service is allowed to complete it without interruption. The customer at
the head of the highest-priority line, among all waiting customers, will start
service immediately after the next service completion.

Denote the steady-state pdf and cdf of wait before service of a type i
customer, by {Po, fi(x)},-¢, and F;(x), x > O respectively. The probability
Py of a zero wait, is independent of customer type.

3.14.1 Two Priority Classes

For exposition we consider two priority classes, so that N = 2. We will con-
firm the well-known stability condition, A\; E(S1) + A2 E(S2) < 1, using an
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W, (0)

Level x N -
S, ‘ S, ‘ \I \%\ S
2
Level 0
Arrival 1 12 12 1 1

Type
Time t ——>

Fig. 3.29 Sample path of virtual wait for high priority type-1 arrivals. Low priority
type-2 arrivals that must wait, start service at the end of a I3; or a 135, (Fig. 3.30)
busy period. All type 2 jumps start at level O

LC approach. Let {W;(#)},>( be the virtual wait process for type-1 customers;
a sample path is shown in Fig.3.29. Fix level x > 0 in the state space.

3.14.2 Integral Equation for { Py, fi(x)},-0

From the sample path, we construct the integral equation

fitx) = M B1(x)Py+ MaBa(x) Py + A fyxzo Bi(x — y) fi(y)dy

+Xa2(1 — Py)Ba(x).
(3.226)

To explain (3.226), the left side fj(x) is the SP downcrossing rate of
x (as in Theorem 1.1 in Chap. 1). On the right side, the terms M B (x) Py
and \» B> (x) Py are respectively the SP upcrossing rates of x due to type-
1 and type-2 arrivals, when the system is empty. The term \; fyx=0 Bi(x —
¥) f1(y)dy is the upcrossing rate of x due to type-1 arrivals that wait a positive
time y € (0, x). The term Ay (1 — Py) B2 (x) is the upcrossing rate of x due
to type-2 arrivals that wait positive times before they start service. The first-
in-line of such type 2s must wait until the end of a type 1 busy period to start
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service. Any other such type 2s wait longer before they start service. Those
type 2s can start service only when the type-1 virtual wait hits level 0. The
corresponding SP jumps of size S, start at level 0. The long-run rate at which
such type 2s start service is A2 (1 — Pp) since all type 2s must eventually get
served in a finite time, due to stability.

3.14.3 Stability Condition

Integrate both sides of (3.226) with respect to x on (0, 00). Since f xoio f1(x)dx
=1— Py, and fxoio B, (x)dx = E(s;) some algebra yields

P() =1- )\1E(Sl) — /\zE(Sz) =1- Pr1 — P2, (3.227)
where p; = A\ E(S;), i = 1, 2. For stability, we must have 0 < Py < 1, or
0 <pr+pm<l, (3.228)

which implies both p; < 1 and py < 1.

3.14.4 Expected Wait of High Priority Customers

We confirm the known formula for the expected wait of type-1 customers
using (3.226). Denote the wait in queue before service of an arbitrary type-1
arrival by W, 1. Multiplying both sides of (3.226) by x and integrating on
(0, oo) with respect to x, the left side becomes fooo xf1(x)dx = E(Wy1); the
right side results in the equation

S S
E(Wq1>=( EOD L >) Py+ ME(S)E(W,1)

A1 = PO ESD 4 g1 — P B2

Simplifying yields the familiar result (e.g., p. 545 in [125])

ME(S]) + M E(S3)
20—py

E(W,) = (3.229)
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3.14.5 Egquation for PDF of Wait of Type-2 Customers

Let {W2(1)};>¢ be the virtual wait process of type-2 customers. Let W, » be
the steady-state wait. Denote the pdf of W, > by { Py, f2(x)} ¢, for which
we now develop an integral equation.

Preliminaries

Let B; denote a an M/G/1 type-1 busy period, consisting of type-1s only,
having cdf B1(x), x > 0 and Bi(x)=1— Bi(x),x > 0. Welet B>.1 denote
a busy period in which the first service is type 2, and all subsequent services
are type 1 (Fig.3.30). Let random variable Ny, , denote the number of strict
descending ladder points that occur in a sample path of a B>.1 busy period.
Then Ny, | has the same distribution as the number of type-1 customers that
arrive during a type-2 service time S;. Thus we have

Boi =S+ Z By, (3.230)

where the B ;s are i.i.d. random variables distributed as an M/G/1 type-1

busy period B independent of Ny, ;. Equation (3.230) follows due to the

memoryless property of the type-1 inter-arrival times (d:' Exp),). (A related
LS

discussion of busy period structure is given above in Sect.3.4.12.)

We illustrate the meaning of N, , in Fig.3.30, with Ng, = 3. There are
three type-1 sub-busy periods in Bj ;. There are four vertical gaps, each
distributed as an inter-arrival time, separating and bordering on these three
sub-busy periods. The basic observation is that the sum of the four gaps is
equal to $>.

From (3.80)
E(B1) = % (3.231)
Taking expected values in (3.230) we obtain
E(B,1) = E(S2) + ME(S2)E(B))
= E(S) + MBS e
ES)  ES) 32%)

TI-MEGSH 1-pi
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Time ——

Fig. 3.30 Busy period B, ;. Initial jump is a type 2 service S,. Each subsequent
jump is a type 1 service Sy. By j, j = 1,2, ..., are M/G/1 type 1 busy periods

Remark 3.33 E (B, 1) is the same as the expected busy period in an M/G/1
queue in which zero-waiting customers receive exceptional service. Thus we
can obtain (3.232) immediately as a special case of (3.147).

Let B> 1(x) denote the cdf of B, 1, and Ez,l(x) =1—-B21(x),x>0.
Consider a sample path of the virtual wait of type-2 customers {W>(#)},>¢
(Fig.3.31). The sample path illustrates that fype-2 customers may view the
model as a queue with server vacations (see Sect. 3.15). When a type 1 arrives
to an empty system, the server vacation is B1. When a type 2 arrives, the
server vacation consists of Ng,, B1s. By (3.230), type-2 generated SP jumps
are = 82,1.

dis
Integral Equation for f>(x)
We now construct the integral equation

£ = MB1 () P+ M B ()P + / Baix =) o).
y

(3.233)

In (3.233) the left side f>(x) is the sample-path downcrossing rate of level

x (Theorem 1.1 in Chap.1). On the right side the term \ 1B1(x) Py is the
SP upcrossing rate of x due to type-1 arrivals when the system is empty. A
potentially arriving type-2 customer, immediately after the initial type-1 starts
service, would wait a type-1 busy period before starting service. The term
A2 B> 1(x) Py is the SP upcrossing rate of x due to type-2 arrivals when the
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W, (1)
B 21
B, B B,, B,
Level x 2'1‘ \[l\ -
BZ.\ BI
Arrival 1 2 ) 2 2 2 1
Type

Time t —>

Fig. 3.31 Sample path of virtual wait for low priority, type 2 arrivals. High priority
type 1’s that arrive when the system is empty generate jumps distributed as B; busy
periods. All type 2 arrivals generate jumps distributed as B, ; busy periods (see Fig.
3.30). All type 1’s that must wait, are counted in the B, | jumps

system is empty. A potentially arriving type-2 customer, immediately after the
type 2 starts service, would wait a busy period B; 1 before starting service.
It is possible that B, consists of the initial type-2 service only. Possibly
no type 1s arrive during the initial service time. Generally, B; ; includes an
additional run of N, | Bys (Fig.3.30). The term A\, fyx:() Ez,l(x — ) HL(y)dy
is the upcrossing rate of x due to type-2 arrivals that must wait a positive time
y € (0, x). A would-be type-2 customer that arrives immediately after such
a type-2 arrival, would face an additional wait equal to B | before starting
service.

The three terms on the right of (3.233) account for all arrivals to the system.
The type 2s are counted in the last two terms; they include all type 2s that
wait >0. The type 1s are counted in all three terms. The type 1s that wait
zero are counted in the first term. The type 1s that wait a positive time are
counted in all three terms.

Both Types Have the Same Py

We test for consistency of integral equations (3.233) and (3.226), by checking
whether they give the same value of Py. It is required to show that (3.227)
results from (3.233). We integrate both sides of (3.233) with respect to x on
(0, 00). Simplification gives

1 —Py=MEMB1)Py+ MEB2)Po+ MEB2)(1 — Py)
= MEB1)Py+ ME(B21).
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Substituting for E(By), E(By1) from (3.231), (3.232) respectively we obtain

E(S)) E(S))
1—Py= )\ ———— P, Ap——————
0= AT EGH LT TN EGD

or
Py=1-=MNE(S) — ME(S) =1-p1 —p2,

which is identical to (3.227) QED.

3.14.6 Expected Wait of Type-2 Customers

We obtain the expected wait E (W, ) by multiplying integral equation (3.233)
by x on both sides and integrating with respect to x on (0, o). Some algebra
gives

2 2
E(Wp2) = M=52Py+ X =322 Py
E(53))
+A =1 = Po) + M E(B21) E(Wy2)
or
MEBY Py + M E(B3)
E(E(Wy2)) =
e 2(1 = MEBa)
Substituting from (3.85), (3.227) and (3.232) gives
2
(Mf%;ﬂ—pr—m%+ME$%0‘ﬂ—po
EW,2) = (3.234)
a2 2(1—p1—p)
The term A\ E (B%,l) in the numerator of (3.234) is
Nsy | 2
AzE(Bg,l) = ME||S+ Z Bi,i
i=1
Ny, Ny, 2

= ME(SD) +20E [ $D B |+ ME| | D] B
i=1 i=1

We condition on Ng, , =n, S = s in the last two terms. Then Ny, is a
Poisson random variable with parameter A{s. We then carry out some algebra,
and “uncondition”. This procedure yields
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MEB3 ) = ME(SD) + 2A2E(S§)
+A M E(S)EBY) + A} <E<5’1>>2 E(53)).
Substituting from (3.85) into the last equation gives

MEB] ) = ME(S)) + 2A2E<S§)1P—'l
(3.235)

+P2)\1(1 —D +)\2(1 p)zE(S)

Substituting the expression in (3.235) for A\ E (B%,l) in the numerator of
(3.234) gives

Al
(I —p1)’

A2
I—p1)

coefficient of £ (S ) =

coefficient of £ (S%) =

Hence

2 2
Ty ESD + 225 E(S3)

2(1 = p1—p2)
_ MEGD + ME(S))
20 —pD A =p1—p2)’

which agrees with the result in the literature (e.g., p. 545 in [125]).

E(WqZ)

(3.236)

Remark 3.34 We have used LC to derive E (W, ) from the integral equation
for f1(x)/,and E (W, ») from the integral equation for f>(x). The importance
of this approach is that we essentially have an analytic solution for the pdfs
and cdfs of wait of both priority classes. The LC analysis is in the time domain
without use of transforms. Integral equations (3.226), (3.233) can be solved
analytically in some cases; or else numerically. The LC analysis highlights
conceptual properties of the priority queue that are in common with queues
having: (1) service time depending on wait, (2) multiple Poisson inputs, (3)
server vacations. In addition, the exercise of constructing the sample paths
of wait for the different priority classes, leads to an intuitive understanding
of the model dynamics.
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3.14.7 Exponential Service

We now solve for { Py, f1(x)},-¢inan M/M/1 queue with two priority types.
Here Sid; Expy;,i =1, 2. Substituting B; (x) = ¢ #* into (3.226) gives an
)
integral equation for f(x),
filx) = Xe MT Py + Xoe 2N Py + A fyxzo e M) £ (y)dy
+X2(1 — Py)e H2*,

(3.237)

We apply differential operator (D + (1) (D + p2) to both sides of (3.237),
obtaining the second order differential equation

(D+ p2) (D + 1 — A) fi(x) =0,

with solution
fi(x) = ae” =AY 4 pemraX x> (), (3.238)

where constants a, b are to be determined.
Letting x | 01in (3.237) and (3.238) yields

a+b=X\Py+ \. (3.239)
Taking % on both sides of (3.237) and letting x | 0 gives
F10) = =X1pu1 Po + M Po 4+ Ao — Mo (3.240)
Taking % in (3.238), letting x | 0, and equating to (3.240) gives
— (1 = ADa — b = =X Po+ A\ Po+ Aida — dopa. (3241

We use (3.238) and the condition Py + fxoio f1(x)dx = 1 to obtain

Py+ +—=1. (3.242)

H1— A1 2

We now solve the system of three Egs. (3.239), (3.241), (3.242) for Py, a,
b to obtain
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_ (papn — 2 A — i A2)
a [241 ’
L A (g + 2papi A + papn — ] — paA1 + piA2 — pidor)
(—p1 + A1+ p2)p2pn ’

Py

(3.243)

(3.244)
_ A2 — p1)
(—p1 + XN+ p2)

Check on the Values of Py, a, b
We conduct a mild check (indicated by v) on the values of Py, a, b. Set A\,
= 0. The model reverts to a standard M, /M, /1 queue in which f(x) and
Py are given in (3.112) and (3.113), respectively.

Substituting Ay = 0in (3.243), (3.244) and (3.245) yields: Pp=1 — A\1/p1;
a=\ 0 —=M\/u1);b=0.vV

(3.245)

3.15 M/G/1 with Server Vacations

There are many M/G/1 server-vacation models. During a server vacation the
server is not available to serve customers. For example, vacations may start
after each service completion, or when the server becomes idle, or both. (See,
e.g., Problems 9.2 and 9.6, pp. 420-422 in [143], and see also [39] in which
consecutive vacations are connected by a Markov chain.)

Here we apply LC to a basic M/G/1 server-vacation model. Let the arrival
rate be A and service time be S having cdf B(x), x > 0. Assume that after
each service completion the server goes on vacation for a time U having cdf
V(x),x > 0. During U the server may be doing required work after each
service. For example, a doctor updates a record after seeing each patient, a
bank teller does required paper work after serving each customer, an auto
service manager fills out forms after receiving a car for service. Consider the
virtual wait process {W (1)}, (Fig.3.32).

Denote the complementary cdf of S 4+ U by B * V(x). An integral equa-
tion for the steady-state pdf of wait { P, f(x)},5 is

f(x) =APyB % V(x) + /\/x BxV(x—y)f(y)dy,x >0. (3.246)
y=0

In (3.246) the left side f(x) is the SP downcrossing rate of level x. On the
right side APyB * V (x) is the SP upcrossing rate of level x, starting from
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W)
server unavailable server available
no waiting customers, no waiting customers

4 P

U
’ Xsp

U]-‘ Sz.\. W | N

X Y \l
0 SNC L W, ) \ N

Time —»

Fig. 3.32 Sample path of {W(?)},5 in M/G/1 queue with a server vacation after
each service completion

level 0. The term A fy)C:O B % V(x —y)f(y)dy is the SP upcrossing rate of
level x, starting from levels in the state-space interval (0, x).

Comparing (3.246) and (3.34) indicates that the server-vacation and stan-
dard M/G/1 models are equivalent with regard to the integral equation for the
pdf of queue wait; only the “service time” cdfs differ.

3.15.1 Probability of Zero Wait

Since the queue behaves like M)/G/1 with common service time S + U
with respect to the customer wait until service, then

Po=1—)\E(S+U) (3.247)

provided AE(S + U) < 1.

3.15.2 Expected Busy and Idle Period

Define the idle period 7 as the time interval when the server is available to start
service and no customers are waiting. Then E(/) = 1/\. Let B, := time that
the server is busy serving customers, B,, := time that server is “on vacation”,
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during a “busy period” B, where B = B; + B,,. Then B is distributed as a
regular busy period in a standard M/G/1 queue with service time S + U.
Applying (3.247)

1—Py AE(S+U)
EB) = = . 3.248
®) APy Al =XE(S+0U)) ( )
Given the server is “busy”, the pairs {S;, U;},i =1, 2, ..., form an alter-
nating renewal process (Fig.3.32). During a “busy” period, the proportion
of time the server is busy serving customers :%; “on vacation” =
EU)
ES+E@) 1S
E(S) EU)
EBy)=——————— - EMB), EBY) = ———— -EDB);
(B E(S)+ EQ) (B), £Bw) E(S)+ EU) B
from (3.248)
E(S) EU)
E(BS) == ’ E(Bu) - .
1-XES+U) I -AE(S+U)

3.15.3 Number in System

Let d, denote the probability of n customers in the system just after the server
returns from vacation. Then (see Eq. (3.76) in Sect.3.4.8)

g 00 e*/\,\f()\x)nfl )d
”_/x:o TE A

Let a, denote the probability that an arrival “sees” n customers in the system.
Then a, = d,, = P, due to Poisson arrivals, P, is the long-run proportion of
time there are n customers in the system.

3.15.4 M/M/1 with Server Vacations = Exp,,
s

Let V(x) =e 7, E(x) =e M, x > 0. Assume v # i > 0. Then

. pe Vr — peHx
BxV(x)=PS+V>x)=————,x >0,
w—v
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and (3.246) reduces to

VX _ e X

f) = AP ==
(3.249)

A [img (ne™07Y) —wem V) f(y)dy, x = 0.

In (3.249), applying differential operator (D + v)(D + p) to both sides
results in the differential equation

1)+ W+ p =N ')+ wp— A=) f(x) =0,

with solution
f(x) =c1e®1* 4 cpef* x >0,

where roots Ry, R; are the (negative) roots of the characteristic equation
P+ WHp—Nz+ wp— A=) =0.

Applying the initial conditions f(0) = APy, f'(0) = A’ Py, and the normal-
izing condition Py + | yoio f(x)dx =1 yields

A—R —R A R R R|R
¢ = APy 27 6 = —\P 1+ ’ P0=Cl 2+ R+ R 2
R — R, R — Ry RIRy
Busy Period

The expected values of B, Bs, B, are

1,1 1 1
EB)=—""——. E@B)=1"7E®B), E®B)=1"7E®B.
1_A(p+;) nty ity

Number in System
The probability that the server finds # in the system just after a vacation is
forn=1,2,...,

o0 ,—Ax A n—1
dy = / e(n(—x]))' (CleRlx + Czesz) dx
x=0 - .

N Y (A
2\ ZRr) TR )

where R;, ¢j, i = 1, 2 are given above. The probability that an arrival “sees’
n customers in the system is a, = d, = P,,.

2
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3.16 M/G/1 with Bounded Workload

We look at three M/G/1 variants with a finite barrier K > 0 on the virtual
wait (workload) process. These and related models (e.g., risk models with
a dividend barrier in actuarial science) have been discussed widely in the
literature (e.g., [78]; Example 5.5.2, p. 213 and Exercise 9.9, p. 423 in [143],
and also in [25]; M/M/c queues with bounded wait in Example 1, p. 44
in [52], and also in [54, 79, 100]; and others). They are also useful in the
proof of Proposition 9.1 in Sect. 9.4, Chap. 9 on level crossing estimation. As
K — oo, variants 1-3 tend to a standard M/G/1 queue with infinite waiting
buffer, under mild conditions. We illustrate this property with M/M/1 in
Sects.3.16.2, 3.16.4, and 3.16.6. In all three variants, we denote the arrival
rate by A; the requested full service time for each arrival, by S having cdf B(x),
x >0, B(x) =1 — B(x), x > 0; and the virtual wait (workload) process as
{(Wk (®)};>0-

3.16.1 Variant 1

All customers join the system, and all waiting times (before start of service)
are in [0, K). Each arrival gets either full service S, or truncated service if
S causes {Wk (1)},50 to exceed K, i.e., customers in service must renege
if and when their total system time reaches K. We define the service time
Sk due the level-K barrier, in terms of S as follows. If a customer must wait
y > Othen Sy = min(S, K — y). Thus for all customers, wait + service time
< K. Consider a sample path of {Wg (1)}, (Fig. 3.33). Let the mixed pdf

W (1)

Truncated service time

\ \

C || B I

K

—e—

Timet ——>

Fig. 3.33 Variant 1. Sample path of {W (¢)},5( in M/G/1 with bounded workload.
Ck :=busy cycle, By :=busy period
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of wait be {PK,O, fx (x)}x>0. Rate balance across level x gives immediately
Eq. (3.250) for fx(x), where the left and right sides are the SP down- and
upcrossing rates, respectively:

X

Fi () = APy oB(x) + A / Bl — ) fx()dy.0 <x < K. (3250)
y=0
K

Px.o+ frko(x)dx =1. (3.251)
y=0

If K € (0, 0c0) then {PK,(), fK(x)}x>0 exists for all values of \ > 0 (see
Sect.2.11in[25]). Also, [25] gives the pdf of Sk and shows the important result
that E(Skg) = (1 — PK,O) /A, equivalently Pg o= 1— AE(Sk). (Interest-
ingly, this is similar to Py = 1 — AE(S) in the standard no-barrier M/G/1
queue in steady state.) If there exists M > 0 such that Pg o > O for all K
> M, and we assume AE(S) < 1 then {PK,(), fK(x)}x>0 — {Po, f(X)},=0
in the standard no-barrier M/G/1, since Egs. (3.250), (3.251) would converge
to Egs. (3.34)—(3.36).

3.16.2 Variant 1: M/M/1 Model

In the M\/M,,/1 model B(x) = e "*; the solution of (3.250) and (3.251) is

fx(x) = APk ge” V¥ 0 < x < K,

©w—A (3.252)
o= K
If we assume A < p so that the no-barrier M/M/1 is stable, and let K — oo,
then Pg o — 1 — A/p and the domain (0, K) of fk(-), tends to (0, 00).
This results in the solution for the standard no-barrier M\/M,,/1 queue (see
formulas (3.112) and (3.113)).

3.16.3 Variant 2

Upon arrival customers balk and are cleared if their system times would
exceed K. We assume that the workload Wk (¢ 7) and the service time S of
a would-be time-7 arrival are known to a “system manager” by some means.
A time-¢ arrival joins the system only if Wi (t7) + S < K. We define the
service time Sk due the level-K barrier in terms of S as follows. If a customer
must wait y > 0 then
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Sify+ S <K,
~|oity+s5> k.

Customers that are allowed to join receive full service S, and depart upon
completing service. Consider a sample path of {Wg (1)},>¢ (Fig. 3.34). We
obtain via LC the integral equation for fx (x):

fx(x) = APk o (B(x) — B(K))
A _ (3.253)
+A [i_y (BGx —y) = B(K — y)) fx(")dy,0 < x < K,

with normalizing condition Pk ¢ + ny:O fx(x)dx = 1.1In (3.253), the term

B(x) — B(K)=P(x <S<K) and the term B(x —y)— B(K —y)
=P(x —y < S < K —y). Using the technique in [25] for Variant 1, we can
also find in Variant 2, the pdf of Sx and show that E(Sx) = (1 — Pg.0)/ .

3.16.4 Variant 2: M/M/1 Model

Inthe M\/M,,/1 queue with B(x) = e~ ", we obtainimmediately the solution
of (3.253) for{ Pk o, fx(x) }xe(o,K) as a special case of the M/M/c queue with
bounded system time. (In Example 1, p. 44 in [52], we set number of servers
=1.) We get

Wy (1)
K
NN
[ \[\l M
0
| 0,1 I“B

Timet ——>

Fig. 3.34 Variant 2. Sample path of {W (¢)},~¢ in M/G/1 with bounded workload.
‘x’ indicates arrivals who balk because wait+ S > K. Ck :=busy cycle, Bg :=busy
period
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frx(x) = XePP Py et P=Dx (1 — Bel™)e ™ 0 < x < K,
1 (3.254)

Pk = e —,
1+ XePB [ et P=Dx(1 — Berx)e=mBe dx

where p = \/pu, 3 = e *K. The solution in (3.254) checks with the single-
server Markovian result obtained in [78], and is more complex than the solu-
tion (3.252) for variant 1.

If K — oo then 3 | 0. Additionally, if A < p then (3.254) becomes

A
f)=APpe WM x>0, Py=1-7",
1!

as in the standard no-barrier M/M/1 queue.

3.16.5 Variant 3

All arrivals that “see” a wait < K join the system and receive full ser-
vice S. Some of these service tines will cause jumps that upcross level
K (Fig.3.35). (In variant 3 we call level K a threshold rather than a bar-
rier, because sample-path conditions switch at level K.) Arrivals that “see”
a wait > K, are blocked from joining, and are cleared. (Effectively, they
balk upon arrival. With respect to the arrival-point waiting time Variant 3
is identical to M/G/1 with reneging/balking and having a staying function

Wy (D)

a
:!:
>
|
!

Time t ——>

Fig. 3.35 Variant 3. Sample path of {Wk (¢)},-( in M/G/1 with threshold at level K.
‘x’ indicates arrivals who balk because Wi () > K upon their arrival. Cg := busy
cycle, By := busy period
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R») =1-T10k (W) + 0.1 (W,), where W, := arrival-point wait ...
see Fig.3.35 and Sect. 3.13, which analyzes the renege/balk M/G/1 queue.
We define the service time Sk due to the level-K threshold, in terms of S as
follows. If a customer must wait y then

Sifye[0,K),
K =
Oify € [K, 00),
which may be writtenas Sk = S - I'jox) (W,) + 0.1k o0y (W,), where I 4(-)
is the characteristic function of set A.

We denote the mixed pdf of waitas { Px o, fx.i(x)},_, ; where the domain
of fx 0(x)1is (0, K) and the domain of fx 1(x)is [K, 00). Using LC we can
write integral equations for fx ;(x), i = 1, 2, by inspection of Fig.3.35, as
follows.

fx.0(x) = APk oB(x) + )\fyx:oE(X — W Skody,x € (0, K),
Fr 1) = APk 0B(x) + A [}~ B(x = y) fx 0(3)dy, x € [K, 00),

Pio+ [yl frodx + [ fxa(dx = 1.
(3.255)
We infer from Fig.3.35 and Theorem 1.1, the continuity condition at K

1 (K1) = fx oK), (3.256)

noting lim;_, oo D;(x)/t = lim;_, oo D;(x™)/t, and there are no SP tangents
at level K. (Contrast this property with that at level D in M/D/1 where there
is a discontinuity; see Proposition 3.9 Part (2) in Sect.3.10.1.)

Expected Sojourn Above Level K

Let vk := excess of a jump over level K, ax := sojourn above level K.
Then ag =k, and E(ag) = E(vk). Let Fy (2) := P(yx < 2),z > 0. Two
different expressions for lim;—, oo U; (K + z)/t are

(1= Fy (2) fx.0(K7)
K

and APgoB(K +2z) + )\/ B(K +z— ) frk.o()dy.
y=0

In the first expression fx o(K ™) is the upcrossing rate (also the downcrossing
rate) of level K, and 1 — F, () is the upcrossing rate of level K + z given
the SP upcrosses level K. The second term is the upcrossing rate of level
K + z due to upward jumps that start in [0, K). Thus
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APk 0B(K +2) + A nyzo B(K +z— ) fkody

o= fx.0(K™)
_ APgoB(K +2) + A [ B(K +2 =) fro(y)dy
APk,0B(K) + X [}~y B(K = ) fi.o(»)dy
and

E(ag) = E(vg) = [ (1 = F4(2)) dz

e APk 0B(K+2)+) [,C ) B(K+2—y) fx 0(y)dy J (3.257)
T =0 NP B(K)+A [ BK—) fr.o(y)dy :

Using the technique in [25] for Variant 1, we can also find in Variant 3, the
pdf of Sk and show that E(Sx) = (1 — Px.0)/\.

3.16.6 Variant 3: M/M/1 Model

Setting B(x) = e”#* in (3.255), and solving by converting to differential
equations, gives
fr0(x) = APeoe” "™V x € (0, K)

frilx) = )\Pk’oe*(“x*/\K), x € [K,0), (3.258)

— 1
K.,0 = 1_,_#%(1_6_(,,_»1()_,_%e—(y—x)K'

In (3.258) if x > (AK) /u then yx — AK > 0 and fxoiK Sfx.1(x)dx is finite.
If additionally A < p thenas K — oo the denominator of Pg ¢ — m
=1 — A\/u, which is Py in the no-threshold M/M/1 queue. Also fk o(x) —
APye~ =X ¢ (0, 00) which is f(x), x > 0 in the no-threshold M/M/1
queue.

From (3.257), E(ag) = on:oO e Mdz =1/p.

3.17 Generalized Benes Series for PDF of Wait

In this Section we use LC to generalize the Benes series for the pdf of wait
in M/G/1 (see formula (3.71) in Sect.3.4.5). We use LC, the busy-period
structure (Fig. 3.6 in Sect. 3.4.12), the multiplicative structure (Fig. 3.36), and
the renewal reward theorem (see references following Eq. (3.79)) to develop
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a series for the pdf of wait (W,). Combining LC and the renewal reward
theorem facilitates creating more general series for the pdf of W, in MG/1
variants as well. We illustrate the more generalized series in an M/G/1 model
where zero-wait arrivals receive exceptional service (see Sect. 3.6.1).

3.17.1 Model Description

The arrival rate is \. Zero-wait arrivals (initiators of busy periods) receive
service time Sy. Positive-wait arrivals receive service time S| (#g4isS0). We
denote: the cdf of S; as B;j(x), x >0, Bj(x)=1—B;j(x),x>0,i=0,1;
the steady-state pdf of wait as {Pp, f(x)},-0; the limiting excess of S; as
s;:5 the pdf of s, by gi(x), x € (0, 00)N(domain of ;). It is well known
that g;(x) = (1/E(S})) Bi(x),i=0,1 (see Example 7.24, p. 453 in [125] ;
formula (6.2), p. 193 in [99]). Also p; := AE(S;),i =0, 1.

Examining a busy period of the virtual wait process {W (¢)},>( (Fig.3.36)
and applying LC rate balance across level x (>0), yields Eq. (3.143) of
Sect.3.6.1 (repeated here for handy reference)

f(x) = APyBo(x) + )\/ 0§1 (x =y fdy,x > 0. (3.259)
y=

Integrating both sides of (3.259) with respect to x € (0, oo) and simplifying
leads to formula (3.144) for Py, whose form implies Py € (0, 1) iff p; < 1.

W(t)

Gen—é} SBP

NN N

Level x —
| Gens SBIN S “AA\S S Gen-5 SBP
1 1 1
S ~. Gen-2 SBP
0 . Gen'3 SBP
\\ ™,
0
| Gen-1 B |
Time —>

Fig. 3.36 Multiplicative structure of B of {W ()}, for Benes series analysis. Each
arrival generates the initial jump of a BB or sub-busy period (SBP). Initial jumps of
all busy/sub-busy periods account for all arrivals (Gen := generation)
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3.17.2 Applying the Renewal Reward Theorem

Consider the gen-1 (abbreviation for generation-1) busy period B in Fig. 3.36.
Fixlevel x > 0. Let: E (Ugenk (x)) := E(number of upcrossings of x by gen-
k initiated jumps in B); E (Ugen-k,r (x)) := E(number of upcrossings of x by
gen-k initiated jumps during (0, t)). Then

EUgen-1 (x)) = 1 x Bo(x); E(C) = 1/ (APy)

(for E(C) see formula (3.81) in Sect. 3.4.10). All jumps during C (busy cycle)
occur during its embedded B. By the renewal reward theorem, the long-run
upcrossing rate of x due to gen-1 busy period initiated jumps is

lim;_, o L{gen_l,t(x) _ E(ugen—l (x))
t E©) (3.260)

o = APy Bo(x) = Popogo(x).

A similar analysis of gen-2 sub-busy period initiated upcrossings of x gives
x —
EUgen2 (x)) = )\E(So)/ Bi(x — y)go(y)dy,
y=0

since E (number of gen-2 jumps during C — same as number in ) = A\E(Sp).
Thus

X

EUgenz (1)) = (1/1)ME(S0) / B = Veo(v)dy
y:

= (1/p1)po (g101) * &0) (x).
By the renewal reward theorem

lim; s o ugen—Z,t (x) _ E(ugen»Z (x))
t - E(C)

(100 (8100, #0)0) (3.261)
* X
=~ [io/(%(l))) 822 = Popopr (g11) * g0) (x),

where (g1(1) * go) (x) = f;:() g1 (x — y)go(y)dy.
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Similarly, for gen-3 sub-busy period initiated upcrossings of x,

EUgen3 () = AE(S1) AE(S0) [;—o B1(x = ¥) (g101) * 0) ()dy
= (1/p1) (AE(S1)) (AE(S0)) fyxzo p1Bi(x — y) (g1a1) * go) (W)dy
= (1/p1) pop1 (12) * o) (x);

the factor AE(S]) occurs because each gen-2 sub-busy period initiated jump
is = S1—the initial service time of a gen-3 sub-busy period. By the renewal

dis
reward theorem
lim; s o0 Z/{gen-3,t (x) . E(Ugen—3 (%))
t  E@©
_(1/p1) pop1 (1(2) * go) (x)
1/ (APo)

Similar reasoning for gen-k sub-busy period initiated upcrossings of x,
yields

= Popopt (81¢2) * g0) (x), x > 0,

lim; ugen—k,t(x) _ E(ugen—k (x))
t E(C) (3.262)
= Popopy " (810—1) * g0) (X). k= 1,2, ...,

where g1(x—1)(+) is the (k — 1)-fold self-convolution of gi(-), and g1y = 1.
The principle of rate balance across level x gives

i lim Ugen-k,t (x
hm[_mto Ds(x) — Z]iil t—00 tgen k1 ( )’x - O,

(3.263)
fx) = Popo D e Plf_l (81(k—1) * o) (x), x > 0,

upon applying formula (3.262). In (3.263) the right side is the total upcrossing
rate of level x; term 1 is the upcrossing rate of x due to gen-1 busy period
initiated jumps, and term k is the upcrossing rate of x due to gen-(k — 1)
sub-busy period initiated jumps, k = 2,3, . ...

3.17.3 LC Equation for { Py, f(x)},> via a Series

In (3.263) term k is the SP upcrossing rate of level x due to the gen-k busy/sub-
busy period initiated jumps, where (g 1(0) * go) (x) = go (x). From Fig.3.36
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every arrival is the initiator of some gen-1 busy period or some gen-k sub-busy
period, k = 2, 3, ... Hence, the initial jumps of all the gen-k busy/sub-busy
periods, k = 1,2, ..., account for all arrivals to the system.In (3.263) the left
and right sides are the SP down- and upcrossing rates of level x, respectively.
Hence, (3.263) is an alternative way of viewing the LC balance equation for
f(x). Due to the geometric factors p’f_l, k=1,2,...,(p1 < 1), the series
converges geometrically fast, to f(x). Formula (3.263) is a series solution of
the standard Volterra integral equation for the pdf given by (3.259). More-
over, because (3.263) is the sum of gen-k initiated upcrossing rates of level x,
(3.263) is an alternative LC equation for { Py, f(x)} - o- (In fact, the right side
of (3.259) is the series expansion of the integral in (3.259)). Interestingly, we
now have a geometric/physical interpretation of each term via LC. By com-
puting or approximating the convolutions (gl(k_ 1) * go) x), k=1,2,...,
we can quickly estimate f(x) by summing the first N appropriate terms of
(3.263).

In the standard M/G/1 queue, go(x) = g1(x—1)(x) and the series (3.263)
simplifies to the well-known Benes series (3.71) (see [8]; formula (5.111), p.
201 in [104]).

Example 3.12 In M/M/1 where zero-wait arrivals get exceptional service
gi(y) = pie ", and E(S;) =1/pi, pi = /i, i =0, 1. Then

e MY (my) "

go(y) =e " ug = g0y, gk-n(y) = Jk=2,3,...,

(k —2)!
so that
(810—1) * 80) (x)
e "o, k=1, (3.264)
= fyx:o e—ul(x—y)ggl_(;c)!—y))k*zﬂl ceTHY pody, k=23, ...

where k — 2 := (k — 1) — 1 (see formula (3.39) for the pdf of Erl; ,). Sub-
stituting from (3.264) into (3.263) gives the first term of the series as

Popoe "% g = Pore™ 0%,
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The sum of the subsequent terms of the series is

k—1 —py (x—y) —y))k—2 _
POPO 21212 £ f;:() & Egl_(;)u V) 4 “O(y),uody

k—2

= P()poe_ﬂlx fyxzo )\Moeﬂl)’ . e)\(x—y) . e_“"ydy
= Popo)\luoe_(,u/l—)\)x f;;o e(/"l_/\_“’(’)ydj;
_ 9 e—H0x —e— (11 —N)x
= PoA H1—A= 110
Summing all the terms gives

e~ HoX _ p=(p1—=XA)x

f(x) = Pophe 0% + Py\?

B — A= fio
=F (_—)\26_(11']_)\))( + )\(Ml - ,LL()) e—p,ox) i
p1— A= po 1 — A — po
- A
Py = ‘“—,
B — A — fio

which is identical to formulas (3.148) and (3.149) in Sect. 3.6.1, which were
obtained by converting an integral equation to a differential equation, solv-
ing the latter, and then using initial conditions to obtain the constants of
integration.

The foregoing example illustrates important properties of the level crossing
method.

1. We can partition the sample-path jumps of {W(¢)},~( into subsets, such
as jumps that initiate generation-k sub-busy periods, in order to obtain
new views of the queueing kinetics directly from the structure of the
sample path. In this Section the partition into gen-k jumps results in a
generalization of the Benes series for M/G/1.

2. Once the convolutions in the series are specified, it is straightforward in
many cases to derive the pdf f(x), x > 0. Comparing the above example
with the solution method for f(x), x > 0 in Sect.3.6.1 shows that the
LC-derived generalized Bene§ series approach is more straightforward,
and computes the coefficients of e~ 1=Y* and e=#0* directly without
resorting to differential equations and using initial conditions.
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3.17.4 Brief Discussion

We have indicated how to apply LC to derive transient and steady-state prop-
erties of the waiting time in several M/G/1 and M/M/1 queues, emphasizing
steady-state results. Many of the LC-derived properties have been obtained
in the literature by different methods, but some properties and results given
in Chap. 3 are new.

A vast array of additional models and variants have been analyzed using
LC, since 1976. For example, M/G/1 queues with Markov-generated server
vacations [39] generalizes the standard M/G/1 server-vacation model. The
vacation time following a service completion depends on the length of the
immediately preceding vacation, viaa Markov chain. Such dependency arises
in many situations. A teller in a bank may do paper work following each
service. After the next service completion, the paper work required may
depend on the quality and quantity of the paperwork completed during the
preceding vacation. Similar remarks apply to workers who write a report
after completing a service, e.g., medical practitioners after seeing a patient;
dentists after treating a patient; repairmen after completing a job; salesmen
after completing a sale; and so forth.

Variants of the M/G®?)/1 queue with bulk service were analyzed using
LC in [20, 93]. The model utilizes a two-dimensional state {W (1), M (1)},>¢
where W (¢) is the virtual wait. Random variable M (¢) is discrete; it represents
at time ¢, the number of ‘customers in the waiting line confirmed’ to form
a service group, where M (t) € {a, ..., b} and b is the maximum service-
group size. M(t) is called the system configuration, which is explained for
M/M/c queues in Sects.4.4 and 4.5 in Chap.4. The idea of system configu-
ration was introduced by the author in [11] (see also Sect.2 in [52]). System
configurations are very useful in many stochastic models, by giving the LC
method much flexibility for modelling various situations (see, e.g., the effec-
tive system configuration due to L. Green in [38]). A system configuration
introduces sufficient detailed information, to make a model Markov ian. Cre-
ating a useful system configuration requires thinking through the system
dynamics carefully.
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Chapter 4
M/M/c Queue

4.1 Introduction

In Sect.4.2 below we prove a useful general result (which we call Theorem
B) about SP transitions. This theorem facilitates the analysis of transient
distributions of state variables, and will be applied variously in the sequel.

Sections 4.3—4.5 explain the sample-path structure and dynamics of the
generalized M/M/c queue. In the generalized model the SP can make a tran-
sition between disjoint state-space sets (called pagesor sheets). Geometri-
cally, sheets are analogous to a package of sheets of paper, cards in a deck, or
pages of a book. They form a discrete number of disjoint subsets of the state
space, not connected by a continuous segment of the sample path. (We can
also model complex single-server queues using the method of sheets (aka
method of pages) (see, e.g., [39, 53, 93]). The method of sheets provides
LC with great flexibility to analyze different types of stochastic models: e.g.,
queues; dams (see Sect. 11.8); inventories; production-inventories; actuarial
risk models, replacement models; models in the natural sciences, etc.

Sections 4.6.1-4.6.9 develop equations for transient and steady-state pdfs
of wait in the generalized M/M/c model. Sections4.7-4.12 provide steady-
state analyses of M/M/c variants using LC. In particular, Sect.4.8 derives
known results for the standard M/M/c queue as a special case of the general-
ized model. The remaining Sections of the Chapter study variants of M/M/c
queues. All Sections provide empirical background for potentially novel ap-
plications of LC.
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4.2 Theorem B for Transient Analysis

We state and prove Theorem B. This straightforward theorem facilitates the
transient analyses of a variety of stochastic models.

4.2.1 Theorem B

We first give a fundamental generalization of Theorems 3.1 and 3.2 of Chap. 3,
which is useful for LC derivations of integro-differential equations for tran-
sient distributions in general.

Let {X (#)},>¢ denote a sample path of a general stochastic process with
state space S. Let A, B be arbitrary measurable subsets of S. Denote the tran-
sient probability P(X (t) € A) atinstantt by P;(A),t > 0. Let P;, 1,(A, B)
be the joint probability P(X (t;) € A, X (1) € B) at instants t{, r > 0. Let
7:(A) be the number of SP entrances and O;(A) the number of SP exits of
A, during (0, ) (see Fig.2.7). Assume the derivatives

0 0 0
5Pz(A), 7; ELi(A4)), EE(@(A))

exist for all # > 0. Both
2E(I (A)) > 0and 2E(O (A) >0
or ! e o = ~

hold wherever the derivatives exist, since Z;(A) and O;(A) are counting
processes which increase (wide sense, i.e., not strictly; they may be step
functions) as ¢ increases. The following useful result holds.

Theorem 4.1 Theorem B (PH. Brill, 1983)
E(1:(A)) = E(O:(A)) + P(A) — Py(A) 4.1)

0 0 0
EE(L(A)) = EE(Ot(A)) + EP’(A)' (4.2)

Proof We give two proofs in order to develop intuition about the result.
Proof 1: This proof is similar to that of Theorems 3.1 and 3.2 in Sect. 3.2.3
above. We make the correspondence:

A < (—00,x], TI;(A) < Di(x), Oi(A) < U(x),
Pi(A) < Fi(x),t >0, Py (A, A) < Fyn(x,x), 11,1 > 0.
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SP down- and upcrossings of level x are entrances and exits of sets (Defi-
nitions 2.2-2.5). Note that

T(A) — O(A) = +1 < X(0) € A, X(1) € A,
T:,(A) — O;(A) = —1 < X(0) € A, X(t) € A,
T:(A) — O;(A) =0 & XO0)c A, X(1)e A

or X(0) € AS, X(t) € A°.

We thus obtain the following values and corresponding probabilities:

Z;(A) — O:(A) Probability
+1 Po,i(A°, A) = Pi(A) — Po (A, A)

—1 Po (A, A) = Po(A) — Poi(A, A)

0 1 — P,(A) — Py(A) + 2Py (A, A)

Taking the expected value E(Z;(A) — O;(A)) and then the derivative
%E(L(A) — O;(A)) yields (4.1) and (4.2).
Proof 2: Fix t > 0. The probability of the sure event S is

Pi(S) = P,(AU A°) = P,(A) + P(A9) = 1.

Consider Py, 1,(A, S). Events {X (#;) € A} and {X (#2) € S} are independent
for every 0 < #; # t». Knowledge that {X (¢1) € A} has occurred, does not
effect the probability of event {X(#;) € S}, which is P;,(S) = 1, and vice
versa. Similarly, the events {X (f;) € S} and {X(#;) € B} are independent.
Note that § = A U A° = B U B¢. Hence

Pll (A) = Pllylz(Av S) = Ptl,tg(A, BU BC),
PIQ(B) = Pf],[Q(S’ B) = Pt1,t2(A U AC7 B)a

or

P (A) = Py, (A, B) + P, 1, (A, BY),
4.3)

PZQ(B) = Pt],tz(Aa B) + Ptl,tz(Ac» B)

The possible values of Z;(A) — O;(A) and corresponding joint probabilities
at time points t; = 0 and 1, = ¢ > 0 are:

Z,(A) — O,(A) Probability
0 PO,I(A’A) + PO,I‘(AC’ Ac) (4 4)
+1 Po.1 (A, A) '

-1 Poi(A, A%)
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Taking the expected value of Z; (A) — O;(A) in (4.4) yields

E (Z;(A) — O1(A)) = Po,i (A%, A) — Py (A, AY)
= Py (A%, A) + P (A, A)
— (Po,((A, A) + Py, (A, AY)
= Pi(A) — Py(A),

which gives (4.1). Taking 0/0t in (4.1) yields (4.2). |

Remark 4.1 Theorem B also applies to multi-dimensional processes with
state space § C R”, n =2, ..., whose states are described by more than one
continuous random variable. (Note: The symbol R denotesthe set of real
numbers.) We analyze two multi-dimensional inventory models in steady
state, in Chap. 7.

4.3 Generalized M/M/c Queue

Customers arrive at an M/M/c queue in a Poisson stream at rate A. There
is one waiting line and ¢ servers. Arrivals start service from the first avail-
able server, in order of arrival. We assume that for each arrival, the service
time is exponentially distributed with rate selected from a nonempty set @ =
{ro, ..., us}of J + 1 positive constants, depending on a server-assignment
policy specified for the model; this allows service rates to be state dependent.
Thus the standard M/M/c queue is a special case (see Sect. 4.8 below; p. 66ff
in [84]).

For the generalized M/M/c queue we use a ‘partition/synthesis’ technique.
We partition the state space into zero-wait and positive-wait states, and an-
alyze the partitioned states to obtain ‘partial’ pdfs of the waiting time using
LC. Then we synthesize those results to obtain the ‘total’ pdf of the waiting
time, and related quantities of interest.

We next discuss: virtual wait; server workload; system configuration; the
system point process (SP process); and give examples. (References for this
section are [11] and [52], and others cited below.)

4.3.1 Virtual Wait and Server Workload

Notation 4.2 In the remainder of Sect. 4.3 we use two symbols for customers
arriving to the system, depending on the context. (1) C (¢) denotes a would-
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be (potential) time-¢ arrival, t > 0. (2) C, ; denotes an actual time-7 arrival,
that arrives at .

Let C(r) be a would-be (potential) time-¢ arrival to the system, r > 0. Let
R;(t) denote the (remaining) workload (in time units) at instant £ > 0, of
server i, i =1, ..., c (server numbering is arbitrary). Let {W(¢)},>( be the
virtual wait process. The random variable W (¢) is the would-be wait required
by C(¢) measured from time ¢ until the start of service of C(¢). Thus W (z)
=min;—=1,..c{R; ()}, > 0. We assume: sample paths of {W(¢)},>o and of
{R;(1)},>( are right continuous and have left limits; the model parameters are
such that the steady state exists (condition relaxed for the transient analysis
in Sects.4.6.1-4.6.8 below).

Remark 4.2 In M/M/c (¢ > 2), virtual wait # system workload. The system
workload at time ¢ is > _;_; R; (7).

Since C, ; is an actual time-t arrival to the system, that arrives att—, C, ;’s
wait is W (¢™) before starting service, from some server i;*. If R;(17) =0 for
some server j, then W(t~) =0, and i is one of the idle servers at #~. For
zero-wait arrivals, server i/ is selected from the idle servers according to the
model’s server-assignment policy (e.g., randomly, or by server number, etc.).
IfR(t7)>0,i=1,...,c,then W(t™) > 0, and C, ; will start service from
server i} atinstant t + W (¢7) if i} has the minimum workload among the ¢
occupied servers at ¢~ (further explained in Sect.4.4 below).

4.3.2 Sample Paths of Workload and Virtual Wait

In some models, sample paths of R;(¢),i =1, ..., c, are useful for the overall
analysis. We now outline how to construct a sample path of each R;(¢),¢ > 0,
i =1,...,c.(RefertoFig.4.1, which depicts sample paths for a special case
of generalized M/M/c with ¢ = 2.) Without loss of generality, assume the
system is empty at £ = 0. Then R;(¢) =0,i =1, ..., c, from ¢ = 0 until the
first arrival instant (C;). A new arrival (Cy) starts service from a server i* and
R;+(-) jumps upward to the ordinate = Exp,,.., where p;x € . R;i+(-), then
s

decreases steadily with slope = —1 as service progresses.

Eventually all ¢ servers become occupied simultaneously (just after C;
arrives). Let #; := min{¢|all ¢ servers are occupied}. If the next customer C,
arrives at time 7 > 1 before any further service completion, then C; is the
sole customer waiting to start service at time 7 (C3). C;’s server will be i*
if Rix(77) = min;j=;___, {Ri (7'_)} := W(r7) (virtual wait). The workload

.....
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Fig. 4.1 Sample paths
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Rix(77) jumps upward by C;’s service time s;x = Expy., where pix € p.
LS T

Thus Rjx(7) = Rix(77) + six = W(77) + s;x. For all other servers, R;(T) =
Ri(17),i #if. Subsequently W(7) = min;=1 . {R;i(7)}.

The next arrival that “sees” at least one idle server (C4), will cause the
{W(#)},>0 to evolve similarly. The next arrival that finds all servers busy will
be assigned to that server which has minimum workload (Cs) and so forth.
If arrivals find several customers waiting in line, the dynamics are similar to
the case ‘all servers busy’ (described in Sect. 4.4 below).

4.3.3 Distinguishable Servers

When tracking server workloads, we regard the servers as distinguishable
(Fig.4.1). However, we are often interested in the statistical properties of the
entire system, rather than the processing of each individual customer, or the
action of a particular server. Here we analyze the system by constructing
a sample path of {W(¢)},-( generated according to the model’s prescribed
probability laws for the service and interarrival times, and operational poli-
cies.

Suppose we can keep track of the ¢ server workloads in continuous time.
Then we could assign a ‘ficket’ to each arrival, which points to its up-coming
server, identified because it has the minimum workload at the arrival instant.
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This procedure distributes theoretical waiting lines to the ¢ servers, although
there is only one physical waiting line in the waiting room.

4.3.4 Indistinguishable Servers

In many M/M/c models, it is not necessary to construct sample paths of the
server workloads {R; (t)};>9,i =1, ..., ¢, in order to construct a sample path
of {W(#)};>0. It suffices to regard the servers as indistinguishable. Then it
is not necessary to track individual server workloads. To analyze important
statistical properties of the model, it is sufficient to track directly the virtual
wait W(¢) := min;—; . {R;(¢)}. Thus we utilize what we call the system
configuration (Sect.4.4).

4.4 System Configuration

In generalized M/M/c, assume a ‘system manager’ knows the up-coming
target server i to be occupied at instant t + W (¢~) by a would-be time-¢
arrival, denoted by C(¢) (i.e., the manager knows the server having minimum
workload at time t). Let M (¢) := system configuration at time t. The process
{M(t)},>0 tracks the service rates of the ¢ — 1 servers other than i}. We
assume that the model specifies J + 1 possible exponential service rates: p
= {uo, (1, - .., ps}. Bach arrival is assigned a service rate selected from the
set p. Recall that if ¢ is not an arrival instant, sample-path right continuity
implies W (™) = W(¢).

Definition 4.1 Thesystem configuration M () is a J + 1 vector of server
occupancy numbers m; > 0, namely M (1) = (mo, ..., my), where m; :=
number of servers having service rate y; € y, among the ¢ — 1 servers
other than iy at t + W (t7).

Definition 4.2 The set of all possible configurations is denoted by M =
{mim = (mo, ..., my)}.

For each configuration m € M, 0 < ZJJ-ZO mj <c—1; C) would
start service at instant t + W (™) and would be assigned a service rate
(W (™), m) € u, which nay be a function of three variables: t, W(¢7),
and m. That is

@, W), m) — puj € p,forsome j =0,...,J.
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Remark 4.3 In various models, the service rate u, (-, -) may also depend
on other variables as well. It may be selected randomly from the set p.
Additionally, the number of possible service rates in ;¢ may be countable.

4.4.1 Inter Start-of-service Depart Time S;

Ingeneralized M/M/c a key random variable is the time-t ‘look-ahead’ in-
ter start-of-service depart time, denoted by S;. For example, let the state
(W@™),M(t7)) be (x,m) when customer C,; arrives. Then C, s re-
quired wait before starting service is x > 0 and the configuration is m. If
0= Zijzo mj < c— 1thenx =0and C, , starts service immediately by one
of the idle servers. If Zijzo mj = c — 1 there are two possibilities for x. If
x =0 then C, ; starts service immediately by the single idle server. If x >
0 then C, ; waits time x before starting service by the first available server
thereafter. Just after C, ; starts service at time ¢ 4 x all ¢ servers will be
occupied.

Definition 4.3 The inter start-of-service depart time S; is the time measured
from ¢ + x (start of C,;’s service time) until the first departure from the
system after ¢ 4+ x. In other words S; := time from the start of service of
C,.: until the first departure from the system thereafter.

Importantly,

Sy = min {EXPygpug - - -+ EXPyu - BXD Y w (1-).m) | »
which is the minimum of Zf:o mj + 1 (= ¢) independent exponential r.v.s.
Among these, m ; servers have rate p1j, j =0, ..., J, and one server has rate

e (x, m) (assigned to C , ). Thus S; = Exp,, where v; = ij‘zomjﬂj +

pe (x, m).

An important aspect of the forgoing definition of system configuration and
use of Sy when W (™) > 0, is that once all ¢ servers are occupied, the prob-
ability distribution of S; is independent of future arrivals to the system. That
is, the set of active servers functions like a separate sub-system until the first
departure thereafter, mindful of the memoryless property of the exponential
service times. Although the concept ‘system configuration’ may appear ‘dif-
ferent’, it is straightforward to apply when developing model equations for
the pdf of the waiting time in complex M/M/c queues (see, e.g., pp. 80-97
in [11], and also in [38, 52, 53]).
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4.4.2 Number of Configurations

Let (W(t), M(t)) = (x, m) (see Definition 4.1 above). Looking ahead to ¢ +
W (), assume m = (my, ..., my) is such that

J
> mj=k0<k<c—1.
j=0

The servers are considered to be indistinguishable (as in subsequent models
in this monograph, unless otherwise noted). We track only the number of
servers occupied with service rate j € p, j =0, ..., k.

The number of possible configurations such that exactly k servers are
occupied, is the number of non-negative integer solutions of the equation

mo~+---+my=k.

It is the same as the number of ways of distributing k indistinguishable balls

in J + 1 distinguishable cells, namely (ij) = (J:k) (see Lemma, p. 36,

Chap. I in [73]). Thus, the total number of possible configurations is

1
(J+k) (.} +C) (J—{-C). 4.5)
J J+1 c—1

The first equality in (4.5) is readily proved by induction.

Cc

M

k

I
o

Example 4.1 Consider an M/M/c queue with ¢ = 3 and J = 2, so that
= {wo, 11, p2}. If a potential arrival C(¢) finds the system empty, then
(W), M(t)) = (0, (0,0,0)); thus m; =0,i =0, 1, 2. C(¢t) would wait zero
and “see” zero servers occupied, (0, 0, 0). The number of solutions of mg +
my+mo=01is (J}FO) = (%) = 1. C(¢) would wait W (r~) = 0 and start service
from one the three unoccupied servers, per the server-assignment policy.

If C(r) would find one customer in the system (one occupied server), then
W (¢t~ ) =0and the configuration that C(¢) would “see” is one of three possible
vectors

M) € {(1,0,0),(0,1,0), (0,0, 1}.

The number of solutions ofmg + my +my = 1 is (Jj'l) = (;) =3.C@)
would start service from one of the two unoccupied servers, per the server-
assignment policy.

If C(¢) would find two customers in the system, then W (¢~) = 0 and the

configuration that C(¢) would “see” is one of six possible vectors
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M) € {(2,0,0),(0,2,0),(0,0,2),(1,1,0), (1,0, 1), (0, 1, 1)}.

The number of solutions of mqg + m| + my =2 1is (J}rz) ( ) 6. C(¢) would
start service from the one unoccupied server.

If C(¢) would find three or more customers in the system, then all three
servers would be occupied at ¢~. The look-ahead configuration that C(¢)
would “see” just before start of service at t + W (¢™) is also one of six
possible vectors

M) €{(2,0,0),(0,2,0),(0,0,2),(1,1,0), (1,0, 1), (0, 1, D}.

The six possible configurations are the same as when C(¢) sees two occu-
pied servers. This is because a configuration tracks the service-rate occupan-
cies of those servers other than C(z)’s eventual server. Customer C(¢) would
wait a positive time and start service at ¢ + W (¢~) from some server i;".
We “look ahead” to the start of service instant 1 + W (™) and assign rate
pe (W (™), M(t7)) to i)f. The random variable M (¢) tracks the service-rate
occupancies of the two servers other than i at r + W (¢ ™). (The look-ahead
idea is not new. For example, it is tacitly assumed for the virtual wait in the
standard M/G/1 queue, where we increase the virtual wait by a service time
at an arrival instant, although the service is not started until the end of the
waiting time. The generalized M/M/c generalizes the M/G/1 look-ahead idea
to the start-of-service time.)

Atinstant ¢, the state (W (¢), M (¢)) conveys sufficient information to deter-
mine the probabilities of the m ; (j =0,...,J) occupied servers that will have
the minimum service time among all the occupied servers attime t + W (¢ ™).
These probabilities depend on the Markovian property. We shall illustrate this
more fully in Example 4.2 below.

The total number of possible configurations is

(5920700

4.4.3 Border States

In Example 4.1 the zero-wait state {(0, m)} is a border state if

m € {(2,0,0),(0,2,0), (0,0, 2),(1,1,0), (1,0, 1), (0, 1, )}.
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Definition 4.4 We call the state (W (¢), M (t)) a border stateif W () =0 and
M (1)) is such that ZJJ-_O mj = c — 1. A border state is a discrete zero-wait
state in a boundary separating other discrete zero-wait states and a set of
continuous positive-wait states.

In the above definition, the other zero-wait states are non-border states
suchthat0 < Z]J'—o mj < c¢ — 1. Border states communicate with continuous
positive-wait states in one step: at arrival instants (zero-wait — positive-wait);
or at departure instants (positive-wait — zero-wait). When the SP moves on
a path from a non-border zero-wait state to a continuous positive-wait state
the path must pass through a border state at an arrival instant. In the opposite
direction, from a positive-wait state to a non-border zero-wait state, the path
must pass through a border state at a departure instant.

We denote the set of border states by Sj, and the set of border configura-
tions by My,. Thus

Sp = {©O,m) | 2] _ym;=c—1}.
(4.6)
My = (m| (0, m) € Sy} = {m|zj’.:0m.,- —c— 1}.

4.4.4 The Next Configuration

Consider an actual arrival C, ; atinstant ¢. C, ; “sees” configuration M (7).
Just after the arrival the configuration is M(t). Either M(¢) = M(t™) or
M(t) # M(t™). We illustrate by example how to compute the probability
mass function of M (¢).

Example 4.2 Consider Example 4.1 for M/M/c with ¢ = 3, J = 2. Suppose
Cg.r arrives when the wait is W (¢ ™) and the configuration is (mg, m1, mp) =
(1, 1, 0). The state is

(W), M) =(0,(,1,0)).

Suppose that C,, ; is assigned service rate p, i.e., i (W (™), (1, 1, 0)) = po.
At instant ¢ 4 0, just after C, ; starts service, there will be two servers
with rate pg since mg = 1. There will be one server with rate i, since m| =
1. The inter-start-of-service-depart time S; = Exp2jig-p1 -
LS

We now compute the probability distribution of the next configuration
atinstant t + W (). Thus,
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P(M(1) =(2,0,0))
= P (rate-yu; server finishes first)
_ M1
C 2uo+

P(M() =(1,1,0)
= P (rate-puo server finishes first)
_ 2
C 2uo+

Importantly
PM@)=(2,0,0))+ P(M(t) =(1,1,0)) = 1.

The only two possible configurations for M(¢) are (2,0,0) and (1, 1, 0),
independent of whether W(¢~) = 0 or W(¢™) > 0O (illustrated below in Ex-
ample). No other configuration is possible for M (¢) once the arrival at 1~
has been assigned rate . Knowledge of their probabilities is sufficient to
analyze the sample path to write down model equations using LC.

Remark 4.4 The service mechanism can be generalized considerably. We
can expand the domain of u;(w, m) to include: type or priority class of
Coa.1; type of customer replaced by C, ; in server i/; type of any customer
followed by C, ; into service; identity of server i;* (e.g., server number or
unique property); number of customers in the system or waiting for service
at the arrival or start of service instant of C, ;; various types of bounds on
the virtual wait; reneging indices; blocked and cleared customers, etc. (see,
e.g., [38] for an effective definition of M (¢) due to L. Green; [42]; also see
[39, 44, 53]; and others).

Other generalizations may incorporate: a non-homogeneous Poisson ar-
rival process with intensity \;, or a Poisson arrival rate A(W (¢), M (¢)) which
is a function of the current state (W (¢), M(t)); or various Markov arrival
processes.

4.5 System Point Process

We now discuss the system point process and the geometry of its state space
(see Fig.4.2).
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Fig. 4.2 Sample path of SP process {W (¢), M (t)},>¢ for Example 4.4 with random
assignment of service rates independent of state at arrival instants (c =3, J = 1). The
space T x S has 6 lines for zero-wait states, and 3 pages (sheets) for positive-wait
states (pages 20, 11, 02). The cover is the projection of the sample path from all lines
and pages onto one non-negative planar quadrant

We call {W(z), M(t)},>( the system point (SP) process. Its nomenclature
derives from the fact that the SP traces out a sample path as the system
evolves over time. The SP process for M/M/c queues is a generalization (with
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exponential service times) of the virtual wait process for M/G/1 queues. State
variable W (t) := virtual wait; state variable M (t) := system configuration
at time t. Random variable M (¢) is discrete. The SP process is a Markov
process (Sect.4.5.7 below).

We partition the state space S into three disjoint state-space sets So, Sp,
S1. S0 contains the zero-wait states that are non-boundary states. Sj contains
the zero-wait states that are boundary states. S; contains the positive-wait
states. The states in So U S}, are atoms (see Sect.2.4.9 for ‘atom’). The states
in S are points in a continuum, e.g., (x,m),x > 0, and m= (mo, my).
Specifically,

So={0,m)|0 < >/ _gm; <c—2},

Sy ={0.m)| X I_gm; =c—1}, 4.7)
S1={(x,m)|x >0, ij'zomj =c— 1}
Note that S = SoU S, U Sy, and SoNSp = So NSt =S, NS = ¢, the
empty set. The corresponding sets of system configurations are
Mo = {m|(0,m) € So) = {m|0 < X I_gm; <c—2};
My, = (m|(0,m) € S) = (m| > ]_gmj=c—1}; (4.8)
M = {m|(x.m) € 8} = {mlx > 0,3 _ym;=c— 1}

thus M, = M (see Sect.4.4 above).

W) =0 An arrival C(¢) would “see” W(t~) = 0 if and only if the
state at time ¢~ is in So U Sp. C(¢) would then wait zero and start service
from some server, say i, at time . Geometrically, we associate a distinct
horizontal line T x (0, m) with each state (0, m) € So U S}, where T is the
time axis [0, oo0). We call the line T x (0, m) “line m” (e.g., Fig.4.2).

W) >0 C() would “see” W(tr~) > 0 if and only if the state is in
S1. C(r) would wait time W (¢ ™) and start service from some server, say i/,
at time ¢ + W (¢7). Geometrically, we associate the quadrant of the plane
T x (0, co) with each set of continuous states (x, m) € S1, x > 0. We call
the positive quadrant T x ((0, co), m) sheet (or page) m (e.g., Fig.4.2).
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Sample Path Diagram The LC analyst draws (or visualizes) a plot of W (¢)
versus ¢ on page m while the system is in the state corresponding to configura-
tion m. In a diagram, we may place the zero-wait border lines (corresponding
to the states in Sp) T x (0, m), (0, m) € Sp, alongside the zero-wait non-
border lines for states (0, m) € Sy; or else at level 0 of the corresponding
sheets for the positive-wait states S1 having the same configurations m. There
is a one-to-one correspondence between sheets and states in S; (Fig.4.2).

4.5.1 Sample Path of SP Process

A sample path of {W(¢), M(t)},~( is a piecewise right-continuous function
of ¢ having left limits. It has a finite number of jumps during finite time
intervals (see Sect.2.2 and Definition 2.1 in Chap.2). We plot a sample path
within a Cartesian productspace T' x S=T x (S9 U Sp U S1). The direction
of time is from left to right. It is useful to envisage each Cartesian product
T x (0, m),(0,m) € S U Sp as aline; and each quadrant T x ((0, 0o0), m),
m C M, as a sheet (or page in a book).

Description of a Sample Path

Assume that the system starts empty. The SP moves among the zero-wait
lines, jumping from line to line at arrival and departure instants, eventually
reaching a zero-wait border line (often placed at level zero of some sheet
m € M}). Eventually the SP jumps from line m € M), to a positive level
on some sheet ‘k’, at an arrival instant. It then moves steadily with slope
—1 on sheet k. It is possible that either m = k, or m # k, depending on the
probabilities governing the motion of the SP. (See Fig.4.2 and Example 4.4
in Sect.4.5.5 for a detailed example.) Other clarifying examples are in the
author’s Ph.D. thesis (Fig.4.3, p. 79, Chap.4 in [11]; and in [52]).

At an arrival instant while the SP is on sheet k, the SP may jump to another
sheet, say m’, and move steadily with slope —1 on sheet m’ for a positive
time. Otherwise the SP may jump, and stay on the same sheet k. On each
sheet it moves downward with slope —1. If the SP hits level 0 from above
on page k before the next arrival, it starts moving immediately on the border
line k (no customers waiting, ¢ — 1 servers occupied).

If the SP is in a state in S U S having configuration m at some arrival
instant, it makes a jump ending either on page m or on some page k # m. If
k # m, the SP is said to make an m — k transition. This may be an upward


http://dx.doi.org/10.1007/978-3-319-50332-5_2
http://dx.doi.org/10.1007/978-3-319-50332-5_2

202 4 M/M/c Queue

jump from a border line m, or from sheet m to sheet k, at an arrival instant.
Generally, m — k transitions do not give rise to ‘typical’ level crossings as
in M/G/1 models that have exactly one ‘page’. However, m — m transitions
from a border line m or from a point on sheet m to a higher point on sheet m,
are similar to SP jumps as discussed for models with a single sheet (Sect.2.3
in Chap.2).

Remark 4.5 Insome model variants, anm — k transition may be a parallel
jump. Thatis, the SP makes a jump from alevel y on page m to level y on page
k # m, at an arrival instant. For example, in an M/G/1 queue, we may utilize
a modified configuration M (¢) = n, where n is the number of customers
waiting for service, and the virtual wait is unchanged at some arrival instants.
Such parallel jumps occur in M/G/1 or M/M/c queues with bulk service (see,

e.g., [93]).

4.5.2 A Metaphor for Sample Path and SP Motion

The SP motion over the state space is like the motion of the tip of a pen writing
out a single-page history of the system over time. The writing takes place in
a book of transparent pages all the same size. The cover is also transparent.
The pen moves from left to right, and never overlays what has been written
already. After writing flat or sloped lines on a page for a random amount
of time, the pen jumps to a different page, and continues writing. The pen
jumps in this manner at random time points from page to page. The next page
is selected by a random mechanism depending on where it is presently. The
entire history up to an instant in time can be seen only by holding all the pages
one behind the other, like pages in a book, and viewing the projected history
on the cover. The projected history on the cover is invariant with respect
to shuffling or mixing the pages, which change their relative positions. An
analyst that views an arbitrary page in isolation, sees only local segments of
the history specific to that page (see Fig.3.2, p. 49 and Fig. 4.3, p. 79in [11]).

The global historyis like the fotal sample path of the SP process over
the state space So U Sp U S1. The local historieson various pages are like
sample-path segments due to sojourns on the ‘lines’ and ‘sheets’ of the state
space. On the cover, SP motion on all the lines occurs at level 0. That is, when
all the lines are projected onto the cover, they are placed at level zero—to
form a single “line 0.
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We may think of the overall method as having several steps.

1. Partition the Time-State space into mutually exclusive and exhaustive
lines and sheets.

2. Analyze the sample-path segments on the lines and sheets using LC
methods.

3. Project the sample-path segments from the lines and sheets onto the
‘cover’ of the ‘book’. Analyze the projected path on the cover using LC.

4. Combine all the LC results with a normalizing condition. Construct the
model equations (usually Volterra integral equations of the second kind
with parameter for the pdf’s of interest) and derive probability distribu-
tions of the model.

The LC method utilizes statistical properties of the local path segments on
the lines and sheets. It also uses statistical properties of the projected path on
the cover. It employs the one-step communication properties among the lines
and sheets (at successive arrivals and/or departures) to construct a sample
path. Basic LC theorems apply to each page m € M. Jumps out of, and into
lines and sheets, follow rate-conservation laws.

Equations for PDF of Wait

We use sample-path structure, and transition rates into and out of state-space
sets, to construct (by inspection of the sample path) integro-differential and
differential equations in a transient analysis. Similarly, we construct integral
equations and algebraic equations in a steady-state analysis. These are equa-
tions for the joint pdf and/or cdf of wait and system configuration. We can
also derive equations for the marginal (total) pdf and cdf of wait, or for the
probabilities of the system configurations.

Remark 4.6 The author originally had the idea for partitioning the state
space, visualizing the positive-wait states over time in separate quadrants,
and having a ‘system point’ moving on the quadrants over time, from an
analogy with Riemann sheets and diagrams of winding numbers in complex
variable theory (see, e.g., Sect.3.4, p. 1371ff in [96]). My Ph.D. thesis used
the term ‘sheets’. The term “pages’ was introduced soon after. I also thought
of using the term ‘cards’, analogous to boxes of computer cards for data and
programs, which were widely in use in 1974. Then, the state space could be
pictured like a box or deck of rectangular cards. Such (‘IBM”) cards had been
ubiquitous until personal computers became common in the 1980s.
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4.5.3 Notation: Probabilities and Distributions

Transient Probabilities and Distributions
We denote: the zero-wait probabilities by

P(0,m)=PW(@)=0,M(t) =m), (0,m) € SoU Sp;
the mixed joint cdf of (W (¢), M(t)) by
Fi(x,m)=PW() <x, M(1) =m)
=PO0O,m+PO<W(k) <x,M(@)=m)
= pOm+ [ fimdy. 20120
yzOO, m) € SoUSyp, (x,m) € Sy,

where P(0 < W(t) < x, M(t) = m) = P(¢) =0if x =0; and the mixed joint
pdf of (W (z), M (1)) is

fi(x,m) = ﬁF,(x m),x >0,tr>0,(x,m) e S,

wherever 2 F (x, m) exists.
Ox "1t
We assume:

1. F, (x, m) and f;(x, m) are right continuous in x forevery ¢t > 0,m € M.
2. 5 F,(x m) and gtf,(x m),t > 0, x > 0, exist and are finite for every
m c M[

Let Py(t) := P(W () = 0) be the marginal probability of a zero wait at ¢.
Then

Pity= > P(0.m)
(0,m)eSoUS),

= > POm+ > POm),>0.

(0,m)eSg 0,m)esS,
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The transient marginal cdf of wait P(W(¢) < x) is

Fx)y= > POm+ D Flx,m)

(0,m)eSo 0,m)eSy
= > PO.m+PO<W(=x)
(0,m)eSoUS),

= Py()+ PO < W() <x)

X
= Py(1) +/ fiy)ydy, x = 0,t > 0.
y=0

Note that P;(0, m) = F;(0, m) for (0, m) € Sj.

(Recall the definitions of M, and Sy, in (4.6), and M, = M|, which is the
set of system configurations for positive-wait states.)

The transient marginal pdf of W (¢) is

fi(x) = gmx) = > filx,m),x >0,1>0.

X
meMl

A potential (would-be) arrival C(¢) would find the system configuration
tobem € My U M, with probability P;(0, m). C(t) would find the configu-
ration to be m € M| with probability F;(co, m). The normalizing condition
for fixed r > 0, is

Fi(o0) = > P(0,m)+ D Fi(co,m)

meM meM,
o0
= > PO.m+ Z/ fi(y. m)dy
meMoUM, meM, y=0
o0
= 3 rom+ Y [ Aomay=t.
(0,m)eSoUS), meM y=0

Steady-State Probabilities and Distributions

We denote the steady-state zero-wait probabilities, pdfs and cdfs of wait
by dropping the subscript ¢ in the immediately foregoing notation for the
transient quantities.
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4.5.4 Configuration Just After an Arrival

Example 4.3 below demonstrates the probability of a system configuration
just after an arrival. Assume that an actual customer C, ; arrives and finds
the state to be (W (t7), M(¢™)) = (x, m). The service rate assigned to C, ;
is py(x, m) € p. Recall that sample paths are right continuous and have left
limits.

Example 4.3 Consider Example 4.2 in Sect.4.4.4, where c = 3, J = 2. Let
each arrival receive a service rate selected with equal probability from the

set i := {po, i1, p2}. Then
1
P(C,; starts service at t + W (¢™) with service rate p;) = 3 i=0,1,2,

independent of r and W (¢ ™). Assume (W (™), M(t7)) = (x, (2,0,0)), x >
0, just before C,; arrives. Then C, ; will wait a positive time x. Looking
ahead to time r + W (¢ ™), two other occupied servers will have service rates
po (mo =2, my = my = 0) when C,; starts service at t + W (™), in the
just-vacated server. Question: What is the configuration M (¢) just after C, ;
arrives? It can be either (2, 0, 0), (1, 1, 0), or (1, 0, 1). The probabilities for
M (t) are:

P(M(1) = (2,0,0)) = P(pu(x, 2,0,0)) = ig) - 1
+P(p(x, (2,0,0)) = ) - 5t

+P(p(x, (2,0,0)) = o) k2

_ 1 1 2
-3 (1 + 2p0+p + 2,,,0+,,,2) )

P(M(t) = (1,1,0)) = P(u(x, (2,0,0)) = 1) - 7L

2p0+p1
_ 1 2w
T3 2pptpn”
P(M(1) = (1,0, 1)) = P(u(x, (2,0,0)) = p2) - gk
_ 1 2w
T3 2potpn’

Thus
PM(1) =(2,0,0) + P(M(@) = (1,1,0)) + P(M (1) = (1,0, 1))

2p0
2uotp2 T

1 11 12 1. _2u0 L,
-3 (1 + 2p0+41 + 2uo+uz) +3 2p0+41 +3
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The resulting virtual wait at time ¢ is

W)y =W ) +S=x+6,
where S; is the inter start-of-service-depart time, distributed as a mixture

Exp; 107
S; = EXP2,19+4,» With probability 1/3 each.
s

Expzuo-i-uz ’

(see Sect.4.4.1). The sample path will have a jump whose size is distributed
as S; at instant ¢ (see Fig.4.2).

4.5.5 Sample Path of SP Process Revisited

We first describe a typical sample path of the virtual wait in Example 4.4
wherein J = 1 and p = {uo, 1}, to facilitate exposition. If J > 1, sample-
path construction would be similar, but with more lines and pages (sheets)
in the product space T x S (see Fig.4.2). Next, Example 4.5 discusses the
general nature of a typical sample path with reference to Example 4.4 and
then we outline the mechanics of a specific sample path in Example 4.4, based
on the M/M/3 queue in Example 4.3 above.

Example 4.4 Consider M/M/c with ¢ = 3, J = 1. (Here we take J=1 for
exposition.) A typical sample path of the virtual wait is given in Fig.4.2).

Arrivals are assigned an exponential service rate from g = {ug, 101} with
equal probability 1/2. (In general the probabilities can be, e.g., po, p1 =
1 — po.) The total number of possible configurations is (;]:) = (g) = 6. The
full set of configurations is

M = {00, 10,01, 11, 20, 02}.

We write (2, 0) as 20 when mg = 2, m; = 0, indicating that 2 servers are oc-
cupied with rate p; and similar notation for the other system configurations.

Example 4.5 General Nature of Sample Path with reference to Example
4.4. The state space consists of: (1) six discrete points for the zero-wait
states (0,m), m € Mo U M. Thus Mgy = {00, 10,01} and My, = M| =
{11, 20, 02}; (2) three intervals ((0, co), m), m € M . The three border states
are (0, m), m € My,
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Arrival Waits Zero. Assume an arrival “sees” state (0, m), m € M. The
SP moves horizontally at time-rate 1 on a line T x (0, m), m € M. If the
next arrival occurs before a departure, the SP jumps to a line T x (0, m’),
m' € MyU M, where

my+my =mo+m; + 1,

because there is one more occupied server. If a departure occurs before an
arrival, the SP jumps to aline T x (0, m”), m" € M, where

mg—i-m/{:mo-i-ml—l,

because there is one less occupied server. If m = (0, 0), the state can change
only due to an arrival.

If an arrival finds the system to be in state (0, m), m € M} the SP jumps
to a sheet T x ((0, 00), k), k € M. Configuration k is determined by the
service rate assigned to the new arrival, and which server finishes first after
the new arrival starts service. Denote the service time of an arrival C, ; by
s;. Then s, = Exp,, where

LS

Ppy = pi) = %,i =0,1;

(see Fig.4.2).

To fix ideas, let the SP be on the border line T x (0, 20) at arrival instant
t. Thus (W(t*), M (f)) = (0, 20). C, ; starts service upon arrival in the one
idle server and is assigned either rate pg or p; with probability 1/2 each. Let
S; denote the time from the start-of-service of C, ; until the first departure
from the system thereafter. (Since all 3 servers are busy S; is independent of
any future arrivals that join the waiting line.)

Case 1: Let us assume the service time s; has been assigned rate 9. Then
S = Exp3,, because S; = min {3 ii.d. Expuos}. The SP jumps upward an

amount S;. The virtual wait at time ¢ is
W)y =Wt )+85 =0+ =6,.

At instant t + W(7) + S; (=t 4+ &), one of the three occupied servers
completes service. The service rate of each of the resulting two occupied
servers at ¢ + Sy must be 1. By the look-ahead process, the configuration
att is M(¢) := M(¢t~) = 20. In this scenario the configuration remains the
same as when the test customer arrived. Geometrically, at instant ¢, the look-
ahead process impels the SP to jump from line 20 to page 20, at a height =

is
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Exp3,, (see Fig.4.2). In Case 1, the SP jumps from line 20 to page 20 at
ordinate = Exp2,,0+,,l, resulting in W(t) = Exp2/,0+,,l and M () =

Case 2 Let us assume that s; has been assigned rate p1. Then S; = d
LS

Exp2ug+41- Att + S; one of the three servers completes service. The service
rates of the other two still-occupied servers at r + S; are either: (a) both pyg

with probability m (the rate-p11 server finishes first), or (b) o and g

with probability T 2 (a rate-po server finishes first).
In Case 2(a) at 1nstant t, the SP jumps from line 20 to page 20 at an ordinate

= Exp2,i+, - Thus W(t) = Eszm)ﬂ“ and M (1) =20.In Case 2(b) at instant

t, the SP jumps from line 20 to page 11 at ordinate = Exp2,i94-4, > resulting
LS
in W(t) = Exp2jg+u and M (1) = 11.
LS

Arrival Waits a Positive Time. Assume C, ; arrives when the state is (x, 20),

x > 0 (SPis at ordinate x on page 20). If the service-rate assignment policy

assigns s; = Exp,,, the SP jumps upward an amount Exp3,,, and moves
LS

with slope —1 steadily on page 20. If the service-rate assignment policy
assigns s; = Expy,,, the SP can end up on either page 20 or page 11 at ¢.
The SP jumps upward to W(t) = W(t_) + Exp2+, and moves with slope
—1 steadily on page 20, with probablhty 3 M’” . The SP jumps upward to
ordinate W (t) = = W (™ )+Exp2yy+,, on page 11, with probability

2/10+u| :

If the SP descends to the bottom of page 20 and hits level 0 from above
in a continuous manner before a new arrival occurs, it immediately enters
border line 20, and continues its motion along line 20.

4.5.6 A Specific Sample Path

We expound further on a possible realization of the SP motion as it traces out
the sample path, with reference to Fig.4.2. Assume that initially the system
is empty. The SP moves on line 00. Arrival 1 (C) sees an empty system. The
server-assignment policy assigns C; service rate p. The SP jumps to, and
moves on, line 10. C; arrives before C; completes service and is also assigned
rate pp. At Co’s arrival the SP jumps to line 20. C3 arrives while both C; and
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C; are in service. C3 receives rate f11. The SP jumps to an ordinate EXp2 g+ »
and if the rate-y1 customer finishes first among the three customers in service,
the resulting configuration is again 20. The probability of this event is 2#51111 ,
due to the memoryless property of exponential variates. This explains why
at Cz’s arrival instant the SP jumps to page 20.

Just before C4 arrives the SP is descending at slope —1 on page 20. C4 is
assigned service rate j19. The SP jumps upward an amount Exp3,,,. It remains
on page 20. That is, whichever server finishes first, the two remaining active
service rates will be pg, resulting in configuration 20. Cs arrives when the
SP is on page 20. Cs is assigned rate p1. Suppose a server with rate o
finishes first. The probability of this event is Z/E)lfm . The SP jumps upward
by Exp2y+4- It simultaneously makes a 20 — 11 transition from page 20
to page 11, since the two remaining occupied servers have rates po and
when the first service ends. The configuration changes immediately from 20
to 11.

No new arrivals occur prior to the completion of the first rate-po customer.
The SP descends on page 11 with slope —1 and hits level O from above, exactly
when the first rate-po customer finishes service. The system now presents a
zero wait to a potential arrival. When the SP hits level 0, it enters border line
11 (in Fig. 4.2 it jumps to line 11). Cg arrives, and starts service immediately.
Ce is assigned rate ;1. The SP jumps to page 02, with probability o 5_%/”
(po-rate service finishes first), the next configuration is 02.

The system continues to evolve. The SP continues to trace a sample path
on the lines and pages according to the probability laws of the model. The
sample path gives us a precise picture of the evolving system over time.
Construction of the sample path goes hand in hand with understanding the
model dynamics, and writing the model equations by inspection.

Remark 4.7 In Sect.4.8 below we develop the steady-state theory. We
will then return to Example 4.3, and formulate the balance equations for
the zero-wait probabilities P (0, m),m € M = My U M; integral equations
for the ‘partial’ pdfs of wait f(x,m), x > 0, m € M1, and for the total pdf
{Po, f(x),x > 0}.

4.5.7 SP Process Is Markovian

We outline a proof that the SP process is a Markov process. For t > 0, let
(x,m); := event {(W(t), M(t)) = (x, m)}. It is required to show that for
x,y>0,mkeM,
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Py, B)enl(x,m)e, (W (), M(u)o<u<r)

(4.9)
= Py, K)4nl(x, m);), t = 0, h > 0.

Formula (4.9) states that the probability of event (y, k),+, given that event

(x, m); occurred, is independent of the history (W (u), M (u))o<u<:- We

sketch the proof in two steps: (1) zero-wait states; (2) positive-wait states.
For a Poisson (or non-homogeneous Poisson) process, the probability of

more than one event occurring in (¢, t + h) is o(h) (e.g., Definition 5.3, p.

314, and Definition 5.4, p. 339 in [125]).

Zero-Wait Non-border States

Assume state (0, m); € {(0, m)|0 < ij'zo mj <c— 2} (me My,SPe S

at time t).

No Departure or Arrival in (z, ¢ + &) The state remains (0, m) in (¢, + h)

iff no arrival or departure occurs during (¢, t + h), or an event with probability

o(h) occurs. Thus

J

P(Cx, m)n|Ce,m)) = 1= X+ D mjpj | h+o(h),
j=0

which is independent of (W (1), M (u))o<u<:-
Arrival in (¢, t + h) Possibly there is an arrival during (¢, ¢ + ). The next
configuration will have the form

m;+ = (mg,....,mp+1,...,my),

for some L € {0, ..., J}. Then
P, mp+); 4|0, m);)
= (M +o(h)) - P(pe((0, m)) = i) (4.10)
= MP(u((0,m)) = pr) +o(h), L €{0,..., J}-

Formula (4.10) is the probability that there is an arrival during (¢, t + h)

assigned service rate py, which is independent of the history given by
(W(u)7 M(u))0§u<t' Note that

J
D PGu((0.m) = pp) = 1.

L=0

Departure in (¢, t + h) Possibly there is a departure during (¢, t + h). Let
configuration
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mL, Z:(mo,...,eL-(mL—1),...,m]),L€{0,...,J},

where
liftmy; > 1,
0, =1 ..
Olme =0.

Assume m # (0, ..., 0). Then
PO, mp—)i1+1|(0,m);) = (mp - pp)h + o(h), (4.11)

which is the probability of a rate-u; departure during (¢, ¢ + h) (rate-
w1 service finishes first). Expression (4.11) is independent of the history

(W), M@).0 < u < . Note that (3 _gmrue) h+o(h) is the proba-
bility of a departure during (¢, t + h).

Zero-Wait Border States

Consider zero-wait border states {(O, m);| ij'zo mj=c— 1} (m e My,

0,m) € Sp).

No Arrival in (¢, ¢ + h) If no arrival or departure occurs, or only a departure
occurs, during (¢, t + h), the Markov property follows similarly as for the
zero-wait non-border states given above.

Arrivalin (¢, t + h) Possibly there is an arrival during (¢, t 4+ h). In this case,
the SP jumps to a positive level on a sheet (page). Let configuration

k = (mo,....mp+1,....mgp—1,...,my)
= (ko,....ky),
forsomeL,Re{O,...,J}.Thuszjj-zokazj!zomj:c—l.Let

J

vp = ijuj + pr-
j=0

The probability that the SP jumps to sheet k during (¢, t + &) and is in state-
space interval ((y, y +dy), k)y-qatt+h,is

P((W(t +h), M(t +h)) € (v, y + dy), )]0, m),)
= M+ o(h)) - P (0, m) = puy) - —RER

- vy - e*VL')’dy

= M- P(u(0,m) = pr) - mgpg - e "3y + o(h), L € {0, ..., J},
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which is independent of the history (W (u), M (1))o<y<:. The right side is
the probability that there is an arrival in (¢, 4 &), which is assigned service
rate pr, and a rate-ug service finishes first among the occupied servers, at a
time in the state space interval (y, y + dy).

Positive-Wait States
Arrival In (¢, t 4+ h) Given (x, m);, x > 0, where ij‘zo mj = c — 1, there
may be an arrival during (¢, t 4+ h). Let

k=@mo,....mp+1,....mg—1,...,my).
Reasoning as for zero-wait border states, we obtain

P(WE+h),Mt+h)e(x+y,x+y+dy),k)|(x,m)y))
=M - P(u(0,m) = pr) - mppg - e "tO79dy + o(h),

which is independent of (W (u), M (1))o<u<:-

Virtual Wait in (0, /)
Consider the case where all servers are occupied, no customers are waiting
and W(¢) € (0, h), where h is “small”. Assume a server completes service
before a new arrival occurs. Given (x, m);,0 < x < h, ZJJ':O mj=c—1,
we obtain

P((0,m)ip|(x,m);) =1 — Ax + o(x).

The SP hits level 0 from above in a continuous manner at¢ + x. [timmediately
enters border line m corresponding to the border state (0, m), and continues
its motion in the direction of Time. This is independent of the past history
prior to 7.

The above cases cover all possible situations. Formula (4.9) follows in
each case, implying that the SP process has the Markov property.

4.5.8 Departures from Positive-Wait States

We examine the departure rates during a sojourn on a sheet (page). (Table
4.1 describes the symbols in Fig.4.3.)

Suppose the SP is at a positive level on page m € M| (ZJJ-:() mj=c—1
and all ¢ servers are occupied, including the last arrival). The occupancy
number of service rate y; among the ¢ — 1 servers, not occupied by the last
arrival,ism, j € {0, ..., J}.

The single remaining server, which is occupied by the last arrival, may
have an arbitrary service rate ;* € p. Assume p* does not match a positive
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Table 4.1 Description of Symbols in Fig.4.3

Symbol Description

Ty Arrival instant

C,, Customer that arrives at 7,

On Start of service instant of C;,

S, On+1 — 0, = inter start-of-service
depart time

Page m
W(t) g

Timet —>

Fig. 4.3 SP sojourn on page m. Departure rate may differ on intervals (7, o),
(00, 01), (01, 02), (02, 03), (03, T4). Atinstants oy, 01, 02, arrivals C,, C;,, C;, start
service. Just after departure instants og + S,,, o1 + S, 02 + S;,, the remaining
¢ — 1 servers will have server occupancies m = (mo, ..., ;)

component in configuration m. In order for the SP to remain on page m just
after that arrival, the rate-;* server must complete service first among the ¢
occupied servers (see Fig.4.3).

While the SP is on page m, the system exponential departure rate will,
in general, differ during inter-departure intervals. These possibly different
exponential departure rates have no effect on the Markov property of the SP
process. The configurations are determined at arrival instants (i.e., earlier
when service rates are assigned) (Fig.4.3).

4.6 Transient Analysis of Generalized M/M/c

Sections 4.6.1-4.6.6 develop LC relations and definitions leading to the for-
mulation of integro-differential equations for the transient time-# pdf of the
virtual wait, in Sect.4.6.8 below. This development is based on the author’s
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working papers [21, 23]. The transient analysis complements the results in
[52], which focuses on the generalized M/M/c queue in steady-state. Sec-
tion4.6.7 derives the steady-state integral equations by letting f — oo in the
transient equations. Section4.7 serves as a brief tutorial on writing steady-
state model equations using LC and sample paths.

4.6.1 Transient PDF of Wait and Downcrossings

We next determine relationships between the transient pdf of wait and sample-
path transitions. Let D; (x, m) := number of sample-path downcrossings of
level x on page m € M during [0, ¢]. Let

Di(x) = D Dix,m)

meM

denote the total number of downcrossings of level x on all pages during
[0, ¢]. Theorem 4.3 connects the instantaneous rate of change of the expected
number of downcrossings of level x in [0, ], to the time-¢ transient pdf of
wait at level x.

Theorem 4.3 For each configuration m € M,

gE(Dz(x, m)) = fi(x,m),x > 0,1 >0, (4.12)
%E@t(o, m) = 07, m) (=£;0,m),1 >0,  (13)
gE(D,(x)) = fi(x),x > 0,1 > 0, (4.14)
%E(Dt(o)) = /(07 (=£,(O), 1 > . (4.15)

Proof Fix state-space level x > 0. Consider instants ¢ and ¢ + h, where ¢ >
0, and & > 0 is small. To prove (4.12) and (4.13) for page m, we develop
a table similar to (3.10) in Chap. 3 for the M/G/1 queue, and proceed as
in the proof of (3.8) and (3.9). Formulas (4.14) and (4.15) follow from the
definitions of D;(x) and the total pdf f;(x), x > 0. |
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Corollary 4.1
E(Dy(x, m)) :/io fs(x,m)ds, (4.16)
E(D;(0,m)) = /:o f:(0F, myds, (4.17)
E(D;(x)) =/S;O fo(x)ds, (4.18)
E(D;(0)) = t_o £:(0")ds. (4.19)

Proof Integrating both sides of (4.12), (4.13), (4.14) and (4.15) with respect
to s over the interval [0, ¢] and applying the initial conditions

E(Do(x, m)) = E(Do(x)) =0,x =0,

yield (4.16), (4.17), (4.18) and (4.19), respectively. |

4.6.2 Steady-State PDF of Wait and Downcrossings

Corollary 4.2 below connects the SP limiting downcrossingrate as t — oo
and the steady-state pdf of wait, at a state-space level. It is analogous to
Corollary 3.2 for M/G/1. It also demonstrates the equality of the limit of the
instantaneous rate of change of the expected number of downcrossings in
[0, #], and the limit of the average downcrossing rate over [0, ¢].

LetS; = ([0, 00), m) , m € M. Theresults below apply toeach page T’ x
Sm,m € M as well as to the “book” T x (UmeMlsm)-

Corollary 4.2 Assume the following limits exist

tlim fitx,m)= f(x,m),x € S;,,m € M.
— 00

Then

E(D
im 2 ED,Gemy) = tim Z2E M) ey x50, (420)
t—o00 Ot t—00 t

BRI _ 10, m) = 0, m),

(4.21)

lim QE(DI(O, m)) = lim
t—00 Ot t—00
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tl_l)ll;o %E(D,(x)) = tl_l)ngo w = f(x),x >0, (4.22)
Jim gE(D,(O)) = lim m = f(07) = £(0). (4.23)

Proof In (4.20), (4.21), (4.22) and (4.23), the equalities of the left-most terms
to the pdfs on the right, follow by letting t — oo in (4.12), (4.13), (4.14) and
(4.15), respectively. The equalities of the middle terms to the pdfs on the
right, follow by dividing both sides of (4.16), (4.17), (4.18) and (4.19) by
t > 0 and letting t — oo0. |

4.6.3 SP m — k Transitions

Before discussing the relationship between the transient pdf of wait and SP
upcrossings, we define SP m — k transitions. We say that the SP makes an
m — k transition at instant zy if it exits state-space set S, and enters state-
space set S at 9. That is, the SP exits ([0, c0), m) and enters ([0, c0), k)
at tg. If m = k, then an m — k transition maintains the SP on page m at 1g.
Similar remarks apply to zero-wait lines m, k € My, or linem € M}, and Sy,
(see Sects.2.4.3, 2.4.4 for definitions of entrance and exit).

m — k Upcrossing of a Level Consider S;,, Sg. Fixlevelx > 0. Anm —
k upcrossing of level x occurs at instant £ if the SP exits set ([0, x), m) and
enters set ((x, 00), k) at fg. That is, the SP makes both an m — k transition
and an upcrossing of level x at #y. Thus the SP moves instantaneously (not
in Time) from page m to page k and from a level below x to a level above x.
Viewed from the “cover” of the “book”, the upcrossing of level x resembles
an “ordinary” upcrossing of x by a sample path of the virtual wait in the
M/G/1 queue (see Fig.4.2). Similar definitions apply to line m and Sy (page
k).

m — k Parallel Transition In some variants of the M/M/c queue, the SP
may make “parallel” transitions. The SP makes an m — k parallel transition
at tg if it exits S,, from a level y and enters Sy at the same level y, at 1.
SP parallel transitions can also occur in variants of single-server queues
(e.g., queues with bulk service [20, 93]) and in other stochastic models. The
concepts of system configuration, pages (sheets), cover, m — k transitions,
etc., are useful in analyzing many other stochastic models.


http://dx.doi.org/10.1007/978-3-319-50332-5_2
http://dx.doi.org/10.1007/978-3-319-50332-5_2
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4.6.4 SP m — K Upcrossings Viewed from “Cover”

Let
Z/{[(.x,m,k),m,k € Ml

denote the number of SP m — k upcrossings of level x during [0, #]. Denote
the fotal number of upcrossings of level x during [0, 7] (as viewed from the
“cover” of the “book”™) by

U (x) = EZLMLmj) (4.24)
m,keM1

In (4.24) U;(x, m, k) will be positive only if m, k are such that page k is
accessible from page m in one step at an arrival instant (considering lines m
and k as zero-levels of pages m, k respectively). For an m — k upcrossing
of level x to occur, the “target” page k can be either page m itself (k = m)
or a different page (kK # m).

4.6.5 Number of Types of m — K Upcrossings

A type of m — k upcrossing is an ordered pair (m, k). The fotal number of
possible types of m — k upcrossings depends on how many pages commu-
nicate in one step at arrival instants. An upper bound on the total number of
possible m — k upcrossings is

number of ordered pairs (m, k) = (number of configurations in M 2

(A1 (TH+c—1)
-1 B J '
J+c—1

J4c—1
c—1 c—

2
)" isrealizedonlyifall (*T°]") pages commu-

J+c—1
c—1

This maximum number (

nicate in one step. In that case, there are ( ) ways to select the “source”

J+c—1

o1 ) ways to select the “target” page k (with replacement).

page m and (

Example 4.6 Consider an M/M/c queue with ¢ = 3 and J = 1, as in Ex-
ample 4.4 (see Fig.4.2). The set of configurations corresponding to pages is
M = {20, 11, 02}. Here (ijl_l) = @) = 3. An upper bound on the number
of types of m — k transitions (ordered pairs (m, k)) is 32 = 9. This max-
imum can be realized only if all configurations in M| communicate with
each other in one step. This will depend on the probabilities governing the
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evolution of the states over time. In the present example, configurations 20
and 02 do not communicate in one step (at an arrival instant). There are seven
possible types of one-step transitions, namely,

{20 - 20,20 — 11,11 - 20,11 — 11,11 - 02,02 — 11,02 — 02}.

Transition types 20 — 02 and 02 — 20 are not possible.

The Probability p;(z, m — k) We denote the probability that page k
is accessible in one step from level z on page m at an arrival instant ¢, by
pi(z,m — k). Thus foreachm € M,

> piam— k) =1.

keM,

Usually, for fixed z, there is some k for which p;(z, m — k) = 0. Then page
k is not accessible from level z on page m in one step. If such inaccessibility
applies for all (z, m), z > 0, then page k is not accessible from page m in
one step. This is the case in Example 4.6: for m = 20 and k = 02,

pi(z,20 — 02) = ps(z,02 - 20) =0,z > 0;

so0, pages m and k do not communicate in one step.

4.6.6 Transient PDF of Wait and Upcrossings

If a time-¢ arrival C, ; finds the state to be (z, m), then C, ; is assigned a
service rate u;(z, m) € pu. We assume that u,(z, m) is a right continuous
with respect to both z and ¢. In Theorem 4.4 we use the fact that M| = M,

- {ml > gmj=c— 1} (defined in Sect. 4.4.3).

Theorem 4.4 For m, k € M, the instantaneous rate of change of the ex-
pected number of m — k upcrossings in [0, ¢] is given by

0
EE(ut(xv m, k))

X
— )\/ piz,m = k)e EMOTDGE (2 m), x >0, >0, (4.25)
z=0
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where
J

vi(z, m) = ijuj + e (z, m).
j=0

Proof Fix level x > 0 on page m, and time ¢ > 0. Examination of a sam-
ple path on page m over the time interval (¢,¢ + h), h > 0, leads to the
non-zero values of U (x, m, k) — U, (x, m, k), and corresponding proba-
bilities in (4.26) below. We omit Uy (x, m, k) — U;(x, m, k) = 0, which
contributes 0 to EU;1p(x, m, k) — U;(x, m, k)). We omit negative values,
because {U;(x, m, k)};>0 is a counting process implying U, (x, m, k) —
Ui(x,m, k) > 0.

Uppn(x, m, k) Probability
—U;(x,m, k)
+1 M Po(t) pi (0, m — k)e— 1 Omx
+M fi pizom — d)e™ MO fi(2)dz + o(h)
>2 o(h).

(4.26)
In (4.26), taking the expected value of U;ip(x,m, k) —U;(x, m, k),
dividing by 4 > 0 and letting 4 | 0, yields

0
o EU e m K0) = X Po(t) - pi(0,m — k) e~ (Om)x
X
* A/ pi(z,m — k) - e &M () d7
z=0
X
=A / piz,m — k) - e EME=D G (z, m),
z=0

4.27)
which is the same as (4.25). |
Corollary 4.3 Form,k € M|,

EU;(x,m, k))
t X
N A/ / ps(z.m — k) - e @ME"D qF (2, m)ds, x > 0,1 > 0.
s=0Jz=0
(4.28)

Proof In (4.25) change the variable from ¢ to s on both sides, integrate
with respect to s over the interval [0, ¢], and apply the initial condition
EUy(x, m, k)) = 0. This yields (4.28). |
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Corollary 4.4 Consider the “cover”. For x > 0,1t > 0,

8 X
—EU&) =X D / pi(z,m — k) - e 1 CMED G F (7, m)
ot 7=0

m,keM

(4.29)

9 Eh0) = A > pi0.m— k) F0,m). (4.30)
8[ m,kEMl

Proof We define U4;(x), x > 0 in (4.24). Equations (4.29) and (4.30) follow
by setting x > 0, and x = 0, respectively, in (4.27), and applying (4.24).
(The sample path viewed from the cover is the projection of the sample-path
segments from all pages onto a single sheet.) |

Corollary 4.5 Form,k € My and x > 0,t > 0,

t X
EU(x) =21 / ps(z.m — k) - e &MU g F (z, m)ds,
m.k s=0Jz=0
t
EU(0)) = )\Z/ ps(0,m — k) - Fy(0, m)ds.
P s=0

Proof In (4.29) and (4.30) change ¢ to s and integrate with respect to s on
[0, ¢]. Then apply the initial conditionlp(x) = 0, x > 0. |

4.6.7 Steady-State PDF of Wait and Upcrossings

Corollary 4.6 below proves

E
fim %E(Wx,m,k)) = i 20

t—00 00 t
by relating both limits to the steady-state pdf of wait. Let
p(z,m — k), v(z,m), F(z,m), and f(z, m)
be the limiting values of
pi(z,m — k), vi(z,m), Fi(z,m), fi(z,m),

respectively, as t — oo (for definition of: p;(z, m — k) see Sect.4.6.5;
V¢ (z, m) see formula 4.25).
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Corollary 4.6 Form,k € M| and x > 0,

EU; (x, m, k))

.0 .
i, 5 A .m0 =l S

X
= )\/ pzm — k) - e V@M=D gp )
z=0

=Ap(0,m — k) - e v(O.m)x Py

X
+ /\/ pzm — k) - e V@ME=D £ mygz,
z=0

Proof The equality

(4.31)

a X
Jim o E Uy (x, m, k) = / p(z,m — k) - e V&M LG (7, m),
—)OO Z:O

follows by letting ¢+ — oo on both sides of (4.25). The equality

hmsz/x

11— 00 t =0

p(z,m — k) - e V&™MED L dF (7, m)

is obtained upon dividing both sides of (4.28) by ¢ > 0, letting + — o0, and
using L’Hopital’s rule (e.g., Theorem 9, p. 179 in [137]; and many Calculus

texts). Equation (4.31) then follows.

The next corollary relates the limits

E
lim 2E(Z/{;()C)) and lim M,
t—o00 Ot t—00 t

for the expected total number of upcrossings in [0, 7], to the steady-state fotal

probability distribution of wait.

Corollary 4.7 For x > 0,

lim 2E(u,(x)) = lim M

=X 2 / pm — k) - eI dF (2, m)

m,keM

=A Z p(0,m — k). e VO™ py
m keMl

+ A Z / pz,m — k) - e VEMED L £z mydz.

m,keM

(4.32)
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Proof The result (4.32) follows from (4.31) and the definition of U (x) in
(4.24). |

4.6.8 Equations for Transient PDF of Wait

We derive the transient model equations for the generalized M/M/c model.

These equations comprise: (1) (J+Cl_l) integro-differential equations for the

partial pdfs f;(x,m),x > 0,m € M;(2) (J+‘ 1) differential equations for

the zero-wait probabilities P; (0, m), m € M (= Myp); (3) (J+C 1) differen-
tial equations for the zero-wait probabilities P; (0, m), m € My; (4) one equa-
tion for the normalizing condition. Also Mg = {mlO < Zijzo mj <c-— 2}
(see definition in formula 4.8).
We also derive the model equations for the fotal transient mixed pdf of
wait { Po(?), fr(x)}y~0 >0 (cover of book—see definition in formula 4.5.3).
Formula (4.1) and es_pecially (4.2) of Theorem B (Sect.4.2.1) play im-
portant roles in these derivations. In Theorem B we take the set A to be an
interval in the state space having one of its boundaries equal to x.
Equations for Partial Transient PDF's of Wait
Before stating Theorem 4.5, we introduce/review some definitions.

Definition 4.5 page i := T x ((0, 00), i) where system configuration i €
M | (=M p)—technically page i excludeslinei :=T7 x (0, (0, i)), whichmay
be separately depicted, or appended to the bottom of page i, in geometric
figures (see, e.g., Fig.4.2); J,(O’x)(k, m) = number of k — m jumps that
start in state set ((0, x), k) during [0, t] and end in ((0, c0), m); J,O(k, m) .=
number of k — m jumps that start in state set (0, k) during [0, t] and end
in ((0, 00), m); U; (x, k, m) := number of SP k — m transitions that start
in ([0,x) , k) and jump-upcross level x during [0, t] (start in ((0, x), k) or in
(0, k) during [0, 7] and end in ((x, 00) , m)).

Theorem 4.5 (1) The integro-differential equations for f;(x, m), m € M,
are

fi(x, m)—l—)\Z/ pi(z kymy(1 — e 1 @ME=) (7 k)dz  (4.33)

k#m

A D" pi(0. k,m)(1 — e OPETD) p (0, k)
k#m
0

0
= EFt(x’m) - EP[(O, m) + f,((), m)
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X
+A/ pi(z.m, mye”" @) £ (2 m)dz
z=0

X
+A Z/ pi(z,m, k) fi(z,m)dz, x > 0,1 >0,
k;ém z=0

where configuration k € M.
(2) The differential equation for P;(0, m), m € M, is

[:0,m)+ XD pi(0, k, m)P;(0, k)
k

J
0
= 5, PO, m) + A+me,- P, (0, m) (4.34)
j=0
where k is such that ij‘zo ki =c—2.
(3) The differential equations for P;(0, m), m € My, are

A pi0.r,m)P0.7) + D sjpjpi(0, s, m)P,(0, 5)
r£m s#m
9 J
= 5, PO, m) + A+ng,-u, P,(0, m), (4.35)
j:

where state (0, m) is accessible in one stepfrom state (0, r) at an arrival
instant, and in one step from (0, s) at a departure instant. That is,

J J J

ij=zrj+l=z.s‘j—l.

(4) The normalizing condition is
o0
> PO.m+ D] / fi(x, m)ydx = 1. (4.36)
meMyUM meM x=0

Proof (1) We derive (4.33) by applying Theorem B (Sect.4.2.1).
Choose A.In (4.1)and (4.2), choose A := ((0, x), m) (i.e., A is open interval
(0, x) on page m). The measure of set A at time ¢ is

Pi(A) = Fi(x,m) — F;(0,m) = F;(x, m) — P;(0, m).
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Entrance rate into A. The SP can enter A by: (i) downcrossing level x on
page m; (ii) making a k — m (k # m) upward jump starting in ((0, x) , k),
that ends in ((0, x), m); (iii) making a jump that starts from state (0,k)
(k € M) (sometimes located at level 0 on page k in figures), and ends in
(0, x), m).

The number of SP entrances into set A during [0, 7] is

L(A) =Dix.m)+ > IOk, m)

k#meM
+ > Ikym)— > U(x k,m). (4.37)
keM| keM,

In (4.37) the algebraic sum

> T, my+ D B,m) = D> U k,m)  (4.38)

k#meM keM, keM,

= (number of SP jumps that start in ([0, x), k) on any pages or zero-wait
lines k € M, and end in ((0, 00), m) — (number of such jumps that end in
((x,00),m) on page m during [0, t])). Thus, (4.38) is the number of SP
entrances into ((0, x), m) during [0, ¢], due to jumps that start below x on
pages or lines outside of 7' x ((0, x), m) and end in ((0, x), m). Therefore
7:(A) is the fotal number of SP entrances into ((0, x), m) from all sources
in one step during [0, 7].
Taking expected values and then % in (4.37) yields

0 0 0 0.x)
—E (L,(4) = = E (Di(x. m)) +1§n 2 (407 ey m))

0 9
+ > aE(J;)(k, m) — > o E Ui (x, e, m) . (4.39)
keM keM,

Exit Rate of set A. The SP can exit set A by: (i) hitting level 0 on page m
from above in a continuous fashion, (i.e., exiting ((0, x), m) and simultane-
ously entering state (0, m)); (ii) starting in ((0, x), m) at an arrival instant
and making an m — k (including m — m) upcrossing of level x, ending in
((x, 00), k), k € M ; (iii) starting in ((0, x), m) at an arrival instant instant
and making an m — k (k # m) jump-transition that ends below x on any
pagek #m,ie.,in ((0,x), k), ke M,k #m
The total number of exits from set A during [0, ¢] is
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O[(A) =Dy (0.m) + > U(x.m. k)
keM,

+ > 1m - > Um k. (4.40)

k;émEMl k#mEMl

Explanation of (4.40). On the right side, D;(0, m) is the number of
exits from A during [0, #] by downcrossing level O on page m (entering
(0, m)). The term ZkeMl U; (x, m, k) is the number of SP jump exits from
([0, x), m) during [0, ¢] that upcross level x on any page k (including k = m).
Zk;émeMl Jt(o’x) (m, k) is the number jump-exits that start in ((0, x), m) and
end in ((0, 00), k) for any k % m. Term — ZhémeMl U, (x, m, k) cancels
the extra number of jump-exits from ([0, x), m) during [0, ¢] that upcross
level x on any page k # m, i.e., ending in ((x, 00), k).

Taking expected values and then % in (4.40) results in

0
5, E (O1(4)
CE@Om)+ Y LE U m, k)
= A t\Y, a. 1\ A ’
ot e, ot
) . )
+ 20 S E (U wmb) = D S Eerm, k). @4D)
k#m k#m

Integro-differential Equation: We substitute in (4.41) from (4.12), (4.13),
(4.25). This yields the integro-differential equation (4.33).

(2) We derive (4.34) by letting set A = (0, m) in Theorem B, and substi-
tuting formulas from Section4.6.1 relating downcrossings and the transient
distribution of wait, as in the proof of (1).

(3) We derive (4.35) in a similar manner as in (2).
(4) The final equation is the normalizing condition

z P; (0, m) + Z /00 fi(x,m)dx = 1.
=0

meMoUM meM; "%
|

Remark 4.8 In practice we can derive an equivalent set of model equations
by letting set A = ((x, 00), m), x > 0, in Theorem B (instead of substituting
((0, x], m)). This choice of A may simplify the derivation of the model
equations for f;(x, m). We would then consider SP jumps that start below
and end above level x. This would yield terms of the form e~" &™) —2)
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rather than (1 — e~ @M@ =2)y in the integrands. In real-world applications,
writing the integro-differential equations is much simpler than it may seem
at this point. Some practice on a few simple models will quickly establish
the method. It is very intuitive.

Remark 4.9 We can generalize the model upon replacing A\ by \;, depending
on ¢. The arrival stream would then be a non-homogeneous Poisson process.
This generalization holds because the developments in the foregoing sections
involving A are essentially the same if )\; is substituted for A.

Model Equations for Total Transient PDF
In the following theorem, we utilize the previously defined equivalent notation
Fi(0,m) = P,(0,m), m € My, F;(0) = Po(), f(0) = f:(0).

Theorem 4.6 For the total pdf of wait { Py(?), f;(x)}x>0, as viewed from the
‘cover’, the following integro-differential and differential equations hold :

fi@) =—Ft<x)+A 2. / THEMEDGE, (2, m)

m€M1

d
=5, Fr+) > PO, m)e @M

meM

e Z / e V@m)(x— Z)f(z’m)dz x>0,t>0, (442)

meM

f1(0) = 2Po(r)+A > P(0.m).t>0. (4.43)
meM |

Proof In Theorem B (Sect.4.2.1), consider the set
A = (Unemoum, (0, m)) U (Upepm, ((0, x],m), x > 0).

Set A includes all (J+c) zero-wait states {(O, m)|0 < Z,j':o mj<c-— 1},

as well as all positive-wait states {(y, m)| ZJJ':o mj=c—1,y e (0,x]

Every SP entrance into A must occur from above at level x. Therefore all
entrances are due to (continuous) SP downcrossings of level x. Every exit
out of A must be due to a jump starting below level x on a page and ending
at a level above level x on some page. Therefore all SP exits from set A are
due to upcrossings of level x.
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Thus
Zi(A) = Di(x), O1(A) = Ui (x),
E (Z:(A)) = E(Di(x)), E (O:1(A)) = E (U (x)),
GE@(A) = HE (Di(x), HE (Oi(A) = HE U)).
We then substitute these expressions into formulas (4.14), (4.15), (4.29) and

(4.30). This substitution yields the integro-differential equation (4.42) and
the differential equation (4.43). |

The normalizing condition
o0
PO+ [ o=t
x=0

is used along with (4.42), (4.43) to solve for the unknown time-¢ zero-wait
probabilities and positive-wait pdfs.

When it is not feasible to obtain an analytical solution, we can use nu-
merical, simulation or approximation techniques to solve for the transient
zero-wait probabilities and positive-wait pdfs.

4.6.9 Equations for Steady-State PDF of Wait

We obtain the model equations for the steady-state pdf of wait by letting  —
oo in (4.34)—(4.36). All quantities subscripted by ¢ have limits as ¢t — oco. We
denote the limits utilizing the same notation, omitting subscript z. If stability
holds, then

.0 .0
lim 8—F,(x, m) = tlggo EF,(O, m) = 0.

t—o00 Ot

This corresponds to the cdf F (x, m) being independent of 7.

Theorem 4.7 The integral equation for the steady-state pdf f(x,m), m €
My, is

fOom) + XD smen, Joo Pk m)(1 — e/ EMOD) £ (2, k)dz
+ A pem, POk, m)(1 — e OBy p (0, k)

= f(0, m)
+A [y P m, m)e™" @M=D) £ (2 m)dz

A kmen, Jieo P& m k) f(z, mydz, x > 0.
(4.44)
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Proof We obtain (4.44) by letting t — oo in (4.33). |

Theorem 4.8 The model equation for the total steady-state pdf is

fx) = AZmeMlp(O’ m)e—u(z,m)x

x (4.45)
FAY e, Jomg e VE™ETI f(z, mydz, x > 0.

Proof Letr — oo in (4.42). [ |

Remark 4.10 In practice, it is often more efficient to derive balance
equations for SP exit/entrance rates with respect to the state-space sets
((x,00),m)ep,» x > 0, rather than with respect to the state-space sets
(0, x) , m)yep,» x > 0. The derived equations will be equivalent, no matter
which state-space sets are employed for rate balance.

Interpretation of Equations in Theorem 4.7 for Sheets
We now interpret (4.44) in terms of rate balance across levels and between
pages. This interpretation gives LC power for deriving steady-state model
equations by inspecting a typical sample path, in a vast array of complex
stochastic models.

In (4.44) the left side is the SP entrance rate into ((0, x), m). The term
f(x, m) is the SP downcrossing rate of level x on page m. The term

)\Z/

k#£meM;”’*=

X

Pz kym)(1 — e VEME=) £ k)dz
0

is the rate at which the SP enters composite state ((0, x), m) due to jumps at
arrival instants that originate in ((0, x), k) on pages k # m. The term

A D" pO0,k,my(1 — eV OPC=2) p(o, k)
keM,

is the rate at which the SP enters composite state ((0, x), m) due to jumps
that originate at level (0, k) on any zero-wait line k € M 1). These three terms
exhaust the possible paths by which the SP can enter ((0, x), m).

The right side of (4.44) is the SP exit rate of ((0, x), m). The term f (0, m)
is the rate at which the SP exits ((0, x), m) and simultaneously enters the
zero-wait boundary state (0, m), due to downcrossings of level 0. The term

X
A/ Pz m, m)e™"EMED) (2 m)d;
z=0
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is the rate at which the SP exits ((0, x), m) and simultaneously enters
([x, 00), m) due to jumps at arrival instants. The term

/\Z/

k#m =

X

p(z,m, k) f(z,m)dz
0

is the rate at which the SP exits ((0, x), m) and simultaneously enters any
page k # m. These three terms exhaust the possible paths by which the SP
can exit ((0, x), m).

Thus equation (4.44) is a rate-balance equation of the form:

Rate into ((0,x), m) = Rate out of ((0,x),m),

which is a well-known principle for stochastic processes with discrete states,
e.g., birth-death processes.

Interpretation of Equation for Total PDF

We now provide an LC interpretation of (4.45). We may view the LC analysis
of the sheets as adissection of the states of the model (into a partition). The
total equation is like a synthesis , i.e., reconstruction of the parts into a single
whole. This idea helps to derive model equations in complex models directly
from sample-path considerations. It utilizes LC ideas for the sheets, lines and
the ‘cover’.

In (4.45) the left term f(x) is the total downcrossing rate of level x, on
all pages. On the right side, the term A >, 5, P (0, m)e~" @™ is the total
rate at which the SP upcrosses level x at arrival instants, due to jumps starting
at level 0. The term

X
A\ Z / e—z/(z,m)(x_Z)f(Z, m)dZ
=0

mEMl <

is the total rate at which the SP upcrosses level x at arrival instants, starting
fromlevelsin (0, x) onall pagesm € M. We form Eq. (4.45) by rate balance,
with respect to level x

Downcrossing rate = Upcrossing rate.

The normalizing condition is

PO+/OO fx)dx =1,
x=0
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which too has an LC interpretation. That is, multiply both sides by A. This
yields
o0
APy + )\/ f(x)dx = A

x=0
On the left side, A Py is the rate at which the SP makes jumps at arrival instants
out of zero-wait states. The term A f xoio f(x)dx is the rate at which the SP
makes jumps at arrival instants from positive-wait states. The right side A is
the total rate at which the SP makes jumps at arrival instants. The left and
right sides are equal.

4.6.10 Discussion of Rate Balance in Complex Models

The rate-balance interpretation provides the analyst with a powerful tech-
nique for constructing model equations for steady-state distributions in very
complex models. The method is straightforward, intuitive, and relatively easy.

1. Select a state-space interval with boundary x.

2. Express the SP entrance and exit rates of the interval algebraically in
terms of the unknown probability of the interval and/or unknown pdf at
X.

3. Apply rate balance to construct an integral equation (or other type of
balance equation) for the probability and/or pdf at x.

4. Repeat (1)—(3) for every sub-partition of the state space as required, to
form a complete system of Volterra integral equations of the second kind
(as above), plus other relevant equations, depending on the model.

. Write the normalizing condition.

6. Solve the entire system of equations simultaneously for the probabilities

and pdfs of the model. This can be done analytically, numerically, by
approximation, or by LC estimation (see Chap.9).

91

Remark 4.11 The author realized in 1974 that the steady-state model equa-
tions discussed here, are really rate-balance equations. Originally, these
steady-state equations had been derived by starting with Lindley recursions,
analogous to those described for M/G/1 in Sect. 1.2 of Chap. 1. The derivation
for M/M/c queues started, however, with more complex Lindley recursions.
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4.7 Example of Steady-State Equations

This Section serves as a brief tutorial on writing steady-state model equations
using LC and sample paths. We derive model equations for the steady-state
pdf of wait in the specific M/M/c queue with ¢ = 3 and J = 1, discussed
in Example 4.4 in Sect.4.5.5, with a sample path in Fig.4.2. There are two
possible service rates: g = {ug, p1}. We make a slight generalization for
the service-rate assignment policy. For each arrival, the rates {ug, u1} are
assigned with probabilities {«yg, a1}, g + a1 = 1 (instead of 1/2 each). Our
present example reduces to Example 4.4 if g = 1 = 1/2.

We use o, a1 to make it easier to follow the intuitive derivation of the
model equations, since «g, o] appear explicitly in the equations.

The set of possible configurations is Mo U My = {(imo, m1)}, where m
denotes the number of servers occupied by customers with service rate
tj, j =0, 1. From the definition of system configuration (Sect.4.4),

1
Ome,-fc—l:Z
j=0

We abbreviate (mg, m1) as mgm. There are six possible configurations
(same as in Example 4.4):

MyuU M, = {00, 10,01, 20, 11, 02}, (4.46)

where
My = {00, 10,01}, M, ={20,11, 02}.

When an arrival finds more than one server idle, it immediately occupies one
of them in accordance with a server-assignment rule, and starts service at
rate p; with probability o;, i =0, 1.

First we will derive the equations for the zero-wait states (atoms). These
are represented in the virtual-wait diagram by the six lines T' x (0, m) ,m €
MyU M, (Fig.4.2).

Next we will derive the integral equations for the pdfs of the positive-
wait states (continuous states). These states are represented by pages T X
(0, 00),m), m € M (Fig.4.2). Fix level x > 0. For the equation corre-
sponding to m € M, the left side is the SP exit rate (out of) state-space inter-
val ((x, 00), m), and the right side is the SP entrance rate (into) ((x, 00), m).
(We use interval (x, co) instead of (0, x), since (x, co) results in simpler
(equivalent) equations.) Since M| = {20, 11, 02}, there are three pages, three
pdfs, and three corresponding integral equations.
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Remark 4.12 To summarize, the zero-wait states are (0, m),m € My U
M . The positive-wait states we use for the derivation, are composite states
((x,00), m), m € M. We could use alternative state-space intervals having
a fixed level-x boundary , such as ((0, x), m) or ((x, a), m), where constant
a > x,or ((x,bx),m), b > 1, etc. For different interval selections we would
derive a different, but equivalent set of model equations. A creative choice of
state-space interval may simplify the derivation and final form of the equa-
tions. It may lead to new identities or insights about the model. It may also
suggest easier ways to obtain solutions of the equations.

The configurations for the zero-wait states are given in Mo U M and for
the pages in M1, in (4.46) above; (see also Fig.4.2).

We now derive the model equations; a detailed explanation follows imme-
diately after.

4.7.1 Equations for Zero-Wait States

Notation 4.9 State (0, mom|) means mqg + m servers are occupied: m;
serve atrate fi;, i =0, 1. Pyom, := P(system is in state (0, mom1)).

Using the principle for discrete states rate out = rate in, we obtain the
equations for the zero-wait states, as in (4.47). A detailed explanation follows
below.

State Rate out Rate in

(0, 00) APoo = poPro+py Por

(0, 10) A+ o) P1o = Aag Poo+2pu Pao+pey Pri

(0,01) (A =+ ) Pop = Ao Poo+2 401 Poo+119 P11 (4.47)

(0,20) (A +2p9) Py = AagPro+fo(0")
(0, 11) (A + po+u) Piy = Aag Pio+AagPor+f11(07)
(0,02)  (A+2u)Pg = Mg Por+fa(01)

Explanation for Discrete States (0, m), m € Mo U M,

In (4.47) the first three equations are derived as in a “bubble” diagram
for discrete-state continuous-time Markov chains, using rate out = rate in.
The last three equations are derived similarly, except for the terms f50(07),
f11(0%), f02(0™). These are the exit rates from ((0, 0o), 20), ((0, 00), 11),
and ((0, c0), 02) into discrete states (0, 20), (0, 11), (0, 02) respectively. At
instants of these exits, the SP simultaneously enters the corresponding line
T x(0,20), T x (0,11),0or T x (0, 02). It continues its motion.
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4.7.2 Equations for States ((x, o0), m), m € My

We now derive the model equations for pages m € M. Detailed explanations
follow immediately after Eq. (4.51) below.

Rate balance of rates out (left side) and in (right side) for composite state
((x, 00), 20), x > 0, result in the equation

210 o
fro(x) + >\0412— S20()dy
o + fu1 y=x
= A (ozoe3“°x + Oq—'ul e(zuoﬂ”)x) Py
2p0 +
X
+ Aag— L= @urotinxpyy /\ao/ e300 (y)dy

2p0 + 11 y=0
X
+ )\OZOL/ e—(2u0+ul)(x—y)fll(y)dy
2#0 +
+ A / d 4.48
02H0+ Sui(y)dy. (4.48)

Rate balance for composite state ((x, 0o0), 11), x > 0, gives the equation

I oS 11 00
Fir ) + Ay —H0_ / Fir0)dy + ag—P— / fir(3)dy
MO + 2/141 y=x 2”0 + H1 =X

= )\(01_2/“ e~ (HoF2mx 4 oo 2410 e—(2uo+u1)X) Py

po + 241 2p0 + 11
2 2
+ &e—(Zuoﬂn)x Py + Aoy H1 e—(u0+2m)x Poo
2010 + 1 1o + 241
2 X
+ >\01¢/ e—(#0+2ul)(x—y)f11(y)dy
po + 241 Jy=0
2
4 aag—to / ¢~ UG £ (3)dy
2#0 + 1
4oyt / ¢~ CUHIGE=Y) £ (03 1y
2H0 + B Jy=o
4 aag— / 2D o (0 g
Ho + 2/~"1 y=0
o0 2#1 o0
+ Aal fHoMdy + Aag——— Joa(y)dy.
1 y=x ,LLO + 2”1 y=x

(4.49)
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Rate balance for composite state ((x, 00), 02), x > 0, gives the equation

211 o0
oo () + Aap—PL / foa(dy
o + 2/“ y=x

= A\ (ale—3u1x + ag e—(uo+2u1)X) Po>

po + 2

X
+ Ao Le—(uoﬂm)x P11 + Aoy / €_3ltl(x_y)f02(y)dy
o + 2:“/1 y=0

1o o _
+/\alm/ e~ (Ho+2p1)(x y)f”(y)dy

4.
+ A ———— M0+2 / Su(ydy. (4.50)

The normalizing condition is
Poo + P1o + Po1 + Pao + P11+ Poz

+/ [f20(x) + f11(x) + fo2(x)]dx = 1. (4.51)

Explanation of Equations for States ((x, co), m), m € M

Left Side of Equation (4.48) In (4.48), the left side represents the SP exit
rate out of ((x, 00), 20). There are two routes by which the SP can exit this
composite state: (1) downcrossing level x on page 20; (2) jumping to page 11
pursuant to an arrival that is assigned rate ;1. The term fo9(x) is the down-
crossing rate of level x on page 20.

The term 5 ~
10 /

P O— f0()dy

2p0 + 1 Jy=x

is the rate at which the SP jumps to page 11 at arrival instants. In this expres-
sion, A f>0(y)dy is the rate at which arrivals find the SP in interval (y, y + dy)
on page 20. The term « is the probability that an arrival gets assigned rate
141, resulting in two servers having rate g and one server having rate (i

Just after the arrival starts service. The term 5 210 i the probability that a
1O+ H

rate-po customer finishes first, causing the SP to jump to page 11. The SP
cannot jump to page 02 if an arrival finds the configuration to be 20. The sum
of the two terms on the left of side of (4.48) is the exit rate of the SP out of
(x, 00) on page 20.

Ao
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Right Side of Equation (4.48) Theright side of (4.48) is the SP entrance
rate into ((x, 00), 20). The fist term

A (aoe—3uox +a H1 e—(2u0+lt1)X) Py
2p0 +

is the entrance rate into ((x, o0), 20) due to arrivals that find the state to be
(0, 20). In it, the product A P»q is the rate at which arrivals find the state to
be (0, 20). The arrival does not wait, and immediately starts service from the
one available server. The term age >#0* is the product of two probabilities:
v, that the arrival is assigned rate po; e 310X that the minimum of three
independent service times, each having rate y, exceeds x.

The term
H1_ —Cpuotux

aq
2p0 + 11

is the product of three probabilities: a1, that the arrival is assigned rate p1;
w1/ uo + p1), that the minimum of three service times, two having rate g
and one having rate /i1, is the rate 13 e~ ?#0T/DX that the minimum of the
three service times exceeds x. Both terms result in the SP landing above x
on page 02. The entire term is the rate at which the SP moves from level 0
on page 20 to interval (x, oo) on page 20.

The term

)\O[OLe_(ZHO‘HM)X P
2p0 + 1

is the rate at which arrivals find the state to be (0, 11) (rate A Py1), are assigned
service rate pg (probability ), the minimum service time is a rate-yi1 ser-
vice (probability p1/ (2uo + 1)), and the minimum exceeds x (probability
e~ (21o+11)X) This is the rate at which the SP moves from discrete level 0 on
page 11 to (x, oo) on page 20.

The term

X
AOéo/ e 00 o (y)dy
y=0
is the rate at which arrivals find the state to be (y, 20), y € (0, x), are assigned
service rate (g (probability ), and the minimum of three service times each
having rate juo exceeds x — y (probability e~3#0*=Y)) integrated over all y
€ (0, x). This is the rate at which the SP moves from (0, x) on page 20 to
(x, 00) on page 20 (makes 20 — 20 upcrossings of x).
The term

X
)\CXOL/ e*(2/t0+/t1)(x*y)f”(y)dy
2p0 + 11 Jy=0
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is the rate at which arrivals find the state tobe in ((y, y + dy), 11), y € (0, x)
(factor A f11(y)dy), are assigned service rare fi0, the rate-j1 service ends first,
and the minimum of three exponential r.v.s (two having rate ¢ and one rate
1) exceeds x — y, integrated over all y € (0, x). This is the rate at which
the SP moves from (0, x) on page 11 to (x, oo) on page 20 (makes 11 — 20
upcrossing of x).

The term

0 *
)\Oéo—/ 1(dy
2#’0 + w1 y=x f

is the rate at which arrivals find the state tobe in ((y, y + dy), 11), y > x,are
assigned service rate fig, the rate-j1 service finishes first, and the minimum
of three exponential service times (two having rate uo and one having rate
w1) has any value in (x, 0o). This is the rate at which the SP moves from
(x, 00) on page 11 to (x, o0) on page 20 (makes 11 — 20 transition, from
and to, points above x).

Integral Equations (4.49) and (4.50)
We derive integral equations (4.49) and (4.50) for the pdfs fi1(x) and fo2(x)
(pages 11 and 02), in a similar manner as for f>q(x) above.

Normalizing Condition
The normalizing condition (4.51) ensures that the sum of all zero-wait and
positive-wait probabilities is 1.

4.8 Standard M/M/c: Steady-State Analysis

We analyze the standard M/M/c queue as a special case of the generalized
M/M/c queue developed in Sects.4.3—4.7. It is instructive to derive known
results for M/M/c using LC. The standard M/M/c queue is one of the first
models the author analyzed in 1974, to validate the LC method (see pp. 37-39
in [11]).

We assume the number of serversisc > 2, each customer receives the same
exponential service rate u, and A < cu. Using the notation of Sect. 4.3, we
have here J =0, p={uo} := {}. A system configuration has one component
mo, which can take values in {0, 1, ..., ¢ — 1}. The virtual wait process is
denoted as {W (1)},>0.

In this model, a system configuration is a scalar mq := number of cus-
tomers in the other servers just after an arrival starts service. Thus mg €
{0, 1, ..., c — 1}. Equivalently mg is the number of other occupied servers
at a start of service instant. The set of all configurations, M = My U M, has
size (J+c) = (Sﬁ) = () = ¢ (see Sect.4.4.2). That is,

c—1
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Fig. 4.4 Sample path of Line 0 —°
{W ()}, in standard ] lw" o
M/M/c queue. There are 2 Lo ®
c lines and one page. .
Line ¢ — 1 is at level 0 c-2 Lg p
of pagec — 1
Page -1
W(t)

Line C-10
Timer — >

My=1{0,1,....,c—2}, My = {c—1}.

(Recall that M| = M, the set of ‘border’ configurations.)

A sample path of {W (¢)},>( has c lines for the zero-wait states (0, j), j =
0,...,c— 1, and one page (sheet) for the composite state ((0, 00),c — 1)
(Fig.4.4). Line ¢ — 1, the border line corresponding to state (0, c — 1), is
usually placed as the bottom line of page ¢ — 1, but is arbitrarily located
among the other 0-wait states in Fig.4.4. This does not change the analysis
because rate balance across level x > 0 (downcrossing rate = upcrossing rate)
is equivalent to rate balance between sets ((x, o), ¢ — 1) and ([0, x],c — 1)
i.e., rate from ((x, o0) , ¢ — 1) into ([0, x], ¢ — 1) =ratefrom ([0, x],c — 1)
into ((x,00),c—1).

Denote the zero-wait probabilities as P,,n = 0, ..., ¢ — 1, the pdf of wait
as f(x),x > 0, and the steady-state cdf of wait by F(x), x > 0. Then

c—1 X
Fx)y=>_P, +/0 fx)dx, x >0,
n=0

c—1
F(0) = Z P,.
n=0

4.8.1 Equations for Steady-State PDF of Wait

We derive model equations for the steady-state pdf of wait, and give further
explanations in Sect. 4.8.2 below.
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Zero-Wait States
For the zero-wait states (atoms) the model equations are (using rate out =
rate in)

APy = puPy
A+ )P =APy+2uP>
A+2u)Pr = APy +3uP;3

A+ (c—=2))Pep = AP 3+ (c— DHuPey
A+ (c = D) Pect = APe—a + f(0F). (4.52)

The term f(0™) in the last equation in (4.52) connects the pdf of a continuous
random variable (waiting time) with the probabilities of atoms (states (0, ¢ —
1) and (0, ¢ — 2)). This observation (and other examples) led the author to
coin the term “border state” (i.e., state (0, ¢ — 1) in the present context).

Positive-Wait States
For the composite state ((0, o), ¢ — 1) (the single page) the model equation
is

X
F(x) = APe_je " 4 ) / e~ £(y)dy, x > 0. (4.53)
y=0

Composite state ((0, 00), ¢ — 1) is accessible in one step at an arrival instant,
only from the border state (0, ¢ — 1). The normalizing condition is

c—1 00
F(oo) = > P, +/ ) fx)dx = 1. (4.54)
n=0 y=

4.8.2 Explanation of Equations (4.52) and (4.53)

Linear Equations (4.52)
Equation (4.52) are rate-balance equations, which equate SP rates out of, and
into, the discrete zero-wait states (0,n), n =0, ...,c — 1. The term f(0")

(:= f(0)) is the SP downcrossing rate of level 0, i.e., the SP entrance rate
into state (0, c — 1) from above. (In sample-paths, line ¢ — 1 may be equally
placed at level O of page (¢ — 1). If it is placed separately as in Fig.4.4, we
can still imagine it to be at level 0 of the page with respect to SP motion.)

Integral Equation (4.53)
To derive the positive-wait integral equation (4.53) consider composite state
((x,00),c — 1) on the (single) page (Fig.4.4). We equate the SP exit rate
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(i.e., downcrossing rate of level x) to the entrance rate (i.e., ‘upcrossing’
rate of level x starting from line ¢ — 1 thought of as being at the bottom of
the page). The downcrossing rate of level x is f(x) (see Corollary 4.2 in
Sect.4.6.2).
The SP entrance rate into ((x, 00), ¢ — 1) is from two sources:
(1) Entrances are generated by jumps due to arrivals when the state is the
border state (0, ¢ — 1), starting from level O of the page and ending above level
x on the page. Since there is only one page, the only access to ((x, 00), ¢ — 1)
in one step from a zero-wait state is from state (0, (c — 1)), i.e., line ¢ — 1
in the sample path. The SP entrance rate from this source is AP._1 - P(S >
x), where P._ is the limiting probability of state (0, ¢ — 1), and S is the inter
start-of-service depart time. (See Sect.4.4.1 for a discussion of inter start-
of-service depart time.) Random variable S = Expcu, since there would be
s

¢ customers with rate p in service just after such an arrival starts service, and
S := minimum of c i.i.d. Exp, random variables. Thus, P(S > x) = eI,
This gives the term AP._je~“** in (4.53).

(2) Entrances into ((x, o0), ¢ — 1) are generated by jumps due to arrivals
when the state is a continuous state (y, ¢ — 1), y € (0, x). Such jumps start
at level y and end above level x. Just after such an arrival begins service (y
after its arrival), all ¢ servers will be occupied and § = Exp,, independent

LS

of any new arrivals to the system. The SP will enter ((x, c0), c — 1) with
probability e ~#*=¥)_This leads to Eq. (4.53).

4.8.3 Solution of Equations

We first solve (4.53). Differentiating both sides with respect to x and solving
the resulting first-order differential equation, gives

Fx) = AeCH=NY xS0,
where A is a constant. Letting x | 0, we get the initial condition
fO)=A= AP (4.55)

since f(0) (:= f(0")) is the SP downcrossing rate of level 0, and A\P._;
is the “upcrossing” rate of level O (rate of egress from (0, c — 1) above).

(Equivalently, f(0) is the exit rate out of ((0, 00), ¢ — 1) and AP._ is the
entrance rate into ((0, o0), ¢ — 1).) Thus A = A\P._; and

F(x) = AP_je MY x> 0. (4.56)
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Note that the condition (4.55) is itself a rate-balance equation for the rates
out of, and into, ((0, c0), ¢ — 1).
Next, from (4.52) and (4.56) we obtain

A\ 1
P,={—-) —Py,n=0,...,c—1,

w) n

AN\
P._1=(—- Po. 4.57
! (u) -’ #7

Substituting (4.57) into (4.56) gives

M
f)y=A{- Py e h=Nx 5 0.
1z (c—1!

The normalizing condition (4.54) is

c—1 n c—1
1 1 eo
(é) — ) Py+ A (é) P()/ e CH=NY gy = 1.
2.;) m ) BRI TR

n=0

This gives the well-known value

1
Py = : (4.58)

=1 (A\" 1 AE  en
Zn:O (ﬁ) n! + (ﬁ) cllcu—A)

The cdf of wait is

X

nm=m+/ APo_ e @D gy
y=0

A c—1 1
- - _ = (cu=N)x
_PO(HA(M) (c = Dlicp—N) (1 ¢ )),xzo.

(4.59)

Boundedness of PDF of Wait
From (4.56) f(x) < A, x> 0, since P._; < 1 and e~ N¥ < 1 (cp— \ >
0).
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4.8.4 CDF and PDF of Wait Geometrically

It is insightful and intuitive to derive the steady-state cdf and pdf of wait
geometrically, directly from sample path properties. This derivation bypasses
model equation (4.53). A similar geometric derivation for the cdf of wait in
the M/M/1 queue is given in Sect.3.5.6.

Consider level x > 0 on the single page (Fig.4.4). Rate balance across
level x applies the principle

Upcrossing rate of x = Downcrossing rate of x = f(x).

Equivalently, in symbols

Jim 20— i 20— 70 0,
of EU E (D
i BUOD _ yy EQD _

The sojourn time above level x > 0 on the page, initiated by each upcross-
ing of x, is := busy period of a standard M/M.,,/1 queue with arrival rate
A and service rate cp because, when the SP is on the page, all ¢ servers are
occupied and each is serving at rate x. Thus the inter start-of-service depart
time (see Definition 4.3 in Sect.4.4.1) S = size of each jump ending on the

s
page = Exp,. Moreover, by the memoryless property, excess jumps above
LS
level x are = Expcy.
LS
Let a, denote an SP sojourn time above x. Then a, = busy period in

dis
M)\/M¢, /1 (A < cp). Thus

E(ay) =

) 4.60
Y (4.60)

independent of x, since the expected value of the busy period in M /M, /1
is 1/ (cp — AN).

Let d, := inter-downcrossing time at level x > 0. Since level-x down-
crossings are regenerative points, similarly as in Sect.3.4.15 we have

E(dy) = 1/f (). 4.61)

The renewal reward theorem (Sect. 3.79), now yields
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E(ay) — lim time W (-) € (x, oo) during (0,t) _

Edy) 1% t L= F,
M =1-—F(x)
1/f(x) ’
. £(x)
X

equivalent to the differential equation

41— F(x))

I Foo = —(cu—N),

iln(l —F(x)) =—(cu—N),
dx

with solution
1 —F(x) = A-e = x,

where A is a constant, evaluated by letting x | 0, and yielding the cdf of wait
F(x) =1— (1 = F(0))e~©=Nx x>0, (4.63)

where F'(0) = P(zero wait). Taking d F(x)/dx, x > 0, in (4.63) gives the
pdf of wait

F) =1 = F0)(cp— Ne V% x> 0. (4.64)

We next employ the equations in (4.57) to get

c—1 c—1
A\ 1
F(0) = Z P, =Py Z (;) — (4.65)
n=0 n=0

Note that f(0) = AP._1., i.e., the SP entrance rate into state (0,c — 1)
from above (downcrossing rate of level 0) is equal to the SP exit rate from
state (0, c — 1) at arrival instants. Letting x | 0 In (4.64) yields

fO) =0 = F@O)(cpp—A) = APc1. (4.66)

From (4.66) and (4.57)

A AN
FO)y=1- P_1=1- — Py. (4.67)
cp— A cp— A
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Substituting the value of F(0) from (4.65) into (4.67) and solving for Py
gives (4.58). The upshot is two different ways to determined Py; and two
different, equivalent formulas for f(x), x > 0:(4.56) and (4.64).

Remark 4.13 Another way to obtain the second equality in (4.66) is to note
that the SP expected sojourn time above 0 is

E(ap) = E (busy period of M,\/Mcp/l) =

cp— N

The proportion of time the SP spends above level O is therefore

im 24O 1 L ko)

t—00 t cp— A cp— A
Busy Period in M/M/c
Note that ag is equal to a busy period in M/M/c, denoted by B._ ., defined
as the time measured from an arrival instant when the state is (0, ¢ — 1) until
the first departure instant thereafter that leaves the system in state (0, ¢ — 1)
again. (The arrival increases the number in the system to c. The departure
decreases the number to ¢ — 1.) Since a, = ag, x > 0,

1
cp— A

E (Be—1,c) = E (ag) = E (ay) = ,x > 0. (4.68)

We also call B._1, a[c — 1, c] busy period.

4.8.5 PMF of Number in the System

We use the foregoing pdf of wait (4.56) to derive P,,n =c,c+ 1, .... This
approach is the reverse order of the usual derivation, which first derives the
pmf (probability mass function) of the number-in-system using a birth-death
analysis. It then obtains the pdf of wait by conditioning on the number in the
system when there is an arrival. The method we apply here utilizes partly
birth-death analysis and partly LC. It provides a different perspective on the
M/M/c model.

Due to Poisson arrivals, P, = a, = d,, where a,, d, are the steady-state
probabilities of n units in the system just before an arrival, and just after
a departure, respectively (in this Section). Reasoning as for M/M/1 (see
Sect.3.5.3), we get

P, =d,, = P(n — c arrivals during a waiting time),n =c,c+ 1, ... .
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Substituting from (4.56) and (4.57)

o0 ,—Ax n—c
P, = / O Ly

=0 (=0

A n—c+1 1 o) n—c
= (—) n——c—HPC_l / C/,Le_cﬂx %d.x
K ¢ x=0 (n—o)!

A" 1
== Po,n=c,c+1,....

w) c*<c!

In summary, we obtain the well-known formulas (e.g., p. 67 in [84])

1
Fo= LA\ 1 A
c— clu
Zn:O (u) n! + (,u) m
(4.69)
Pfl:(% %P()’n: ) 7C_17
n
P, = (%) C,,I,CCI!PO,n =c,c+1,.
The probability that all servers are occupied is
o 00
> P, = P(wait > 0) =/ f(x)dx
n=c x=0
o0 A
= /\Pc—l/ e CH=NX gy = P._1
x=0 cpu— A
A
M)A
=7 " p,. (4.70)
cu— A
The probability that there is at least one idle server is
1 \ (A)H 1
C:
> P=Pwait=0)=1- —">—"p 4.71)

n=0

4.8.6 Inter-downcrossing and Sojourn Times

Considerd,, ay, by (x > 0), respectively: time between successive SP down-
crossings of level x; sojourn time above x initiated by an upcrossing of x;
sojourn time at or below x initiated by a downcrossing of x. Formula (4.61)
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shows
L L 4.72)
E(dy,) = = ,x >0; i
f(x) AP._q

formula (4.60) shows that, independent of x,

1

E = .
(ay) Ch—

Note that

I (time that the SP is above x during (0, t))
mm =

t—00 t

1 — F(x);

by the renewal reward theorem (Sect.3.4.9),

E(ay) . E(ay) .
E(dy)  1/f(x)
1—-F(x) 1
E(ax) = = *
fx) cpu—A

The last equality above corroborates formula (4.62) when solving for f(x)
geometrically in Sect.4.8.4. Also, we can validate (4.62) in Sect. 4.8.4 using

1 — F(x),

x>0,

1—Fx) 2 fdy
FG) T AP
fyoix )\Pc_le_(cf"_’\)ydy 1
AP._je~(cn=Ax - cp— N\

Note that F(x) = lim;_, (time the SP spends at or below x during
(0, 1))/t. Each instant that the SP downcrosses x > 0 is a regenerative
point, due to the memoryless property of the interarrival times. From the re-
newal reward theorem (i.e., the theory of regenerative processes, e.g., [134])
E(by)/E(dy) = F(x), implying

Fx) 1—(— F(0))e—(cn—2)x

o = fO) T APeoje(enx
el (1 — F(0))
B )\Pc—l /\Pc—l

-1
1 ( (cp—N)x S A" 1
= c—1 ¢ — (=P Z 0 _!)
A ()\) 1 Py n=0 H "
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‘_ n
ey STh(2)' 4
= + . 4.73)

A c—1 1 A\ c—1 1
’\(ﬁ) i o /\(/7) 1

Remark 4.14 From (4.60), when the SP upcrosses x, it next downcrosses x
after a time a, where E (a,) is independent of x. By contrast, (4.73) implies
when the SP downcrosses level x, it next upcrosses x after a time b, where
E (by) grows exponentially with increasing x.

The foregoing results for
dy, ax, by, E(dy), E(ay), E(by)

generalize analogous results for M/M/1 (Sect.3.5.7).

4.9 M/M/c/c and Standard M/M/c Queues

The M/M/c/c queue is a special case of M/M/c/k, in which an upper limit k is
placed on the number of customers allowed in the system at any time (see, e.g.,
Sect.2.5, p. 76ff in [84]). Here, we develop a relationship between M/M/c/c
and the standard M\/M,,/c queue. By a judicious choice of parameters for
M/M/c/c, the pdf of the virtual wait in the two models have identical forms.
However, the jump structure of the sample path of M/M/c/c is much simpler
than that of the corresponding M/M/c model, for positive values of the virtual
wait. This jump structure makes it much easier to derive the pdf of the virtual
wait in M/M/c/c. The point of this exercise is to obtain the pdf of wait in
the parameter-modified M/M/c/c queue, which can be derived in one line,
without having to solve an integral equation (as in M/M/c), and the derived
pdf is the same as in M/M/c. This relationship suggests a broader prospect.
For a given complex model, can we identify a related model having the same
solution form, that can be solved more easily?

The M/M/c/c queue is usually analyzed using a birth-death analysis. Here,
we employ an LC approach. Consider an M/M/c/c queue where the service
time for each customer that enters the system has exponential rate pn — % > 0.
(We choose A < cp because our related model is a standard M /M, /c queue
in equilibrium.)

In M/M/c/c all actual waits are 0 — there is no waiting line. In a queue
where blocking is possible, we shall define the virtual wait as the time that a
potential arrival would wait to start service, if it were not blocked and cleared.
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Thus the virtual wait is not O for every arrival. In M/M/c/c, customers that
arrive when the virtual wait is positive, are blocked and cleared from the
system. In both models, the virtual wait is positive if and only if all ¢ servers
are occupied.

For M/M/c/c, consider the ‘system point’ process {W (¢), M(t)},~(, Where
W (¢) is the virtual waitand M (¢) € {0, ..., ¢ — 1}isthesystem conﬁguration
at time 7. M (¢) is the number of occupied servers at instant ¢, if there is an
idle server at . We denote the ¢ discrete states by {(0,0), ..., (0,c — 1)}.
Thus M(t) = n if n other servers are occupied when a customer joins the
system and starts service, n = 0, ..., ¢ — 1. Denote the steady-state proba-
bility of (0, n) as P,,n = 0,..., c — 1. Denote the positive virtual-wait states
as {(x,c—1),x € (0, 0c0)}.

4.9.1 Sample Path of (W(t), M(t)};>¢

Consider a sample path of {W(z), M (t)},>¢ (Fig.4.5). Without loss of gen-
erality, assume the system starts empty. The SP is on line O at # = 0. As the
system evolves, the SP moves among the lines until ¢ — 1 of the servers are
occupied, just as in a standard M ,\/M a/c model. In Fig.4.5 we situate line

¢ — L atlevel O of the page; this layout makes it easier to depict SP exchanges
between line ¢ — 1 and the virtual-wait positive states.

Suppose a customer arrives when ¢ — 1 servers are occupied. The arrival
joins the system and starts service in the one free server. All ¢ servers are
busy just after the arrival starts service. The configuration is ¢ — 1, since
c — 1 other servers are occupied just after the arrival instant. Each of the

c servers has service time = Exp A once the arrival starts service, due
dls c

to the memoryless property of exponential service times. The SP jumps to
ordinate y € (0, co) on the page, where y = Exp¢y—a which is distributed
LS

as the minimum of ¢ i.i.d. exponential r.v.s each distributed with rate p — %
The SP descends at rate 1 (slope = —1), until it makes a continuous hit

of level 0 from above. New arrivals are blocked and cleared, and have no
effect on the sample path during this descent. Once the SP hits level O, it
continues its motion among the states (0,0), ..., (0, c — 1), until it makes
another jump out of state (0, ¢ — 1) onto the page.

All upward jumps that end on the page start at level 0. Hence the jump
structure for M/M/c/c is much simpler than that of the standard M/M/c queue,
in which jumps that end on the page may start at any point in [0, 00) .
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Fig. 4.5 Sample path of Line 0 =%
(WO} im0 in M/M/c/c 7T
A 2 o°®

queue. All jumps ending
in (0, co) begin at level o3 ‘o
0 (state (0, c — 1)) with Line ¢-2 :
size = EXpep—x

W(t) Page c-/

Sp

Linec-1 0 0

Time t —

4.9.2 PDF of Virtual Wait

Denote the pdf of the virtual wait as f._1(x) = f(x), x > 0. To derive the

pdf of f(x), fixlevel x > 0. The SP downcrossing rate of x is f(x). Since all

SP jumps ending on the page start from state (0, ¢ — 1) at arrival instants, and

all jumps sizes are = Exp¢,— ., the upcrossing rate of x is AP._je~(cn=2x,
LS

Balancing SP rates out of and into set ((x, 00), ¢ — 1) yields
F(x) = APe_je” =N x 5 0. (4.74)

Remark 4.15 Formula (4.74) has precisely the same form as the steady-
state pdf of wait in the standard M) /M,/c queue given by (4.56), except that
P._1 has a different value. For the M)/M,,_,./c/c queue, formula (4.74) is
derived “instantly” from observing a sample path of the virtual wait. There
is no need to solve an integral equation, as in M/M/c. In M/M/c/c, the pdf
formula for f(x) is inherently a model equation. This is the main relation-
ship between the two models we discuss here. The result for My/M,,_c/c/c
allows us to write the form of the pdf of wait in M\/M,, /c immediately.

4.9.3 Non-blocking States

The rate-balance equations for the non-blocking states (0,0), ..., (0,c — 1)
are the same as in (4.52) for M\/M,,/c, with p, — % substituted for x. Thus in
M/M/c/c
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so that

The normalizing condition is

(2 (25) &) o 2 reoax = 1.

Applying (4.74) gives

(g(ui%>n%)Po

= ) n c—1
c— A\ 1 A 1 1
2 =0 (M_?) oA (M_g) =D ci—x
1

4.9.4 Blocking Time Tp

Let T denote the time from the instant the system gets blocked (all ¢ servers
occupied) until the first instant that it becomes unblocked thereafter (at which
¢ — 1 servers are occupied). We call Tp the blocking time.

The pdf of the virtual wait in M\/M,,_»,./c/c is the same as the pdf of
S (inter start-of-service depart time) when an arrival “sees” state (0, ¢ — 1).
Also, & = Tp.

)
Then E(Tg) = Expcy—\ = 1/ (cp — A). Let P. denote the proportion of
time the system is blocked. Then

o 00
P, :/ fx)dx = )‘Pc—l/ e (ch=Nx g,
x=0 =0
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P. is the probability that a right-truncated Poisson variate (truncated at c),
has value c. It is the classical Erlang-B loss formula for the MA/MN, Alclc
z

queue (see, e.g., p. 82, Sect.2.6 in [84]).
Note that the blocking time is a [c — 1, c] busy period, denoted by Be—1.c,
so that Tg = Be—1,c. From Remark 4.8.4, E (Be—1,¢) =

dis cu cp—X\"
Remark 4.16 Suppose that in the M/M/c/c model the servers were numbered
1, ..., c. Let the service rates assigned to arrivals depend on which server is
occupied, say rates v;,i =1, ..., c. Assume Zle vi=cp — A > 0, where p,
A are the parameters of a stable M\/M,,/c queue. Then the distribution of T
would be the same as in (4.74). So this specialized M/M/c/c model can also
be used as a “companion” model to obtain the pdf of wait in the M\/M,,/c

queue.

4.9.5 Discussion

We can derive formula (4.74) for f(x) geometrically as in Sect.4.8.4. Let
F(x), x > 0, be the cdf of the virtual wait. We get

d -1
%ln(l —F(x) = m = —(cp—A),

F(x)=1— (1 — F0)e V¥ x >,

Fx) = (cp— N1 — F(0))e N, (4.75)

Comparing (4.74) and (4.75) shows that
APe—1 = (cp— N1 = F(0)) = (cu — N Pe, (4.76)

where P, is the probability of ¢ units in the system.
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In M/M/c/c an arrival enters the system iff the virtual wait is 0. Thus
F(0) = P(an arrival enters the system). Hence (1 — F(0)) = P (an arrival is
blocked and cleared) = P.. Equation (4.76) is precisely the balance equation
that would appear in a birth-death analysis of the system.

4.10 M/M/c in Which Zero-Wait Customers Get Special
Service

Consideran M/M/c (¢ > 2) queue with arrival rate ), in which zero-wait
customers get service rate jo, and positive-wait customers get service rate
w1 (£ po). Thus, the assigned service rate is state-dependent. We derive
below the steady-state pdf of wait, distribution of the number-in-system, and
related model characteristics.

Denote the state of the system as {W (¢), M (¢)},~¢, where W (z) > Ois the
virtual wait and M (r) is the system configuration. Thus

M(t) = (mo,m1),0 <mo+my <c—1,

where m ; is the number of occupied servers operating at rate 1, j =0, 1. In
the notation of Sect. 4.4, integer J = 1. The number of zero-wait states is the
total number of non-negative integer solutions for mg, m in the ¢ equations

mo+m; =k, k=0,...,c—1,
which is, since J =1,
! (J—I—k)_ (J+c) _ (c—i—l)
pard J+1 2

1

From Sect.4.4.2, My = {(0, m)|0 < Zj:o mj <c— 2}, which contains

(C—ZI)C configurations. Set Mj, = {m| ZJJ-ZO mj=c— 1} comprises the dis-
crete boundary states, and contains (j+;_1) = ({) = ¢ configurations. (Note
that M, = M ,.)

Zero-wait Probabilities Let Py, denote the steady-state probability
that an arrival “sees” m rate-y; customers in service, j = 0, 1, and waits
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zero before starting service. Py,qm,is the steady-state probability of state
(0, (mg, m1)).

There are c positive-wait pages (sheets), one for each configuration in M,
where

My={c—-1,0),(c—-2,1),...,(1,c=2),0,c—1)}.

Positive-wait PDFs Let f,,(x), x > 0, denote the steady-state pdf of the
virtual wait when the occupancies of the other ¢ — 1 servers willbe m € M,
at start of service (‘look-ahead’ property of virtual wait).

4.10.1 Egquations for Probabilities of Zero-Wait States

The @ zero-wait states, having configurations in My U My, viz.,

0, (mo,m1)),0 <mo+m; <c—1,
give rise to C(C; D linear equations for their probabilities, using the principle
rate out = rate in, as in (4.77)—(4.79) below.
First consider states (0, m), m € M. For mg = m| =0, (empty system)
there is one equation:

APoo = poPro + p1 Por. 4.77)

For states (0, (mg, m1)),1 <mg+ m; < c — 2,thereare % — lequa-
tions, each of the form

A+ mopo +mipe1) Pugm; = APng—1ym,
+0mo + D po Ping+1)m, (4.78)
+(m1 + Dt Prgmy+1)-

For states (0, (mg, m1)) € My, there are c equations, each of the form
()\ + mopo + mlﬂl)Pmoml = )\P(m()—l)ml + fmom1 (0) (4-79)

In (4.79) the term fi,0m,(0) (= fingm, (01)) is the rate at which the SP
enters border state (0, (mq, m1)) due to left continuous hits of level O from
above on page mom .
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4.10.2 Egquations for PDF of Positive-Wait States

There are ¢ Volterra integral equations for the positive-wait states. Consider
composite state ((x, c0), m), x > 0, on page m € M. For positive-wait
states (y, momy), y > 0, mg+m; = ¢ — 1. We first specify the SP exit
and entrance rates of the pertinent composite states in the state space. Then
we will write the equations.

Rate Out of ((x, 00), mom1)

Because (mq, m1) is a configuration, mqg + m| = ¢ — 1. The SP rate out of
((x, 00), momy) is

Fonam, () + A——OHO / T o )y (4.80)
o mopto + (m1 4+ Dpy Jyzy 7 ' '

Explanation of Terms in (4.80)
The first term fi;,4m, (x) is the SP downcrossing rate of level x on page mom .
The second term

mofio /°O
Smom; (V)dy
mopo + (my + Dy Jy=y o

is the rate of arrivals when the state is (y, mom1), y > x (being assigned
service rate p; thereby adding one rate-u| occupied server upon start of
service); and a rate-pig service completes first thereafter. At the arrival instant
the SP jumps to level y+ Expig g+ +1), On page (mo — 1, my + 1) (i.e.,
page (mo — 1, c — mg)). If mg = 0, the SP would be on page (0,c — 1).
The only exit from the page would be via a downcrossing of level 0. All
arrivals would be assigned service rate ;1 and cause the SP to jump upward
but remain on page (0, ¢ — 1); the second term in (4.80) would equal O if mq
=0.

Rate into ((x, 00), mgom1)

The SP rate into ((x, 00), mom1) is

(mo + 1) o e~ ((mo+Dpo+mipn)x p
m
(mo + Dpo +mipn
(my + Dy e~ (mopo+(mi+Hunx p
m
mopo + (my + )y

omj

o—1,mi+1

(mo + Do *°
_ d
(o + Do + magar Sy Smo+1,m—1(y)dy
(mo + Dpo

X
—((mo+1Dpo+mipu)(x—y)
e Jmo+1.m—1(y)dy
(mo + Dpo +mp /y:O o
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(my + 1)y
mopo + (my + 1)y

X
/ o monHMA DG £ (g
y=0
(4.81)
where we have inserted a comma in subscripts like mg — 1, m| + 1, for clar-
ity.

Explanation of Terms in (4.81)
The term

Umo+ Dpo  —(motDypotmipnx p
(mo + Dpo +mip o
is the rate at which the SP jumps at arrival instants from level O on page mon
into ((x, 00), mgm1). At arrival instants customers are assigned service rate
o (wait = 0), resulting in (mqo + 1) rate-ug and m; rate-y; customers in
service. A rate-ug service finishes first with probability

(mo + Dpo
(mo + Dpo +mip’

in which case the SP jumps to page mom . SP jumps from level O over level
x have probability e~ ((mo+Drotmin)x since S = EXP(mo-+1)10+m1 11 -
LS

The term

(mi + Dy ¢~ mopoHm+Dux p

“Lmy+1
mopo + (my + Dy o=

is the rate at which the SP jumps at arrival instants, from level 0 on page
(mo —1,my + 1) into ((x, 00), mgm1). The arriving customer is assigned
service rate pg (wait = 0), resulting in mq rate-pg and (m; + 1) rate-u
customers in service. If a rate-y1 service finishes first thereafter, the SP jumps
to page mom1; the probability is

(m1 + Dy
mopo + (my + Dy’

SP jumps from level 0 upcross level x with probability e~ ("oHo+(mi+Du)x
since the inter-start-of-service depart time S = EXPrgpug+(my+1)p -
LS

The term

(mo + Dpo /°°

1m—1(y)d
(mo + Do + m 1o Smo+1,m yay

y=x
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is the rate at which the SP jumps at arrival instants, out of (x, co) on page
(mo+ 1,my; — 1) into ((x, 00), momy). The arriving customer is assigned
service rate p1 (wait > 0) resulting in (mg + 1) rate-uo and m rate-u) cus-
tomers in service just after the start of service of the arrival. If a rate-py
service finishes first, the SP jumps to page mom; this has probability

(mo + D) po
(mo + Do +mipr

A jump S of any size will cause such a jump to enter ((x, 00), mom1) since
the start of the jump is already above level x.
The term

(mo + D po
(mo + Dpo +mypy

X
/ e (tmotDpotmipOx=y) ¢\ (3)dy
y=0

is the rate at which the SP jumps upward at arrivals, out of
((09 -x)’(mo + 15 mi — 1)) into (()C, OO), mOml) .

That is, the SP makes a (mg + 1, m; — 1) — (mom) upcrossing of level x.
An arrival is assigned service rate p1 (wait > 0). Just after the arrival starts
service there are mq + 1 rate-ug and m rate-p; customers in service. The
probability that a rate- o service finishes first is

(mo + Dpo
(mo + Dpo +mip’

causing the SP to jump to page mom . Starting at level y < x the SP will
upcross level x if S > x — y; since S = EXP(no+1)10+m1u1» this event has
s

probability ¢~ ((mo+Duotmip)(=y),
The term
(my + D
mopo + (my + 1)y

X
/ e~ (mopo+mi+Dp)(x—y) Fmomy ()dy
y=0

is the rate at which the SP jumps at arrival instants from ((0, x), mom1)
upward into ((x, 00), mom1), i.e., itupcrosses level x on page mom . Arrivals
are assigned service rate p1 (wait > 0). Just after the arrival starts service
there are mg rate-ug and (m| + 1) rate-u; customers in service. A rate-fi|
service ends first with probability
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(m1 4+ D
mopo + (my + Dy

causing the SP to jump to page mom . If the SP starts at level y it will
upcross level x provided S >x — y; since S = EXPingpig+(mi+1)u, - this event
LS

has probability ¢~ (m0ro+(mi+Dupn(x=y)

Writing Equations for Positive-Wait States

The model equation for the positive-wait states on page mom is written by
using the principle of rate balance with respect to set ((x, 00), mom1), exit
rate = entrance rate. Equating exit rate (4.80) and entrance rate (4.81) gives

mofo o0
X)+ A / d
Smom (X) mopo + (m1 + Dpin Jy_x Smomy (¥)dy
Umo+ Dpo  —(emo+nypotmipnx P
(mo + Dpo +mypu om]
(ml + 1)“1 e—(m()u()—i—(ml—l—l)ul)xpm it
mopo + (mi + D)y o—1lm
(mo + Dpo o0
- d
(mo + D)o + mi s Jmo+1,m—1(Y)dy
(mo + Dpo ro B
(mo + Do +MH11M1 / oe ot DroTmimts y)fm0+1,fn1—1(J’)dy
y=
(my 4+ Dy

X
/ e MBI ) £ (g
=0

(4.82)

mopo + (m1 + 1)

Equation for “Cover”
The total probability of a zero wait is

Py = Z Py = Z Prugm; - (4.83)

meMyUM, 0<mo+mi<c—1
The total pdf of wait is
fO)= D" fu =" D fugm ), x >0. (4.84)
meM mo+mi=c—1

Let x > 0 be fixed. The total SP downcrossing rate of x is f (x). The total
SP upcrossing rate of x due to jumps starting from level O at arrival instants,
is
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A Z e~ (mo+1D)po+mpr)x Prugm, -
mo+mi=c—1

The total SP upcrossing rate of x due to jumps starting from levels y € (0, x)
at arrival instants, is

X
A Z / e—(mouo-i-(ml-H)Ml)(x—)’)fmom1 (y)dy.
mo+mi=c—1 y=0
Rate balance across level x gives the model equation for the cover,
Fx) =\ Z e_((m°+1)“°+m'“1)me0ml
mo+mi=c—1

X
Y Z e—(moﬂo-i-(ml+1)”1)(x_y)fm0m1 (»)dy.
mo+mi=c—1 y=0
(4.85)

Normalizing Condition
The normalizing condition Py + | xoio f(x)dx =1 can be expressed as

> Pugmt+ D, / : Foom )dx = 1. (4.86)

0<mo+m<c—1 mo+mi=c—1

4.10.3 Solution of Model Equations

In Sect. 4.11 below, we formulate and solve the foregoing M/M/2 model with
zero-wait customers receiving exceptional service, whose solution illustrates
relevant SPLC ideas and related insights. A more general solution procedure
of a two-server M/M/2 queue where service time depends on waiting time in
a general manner is detailed in Chap.4 of [11].

4.11 M/M/2: Zero-Waits Get Special Service

M/M72/ (o, 1) 5 (0, (0, 00))

To fix ideas and clarify the system dynamics of M/M/c with special service for
zero-wait customers, we formulate the model with ¢ = 2 servers. We discuss
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the solution for the zero-wait probabilities and the positive-wait pdfs. We
denote the model by M/M/2/(ug, 1) , (0, (0, 00)). This notation indicates
that O-wait arrivals get service rate g and (0, co)-wait arrivals get service
rate p1; diagrammatically, o <> 0-wait, p1 <> (0, 0o)-wait.

There are only three zero-wait states in Mo U M, (compare Sect.4.10),

{(0, mom1)} = {(0, 00), (0, 10), (0, O1)}.

Denote the steady-state probabilities of the zero-wait states by Py, P19, Po1
respectively.

For example, state (0, 10) indicates that an arrival would wait 0 and would
“see” arate-po customer being served by the other server. The arrival would
be assigned rate y since it waits 0. There would then be two rate-ig customers
in service. The inter start-of-service depart time S would be = Exp2,0-

s

There are only two zero-wait states such that mg +m; = 1 (both bor-
der states). Denote the pdfs of the positive-wait states (x, 10), (x, 01), by
f10(x), fo1(x), x > 0, respectively. A would-be arrival that finds the state
(x, 10), x > 0, for example, would wait x before service, and be assigned
service rate p1 (wait > 0). Just after its start of service, it would have a rate- 1
customer as neighbor in the other server. Inter start-of-service depart time S

= Expi+4, - The rate-11 customer would finish service first with probabil-
s

ity uo/flrl e leaving the rate-pig customer in service (mom; = 10). The rate- g
customer would finish service first with probability uoljful , leaving the rate- i

customer in service (mom; = 01).
If an arrival “sees” state (x, 01), x > 0, S would be d:' Expy,,, . The first
LS

customer to complete service would have rate 1 with certainty. The customer
remaining in service just after that service completion would have service rate
p1 (momy = O1).

A sample-path diagram of the virtual wait process {W(¢)},>¢, has three
lines and two pages (Fig.4.6).

The total (marginal) probability of a zero wait is

Py = Poo + Pro + Por.
The total pdf of wait is

f&x) = fio(x) + foi(x),x > 0.
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W(1) Page 01
' \i |
Line 01 \e
W(1) Page 10
N\ ™~
TN N
Line 10 —$-0 ro
Line 00 —& —o—
Timetr —>

Fig.4.6 Sample path of virtual wait in M/M/2/(pg, 1) , (0, (0, 00)). Lines for states
(0, 10), (0, 01) are at level O of corresponding pages. Line for state (0, 00) is iso-
lated. The SP can enter state (0, 01) only by downcrossing level 0 on page 01 (See
Fig. 4.10.)

4.11.1 Model Equations

Zero-Wait States
Applying SP exit rate = SP entrance rate for the zero-wait states (0, 00),
(0, 10), (0, 01) gives, respectively,

APy = poPro + w1 Pots
(A + o) Pro = APoo + f10(0),
A+ 1) Po1 = f01(0). (4.87)

In (4.87), the terms f10(0), fo1(0) (same as fi10(0™), fo1(0T)) are the
rates at which the SP hits level 0 from above on pages 10 and O1 respec-
tively. Immediately following such hits, the SP moves on lines 10 and 01
respectively.

Positive-Wait States
Applying SP exit rate = SP entrance rate for ((x, 00), 10) (on page 10) yields
the integral equation
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o0

Fio() + A / o
y=x MO + M1

— )\ploe%uox + )\L pmef(uoﬂu)x
Mo + f1

X
/ e—(MO-Hll)(X_Y)f]O(y)dy’ x> 0. (4.88)
y=0

Sro(y)dy

M1
o + 1

+ A

When formulating equation (4.88), note that the SP cannot jump directly
from a positive-wait state on page 01 into set ((x, c0), 10). An arrival that
“sees” state (y, 01), y > 0, will be assigned rate ;1 and start service after a
wait y; its neighbor in the other server will also have service rate 11 (because
mom1 = 01). The random variable S will be distributed as Exp,,,,, and the
remaining customer in service just after the first departure thereafter, will
have rate ;. At the arrival instant, the SP will start a jump at level y on
page 01, which ends at level y + Sd; y + Expa,,, also on page 01. The

LS

configuration remains 01 just after the arrival. The only exit route from page
01 is via a downcrossing of level O (continuous hit of O from above—see
Fig.4.6).

Now we balance the SP exit and entrance rates for ((x, 00), 01) (page 01),
giving integral equation

for () = A—E0— pyjeGtins
Ho + f1

X
L / D o (3)dy
y=0

X
+ A Ho / e—(uo+u1)(x—y)f10(y)dy
Ho + p1 Jy=o

o >
+ A fio(y)dy. (4.89)
Mo + p1 Jy=x

When formulating (4.89), note that the SP can exit ((x, c0), 01) only by
downcrossing level x. Also, the SP cannot enter ((x, 00),01) from state
(0, 10) at arrivals, since all jumps that start from line 10 (corresponding to
state (0, 10)) must end on page 10, at an ordinate d; Exp2y,-

LS

The equation for the total pdf is

fx) = fiolx) + for(x),
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as viewed from the “cover”, the result of projecting sample-path segments on
pages 10 and O1 onto a single sheet. An integral equation for f(x) is obtained
by balancing the SP toral down- and upcrossing rates of level x > 0. This is
equivalent to equating the exit and entrance rates for the state-space set

((x, 00), 10) U ((x, 00), 01).
The resulting equation is
F(x) = APjge 2H0¥ 4 \Py e~ (Hotrx

X
+)\/ =G f10 0 dy
y=0

X
+ A / e 2= £ (yydy, x > 0. (4.90)
y=0

Equation (4.90) can also be derived by summing the corresponding sides of
(4.88) and (4.89). However, it is intuitive and instructive to interpret equation
(4.90) as total SP rate-balance across level x > 0.

The normalizing condition is

[e.e] o0
Poo + P1o + Por +/ fro(x)dx +/ for(x)dx =1,
x=0 x=0

or o
P +/ f(x)dx = 1. 4.91)
x=0

4.11.2 Solution of Equations

Equation (4.88) is an integral equation in fjo(x), which is not confounded
by the presence of fp1(x); so we utilize it to obtain the functional form of
f10(x). Applying differential operator (D)(D + o + p1) to both sides of
(4.88) leads to the second order differential equation

Flo@) + (o + w1 — ) flo(x) — Ao fio(x)
= 2\po(po — 1) Proe 0%, x > 0. (4.92)
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with solution
fio(x) = Croe™ 4 Clye?™ + AK19Proe 2%, x > 0,

where a and b are the roots of the auxiliary quadratic equation, namely

1
a= 5 (A—;Lo — 1 — \//\2 + 2 g — 2 1 —i—u% + 20141 —i—u%) <0,

1
b= 3 ()\ — o — p1 + \//\2 + 2 p0 — 2Apn1 + y% + 2uopy + u%) >0,

2(po — p1)

Kioy= —mF,
07 N 2u0 — 2

and Cyg, C 110 are constants of integration. A necessary condition for system
stability is limy_ o f10(x) = 0, which implies Cll0 =0 (since b > 0). Thus
the functional form of fig(x) is

Flo(x) = Cioe™ + AK o Proe 2% x > 0, (4.93)

where Cjg is a constant to be determined.

The term K9 will be undefined if A\ 4+ 2ug —2u; = 0. If A4+ 2up —
211 # 0 and po — p1 # 0, then K19 may be positive or negative. If g —
w1 = 0 the model reduces to a standard M/M/c queue with ¢ = 2 (Sect. 4.8);
the computed distribution of wait should then match that of a standard M/M/2
queue. (We will utilize this property later as a mild check on the correctness
of the present solution.)

We obtain the functional form of fj;(x) by substituting the expression for
Sf10(x) (4.93) into (4.90). Since

for(x) = f(x) — fio(x),
this substitution gives the integral equation
for(x) = M(1 — K10) Proe™ 0% 4 A Pye~ HoHiDY — Cge™

X
+ /\/ e_(“"+“1)(x_y)(cloeay + )\KIOPIOB_ZM)y)dy
y=0

+A / ) fo (). (4.94)
y=0



264 4 M/M/c Queue

The first integral term in (4.94) is

X
/\/ e—(,uo-l—,ul)(x—y)(cloeay + )\K10P10€_2“0y)dy
y=0

_ ACro ax )\2K10P106 —2pox
Cpot i ta Mo — M1
B ( ACio )\2K10P10) oot
Mo +p1t+a  po— p : '

Thus (4.94) is equivalent to the integral equation

fo1(x) =Ho1 C10e®* + ABoj Pige ™20

+ Dme—(uoﬂn)x

X
+A / e fio (v)dy, (4.95)
y=0
where
A
Hypy=————
Mo+ 1 +a
AKqo
Bor =1-Kjo— ,
Ho — H1
AC A2K 0P
Doy = APoj — 10 4 10 1o

MO+ p1+a po — p

Applying the differential operator (D 4 211) to both sides of (4.95) yields
the differential equation for fp1(x),

Fo1) + 2pi — N for (x) = 2ui + a)Hyi Croe™
+ 2\(1u1 — pio) Bop Proe™ 20%

+ (1 — o) Dore™ Wrtrox, (4.96)
whose solution is
2A (1 — po) )
for(x) = ——————Bo1 Pijgpe” """
2 — A —2p0

K1~ Fo Doje~ o
M1 — A — po
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2ur +a

2u1 — A +a

+ Core” A=, (4.97)

Hp; Cipe™*

where Cy; is a constant of integration to be determined (see Sect. 4.11.4).

4.11.3 Stability Condition

Consider the functional forms of f19(x) and fp1(x) in (4.93) and (4.97). In the
exponents, all the coefficients of x are negative except possibly the coefficient
—(2u; — A) in e~ @m=Nx of (4.97). A necessary condition for stability is
that

f10(00) = for1(00) = f(00) = 0;

implying — (241 — A) < 0, equivalent to A < 2. That is, the arrival rate
must be less than the system departure rate when both servers are occupied
by positive-wait customers, regardless how large x is. Thus, for stability, if
the waiting time is large and customers are arriving, then the mean inter-
arrival time should exceed the mean inter-departure time. This ensures that
the waiting time will return to zero in a finite time.

4.11.4 Determination of Constants

A complete solution for the distribution of wait requires the values of five
unknown constants
Poo, Pio, Por, Cio, Cot,

which we obtain from five independent equations.
In (4.93) letting x | O to obtain f10(0), and referring to (4.87) gives

Cio + AK10Pio = (A + o) Pro — APoo. (4.98)
In (4.97) letting x | O to obtain fy1(0) gives

2A(p1 — po)
01(0) = —————Bo1 P1o
J 2(p1 — po) — A
[i1 — 1o
B = po — A
2u1 +a
2pur +a— A

Do

Ho1C10 + Cor. (4.99)
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Substituting fo1(0) from (4.99) into (4.87) gives

2A (g1 — po)
Cot = A+ p1) Py — ——Bo1 Po
2(p1 — po) — A

_ MDOI

p1 = po — A

2u1 +a

—————Hyi1Cqo. 4.100

2 +a— o oCio ( )

We get another independent equation by substituting the functional form
fi0(x) = Croe™ + AK o Pge” 0¥

into the integral equation (4.88) and equating the coefficients of correspond-
ing exponential terms on both sides after evaluating the integral (different
exponentials are linearly independent—see, e.g., Sect.3.3, pp. 991f and p.
205 in [10]). The coefficient of e~ (“0F11X on the right side of (4.88) must be
0. This yields the linear equation

A 1 MK
ML py - - 220 py=o. (4.101)
o + 11 po+p1+a  pr— o
The normalizing condition is
C MK 9P
1 = Pyo + Pio + Po1 + 0, 2210710
(—a) 20
A(p1 — po) H1 — o
Boi Pio + Dy
po(2(p1 — po) — A) (1 + po) (1 — po — )
2Ta g Cot C (4.102)
01C10 01- )
(—a)2ui +a—N) 21— A

We now have a set of five equations to solve for the five constants: from
(4.87)
APoo = poPio + i Por,

and (4.98), (4.100), (4.101), (4.102).

Remark 4.17 In the derivation of the functional forms of fi9(x), fo1(x) the
expressions

B = o, 2p0 = A—=2p0, g1 —A—fo, 2 —A+a

appear in various denominators. If any of these four expressions were equal
to 0, the functional forms would have to be modified. The five equations used
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to solve for the constants in the present model would have to be modified
accordingly. In this monograph we emphasize the system-point level-crossing
approach to derive model equations, and various techniques to solve them.
However, there are many techniques to solve systems of integral equations,
requiring additional study, outside the scope of the present volume. We give
numerical solutions of the equations in several examples below.

Remark 4.18 It would be interesting to explain the appearance of the im-
mediately above expressions in the denominators. Does the system reduce to
a particular queueing model when a denominator is equal to 0? For example,
when g1 — po = 0, the M/M/2/(ug, 1) , (0, (0, 00)) system reduces to a
standard M/M/2 model. In M/M/2/(u0, 1) , (0, (0, 00)) the only criterion
necessary for stability is A < 2u1. What do these exceptional denominators
mean with regard to physical models?

Another question is how to select a set of linearly independent equations to
solve for the constants. Once a set of equations is derived, it can be checked
for independence using matrix methods. But this amounts to trial and error. Is
there a way to derive five independent equations directly? Taking derivatives
may be the answer to this question.

Example 4.7 We first give a mild numerical check on the five equations by
letting p11 — po = 0. In this case M/M/2/(ug, 1) , (0, (0, 00)) reduces to a
standard M/M/2 queue. We arbitrarily take

A=1, uyo=1.5, pp =1.5.
Then a = —2.581139. The solution for the constants is
Cio = 0.0, Py; = .133333, Pjp = .20, Co1 = .333333, Pyy = .50.

We compare this solution with that of the standard M/M/2 queue with
A =1, p = 1.5. In M/M/2, the probability of an empty system is Py = 0.5.
The probability of 1 customer in the system is indeed Py = 0.33333. The
values match Pyg and Pjg + Po; in M/M/2/ (g, 1) , (0, (0, 00)) model, as
expected.

Also, in M/M/2/(ug, p1) , (0, (0, 00)), we see from (4.97) that

for(x) = CopeGr=x
— )\ple—(zm—)\)x

=1-.(0.33333)e 2, x > 0,

since i1 — o = 0 and C1p = 0.
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Example 4.8 Let A =1, uop = 1.1, uy = 2.21. These values preclude that

We solve the equations and obtain

any of the four above-mentioned denominators is 0. We geta = —2.715136.

Py = 417715, P1p = 0.339103, Py; = 0.0202270,
Cor = 0.022818, Cj9 = —0.322655.

The functions fio(x), x > 0, and fp1(x), x > 0, are linear combinations of
exponentials,

fio(x) = —0.322655¢>713136% 4 0.617056¢ 22",
for(x) = 0.505784¢ 22" +0.067831¢ 21

— 0.531504¢~2713136x 4 () 022818¢ 342~

We substitute the values of Pyg, P19, Po1, f10(x), fo1 (x) into the normalizer
(4.91), and obtain 1; it checks.

The partial pdfs of wait fio(x), fo1(x) and total pdf of wait f(x) are
depicted in Figs.4.7, 4.8, and 4.9 respectively.

0.3 7

0.25 |

Sio(X)

0.15 I|

|
0.1 4 |

0059 \

o4/
f

I~

O\
[eel

10
X

Fig. 4.7 Partial pdf of wait f1o(x) in M/M/2/(10, 1), (0, (0, 00)). A =1, o = 1.1,
H1 = 2.21
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Fig. 4.8 Partial pdf of wait fy; (x) in M/M/2/ (1o, 1), (0, (0, 00)). A =1, o = 1.1,
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&)= fio(¥) + for(x)

m

M/M/2/(pu9, 1), (0, (0, 00)).
A=1, po=1.1, et
=221

0.2
0.15 4
0.1 1

0.05 |




270 4 M/M/c Queue

Page 01
W([) age
S
S
H
S
ol
| T !
I o1 P
Time t —

Fig.4.10 Ty, :=sojournon pageOl1. ¢, :=startof Ty, ¢, :=end of Tp;. S = Expay, -
(See Fig. 4.6.) ‘

4.11.5 Expected Sojourn Time on a Page

Consider page 01. The SP can enter page(01 from discrete state (0, 01) or
from page 10, due to a jump at an arrival (Fig.4.6). It cannot enter directly
from state (0, 10) at an arrival instant, since zero-wait arrivals are assigned
rate pg resulting in both servers being occupied with rate-ug customers; so
any SP jump to a positive level must end on page 10.

In a sojourn on page 01, the first inter start-of-service depart time will be
= EXpjio-+4,; any other inter start-of-service depart times that follow while

s
on page 01 will be = Exp2,,, . While the SP is on page 01, each departure will
LS
leave arate-y customer in the neighboring occupied server. Given that the SP
enters page 01, its source state was (0, 01) with probability (using Bayes’ rule)
Po

Py + JiZo frody

q

Its source was composite state ((0, 0o), 10) with probability

o o fiotdy
1= Po1 + fyoio Ffiody’

Let H denote the height above level 0 (ordinate) at which the SP enters
page 01 (see Fig.4.10). A sojourn on page 01 starts at level H, where
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E(H |source is (0,01)) =

po + p1’

and

E(H |source is level y on page 10) = y + y >0,

1’

since the size of a jump from either source onto page 01 is = EXpig 441 -
LS

Thus

1 00 1
E(H) = -q+(/ (y+ )flo(y)dy)-(l—q)-
Ho + p1 y=0 Ho + f1

From (4.93) f1o(y) is given by

fi0(y) = Cr0e™ + AK19Pjoe 27,y > 0,
and thus

E(H) =

q
1o + 1

00 1 ,
+ (/ (y + ) (Cloeay + K10 Ploe*2“0>) dy) (1=¢q)
y=0 Ho + 1

1
HO + 11
+3XK10P1oa’ 11 + AK 10 Proa’ i1y

—acromd)/ (o +m) ) (1—q). (4.103)

Let Ty denote a sojourn time on page 01, i.e., the time from SP entrance
until the first exit from page 01 thereafter. The only possible exit is due to a
downcrossing of level 0 (Fig.4.6). Thus

1
g+ (Z (4C10H(2)M1 + 4C10#(3)

Ny
Tor = H + ZBi
i=1

where Ny is the number of arrivals during time H and B; represents a busy
period of an M/M/1 queue with service rate 211, since both servers are busy
with rate-y; customers. (See Sect.3.4.12 and Fig.3.6.) The expected busy
period is obtained from (3.120) with 24 substituted for p. Thus

1,..., NH.

I =

E(B;) =

2up — N
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Ther.v.s Ny and ;,i = 1, ..., Ny are independent, since the B;s are i.i.d.
each distributed as an M /My, /1 busy period. The expected sojourn time on
page 01 is

Ny
E(To)) = E(H) + E (Z Bi) = E(H) + E(Ny)E(B))
i=1
_ E(H)
pi=A 1=2Qu)’

where E(H) is given in formula (4.103). It is noteworthy that Ty, is distrib-

uted as the busy period in an M\/M,,, /1 queue in which zero-wait arrivals

obtain special service = H, and positive-wait arrivals get service rate 2.
LS

This structure of Tp; illustrates an interesting application, and the versatil-

ity, of the M/G/1 queue where zero-wait arrivals get exceptional service (see

Sect.3.6.1).

:E(H)+)\E(H)2 (4.104)

Example 4.9 In Example 4.8 with A = 1, g = 1.1, g1 = 2.21, we obtain
g =.111216, 1—qg =.888784, E(H)=0.151416.

The expected sojourn time on page 01 is E(7p;) = 0.195689.

Remark 4.19 Various questions arise regarding Example 4.9. What is the
proportion of time that the SP spends circulating on page 01, page 10, or in the
zero-wait states? Can this question be answered for a general M/M/c/(uo,
w1), (0, (0, 00)) queue with ¢ > 2?If yes, then it would be straightforward to
determine Pqg. This would facilitate solving for all the zero-wait probabilities
and the partial pdfs of wait.

4.12 M/M;/c with Reneging

Consideran M/M/c queue, with ¢ > 2 distinguishable servers having fixed
exponential service rates u;, i = 1, ..., c. Thus, the queue has heteroge-
neous servers. This model is denoted by M/M;/c. Using the notation for
the generalized M/M/c model (Sects. 4.3, 4.4 and 4.5), let {W (), M(1)};>¢
denote the system point process, where W (t) := virtual wait at time ¢t and
M (t) := system configuration at time t (see Sect.4.5). The set of possible
exponential service rates is ¢t = {1, . . ., tc}. A new arrival receives one of
those service rates, depending on which server it engages. We assume the
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;s are distinct. When some or all of the y;s are equal, the analysis is similar
with slight modification.

Assume zero-wait arrivals start service immediately (no balking). In gen-
eral, the zero-wait server-assignment policy is arbitrary. When formulating
equations for the zero-wait probabilities in a specific model, however, we
must specify a zero-wait server-assignment policy (see Sect. 4.12.7 below).

4.12.1 Staying Function

Let{7,},=12, . bethearrival times of customers C,,,n=1, 2, .. ., respectively.
Then W(7,) = W, := required wait before start of service of C,,.
Define

n=1,2,....

1 if C, stays for a full service
"oif C, reneges while waiting for service ’

With respect to the steady-state statistical properties of the waiting time, this
model is equivalent to one in which customers balk from joining the system
at arrival instants, depending on their required wait before service, i.e., on
their arrival-point W,s. (See a sample path of {W(z)},>( in Fig.3.24 for a
similar M/G/1 model with reneging.)

We define the staying function R(-) similarly as in Sect.3.13.1. For each
y > 0, define the conditional probabilities

R(y) =P, =1IW, =), R() =P, =0W, =y),

independent of n = 1,2, .... Note that R(0) = 1, and R(y) + R(y) = 1,

y=0.

For each y > 0, given W, = y, 8, has a Bernoulli distribution (e.g., p.
26 in [125]). The staying function R(y) is the conditional probability of an
arrival staying for a full service, given W,, = y. Its complement R(y) is the
probability of an arrival reneging while in the waiting line, given W, = y.

Using the foregoing definition, 1 — E(y), y > 0, is not necessarily a cdf.

We assume: R(0) = 1; E(y), y > 0, is monotone decreasing in the wide
sense (i.e., not strictly monotone—it may be non-increasing); R(y), y > 0, is
bounded from below by 0. R(y) may be continuous or piecewise continuous;
it may be a step function.

Due to boundedness from below and monotonicity, limy_, o R(y) exists.
Let
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lim R(y)=L,0<L <1.

y—>00
If E(y) =1, y > 0, the model reverts to a standard M/M;/c queue with no
reneging; in that case L=1 (see Sect.3.13 and Theorem 3.8.)

4.12.2 System Configuration

The set of possible system configurations is
c
M =MoUM; = (m|(mima,....m)|0 < D> mi <c—1},
i=1

1 if server i is occupied .
. . , just after a start of service in some
0 if server i is idle

server, since the configuration represents the service rates of those servers
other than the one just occupied.
There are (;) configurations in which exactly j servers are occupied (i.e.,

where m; = l

> i_ymi = j). The total number of configurations in M is

Ci("f):zhl.

j=0

The number of configurations in Mo :={m|0 < > 7_,m; <c—2},is2° —
1 — ¢. The number of configurations in M| := {m| > {_, m; = ¢ — 1} (bor-
der configurations), is c¢. (Recall that M| = M}.)

4.12.3 State of System and Sample Path

State of System
Denote the state of the system as {W(¢), M (t)},>¢ , where W(¢) > 0 := vir-
tual wait, and M (t) € M := system configuration, at instant t.

Sample Path

Consider a sample path of {(W(¢), M(t))};>0. A sample-path diagram has
2¢ — 1 lines corresponding to the zero-wait states (0,m), m € M (i.e.,
W (t) = 0); and c sheets (pages) corresponding to the positive-wait states
(y,m),y > 0(.e., W(t) > 0). (See Fig.4.11 for the special case c =2.)


http://dx.doi.org/10.1007/978-3-319-50332-5_3
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Assume the system starts empty at # = 0. Initially, arriving customers wait
0, complete service and depart. Eventually customers in service accumulate
until ¢ — 1 servers are occupied. Concurrently the SP moves among the 2¢ —
1 — c lines for the non-border zero-wait states. It resides on each such line
for an exponentially distributed time, making transitions from line to line.
Various states unfold until the SP ends up on one of the ¢ border lines.

All zero-wait arrivals stay for full service (no balking). Assume that a new
arrival C; finds ¢ — 1 servers occupied (SP on a border line). Then C; waits
0, and starts service in the single idle server. At 7~ the configuration is some
m € M. At instant 7 all ¢ servers are occupied. The SP jumps at instant
T to one of the ¢ sheets, depending on which service will finish first. The
probability that server k£ will finish first is p/p where p := g + - - - + pe.
The SP will be at a height = Exp,,, since the inter start-of-service depart

s

time S is the minimum of ¢ irfdependent exponentially distributed r.v.s with
rates {1, ..., lie, due to the memoryless property.

Let m- denote a border configuration such that the rate-y; server (i.e.,
server i) is idle (see Remark 4.20). In configuration m-,mj= 1,if j #1i,and
m; = O, i.e.,

my+---+mi1+0+mijp1+---+me=c—1.

At time 7 the SP will end up at a positive height on page m; with probability
W/ k=1,...,c.

Remark 4.20 We use the notation 7 to shorten the representation of m if ¢
is large. If ¢ is small, e.g. ¢ = 3, we can use notation like 100, 010, 001, 110,
101, O11. If ¢ = 2, we can use 01, 10—see Sect.4.12.8.

4.12.4 Zero-Wait Probabilities

Let P,,n =0, ..., c— 1denote the steady-state probability of n customers
in the system at an arbitrary point in time. Let P, 5 denote the probability
that there are n customers in the system and the configuration is m € M.

There are (1) configurations such that >"¢_; m; = n. Let

Cc
M, ={m|> m;=n}.
i=1
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Thus
P, = Z Pom,n=0,....,c—1

meM,

Due to Poisson arrivals P, is the probability that an arrival waits 0 and “sees”
n other customers in service just before it starts service (using PASTA, e.g.,
[145]).

Remark 4.21 For the zero-wait states, a configuration specifies the service
rates in the servers at an arbitrary time point. Due to Poisson arrivals, this is
the same as the service rates just before an arrival. It is also the same as
the service rates in the other servers just after an arrival starts service in an
available server.

The probability of a zero wait is denoted by F'(0), where

c—1 c—1
FO) =Y Pi=> > Punm (4.105)
n=0

n=0meM,

4.12.5 Positive-Wait PDF and CDF

For the positive-wait states, a configuration defines the service rates in the
other servers just after start of service.

Let fin(x), x > 0, denote the partial pdf of wait for page m € M. Denote
the marginal pdf for the cover as

f@ =D fu@),x >0.

meM

The fotal pdf of wait is {Pg, f(x), x > 0}. The cdf of wait is F(x) =
F(0) + fyx=0 f(»dy, x > 0, where F(0) is defined in (4.105). The normal-
izing condition is

o

lim F(x) = F(0) +/ fO)dy =1. (4.106)
X—>00 y=0

4.12.6 Equations for Positive-Wait PDF's

A key assumption of this model is that each positive-wait arrival reneges
from the waiting line with probability R(y), and stays for complete service
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with probability E(y) (=1 — R(y)), where y > 0 is the required wait before
service.

Equation for Total PDF f(x) We first derive an integral equation for
f(x), the total pdf of wait of stayers (who wait and receive a full service),
namely,

X

Fx) = APe_je ™ 4\ / eTHEIRMyY) fF(y)dy, x >0,  (4.107)
y=0

directly using the sample path, as follows (see Fig.4.11).

Explanation of Equation (4.107) On the left side, f(x) is the fotal SP
downcrossing rate of level x over all ¢ sheets, projected onto the “cover”.
On the right side, since all zero-wait arrivals stay for full service (R(0) = 1),
the term AP._je " is the total SP upcrossing rate of level x due to jumps
starting at level O (i.e., line 0) of any of the ¢ sheets (from border states
{(0,m5)},i=1,...,c),atarrival instants. These jumps have size S;S Exp,

(di mini:l,...,c {EXPM}). The term )\f;'(:O e_#(X—y)E(y)f(y)dy is the rate

at which the SP upcrosses level x due to jumps starting at levels y € (0, x),

on any page, at arrival instants of stayers. The right side is, therefore, the total

SP upcrossing rate of level x. Rate balance across x yields (4.107).
Comparing (4.107) with Eq. (3.211) implies that the solution of (4.107) is

fx) = AP AL ROMY) (4.108)
where n= Z:?:l i and P, = Z?:l Pc—l,mlf-

Equations for Partial PDFs f;(x),x >0,i=1,...,c We now obtain
integral equations for the pdfs f7(x), x > 0, on the ¢ sheets (see Fig.4.11);
they are

i+ - ) / RO £0)dy
y=x

N VLA e
= AP e\ e R(y) f(y)dy
H K Jy=0

+>\% RO (fO) = i) dy,i=1,....c. (4109

y=x
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Fig. 4.11 Sample path W(1) Page 01
of {(W(t), M(t)};> in .
M/M;/2, where “
zero-wait arrivals join, fu)x & w o
and positive-wait P 01 o
arrivals may renege from o
the waiting line. Times
marked X indicate W) | . Page 1 n
arrivals that renege (do T‘I\& . "N
not contribute to the fol®  x #\I[\ ra
limiting pdf of wait)
P, 10 _._ev Ing
P, 00 —&

Time t —

Explanation of Equation (4.109) On the left side, f;(x) is the SP exit rate

from composite state ((x, 00), i) due to SP downcrossings of level x; term
(1 — %) fyoix E(y)f;(y)dy is the SP rate of jumps out of ((x, 00), i) into
the composite states ((x, 00), j), j # i, on other sheets. On the right side,
the first two terms are SP entrance rates into ((x, 00), i) due to jumps starting
at level-0 border states, and jumps starting at levels y € (0, x) on any sheet,
respectively (recall f(y) = >.;_; f;()). The third term is the SP entrance
rate into ((x, 00), i) due to jumps starting in U ; ((x, 00), 7). Rate balance
of SP exits and entrances of ((x, 00), i) yields (4.109).

Solution of Equation (4.109) We obtain the solution of (4.109) in terms of
the solution for f(x), which is given in formula (4.108), using the following
Proposition.

Proposition 4.1 The partial pdf is given by

Fo =Efax=0i=1,...c (4.110)
I

Proof Substitute % f(x) for f7(x) in Eq. (4.109), and cancel like terms. The
proposition is true if and only if the following is an identity:
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Wi =
B en [ BRo o0y
K y=x M

N SRV e
=\ P _jeTH 4N e R(y) f(y)dy
H K Jy=0

pi [ =
+A— R(y) f(y)dy,x >0, (4.111)
w y=x

if and only if

X _
fx) = APe_je” " + A/ Oe_“(x_y)R(y)f(y)dy,x >0, (4112
y:

is an identity. Equation (4.112) is identical to Eq. (4.107). Hence the Propo-
sition is true. |

Exponential Staying Function

Consider an exponential staying function, R(x) :=e~"*,r > 0,x > 0. (Note
that 0 < e™"* < 1, and is strictly decreasing on (0, 00), satisfying the defini-
tion of staying function.) The total pdf f(x) is now obtained by substituting
e~ for R(y) in (4.108), which substituted into (4.110), gives

i rx

F) = AE e P e xS 0i=1,.. . c (4.113)
1

We shall solve an M/M;/2 model using E(x) = e ™r>0,x>0, in
Sect.4.12.8 below.

4.12.7 Equations for Zero-Wait Probabilities

Assume that the zero-wait server assignment policy is: arrivals that find
available servers, 1 < k < ¢, get served by a particular available server with
probability 1/k. (Other policies are also viable, e.g., the arrival gets served
by the lowest-numbered available server, or by the fastest-available service
rate, etc.) Using the principle SP exit rate = SP entrance rate for the zero-wait
states, we obtain the equations (notation explained below)
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A4 =Py 7= O + 5 ey, Peagpi=1.00c,
A+p—pi —ppPe gz =pjPey;+uiP._y 5

A NC [
+5 2kes; Pesjpod =1+ ¢,

A .
A+ ) Pri = 2 sz Pk + ;Poo, i=1,...,c,

APoo = Dy piPri.
4.114)

Notation in equations (4.114) In the first ¢ equations, the index j of
the sum takes values in J; := {j|j =0, ..., c, j # i}, and the subscript ij
means both serversi and j are idle. In the second set of (;) equations, the
index k of the sum takes valuesin J;; = {klk =0,...,c,k #i,k # j},and
the subscript i jk means all three servers i, j and k are idle. The row of dots
“...” indicates similar rate balance equations for PC_3J.T,€, ..., P2 In the
second last equation, for P; ;, on the right side P> ;; denotes the probability
of two units in the system, in servers i and k having service rates p; and p
respectively.

We solve Eq. (4.114) explicitly in Sect.4.12.8 below for M/M;/2, in order
to convey some characteristics of the solution.

4.12.8 Solution for M/M;/2 with Reneging

Notation When there is a small number of servers we can use an alternative,
perhaps more familiar notation. If ¢ = 2, there are two sheets corresponding
to configurations 1 and 2, which we now replace by 01 and 10 respectively.
Thus, configuration 01 means server 1 is available and server 2 is occupied;
configuration 10 means server 2 is available and server 1 is occupied.
Applying formula (4.113), the partial pdfs of wait are now denoted by

fiox) = /\&feéPle_“x_%ew,x > 0,
/ (4.115)

rx

A A —
for(x) = )\%N Ple M —7r¢ 7 x> 0.

The marginal (“total”) pdf of wait is

rx

() = fiolo) + for(x) = Ae? Pre™=7¢ "™ x 5 0. (4.116)
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The zero-wait probabilities are P, 7, i =1, 2, and Pyo; using the alternative
notation we have

Py =P 5+ P 1= Pio+ Por,
Po= Poo+ P 3+ P 1= Po+ Pio+ Poi
= Py + P1.

The rate-balance equations for the zero-wait probabilities are

A+ 11) Pio = 4 Poo + f10(0),
A+ 12) Por = % Poo + fo1(0), 4.117)
APoo = 1 Pro + p2Por.

Substituting for f19(0), fo1(0) from (4.115), we rewrite the equations in
(4.117) as

A+ 1) Pro = 5 Poo + A2 Py,
A+ 12) Por = 4 Poo + ALL Py, (4.118)
APoo = 1 Pro + p2Por.

The solution of (4.118) in terms of Py is

A
Py = Q,TZPOO,

Pio = 577 Poo, (4.119)
_ Apitp) _ A
Py = 21 iz Poo = 2p1 12 Poo-

The normalizing condition

o0

Poo + P +/ f(x)dx =1,
x=0
yields
A by 00 e -1
Poo = (1 n (1 + p12) n (1 +u2))\e¢/ st N
2pp0 2p1 2 =0

(4.120)
The analytic solution comprises the results in (4.120), (4.119), (4.116) and
(4.115).

Example 4.10 We present a numerical example for the M/M;/2 queue with
reneging allowed from the waiting line (see Fig.4.12). Let
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Fig. 4.12 Plot of f(x), 1
Jor() (= fr()), fio(x)
Ef] Z)‘g(x)), in Example sl £(x)
0.6
—f()l(x)
0.4
02+ - fi0 (%)
0

A=52, =24, wpp =11, p=pr+pu =35, r=2.1.

Then

o0 A—rx
/ e M7re Tdx =0.074741,
x=0

and

Pyo = 0.049059, Py = 0.115958, Pjp = 0.053147,
P, =0.169105,
F(0) = Py + P1 =0.218164,

o0
rx

F(oc0) = F(0) + AeiPl/ eiW*ée— dx

x=0

=0.218164 + 0.781836 = 1.0,

F(x) = Ner Pleix—re

Jor(x) = ﬂf(x) =7.173. 6_3'5)6—24766_2‘”’
W

— 10.46] . ¢~ 35324761

’

flo(x) = &f(x) = 3288 . 8_3-5)(—2.476672-11‘
1%

Remark 4.22 In M/M;/c with reneging from the waiting line allowed, we
can generalize the staying function R(x), x > 0. For example, R(x) may
depend on the server that would be occupied by an arrival, i.e., on the system
configuration at the arrival instant. We may then use the notation El,_ (x). Thus

R_(x) may depend on, not only customer required wait before service, but also
l
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on customer attraction or aversion to the “target” server. A natural question
arises. Can this model be modified to study attraction or aversion in natural
processes such as: electrically charged particles approaching an electrically
charged or magnetized environment; asteroids approaching a planet; particles
adhering or falling away from a surface; laser pulses affecting cells containing
certain chemicals in biological or medical applications; etc.?

4.12.9 Stability Condition

Considerthe M/M;/c (¢ > 2) queue with heterogeneous servers having rates
[41, - - ., e in Which reneging depending on required wait is allowed before
service begins. Let the staying function R(x),x > 0, be monotone decreasing
(includes non-increasing), let R(0) = 1(no balking upon arrival), and assume
0< ﬁ(x) <1,x>0.Let L =limy_ o E(x), which exists by monotonic-
ity and boundedness. The ideas in Theorem 3.8 also apply in the M/M;/c
environment, as follows.

Theorem 4.10 In M)/M;/c (c > 2) with reneging from the waiting line al-
lowed, as described immediately above, a necessary and sufficient condition
for stability is

A< Pito<rL <1,
L
A< ooif L =0,

where = D70 .

Proof The proofis similar to that of Theorem 3.8. The alternative proof given
there, Remark 3.31 and Fig.3.28 also apply for the present M/M; /c queue
with reneging, upon substituting o = > ;_; ;. |

4.13 Discussion

We can use LC to analyze a vast array of additional M/M/c models. We
mention only a few examples.

LC has been applied to M/M/c queues in which customers receive simulta-
neous service from a random number of servers. The original source for such
queueing models is the Ph.D. thesis of L. Green [81, 82]. An LC analysis,
motivated by the work of L. Green, is given in [38].


http://dx.doi.org/10.1007/978-3-319-50332-5_3
http://dx.doi.org/10.1007/978-3-319-50332-5_3
http://dx.doi.org/10.1007/978-3-319-50332-5_3
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LC has been applied to M/M/c with bounded system time (wait + ser-
vice). An arrival balks upon arrival if its system time would exceed an upper
bound K, e.g., a system manager informs an arrival of the current expected
system time (see Example 1, p. 44 in [52]). This generalizes variant 2 of
the M/G/1 model discussed above in Sect. 3.6. It is straightforward to apply
LC to analyze an M/M/c model analogous to variant 1 in Sect.3.16. In that
model customers renege from service if their agein the system (elapsed sys-
tem time) reaches K. Similar remarks apply to M/M/c where the actual waits
are bounded by K (as in variant 3 in Sect.3.16). In that case the workload
can exceed K. We can develop an expression for the tail of the steady-state
pdf of workload, from its integral equation.

LC can be used to analyze a variety of M/M/c queues with server vacations;
priorities; and many others.


http://dx.doi.org/10.1007/978-3-319-50332-5_3
http://dx.doi.org/10.1007/978-3-319-50332-5_3
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Chapter 5
G/M/1 and G/M/c Queues

This chapter applies a system-point level-crossing approach (SPLC, abbre-
viated LC) to derive the steady-state pdf of the virtual wait and the actual
wait (arrival-point wait) in single-server G/M/1, and multiple-server G/M/c
queues. Sections 5.1 and 5.2 treat G/M/1 and Sect. 5.3 treats G/M/c (¢ > 2).
We assume arrivals occur according to a renewal process and service times
are exponentially distributed.

We will not derive transient distributions in this chapter. However, for
G/M/c (¢ > 2), we could use LC to derive the transient distribution of
extended age, which is related to the virtual wait (Sect.5.1.1), by applying
techniques similar to those utilized in Sects. 3.2,4.3,6.2.6, 11.7. Those analy-
ses provide background for deriving transient distributions using LC in G/M/c
queues, as well as in a great variety of stochastic models. (The extended age
process is defined and utilized in [19].)

5.1 G/M/1 Queue

In the G/M/1 queue in steady state, we assume arrivals occur according to a

renewal process (e.g., pp. 167-175 in [99]). For the common inter-arrival time

denote the cdf, complementary cdf, and pdf, respectively, by A(x), x > 0,

A)=1—Ax), x > 0and a(x) = dA(x) /dx wherever the derivative exists.

Assume the service time of each customer is = Exp,,. We derive the steady-
IAY

state pdf and cdf of the virfual wait, the steady-state pdf and cdf of the
actual (arrival-point) wait just before arrival instants, the expected busy and
idle periods, and related results.
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E Xp, Busy Period Idle Period

o ——

cdfA(C) s / ----- cdf A()

4 > SP

0 3 7
H / v/
VO : A ; .
Arrival Arrival to \

to system empty System

v

Time t —>

Fig. 5.1 Sample path of extended age process {V (#)};>0 in G/M/1 queue. Inter-
arrival times have cdf A(-) (cdf of downward jump sizes). Service times are = Exp,..

dV(t)/dt = +1 between jumps

5.1.1 Virtual Wait and Extended Age Processes

Let {W(¢)};>0 denote the virtual wait process having state space S = [0, 00)
(e.g., similar to Fig.3.5).

We consider the extended age process {V (¢)};>0 having state space S =
(—00, 00), defined as follows. For ¢ > 0,

age of customerinserviceattime t, if V(t) > 0,
—time from t until the next arrivalinstant, if V (1) < 0.

Vi) = { 5.1)

In (5.1) ‘age’ means ‘time spent in the system’ measured from the arrival
instant. A sample path of {V (¢)},~ is depicted in Fig.5.1. All SP jumps start
from positive levels (i.e., V(-) >_0) at customer departure instants, and are
downward in direction. By contrast, jumps of {W(#)};>¢ occur at arrival
instants, and are upward in direction.

5.1.2 Duality Between Extended Age and Virtual Wait

Consider a sample path of {V (¢)};>0 (Fig.5.2). Assume V() > 0. There is a
one-to-one correspondence between the peaks (relative maxima) of {V (¢) };>0
and the sample-path peaks of {W(#)};~(, as well as a one-to-one correspon-
dence between their respective trough_s (relative minima or infima). Within
busy periods, corresponding peaks have equal ordinates and occur in the same
time order in both processes; similarly for corresponding troughs (Fig.5.2).


http://dx.doi.org/10.1007/978-3-319-50332-5_3
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|7 Busy period 7| lde

per.

A
/vy

Equal Peak
S qual Peaks

A | / /]

bevelx / N s/ Vsp
Equal Troughs

Level 0

Time t —

Fig. 5.2 Sample path of extended age process “,/7” compared with sample path
of virtual wait process “Y\,” for G/M/1 queue. lllustrates duality properties. Corre-
sponding peaks and corresponding troughs have equal ordinates and the same time
order. Busy periods, idle periods, and busy cycles are equal

Properties of Busy Period in G/M/1

The process {V (1) };>( has slope +1 between SP downward jumps. However,
{W(®)};>0 has slope —1 between SP upward jumps, within a busy period; the
slope is O within an idle period. The length of busy periods is identical in
both processes. These properties guarantee that the long-run proportion of
time that the SP spends within any state-space interval, is the same in both
processes (see Proposition 5.1 below).

The sojourn time of {V (¢)},~o below level O is identical to an idle period
in the {W(#)};>0 process (see Remark 5.2). The length of busy cycles are
identical in both processes (Fig.5.2).

The stability condition is — - - < 1(e.g., pp. 261-262
E(inter-arrival time) - p

in [84]). Intuitively, the expected number of arrivals in a service time is < 1.
(See Proposition 5.3 in Sect.5.1.8 below.)

Probability Distributions
Denote the steady-state cdf of the extended age by

F(x) = tl_i)lgoP(V(t) <Xx),—00 < Xx < 00,

having pdf
fe) = G2 x=0;

(5.2)
hx) = dF(x) ,x <0,
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wherever the derivatives exist. The probability of an empty system is

0
Po = F(0) = / h(y)dy. (5.3)
y

=—00

Then
F(x) = Po+ [[_of(dy.x = 0,
F(x) = [[__ h(y)dy,x <0,
F(0) = Po,
F(00) = Po+ [[Zof(dy = 1.

Proposition 5.1 The steady-state cdf of the {V (1)},>¢ and of {W (1)},>( as
t — 00, are identical. That is,

54

Fx) = tl_i)noloP(V(t) <x) = tgngoP(W(t) <x),x>0.

Proof There is a one-to-one correspondence between sample paths of
{V(D};>0 and {W(1)},>( because of the duality properties discussed above
(see Fig.5.2). The proportion of time spent in each state-space interval is the
same in corresponding sample paths for every w € 2, where Q2 is the sample
space of the ‘underlying experiment’, and w is a possible outcome (see more
details in [19]).

For {V (1)}, a sojourn time below level 0 is the same as an idle period in
{(W(®)};>0. Thus F(0) = Py = lim,_, o, Po(t) is the same for both processes
(where Pg(¢) is the probability of a zero wait at time ¢). [ |

The main reason for employing {V (¢)};>0 to obtain the limiting pdf of
{(W(®)};>0 in G/M, /1, is that we can apply LC, since SP downward jumps
occur at end-of-service instants at the Poisson rate . Thus, in {V (¢)};>0
the PASTA principle —Poisson arrivals see time averages—applies ([145]).
But PASTA does not apply in the process {W(#)},>¢ in general, since the
interarrival times are not exponentially distributed.

Remark 5.1 We emphasize that the transient probability distributions of
V(t) and W(¢) are not equal in general. Proposition 5.1 holds for steady-
state distributions only.

Remark 5.2 We may also define an extended °‘virtual wait’ process
{W(#)};~( with state space (—oo, +00). If W(#) > 0, then W (¢) is the usual
virtual wait. If W(r) < 0, then —W (¢) is the time since the last departure
of the immediately previous busy period. For the extended virtual wait,
the slope is —1 between upward jumps. Sojourn times below level O are
equal to idle periods. If arrivals are Poisson, an integral equation for the pdf
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of {W(#)};>0 when W(r) < 0 can be obtained by applying LC. All results
for the usual virtual wait can be derived using the extended virtual wait. If
arrivals are Poisson at rate A, the expected sojourn time below level 0 is 1/
= E(idle period).

5.1.3 Equation for Steady-State PDF of Age

By Proposition 5.1 the steady-state pdfs of {V (1)},>¢ and {W(#)},>( are the
same. Thus, for G/M/1 we will obtain the steady-state pdf of {W(#)};>0 by
deriving the steady-state pdf of {V (#)};>0.

Consider a sample path of {V (¢)} (Fig.5.1). Fix level x > 0 in the state
space. The SP upcrossing rate of x is

U, EWU
lim 49—y EUOD) (5.5)
— 00 t (a.s.) t—=>00 t
The SP downcrossing rate of level x is
D ED o _
lim 229 _ oy B2 / Ay —x)fOdy,  (5.6)
t—oo t (a.s.) t—>00 t y=x

Formulas (5.5) and (5.6) are proved similarly as for the down- and upcrossing
crossing rates in M/G/1 (e.g., Theorem 1.1 in Chap. 1).

LC Interpretation of (5.6)

The SP rate of downward jumps starting from level y > 0 is the rate at which
service times end when customers have been in the system for a time y,

namely uf (y)dy. If y > x,

P(downward jump size > y — x)
= P(inter-arrival time > y — x) = A(y — x).

Summing over all y > x gives the right-most term of (5.6).
The principle of rate balance across level x, i.e.,

! EU(x)) .. E(Di(x))
im ——= = lim ———,

t—>00 t t—00 t

gives the integral equation for f(x),

f)=p / A(y — 0)f (0)dy. (5.7)
g

=X
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5.1.4 Alternative Form of Equation for PDF of Age

An alternative form of integral equation (5.7) is

o0

ﬂm=uU—F@D—u/ A(y —x)f (n)dy, x > 0. (5.8)

y=x
LC Interpretation of (5.8)

The left side is the SP upcrossing rate of level x. On the right side, the first
term is the rate of service completions which generate SP downward jumps
that start above level x. The second term subtracts off the rate of service
completions which generate SP downward jumps that start above level x
and end above level x. Thus, the right side is the SP downcrossing rate of
level x. Rate balance across level x gives the equation.

Alternative equation (5.8) for f(x) in G/M/1 obtained using L.C, is similar
to the alternative equations(3.43) and (3.44) in Sect.3.3.1 for the M/G/1
queue, and alternative equation (6.22) for the M/G/r(-) dam in Chap. 6. All
these equations are reached directly using LC interpretations of SP motion
in state spaces, thereby enhancing background intuition.

5.1.5 Exponential Form of PDF of {V (t)};>

We demonstrate geometrically using LC, that f (x), x > 0, the limiting pdf of
{V (D) }>0 (therefore of {W(1)},50) as t — 00, has an exponential form over
the state-space interval (0, 0o), and an atom at 0. This LC derivation differs
from previous derivations (e.g., pp. 261-263 in [84]; pp. 251-253 in [104];
pp- 400401 in [143]).

Consider a sample path of {V(#)};~¢. Due to the memoryless property
of the exponential service-time distribution, an SP sojourn time above an
arbitrary level x > 0 is = B independent of x, where B denotes a busy

IAY
period (Figs.5.1 and 5.2). Let u, denote the inter-upcrossing time of level
x (see Sect.5.1.12 below). Combining formula (5.5), the fact that 1 — F(x)
is the long-run proportion of time spent by {V (¢)},>( above level x, and the
elementary renewal theorem, implies E(uy) = 1/f(x). The sequence of u,s
forms a renewal process. By the renewal reward theorem

E(B) _ E(B) - F
E)  1/f() ’
fo0 1

1—Fkx) EM®B)’ 59)
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which is equivalent to the differential equation

LA—Fx) 1
1-Fkx)  EMB)’

din(1 - F(x)) 1
dx - EB)

with solution :
F(x)=1— (1 — Py)e EB* x>0,

Fl) = 11— Poe_ﬁsﬂf >0 (5.10)
E(B) ’ '
where F(0) = Pg, and f(0) = (1 — Py) /E(B).
From (5.10), f (x) has the exponential form
f(x) =Ke 7, x>0 (5.11)
where
K:ﬂ, vz;. (5.12)
E(B) E(B)
From (5.12),
Py = l—KE(B):l—g. (5.13)

Substituting from (5.11) into (5.7) and cancelling K gives an equation
for 7,
o0 —_—
e = ,u/ Ay — x)e” dy.
y=x

Letting z =y — x yields

©_ 1
/ A(R)e *dz = —. (5.14)
z=0 2
Equation (5.14) for v is fundamental for G/M/1; its left side is the Laplace
transform of A(z) evaluated with parameter . It is also an equation for E(B)
since y = %.

Let A*(y) denote the LST (Laplace-Stieltjes transform) of A(-). (See
Sect.3.4.4 above for definitions of LST and LT). Integrating (5.14) by parts
gives

Ay =1-21, (5.15)
i


http://dx.doi.org/10.1007/978-3-319-50332-5_3

292 5 G/M/1 and G/M/c Queues

Thus ~y is the solution of Eq. (5.14), or equivalently equation (5.15). Some
forms of A(-) allow for an analytical solution for ~. Generally, however,
v is computed by numerical methods (e.g., Newton’s or other successive
approximation methods—see p. 18 in [1]; or using computational software
such as Maple).

Value of P

Consider a sample path of {V (¢)},>( on the state-space interval (—o0, 0), and
fix level x € (—o0, 0). The SP upcrossing rate of level x (x < 0) is equal to
h(x) (proved as for the downcrossing rate in M/G/1). The SP downcrossing
rate of level x is

o0

p / A=)y = s / A(y — x)ke dy,
y= y=

since all downward jumps originate at end-of-service instants when the SP
is in state-space set (0, c0). Rate balance across level x gives

o0
h(x) = u/ Ay — x)Ke 7dy, x < 0. (5.16)
y=0
Invoking (5.16) and (5.3) leads to
0 0 oo
Py = / h(x)dx = K/ u/ A(y — x)e” Pdydx.
X=—00 X=—00 y=0

Making the transformation u = —x gives

[e.@] o _
Py = K/ ,u/ A(y + u)e dydu.
u=0 y=0

Thus K
Py= —,orK = PyC, (5.17)
Gy
where
00 0o —1
C, = (/ ,u/ Ay + u)e_wdydu) , (5.18)
u=0 y=0

and Cy > 0.
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We evaluate Py from the normalizing condition and (5.17). Thus

o0
P0+K/ e dx =1,
y

=0
o0
Py + C»YP()/ e Mdx = 1.
y=0
These equations yield
K
Po=1——. (5.19)
Y
R S (5.20)
v+ Cy
From (5.17)
-C
K=_1"7 (5.21)
v+ Cy

which implies K < 7.

Due to exponentially distributed service times, instants of SP egress from
level O above, are regenerative points of {V (#)},>( initiating busy cycles
(see Fig.5.1; Sect.2.4.10 for definitions of SP egresses). Thus, steady-state
properties over busy cycles recapitulate limiting properties over the time axis
ast — oo.

Expected Idle Period
Let C represent a busy cycle and Z an idle period. Then

C=B+1I.

By the renewal reward theorem, and from (5.20),

_ED _ ED vy T

Py = = = =
°TEC) T EBFET) ~+C, -t

; (5.22)
v
From (5.12) E(B) = % Comparing the middle and last ratios in (5.22), and
using (5.18), we obtain

1 (o6 o _
ET) =+ =/ ,u/ Ay + uye” 7dydu. (5.23)
C'y u=0 y=0
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5.1.6 PDF of Idle Period

Consider a sample path of {V (#)},>¢ (Fig.5.1). Let Z denote an idle period,
and C a busy cycle; then C = B+ Z. Note that Z := excess below level
0 of the downward SP jumps ending the busy periods. Denote the cdf and
pdf of Z by Fz(z), and f7(z),z > 0, respectively. The downcrossing rate
of level —z (z > 0) can be expressed in two different ways. First, by
lim;— 00 Di(—2)/t = (1 — F7(2)) - f(0) = P(Z > z|SP downcrosses level
0)x lim;— oo D;(0) /¢ (since f(0) is both the up- and downcrossing rate of
level 0). Second, by lim—o0 Dy(=2)/t = pu [ ZoAQ + 2)f (»)dy, since all
downward jumps start above level 0. Equating the two formulas gives

(1= Fz@) 0 = | G+ )z > 0
y:
(1-Fz(z)-K = u/ A(y 4+ 2)Ke Pdy, z > 0,
y=0
Fr(z)=1-— ,u/ Ay +2)e Pdy,z>0. (5.24)
y=0

Directly using F7(z), z > 0, in (5.24), we obtain

E(I) = / (1 —-Fz@)dz=p / / A(y +2)e Pdydz,  (5.25)
z=0 z=0Jy=0

which agrees with formula (5.23) above.

Remark 5.3 As a mild check on the above results, if G/M,/1 were an
M\/M,,/1 queue then, in (5.11) E(B) = 1/ (n—A), v =p — X, Cy = A,

implying c \
K:uz)\(l——)z)\Po,
v+ G M

giving f(x) = APoe~H=Nx x =~ 0 . (See formula (3.112) for M/M/1.)

5.1.7 PDF of Actual Wait

For G/M/1, generally the limiting pdf of the actual wait (arrival-point wait)
is not equal to the limiting pdf of the virtual wait. In particular, these pdfs
are equal only when the arrival stream is Poisson (M/M/1). We can utilize
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results for {V (¢)},>( in Sects.5.1.1-5.1.5 to determine the pdf of the actual
wait.

The subscript ‘t’ (Greek iota) is used to signify actual wait. Let the
limiting cdf of actual wait be F,(x) := P(actual wait < x), x > 0, with
pdf dF,(x)/dx = f,(x), x > 0, and Pg , := P(actual wait = 0). Recall that
v (= 1/E(B)) is the solution of (5.14) or (5.15).

Proposition 5.2 The steady-state cdf and mixed pdf of actual wait are

F,x)=1- (1 - 1) e, (5.26)
o
i) =K,e ", x > 0, (5.27)
K,
Py, =1—-—, (5.28)
gl
where
K, =~ (1 — 1) . (5.29)
o

Proof The long-run proportion of actual waits that are > x is

| p gy 2 MUZFO) =0

p (1 = F(0)) B

where F (x), f (x) denote the limiting cdf and pdf respectively of the age
process {V (1) };>( (same as for virtual wait).

0, (5.30)

Explanation of (5.30). In the numerator, u(1 — F(x)) is the departure rate
of customers that have been in the system > x time units (wait+ service
> x), since departures occur at sample-path peaks. The departures generate
SP downward jumps that end at the next actual wait > 0 if the end point is
> 0 (at a trough > 0), or at the start of an idle period implying that the next
actual wait is = 0 if the end point is < 0 (at a trough < 0) (Fig.5.1). The term
—f (x) subtracts off the rate at which SP jumps start above x and end below
x, since f(x) is equal to the level-x downcrossing rate of level x (equal also
to the upcrossing rate of x—see derivation of Eq. (5.7)). Thus the numerator
is the rate at which ‘next’ actual waits before service (troughs) are > x. The
denominator p (1 — F(0)) in (5.30) is the fotal departure rate, which is also
the long-run rate of downward jumps, and is the same as the long-run arrival
rate.
From (5.10) and (5.11) we obtain (5.26) and (5.27).
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Probability Py , and Value of K,. Setting x = 0 in (5.30) yields, since Py , =
FL(O)s

fO K

Cp(=F0) u(1-(1-5))
Py, = —. (5.31)

1—Py, =1

We ascertain K, using the normalizing condition for {Po, 0 [ (X) }x>0,

o
Py, +/ Ke Pdy =1,
y=0

yielding (5.29) and (5.28). [ |

Proposition 5.2 demonstrates that the form of the pdf of actual wait f, (x),
is the same as the form of the pdf of the virtual wait f(x), x > 0; the term
e~ 7 is common to both pdfs. The form of Py , is similar to the form of Py
(formula 5.13); however, K, # K, except when the arrival stream is Poisson.

Remark 5.4 Formula (5.28) for Py, matches the result derived later in
formula (8.23), Sect.8.3.3 in Chap. 8, via embedded LC. The embedded
LC result is indeed the value of Py, since it is the steady-state pdf of the
actual wait W,, as n — oo. This match validates the standard ‘continuous’
LC approach utilized here. In many models, it is easier to apply standard
LC than embedded LC. Embedded LC is useful per se: for checking results
obtained by other means; analyzing new models; combining with continuous
LC to obtain new results; and so forth.

Remark 5.5 Py, andf,(x) in (5.28) and (5.27) agree with formulas obtained
by different techniques (e.g., pp. 250-254 in [83]; pp. 259-263 in [84]). The
constant «y above is equal to p (1 — rg), where ry is the solution for z in the
equation ‘z=A*(u (1 — z2)), z € (0, 1)’, in those references.

5.1.8 Stability Condition for G/M/1

Stability occurs iff the solution of Eq. (5.14) for y is positive and finite, i.e., iff
the steady-state pdfs f(x) = Ke™ 7" (virtual wait) and f, (x) = K,e~ 7" (arrival-
point wait) exist. These pdfs exist provided +y is positive and finite, in which
case K and K, are also positive and finite by (5.12) and (5.29) respectively.
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Denote the expected inter-arrival time by 1/a; the expected service time
is 1/p.

Proposition 5.3 The G/M/1 queue is stable if and only if a < p.

Proof The queue is stable iff 0 < E(B) < 00 iff 0 < v < 00, since B=1/7.
If0O<vy<oothen0 < e ™ < 1 forall y > 0. If in addition ~ satisfies
Eq.(5.14), then

1 oo _ o _ 1
— =/ A(y)e  dy < / AQy)dy = - = a < L.
K y=0 y=0 a

Hence a < p is a necessary condition for stability.

Conversely, if a < p then
w —_—
y

=0

1
_<_
wooa

We construct a function of 7, ¢(v) := fyo:oo A()e dy, 0 < v < oo, with

P(y) > 0,1imy 0 ¢(y) = 1, limy 00 $(7) =0, ¢' (1) = =7 () <0, ¢"(7) =

¥2$(y) > 0. Thus ¢(7) is continuous, convex and strictly monotone decreas-

ing on (0, co). Consequently ¢(v) assumes each value in its range (O, ‘ll)
. 1 1 . .

For a given p such that u € (0, ), there is a unique value y € (0, c0) such

that ¢(v) = ﬁ Hence for each such p there exists exactly one finite root v >

1 1 .. . . . .
0 of Eq.(5.14) such that i <a which implies @ < p is a sufficient condition
for stability. n

In conclusion, @ < p is a necessary and sufficient condition for stability.

5.1.9 Steady-State Distribution of System Time

Let W, ,, S and o denote respectively the steady-state actual wait before
service, the service time, and the system time of a customer; theno =W, ,+S.
The cdf of W, , is P(W,,, < x) = F,(x), x > 0, having pdf f; (x), x > 0. Also
P(Wy, = 0) = F,(0) = Py, (see Proposition 5.2 in Sect.5.1.8). Let F;(x),
x>0, and f,;(x) = j—xF »(x), x > 0, wherever the derivative exists, denote the
steady-state cdf and pdf of o, respectively. For the standard G/M/1 queue, S
and W, , are independent.
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From Proposition 5.2, the cdf of o is the convolution

Fo(x) = P, P(S < x) + [[_o P(S < x = y)f,(»)dy

1 - e - (5.32)
= ﬁ/(l —e 1) + fyx:o (1—ert Y))y(l - %)e Vdy.
The last integral in (5.32) is equal to
l [Iue(/l-m)x _ ,ye(u+7)x + e — ,u,e“x] e~ (tmx (5.33)
7
Summing (5.33) and %(1 — e~ ) simplifies (5.32) to
F,(x)=1—e 7™ x>0, (5.34)
with pdf
fo(x) =~ve ", x> 0. (5.35)

Remark 5.6 The expressions for F,(x) and f,(x) in (5.34) and (5.35) for
G/M/1 are analogous to those for the standard M)/M,/1 queue given in
(3.117), with v = 1 — A. In the term e~ the coefficient of x is —y=—1/E ()
in both G/M/1 and M/M/1 (B := busy period).

5.1.10 Arrival-Point PMF of Number in System

This section derives the steady-state arrival-point pmf (probability mass
function) of the number of units in the system. Specifically, let N, denote the
number in the system just before an arrival instant, and let P, , := P(N, = n),
n =20, 1, .... From formulas (5.29) and (5.28),

Po, = 2. (5.36)
W

Let d,, be the steady-state probability of n remaining in the system just after a
departure instant. Then P, , =d,, n =0, 1,... (see pp. 500-502 in [125]). Let
A® (v) be the cdf of the n-fold convolution of the interarrival time evaluated
aty > 0.

Proposition 5.4 In the standard G/M/1 queue, forn =1, 2, ...,
o0
Pri=dy= [ [470) =470 | 02ds
y=0

= / h [A<"> ) — A("'H)(y)] e dy. (5.37)
y=0
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Proof Let N4(t) be the number of arrivals in (0, 7) and let S,, be the time of
the n™ arrival. A basic renewal equivalence relation is (see, p. 423, Sect.7.2
in [125]; pp. 167-168 in [99])

Na(t) >n < S, <t.
Thus
P(Na(t) = n) = P(No(t) = n) — P(Na(t) =2 n+ 1)

=P(S, <t) = P(Sp1 = 1)
=AD () — A1), >0

Also, d,, = P(n arrivals during a system time o). By independence of the
arrival stream and o,

dy = / P(NAG) = nlo = )y (»)dy
y

=0

_ / P(NA(Y) = n)f, (y)dy
y

=0

o0
= [ [0 -4 n .
y=0
Also, P,,, = d,. Substituting from formula (5.35) gives (5.37). [ |

Compact Expression for PMF

Proposition 5.4 leads to a compact expression for P, ,, n = 0, 1, .... Integra-
tion by parts gives

00 1 [ AM*
/ A (e Pdy = _/ a™ (e Pdy = —(7)’
y=0 Y Jy=0

where a™ () is the pdf of the n-fold convolution of inter-arrival times. Thus
(5.37) becomes

P, =A"(y) — ATV () n=1,2, ... (5.38)

From Laplace-transform theory and (5.15)

A™(y) = (A*(7)" = (1 - g) =12
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Substituting into (5.38) yields

n n+1
== -(-3
I I
ol 7\"
(-3
I I

=Py, (1-Py,)" . n=0,1,..., (5.39)

using (5.36). Notably, formula (5.39) is analogous to the result for P,, in terms
of Pg in M/M/1, given in (3.118) in Chap. 3.

As a caveat to Proposition 5.4, the probabilities of #n in the system at an
arbitrary time point are not equal to P, ,,n = 0,1, 2, ... . Equality holds
only if the arrival stream is Poisson (see Proposition 8.2, p. 502 in [125], and
also [145]).

5.1.11 G/M/1 with Poisson Arrivals

To enhance intuition, we specialize the foregoing G/M,/1 results to
M)/M,,/1, where arrivals are Poisson with rate A

Virtual Wait

From Eq.(5.14) for ~, with Z(x) = e*’\x, x > 0, the solution is then
v=p — A=1/E(B), where B is the busy period in M/M/1. From formula
(5.18) we get C, = A. The formulas in Sect.5.1.5 yield

— 0 k=X A
Po = O T A b=
K =g =M1 =) = AP,
f(x) = Ke™ = )\Poe (” X x>0, (5.40)
1
E(B) = ==
ED)=¢ =5,

which check with the steady-state virtual-wait quantities for M/M/1.
For x < 0, the pdf of extended age is

o
h(x) = u/ e MO KW=My gy = K™ x < 0,
y=0

whence Py = fxoz_ o hX)dx =1 — ﬁ, which agrees with (5.40).
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Actual Wait

For the actual wait in G/M/1 with Poisson arrivals, y=pu—\, Py, =v/pn=1—
My and K, = (1= /) = A(52) = AP, giving f,(x) = \Pg e~ ¢,
x > 0. These actual-wait results agree with Pg and f(x), x > O for the virtual
wait, as they must in M/M/1 (see (3.112)), where the Poisson arrival stream
implies

A
Py, =Py=1- ;, fix)=fx),x >0,

A n
and P,, = P, = (—) Po,
1

in agreement with PASTA.

5.1.12 Sojourn Time Above or Below a Level

We next determine the expected value of the sojourn time above or below a
state-space level (see Fig.5.1).

Inter-upcrossing Time u, of Level x

Let u, denote the inter-upcrossing time of level x (time between two succes-
sive upcrossings). We consider the cases x > 0 and x < 0 separately, since
the SP motion above and below level O are of a different nature (Fig.5.1).

Level x > 0 For x > 0, upcrossings of x are regenerative points, since both
service times and remaining service times after upcrossing x are = Exp,,. By
dis

the elementary renewal theorem and LC,

1 L e
lim oo U (x)/t  fx) K

E(uy) = >0, (5.41)

, X

where v and K are given in (5.14) and (5.21), respectively. (To compute K,
we may use C, givenin (5.18).)

Level x < 0 For x < 0, —x is the time until the next arrival instant, at which

a sample path of {V(¢)},>¢ hits level O from below. Upcrossings of x are

regenerative points, since the time —x is followed by a service time = Exp,,.
s

By the elementary renewal theorem, LC, and (5.16),
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1 1 1

E = = = — 5
) i oo U (0)/t () pK [Z) Ay — x)e~Pdy )

< 0.

(5.42)
Sojourn Time a, Above Level x

Let ay := sojourn time of {V (t)},>( above level x.
Level x > 0 Forx > 0, a, = B (B :=busy period) independent of x, due to

dis
exponential service times. By (5.12)

E(ay) =EB)=—,x>0. (5.43)

2=

Level x < 0 Since uy = a, + by,
E(ay) = E(uy) — E(by) = jt5 — E(by)
B 1
K 20 Ay — x)edy (5.44)
00 fyOZOOZ(y —x+z2)Ke ™ dy
_/ZZO |: fnyZ(y — x)Ke="dy

i|dz,x <0,

where b, := sojourn time below level x, and E(by), x < 0, is derived in
Proposition 5.5 below in this section.

Sojourn Time b, Below Level x
Level x > 0 Because u, = a, + by,
e 1
E(by) = E(ux) — E(ax) = — — —,x = 0.
K v

Level x < 0 For x < 0, by is given by the following proposition.

Proposition 5.5 The expected sojourn time of {V (1)},> below level x is

00 fyoiOZ(y—x+z)e_wdy
E(by) =/ == dz,x < Q. (5.45)
z=0 j;,:() A(y - x)e_’yydy

Proof We present two proofs, which complement each other.

Proof 1. Consider an SP downward jump that ends below level x < 0 (all
jumps start above level 0). Let ry := excess of a jump ending below x. Since
a sample path of {V(1)},5( increases steadily at rate +1 when V() < 0,
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by = ry, and E(by) = E(ry). Using a ‘probabilistic’ approach, condition on
IAY

the event ‘a jump downcrosses level x’, yielding
P(ry > 2)

= P(a jump downcrosses level x — z|the jump downcrosses level x)
_ P(ajump downcrosses level x — z and downcrosses level x)

P(the jump downcrosses level x)
__ P(ajump downcrosses level x — z)

P(the jump downcrosses level x)
2 AGy — x + ke dy

— ,x<0,z>0.
S0 A — x)Ke= 1 dy
Thus
[ee]
Eby) = E(ry) = / P(r > 2)d
z=0

=0

/oo |:fy°jo A(y — x4+ 2)e"dy
e

— dz, x < 0.
fy‘foA(y — x)e=dy }

Proof 2. Alternatively, denote the cdf of r, by F, (z),z > 0. Using a ‘rate’
approach, we have

o0

(1 — Frx(Z)) . ]’l()C) = /’L/ Z(y —x +Z)Ke—7ydy’
y=0

where the left and right sides are two different expressions for the SP down-
crossing rate of level x-z. (A similar argument is used in the derivation of
E(ay) in Variant 3 of M/G/1 with bounded virtual wait, given in formula
(3.257).) Since h(x) = u j;f’jOZ(y — x)Ke™dy, and by = ry,

120 Ay —x +2)Ke Vdy
12y Ay — x)Ke= 2 dy

Bb)= [ (1-F@)d

=0

o [ [ Ay = x + e dy
= —— dz,x <0, (5.46)
7=0 fyzoA(y —Xx)e~Vdy

I_Frx(z) =

in agreement with Proof 1. |


http://dx.doi.org/10.1007/978-3-319-50332-5_3
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Example 5.1 Assume G/M/1 is an M\/M,,/1 queue. From (5.45)

00 fofo e—)\(y—x+z)e—wdy
E(by) =E(ry) = - dz
(bx) () /z:O Lj:() e~ A== dy

Ea 1
=/ e Ndz=—,x <0,
z=0 A

using the memoryless property of the interarrival tines ((j; Exp)).
IAY

5.1.13 Events During a Sojourn a, Above a Level

System Time o

System time o := wait + service time = W ;4 , + §. The os are realized at end-
of-service instants (at departures from the system—i.e., sample-path peaks).
The W, ;s are realized at start of service instants—i.e., sample-path troughs.
(See Figs.5.1 and 5.2.)

Number N; of Realized System Times in a,

Level x > 0 Let N := number of service completions (departures) during
ax, x > 0, mcludmgthe departure that that ends a, (i.e., the length of a
run of system times > x, or number of sample-path peaks > x in a,). Let
S; and T;, i = 1, 2,..., denote the service times and immediately following
inter-arrival times, respectively, counting from the instant a sample path of
{V(1)};>0 upcrosses level x (start of a,). If x = 0, then S is a full service time.
If x > 0, then S is the remaining service time measured from level x, and
S1 = Exp,;, due to the memoryless property. Then (see Fig.5.1)
IAY

n
N{. = min [nl D Si—T) < o] x>0. (5.47)

i=1
Ng. is a stopping time (e.g., pp. 678-679 in [125]) for both sequences
{Si = Ti}i=12... and {S;};— 5. Since a, = > . % N S; and a, = B for all
x > 0, by Wald’s equation (e g., p-47ffin [122]; p. 679 in [125])

E(a) = ENG)ES)),
vy = E@) _EB)
CTES) T E®

(5.48)
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independent of x. Substituting from (5.43) into (5.48), gives

EN)=1=",x>0. (5.49)

= =] =
=2 |=

From (5.49) E (Ngx ) > 1since i > v (see Remark 5.7 below). This agrees
with intuition, because there must be at least one departure (sample-path
peak) counted in ay (the last departure in ay).

Number Served in a Busy Period B

Let N3 :=number of system-time realizations in B (:= number of sample-path
peaks in B3, i.e., number of customers served in B3). (This section is related to
Sect.3.4.14 in Chap. 3 for M/G/1.) Since B = ag, N = N, and from (5.49),
E(Ng) = j1/7. From (5.31), we obtain a notable formula for G/M/1,

w 1

E(NZ) =— = ,
(B) Y PO,L

(5.50)

which is similar to formula (3.90) for M/G/1 queues.
Number of Realized Waiting Times (Service Starts) N, ;’j{ in a,

We assume x > 0, since service starts can occur only when V (r) > 0. Let N L‘j;
denote the number of customers that start service during ay , x > 0. Then N;j;
is the number of customers that wait > x time units (strictly greater than x)
before starting service during ay. Figure 5.1 shows that N;’ = Ngj —1,x > 0,
since the count of service starts with waits > x during a, is one less than
the count of service completions in a, (including the a,-ending completion).
Hence

ENY)=ENJ)—1="—1>0x>0. (5.51)
v

Remark 5.7 In (5.51) the inequality % — 1 > 0 holds because of (5.14),
ie., fyo:Oo_Z(Y)e_wdy = /%; A(0)=1;A(y) =1 —A(y) is non—in_creasing with
limy_, oo A(y) = 0. Thus there exists finite M. > 0 such that A(y) < e < 1
(strictly) for y > M.. Hence

1 M. 00
—< / l-e_wdy+/ e-e Pdy
H y=0 y=M.

1
= — l—e*VMg(l—s)]< -
8

==
\%

1
gl
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5.1.14 Events Above Level x During a Busy Period B

A busy period B may contain several sojourns above level x, e.g., in Fig.5.1
the first three busy periods contain 2, 2, and 1 sojourns above level x,
respectively.

Number of SP Sojourns Nf,fj (B) above level x during B

Let N;fj (B) := number of sojoums above level x > 0 during B (NZ;)j (B) =
0,1,2,...). We first obtain E(N,.” (B)).

Level x > 0

Let C denote a busy cycle. Let Ug (x) denote the number of SP upcrossings of
level x during C, all of which occur during the embedded 3. There is a one-to-
one correspondence between the starts of sojourns a, and SP upcrossings of

x, implying NZ;)j (B) =Uc(x) (see Fig.5.1). By the renewal reward theorem,

ENe)(B) _ EUew) _ . EUW) _ 65— Ke¥.x 3 0
= x> 0.

E(C) ~ E(C) = t>x
(5.52)
Since E(C) = 1/£(0) = 1/K, from (5.52)
E (NZSJ(B)) = %, Ke ¥ = e, x > 0. (5.53)

To satisfy intuition, setting x =0 in (5.53) implies E (ngj (B)) =1, which
“says” that 5 consists of exactly one sojourn ag above level 0.

Number N7 (B) of System Times > x in a Busy Period B

Let Ny (B) := number of system times > x during 5, and Ny (C) := number
of system times > x during C respectively (see Fig.5.1). Ng (B) = Nj (C)
since all departures in C occur during, or at the end of, the embedded B. All
departures having o > x occur within sojourns ay in B. So,

N3Y(©)

Ng(B)=NJ (€)= > NI, (5.54)
i=1

where Ny ; is the number of system times > .x in the i sojourn above x during

C. The Nj ;s are i.i.d. r.v.s with E (N;’X’i) = 1/, by (5.49), independent of
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the number of sojourns Nasfj (C) (because excess service above x = Exp,,).
dis

Taking expected values in (5.54) and using (5.49) and (5.53), givesl‘
E (NG (B)) = E (N7 ()

=E (Ngx,i) E (szj(c)) =Le M x 2 0. (5-55)

Number N (B) of Waiting Times > x in a Busy Period 5

We obtain the expected number of waiting times > x in 3, similarly as for
the derivation of (5.51) (see Remark 5.7 in Sect.5.1.13). Thus

E (N2 (B)) = (% = 1) e x > 0. (5.56)

Setting x = 0in (5.56) gives E (N (B)) = £ —1, which s also the expected
number of customers in 3 that wait > 0 (same as (5.51) since a, = B). Only
IAY

the first customer in 3 waits 0.
Proportion of Customers that Wait > x

N.B. Here we use ‘proportion’ to mean the ratio £ (N[’;‘i (B)) /E (Ng), not
NY(B)/Ng or E (NY (B)/Ng).

We assume level x > 0, since all waits in line are > 0, and connect the
‘proportion’ of customers that wait > x in B with other parameters of the

model. For example, the proportion of customers that wait > x in B is, using
(5.31),

w L)
E (NuX(B)) _ (7 “) _ (1 _ %) o = (1 _PO,L) e x>0, (5.57)

E(Ng) 5
where N := number of service completions in B (= number of arrivals in
C). When x = 0, (5.57) reduces to E (N2 (B)) /E (Ng) = 1 — Po,,, which
is intuitive, because C is a probabilistic microcosm of the evolution of the
system over the entire time axis and the long-run proportion of customers
that wait > 0is 1 — Pg,.

Level x < 0O
Number Served in a Sojourn a, Above Level x

Fix a level x < 0. After upcrossing x, a sample path of {V (#)},>( ascends
steadily atrate 41 to level 0. Hence the number of service completions during
ay 18
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n

NJ = min Inl D (ri+Si—T) > —x] : (5.58)
i=1

where rg ; = excess below level O due to an SP jump that downcrosses level

0 (see Fig.5.3). The values of r¢ ;, i =1, ..., n, are given by

ro,1 =X,

ro,; = 0 if the jump does not downcross level 0,

0 < rp,; < —x iff a, continues with another service,

ro.; > —x iff a, ends with the i jump (which leaps below x).

The cdf of rp; and E(rp,;) are given above (see formula (5.46) as x 1 0, in
Proposition 5.5, in Sect.5.1.12). Thus

00 fyoiOK(y +2)e Vdy
E(ro) = E(bo) = / 0 7Y i
z=0 fyZOA(y)e_Wdy

N;’X is a stopping time for {I’o,i +S; — T-}l. 12 and for {ro,,- + S,-}l.:l ) -

The sojourn time above level x is a, = Ziv 1 (ro i+ S ) implying

E(ay) = E(N;) - [E(ro.) + E(SD)].

"y

Level 0

Level x

Time t —>

Fig. 5.3 a, and b, in G/M/1 queue for x < 0. Illustrates jump overshoots: ry | :=
—x; rg,;= 0 if jump ends above 0; 0 < ry; < —x iff a, continues; if ry; > —x then
a, ends and b, begins
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Thus
(5.59)

E(Ng) _ E(ay) _ E(ay) ’
Y E(ro) +ES)  E@)+1/p
where E(rg ;) is given in (5.44), and E(r;) is given in (5.45).

5.1.15 Revisit of M/M/1

Consider the M/M/1 queue in the light of the G/M/1 results in Sects.5.1.13—
5.1.14. Let ‘G’ in G/M/1 be Poisson at rate . Then v =t — A. From Eq. (5.56)
for G/M/1,

E (NY(B)) = (g - 1) e = (LA - 1) e

1 1
:( T - l)e_w‘ = (— — 1) e ™, x>0. (5.60)
-2 Py

When x = 0, (5.60) reduces to £ (N;;’é (B)) =1/Py— 1.

In M/M/1 (and M/G/1), E (Ng) := E(number of customers served in B) =
1/Py (formula (3.90)). The customer initiating 13 waits 0; all others served
in B wait > 0. This explains intuitively why E (N2 (B)) = E (Ng) — 1.

In M/M/1 (and M/G/1) the proportion of customers that wait > 0 in a busy
period is

EWa®) _m=l_ | p A
= = — 0o=—= y
E (Ng) 7 "
which agrees with the result for G/M/1 given in (5.57).

Related Results for M)/M,,/1

Similarly as in the analyses above for G/M/1, we obtain the following results
for M)\/M,/1 (see Fig.3.7). The expected number of system times completed
in a sojourn ay is

" 1

E(N;):E(Ng):mzp—o,xzo, (5.61)

since Ngx d:‘ Npg in both M/M/1 and G/M/1, x > 0. Also, E (Ngv) > 1 since
s :
@ > p— A(ie., for stability 0 < A < p).
E (number that wait > x during a,) is
I 1 A

EN" )=t —1=— 1=
Top—A Py = A

> 0. (5.62)


http://dx.doi.org/10.1007/978-3-319-50332-5_3
http://dx.doi.org/10.1007/978-3-319-50332-5_3
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E (number of sojourns above level x in B) is, using (5.53),
EN(B)) = e = e~ =M x> 0; (5.63)
if x = 0 then
E (NZ?(B)) = =E (N;;;J'(B)) = 1.

B consists of exactly one sojourn above level 0, and B may contain a random
number of sojourns above an arbitrary level x > 0.

The number of system times (service completions—sample-path peaks)
above level x in B is

N(©)
NJ(B)=NJ (C) = Z N7
i=1

where Ngxl. = Ngx independent of N;fj (C). By (5.61) and (5.63),

E(NG.(B)) = E (Ng) = E (N§) - E (NoT'©)
n

= . e~V >, (5.64)
/1/ J—

E (number of waiting times > x in B) is
w — K —(p—Mx
E(N, (B)) = 3 1)-e

e SR (5.65)
=

if x =0, then E(N, (B)) = A= expected number that wait > 0 in 5.

Hn—A
The ‘proportion’ of customers that wait > 0 in B is

E (Ng) B n—A

where N := number served in B. The intuitive explanation of the last formula
is that the long-run proportion of customers that wait > 0 is 1 — Py (C is
a probabilistic replica of the entire time line. All arrivals take place in the
embedded B).

ENa®) 7 A,
T _;_ — 0,
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Let Ngx (B) := number of os < x in B (occur in a sojourn by below
level x).

Proposition 5.6 In M/M/1 the expected number of system times < x in a
busy period B is
H K —(u—MN)x
E(N? (B)) = —4— — ———¢ (=
N5, (B) = - = e
I

= —)\(1 — e~ W=y >, (5.66)
"

Proof Nl;’x(l’)’) + N (B) = N3 (B). From (5.61)
EV (B) + ENG (B) = E (N) = -~

Then (5.66) follows from (5.61) and (5.64). [ |

Proposition 5.7 For M/M/1 the expected number of waiting times < x in a
busy period B is

w H A —(u—A)x
EN(B) = —— — H ,x > 0. 5.67
N B = 5 = x> (5.67)

Proof In B, the number of customers with waiting times < x plus the number
with waiting times > x, is equal to the number served in 13, namely N3. By

(5.61),

ENE(B) +ENY (B) = E (Ng) = ﬁ

Thus, (5.67) follows from (5.62) and (5.65). [ |

Remark 5.8 In M),/M,/I:
If x = 0 then E(NZX (B)) = 0.
If x — oo then E(N, (B)) = p/ (u— A) = 1/Po.
Ifx=0then E (N;JX (B)) = 1 (initiator of B waits 0).
If x > oo then E(N,, (B)) = i/ (u—A) = 1/Py.

5.1.16 Boundedness of PDF of Wait f (x), x > 0

In G/M/1 let S = Exp,; let the inter-arrival time have cdf A(y), y > 0, with
A(0") = 0. Assume the steady-state pdf of wait f(x), x > 0, exists.
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The pdf of the virtual wait, f (x) = Ke™"*, x > 0, is decreasing and convex
on (0, c0). Thus

f(x)<K='yC4//('y+Cﬁ/)<'y<,u,x>0,

where K is given by (5.21), and C, by (5.18).
The pdf of the actual wait, f,(x) = K,e™ 7™, x > 0, has similar properties.
Thus

fb(x)<KL=fy(1—l) <y <p, x>0,
I
where K, is given in (5.29).
Proposition 5.8 below derives boundedness of f'(x) from “first principles”
without drawing on the result f(x) = Ke™"*, x > 0. We include it for ideas

that may be useful to obtain bounds on the pdf of wait in variants of G/M/1
(or random variables in other models), from basic LC considerations.

Proposition 5.8 In G/M/1 with the foregoing assumptions
fO)<p(d—-Fx) <ux>0. (5.68)

Proof We present two proofs for perspective.
Proof 1. An alternative form of the LC integral equation for G/M/1
(formula (5.8)) is

o0

fx) = p( —Fx) — u/ AQy —x)f (0dy, x > 0. (5.69)

y=x

Since A(0") = 0, there exists € > 0 such that A(z) < 1 for z € (0, ). Thus

o0 x+e o0
/ MWﬂV@®</§lf®@+/ Ay — 0f 0)dy
y

=X y=x y=x+¢

X+ [e%e}
5/‘1f®@+/ LA ()dy
y

=X y=x+¢

= | fo)dy=1-F().

y=x

The subtracted term in (5.69) is such that

0<u/ AG = f 0)dy < (1 = F)) . x > 0,
y

=X

so that (5.68) follows.
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Proof 2. Consider a sample path of {V (¢)} (see formula (5.1) and Fig.5.1).
From formula (5.9) the hazard rate is f (x)/ (1 — F(x)) = 1/E(B). Also, E(B)
> 1/ since E(number served in B) := E(Ng) = E(B)/E(S) = pE(B) > 1
(formula (5.48)). (The inequality holds since B consists of at least one service
time.) Thus 1/E(B) < p and

1
f&x)=1~-F(x)) £B) < u(l = F(X) < p. (5.70)

Example 5.2 M)/M,/1 is a special case of G/M//1 in which p = \/p < 1
for stability, with F(x) = 1 — pe~"=N* f(x) = APge~»~N* and E(B) =
1/ (u— A). Using (5.70),

A
f(X)Z(l—F(X))(M—A)Zu(l—;) (I = F@x)) = pPo (1 = F(x)),

which satisfies (5.68).

5.2 G/M/1: Zero-Waits Receive Special Service

Due to ubiquitous applications of queues where zero-wait customers receive
exceptional service, we now derive the pertinent limiting pdf {Po, f(x)},~¢
in G/M/1 by using the method of pages (see, e.g., Fig.4.2 in Sect.4.5.5).
(Sect.3.6.1 above, derives {Py, f(x)},-o in M/G/1 where zero-waits receive
special service.)

Let{V (1), M(1)},>o denote the extended age process, where V (¢) := system
time of a customer in service at t; M (t) = 0 if a zero-wait customer (initiator
of a busy period) is in service or the system is empty, at time #; M () = 1
if a positive-wait customer is in service at time . Let So := service time of
zero-waits and S := service time of positive-waits, where S; d; Exp,,,i1=0,

IAY

1. Assume the arrival stream is a renewal process with inter-arrivals having
cdf A(-), A(-) = 1 — A(-), and mean 1/a. (In Sect. 5.2.2 below we assume the
arrival process is Poisson with rate A\, and get the same limiting pdf of wait
as for M/M/1 in Sect.3.6.2.) Let fi(x), x > 0, i = 0, 1, denote the limiting
pdf of V(#) as t — oo when a zero-wait and a nonzero-wait is in service,
respectively. Let h(x), x < 0, denote the pdf of (— remaining time until the
next arrival of a zero-wait customer). The domains (and ranges) of fy, 4 and
f1 are respectively {(0, 00), 0}, {(—o0, 0), 0}, and {(0, c0), 1}, in which the
right-most symbols 0, 1 denote pages. Let Py := P(an arrival waits 0).


http://dx.doi.org/10.1007/978-3-319-50332-5_4
http://dx.doi.org/10.1007/978-3-319-50332-5_3
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5.2.1 |Integral Equations for fo(x), f1(x) and h(x)

Figure 5.4 illustrates a sample path of {V (¢), M (¢)},>(, which aids in deriving
the integral equations.

So(x) Consider state set {(x, 00), 0},>¢. The rate in is lim;_, U;(x)/t =

Jfo(x); the rate out is o fxoo Jfo(y)dy. Since the ends of services of zero-waits

initiate downward jumps (d:' Exp,) ending in {(—o0, 0), 0} or {(0, co0), 1},
IAY

rate balance gives
o0
70 =0 [ o) > 0. (57)
X
Converting to a differential equation and solving, gives the solution

fox) = ae™%, x > 0, (5.72)

where o is a constant to be determined.

J1(x) Consider state set {(x, 00), 1},>. The balance equation is

A0+ po / AG - Dfoddy = 1 / Ay — 0f )y,

X

Page 0 Page 1

V) Vi

i

a

SP '

Level x /? L ox |
047 0

0 oo ~Time ¢t —» 00— Time t —

Fig. 5.4 Sample path of {V (¢), M(t)},>o in G/M/1 where zero-waits get special
service. Pages have same time axis. Page 0 overlays page 1
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where the left side is the entrance rate due to upcrossing level x on page 1
or leaving set {(x, 00), 0}, and the right side is the exit rate due to jumps
ending below level x in {(0, x), 1} or in {(—o0, 0), 0}. Transposing terms and
substituting from (5.72) yields

A0 - m / Ay — fi 0)dy = —poa / Ay — x)e MV dy, x > 0,
! * (5.73)

h(x) Consider state set {(—00, x), 0} _, —<o. The balance equation is

hx) = 1o / A(y—x)ae " dy+ / Ay —0fi0)dy. x < 0, (5.74)
0 0

where the left side is the exir rate (lim;_, oo U;(x)/t) and the right side is
the entrance rate (the first term from {(0, co), 0}, the second term from
{(0, 00), 1}).
Also
0
Py = / h(x)dx. (5.75)
—00

The normalizing condition is

Po + / Fox)dx + / fi()dx = 1 (5.76)
x=0 x=0

We shall not solve equations (5.72)—(5.76) explicitly here for a general
A(-). Section5.2.2 gives a full solution when the arrival rate is Poisson at
rate A\, which serves as an example of the method of pages for single-server
queues, and a check on the model in this Section.

5.2.2 M/M/I as Special Case of G/M/1

We now derive the pdf of wait in the corresponding M/M/1, as a special case
of G/M/1 where zero-waits get exceptional service, by letting G = Exp).
IAY

Assume A(y) =1 — e,y > 0, A(y) = ¢, y > 0. Observe that the
upcrossing rate of level 0 is equal to 4(0) = fo(0) = arrival rate of busy-
period initiators (zero-waits). Therefore, fo(0) = APy = «. Substituting in
Eq.(5.73) yields

o0 o0
fio) —m / e MOIf ()dy = —poAPo / [1 —e—A@—ﬂ] e MYy,
X

X
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or

)\ZP()
A+ fio
Applying (D — \) to both sides results in the differential equation

— X

e

£i00) — / e Of (y)dy = — x>0,
FG) + (1 — Nfi(x) = N2Poe 0%,

Using the condition that f (0) = 0 (because the upcrossing rate of level 0 on
page 1, is 0), the solution of the differential equation is

2 2
filx) = _ AP0 e AP0 e (=N,
M1 — A — o w1 — A — o
assuming (o 7% b1 — A.
The total pdf of wait is
f ) =fo(x) + fi(x)
_ )\(Nl — 10)Po o Hox _ )\2P0 e_(m_,\)x‘
1 — A= po 1 — A= o

Equation (5.76) gives

A — A
Po[l—i- (“l H _ )]zl,
M1 — A — o 1o pr— A

which leads to

_l=m

l—pi+po

where p; = A/u;, the same as in Sect.3.6.2 for M/M/1, and in the open
literature.

Py

5.3 Multiple-Server G/M/c Queue

The G/M/c queue (c = 2, 3, ...) generalizes G/M/1 of Sect.5.1 to multiple

parallel servers. The same symbols as for G/M/1 in Sect. 5.1 denote the inter-

arrival time cdf A(-), pdf a (), complementary cdf A (+), and mean 1 /a. Each

customer has service time § = Exp,,, independent of any other customer’s
IAY

service time.
This section uses LC to derive the steady-state pdfs of the virfual wait and
actual wait (arrival-point wait) in the standard G/M/c queue. We obtain exact
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formulas for the pdfs in G/M/2, and check them with the pdfs in M/M/2, to
mildly validate the LC approach. Also, we derive related quantities in G/M/c.

5.3.1 Extended Age Process for G/M/c

To analyze G/M/c (¢ > 2), we employ the stochastic process
{(V(),M()};59, —00 < V() <o00,M(t) e M.

The random variable V (¢) is the ‘extended age’ at time r. When ¢ > 2,
V (¢) is a generalization of V (¢) defined for G/M/1 in Sect.5.1.1. (Age at time
t is defined immediately after the two following remarks.)

M (¢) is the ‘system configuration’. For the standard G/M/c, M (t) is defined
more simply than for the generalized M/M/c queue, given in Sects.4.4 and
4.5). Here, let M (t) := number of customers in service at time t. Thus M (t) €
M={0,1,2,...,c}. If M(t) = c then at least c customers are in the system at
time t.

The state space of {V (¢), M(2)};>¢ is S =R x M where R := (—00, +00).
{V (1), M()};>0 is a type of ‘system point process’ (see Sect.4.5). The state
is two-dimensional; V (¢) is continuous, M (¢) is discrete.

Remark 5.9 The definition of system configuration M (¢) is flexible, i.e.,
it may depend on the current task. (See [45, 46] for concepts of flexibility
and adaptivity.) We utilize an appropriate ‘configuration’ that expedites the
analysis. We could define M (¢) for G/M/c analogously as for the generalized
M/M/c in Sect.4.4. However, our simpler definition of M(¢) here is suffi-
cient to study the standard G/M/c model. If the objective were to analyze a
‘generalized” G/M/c queue, we might utilize M (¢) along the lines of Sect. 4.4.
This flexibility applies well to state-dependent models with, e.g., service time
depending on wait; service time depending on the types of other customers
in service at start of service times; service rate selected at random from a set
of possible service rates; etc.

Remark 5.10 For G/M/c, the definition of M(¢) € {0,1,...,c —1,c}is a
variant of the definition of M (¢) given in Sect. 4.4 for M/M/c. For G/M/c, M (¢t)
is the number of occupied servers “seen” at an arrival instant 7. Thus M (¢)
includes a ‘sheet ¢’ which denotes “all servers are occupied” at the arrival
instant t. On the other hand, in M/M/c, Chap. 4, sheet c — 1’ corresponds to
“c — 1 servers are occupied just before a start of service in the remaining
‘target’ unoccupied server” . In Sect. 4.4 M (¢) “looks ahead” to the instant
that an arrival starts service at 1 + S. In G/M/c, M (t) focuses on the arrival
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[c-1,c] ‘c’
busy idle
period  period
I i I i I
V(1) Sheet ¢

Inter-arrival time
downward jump

SP ‘parallel’” jumps
to same level on
________________________________ sheet ¢-2 due to a
——————————————————————————————— service completion

0 ~\

Sheet 1
0

Sheet 0

Time t —

§
N
q
N

Fig. 5.5 Sample path of {V (1), M(t)},5, for G/M/c queue. There are ¢ + 1 sheets.
Range of sheet c is [0, 00). Range of each sheet 0...., ¢ — 1 is (—00, 0). Sheet ¢ — 1
abuts on the bottom of sheet ¢ for geometric convenience. Time between jumps
originating on sheet ¢ = Expcy

time ¢ (does not look ahead). In G/M/c sheet ¢ — 1 corresponds to “c — 1
servers are occupied at an arrival instant £ (Fig.5.5).

Extended Age and inter start-of-service depart Time in Standard G/M/c

If M(t) = c then M (t):= “age” (time already spent in the system) of the last
customer to start service at time < t, so that V (¢) > 0 (Fig.5.5).

Let S denote the time from the instant a customer starts service until the
first departure from the system thereafter, i.e., S is the inter start-of-service
departtime. Then S =min {Sy, ..., S} where the S;s are mutually independent
and each S; d; Exp,,. One §; is a full service time; ¢ — 1 §;s are remaining

IAY

service times. Hence S= Exp,.
dis

Relationship Between V (1) and M (¢)

When M(t) € {0,1,...,c — 1}, the random variable ‘—V (¢)’ denotes the
remaining inter-arrival time required until the next arrival joins the system
(Fig.5.5). Thus

o M(t) = cthen V(t) > 0;
M) e{0,1,2,...,c—1} then V() < O.
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5.3.2 Steady-State PDF of Virtual Wait

Let T = {t € [0, 00)} be the time axis. A sample path of {V(¢), M(t)},>¢ is
givenin Fig.5.5. The rate at which the SP moves in 7' x S between downward
jumps when M (t) =c,isdV (t)/dt =+1,0 < V(t) < 0o, t > 0.

The steady-state pdf of V (¢) as t — o0, is the same as that of the virtual
wait W (t) as t — oo (proved similarly as in Proposition 5.1 for G/M/1).

Denote the steady-state cdf of the virtual wait by F(x), x > 0, having pdf
f(x)=dF(x)/dx,x > 0, wherever the derivative exists. F'(0) is the proportion
of time with fewer than ¢ customers in service, i.e., the probability that the
system presents a zero wait to a potential arrival. Let P; be the proportion of
time that an arrival “sees” i customers in service, i =0, ..., ¢ — 1. The P;s are
zero-wait probabilities, and F(0) = f:_(; P;.

Integral Equation for PDF of Wait

Consider a sample path of {V (¢), M (¢)},~( (Fig.5.5). T x § is partitioned into
¢+ 1 sheets (or ‘pages’), which are planar subsets of T x S. Sheets 0...., c — 1
can be thought of as being one behind the other like pages in a book, below
level O (the time axis). Only sheet c is above level 0. Sheet c is pictured as
being directly above, and contiguous to, sheet ¢ — 1.

Case M(t) = ¢ When M(¢) = c the SP is on sheet ¢, moving upward with
slope +1. Fix level x > 0. The SP upcrossing rate of level x is
Ui (x) EU(x)

lim = lim —— =f(
t—o0 f a.s t—o0 t f( )

(proved similarly as in Theorem 1.1 for the downcrossing rate in M/G/1; see

also Sect.2.1 in [19]). All servers are occupied just before a departure, the

inter start-of-service depart time is S = Expc,, implying the departure rate
LS

is cp. The SP downcrossing rate of level x is

lim D’t(x) = lim m —cu / T Ay — 0y, (57)
a.s t—o0o y=x

In (5.77), cpu is the customer departure rate. Each departure generates a down-
ward jump with size d; A(:) (inter-arrival time cdf). A(y — x) is P(jump >

A
y — x|jump starts at level y) = P(jump downcrosses level x|jump starts at
level y).
Rate balance across level x, i.e., lim;.o E(U;(x))/t = lims o
E(D;(x))/t, gives a basic LC integral equation for G/M/c
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o0

fx) = cu / A(y — x)f )dy, x > 0. (5.78)
y=x

Equation (5.78) for G/M/c, where the downward jump rate is cu, is a
straightforward generalization of the LC integral equation for G/M/1, where
the downward jump rate is ¢ (formula 5.7).

Alternative Form of Integral Equation

An alternative form of (5.78) is

o0

S&x) =cpn(l—Fk) — cu/ A(y —x)f (»)dy, x > 0. (5.79)

y=x

Explanation of (5.79) On the left side, f(x) is the upcrossing rate of level x.
On the right side, cpt (1 — F(x)) is the rate at which all downward jumps start
in state-space set {((x, 00), ¢)}. The subtracted term including the integral,
subtracts the rate at which downward jumps start in {((x, 00) , ¢)} and end in
{((x, 00), ¢)}; such jumps do not downcross level x. Thus the right side of
(5.79) is the downcrossing rate of level x.

5.3.3 Form of PDF of Wait in G/M/c Geometrically

Let B.—1,. denote a [c — 1, c] busy period , the time from the instant the
number of customers in service increases from ¢ — 1 to ¢ until the first instant
thereafter when the number of customers in service decreases back to ¢ — 1
(Fig.5.5). During B._ . the number of customers in the systemis > c. B._1 .
is a sojourn time on sheet ¢ , which starts with an SP upcrossing of level O (via
top of sheet c — 1), and ends with a downcrossing of level O that terminates on
sheet ¢ — 1. Let a, denote a sojourn time above level x > 0 starting with an
upcrossing of level x (on sheet ¢). Then B._1 (= ap, and E (Bc—l,c) =E (agp).

The memoryless property of S (;s Expc,,) implies the excesses S above

level x d=‘ Exp¢, so that E(ay) = E(Bc—1,c), x > 0, independent of x. By
s

LC and the elementary renewal theorem, E(u,) = 1/f (x), where u, := inter-
upcrossing time of level x. The sequence of u,s forms a renewal process
because each upcrossing of level x > 0 has an excess over level x = Expeys

IAY
implying the probabilistic future evolution is independent of the past. By the
renewal reward theorem
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E(ay) . E(ay) .

=—=1-F
E(y)  1/f(x) 2
1—F(x)
E(a) =EB, 1) = — 2
(@) = EBe1,0) = —
fo 1 o

= s X =
1 —F(x) E(Bc—l,c)
Similarly as for G/M/1 in Sect.5.1.5,

1

d
—In(l—F) = “EB

a differential equation whose solution for the cdf of wait is

— 1 x
Fx)=1—(1=F@©))-e EBe1)” x> 0. (5.80)

Taking dF (x)/dx in (5.80) gives the pdf of wait as

1 — F(O) _E(%X
X)= — .¢ c—l,c‘) , X Z O 581
f( ) E(Bc—l,c) ( )
Hence
f(x) =Ke 7, x>0, (5.82)
where | — F(0) 1
— _—’ - (5.83)
EBero) | T EBeio
From (5.83)
1
E(Bc-1,0) = o (5.84)

Substituting f(x) from (5.82) into (5.78) gives a transcendental equation
for 7,
©_ 1
/ A(y)e Pdy = —. (5.85)
y=0 cp
The Laplace-Stieltjes transform of the inter-arrival distribution evaluated
at vy, is A*(y) = fyoio a(y)e~dy. Integration by parts in (5.85) gives an
alternative equation for +,

A¥(y)=1— L. (5.86)
cu
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To specify the mixed pdf of wait {F (0), f(x)},-¢, it is required to solve
for F(0) in (5.81) or equivalently for K in (5.82). From (5.83) we obtain

K
FO)=1——. (5.87)
ot

From the form of f(x), x > 0, as Ke~ 7™ we can also obtain (5.87) from
the normalizing condition

o

FO) + [ fode=1,
x=0

o
F(0) +/ Ke "dx =1,
x=0
K
FO)+ = =1.
Y

Remark 5.11 Another way to obtain (5.87) is directly from the sample path
of {V(#)};>0 and SP motion. We include this derivation because it highlights
the close relationship between probabilities of the model and SP motion. F(0)
is the proportion of time that the system presents a zero wait. The expected
time between successive SP upcrossings of level O due to arrivals that “see”
¢ — 1 customers in service, is 1/f(0) (starts of B._1 s). Since f(x) = Ke™ 7,

tim E (U (0))
Yo 1

—>00

After the SP moves onto sheet c, it eventually leaves sheet ¢ when a departure
propels a downward jump onto sheet c — 1. The SP then sojourns among some
or all sheets 0,..., c— 1. During this SP sojourn, any arrival to the system would
wait zero. The sojourn below level 0 continues until the SP next upcrosses
level O from sheet ¢ — 1 onto sheet c¢. Thus upcrossings of level 0 from
sheet ¢ — 1 are regenerative points. From the theory of regenerative processes
(renewal reward theorem)

E(sojourn time among sheets O, ..., ¢ — 1)

F(0) = .
E(time between SP entrances to sheet ¢)
1 11
= —E(B.— X5 K
_K (lcl,c)zKlvzl__. (5.88)
o e v
K K

Explanation of (5.88). In the numerator 1/K = 1/f(0) = E(time between
SP upcrossings from sheet ¢ — 1 onto sheet ¢). These upcrossings are regen-
erative points. The term ‘—E(B._1 )" subtracts off the expected embedded
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busy period E (BC_LC) = 1/, thus leaving E(sojourn time among sheets
0,..,c—1).

Value of K

‘We must solve for the value of K in order to specify F(0) and f (x), x > 0, in
terms of the model parameters. This requires a further analysis of SP motion
on sheets O, ..., c — 1.

Remark 5.12 Applying the normalizing condition

F(0) —I—/oof(x)dx =1,
x=0

and using (5.81), does not give F(0) in terms of the model parameters, since
it yields the tautology 1 = 1. Section 5.3.4 below develops integral equations
for the steady-state partial pdfs of V (¢) on sheets O, ..., ¢ — 1, which leads
to an independent expression for F'(0); the normalizing condition then gives
F(0). We shall not solve for F(0) explicitly in the general G/M/c queue here.
However, we will solve for F'(0) explicitly in G/M/2 in Sect. 5.4, to indicate
the solution procedure.

5.3.4 Partial PDFs of Extended Age for Sheets 0 to ¢ — 1

Let g;i(x), x < 0, denote the steady-state pdf of {V (¢), M(t) = i}, 5050, [ =
0,...,c — 1. In Fig.5.5 the partial pdfs {g;(x)},- are the partial pdfs when
M(t) =i €0,...,c — 1. We derive integral equations for g;(x),i=0,...,c — 1,
by applying rate balance to SP exits and entrances of state-space intervals
{(—00,x),i},.gonsheetsi=0,..,c— 1.

The probability F(0) is the proportion of time that potential arrivals wait
0 for service. Thus

c—1 0 c—1
FO)=>" / gixydx = > P; (5.89)
j=0 V=T i=0

where P; := fxoz_ o Ji(X)dx is the steady-state probability of i customers in
service.

Integral Equation for PDF g._;(x): Sheet ¢ — 1

First consider interval {(—o0, x), ¢ — 1} for fixed x < 0, on sheet ¢ — 1.
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Exit Rate The SP exit rate from {(—o0, x),c — 1} is

X

ge—1(xX) +(c =D p / Ge—1(y)dy. (5.90)

y=—00

Explanation of (5.90) The first term is the SP (continuous) upcrossing rate
of level x. The second term is the rate at which customers depart the system
when ¢ — 1 servers are occupied and the remaining time until the next arrival
to the system is —y, summed over all y € (—oo0, x). Departures occur at
rate (¢ — 1) p since there are ¢ — 1 customers in service; and service times
are independent of the remaining time until the next arrival. Such customer
departures generate SP parallel jumps from sheet ¢ — 1 to sheet ¢ — 2 starting
and ending at the same level,, because just after these departures there would
be ¢ — 2 units in service, and the remaining inter-arrival time would still be
the same as it was just before each departure.

Entrance Rate The SP entrance rate into {(—o0, x), ¢ — 1} is
(XJ —_— —
Cﬂ/ A(y —x)f Mdy + ge—2(0) - A(—x). (5.91)
y=0

Explanation of (5.91) The first term is the rate at which the SP jumps
downward from level y > 0 on sheet ¢ into interval {(—oc0, x), ¢ — 1}, due
to customer departures that leave ¢ — 1 units in service. An inter-arrival time
which is > y—x causes the SP to downcross level x on sheet ¢ — 1 (probability
is Z(y — x)). In the second term, g.—7(0) is the SP hit rate of level 0 from
below on page ¢ — 2 (upcrossing rate of level 0), i.e., the arrival rate to the
system when ¢ — 2 servers are occupied. Such arrivals increase the number
of occupied servers to ¢ — 1. A(—x) is the probability that the immediately
following inter-arrival time exceeds —x, thereby propelling the SP below
level x and into {(—o0, x), c — 1}.
Equating (5.90) and (5.91) gives the integral equation for g, (x),

X

ge—1(x) +(c—=1) M/ Ge—1()dy

y=—00

_ / A= )y + ge-2OF(—1),x < 0. (5.92)
y=

Integral Equations for PDF: Sheets 1, ...,c — 2

Consider the state-space interval {(—oo, x) , i}, x < 0 on sheet i where i €
{1, ...,c — 2} (Fig.5.5). Reasoning as in the derivation of (5.92) for sheet
¢ — 1, we obtain integral equations
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X

gi(x) +ip / 9i(y)dy
y=—00

=(+ 1)#/ gir1 My + gi-1(0A(—x),
y

=—00

i=1,...,c—2,x <0. (5.93)

Explanation of (5.93) The left side is the SP exit rate from interval
{(—o00, x), i}, composed of upcrossings of level x plus the customer depar-
ture rate when there are i in service. The right side is the SP entrance rate
into {(—o0, x) , i}, composed of (i + 1)u fx:_oo gi+1(y)dy, the rate of par-
allel jumps starting in {(—o0, x), i+ 1} and ending at the same level in
{(—o00, x) , i} plus the rate of customer arrivals (upcrossings of level 0) when

there are i — 1 customers in service followed by inter-arrivals that exceed —x.
Integral Equation for PDF: Sheet 0
Consider state-space interval {(—o0, x), 0}, x < 0.

Exit Rate The SP can exit {(—oo, x), 0}, x < 0 only by means of a (left)
continuous hit of level x from below (upcrossing of level x). The system is
empty, so no customer departures can occur when M (t)= 0. Therefore the
exit rate of {(—o0, x), 0} is go(x).

Entrance Rate The SP can enter {(—o00, x) , 0} only by a parallel jump from
{(—o00, x), 1} on sheet 1. There must be one customer in service, which
departs before any new arrivals to the system occur, and the remaining inter-
arrival time, say y, is > —x, so that y € {(—o0, x), 0}. The rate of such
parallel jumps p ffc:_oo g1(y)dy.

Rate balance of exit and entrance rates of {(—o0, x), 0} gives an integral
equation for sheet 0 (M (¢) = 0),

go(x) = / g1(y)dy. (5.94)
y

=—00
Form of F(0)

The probability of a potential wait of zero is given in (5.89). Here we shall
not detail a procedure to compute F(0) for the virtual wait in G/M/c for
general values of c. Nevertheless, in Sect. 5.4.1 below, we provide a detailed
derivation of F'(0) in G/M/2.
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5.3.5 Stability Condition for G/M/c

The stability condition for G/M/c follows directly from (5.82) and (5.85).
The system is stable iff the steady-state pdf in (5.82) exists iff there exists a
positive finite solution « for Eq. (5.85). Using an analysis similar to that given
in Proposition 5.3 for G/M/1, we obtain a necessary and sufficient condition
for stability in G/M/c, namely a < cp.

5.3.6 Form of PDF of Actual Wait W, ,

Let W, , denote the actual wait in line before service (arrival-point wait), in
steady state. Let F,(x) := P(W,, < x),x > 0, and f,(x) = dF,(x)/dx), x > 0,
be the pdf of W, ,.

Proposition 5.9 In the G/M/c queue, the form of the pdf of W, , is
LX) =Ke 7 x>0, (5.95)
where K, > 0.
Proof The proportion of arrivals that wait W, , > x is
cpd—-F) —f)
e (1= F(0) + 3527 i(0)

In formula (5.96) F(x) and f (x) are respectively the cdf and pdf of the virtual
wait; F(0) := P(virtual wait = 0); g;(0),i=1, ..., c — 1, are respectively the
arrival rates to the system when i customers are in service. (See Proposition
5.2 for G/M/1 in Sect.5.1.7).)

1 — F,(x) = > 0. (5.96)

Explanation of (5.96). cu(1 — F(x)) is the rate of downward jumps that
start at peaks > x (i.e., in {(x, 00), ¢} on sheet c), and end at an ordinate
equal to the next actual wait > 0 if the end point is > 0 (in {(0, c0), c},
i.e., at a trough > 0); or at a trough in {(—o0, 0), ¢ — 1} implying that the
next actual wait is = 0, if the end point is < 0 (Fig.5.5). The term —f (x)
subtracts off the rate of such downward jumps that end below x. (Note that
fx) =limU;(x)/t =limD;(x)/t, x € {(0, 00), c}.) Thus the numerator is
the rate at which © next” W, ;s (troughs on page ¢) are > x. In the denomi-
nator, cu (1 — F(0)) is the rate of all downward jumps that start on sheet c;
Zf:_lz gi(0) is the rate of all downward jumps that start at level O on sheets
1, ..., ¢ — 2. Thus, the denominator is the total rate of all downward jumps,
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which is precisely the total rate at which ‘next’ customers start service. Thus
the right side of (5.96) is the proportion of downward jumps that start above
level x > 0 and end above level x, on sheet c. This is the same as the proportion
of all customers whose actual (arrival point) wait is > x.

From Egs. (5.80) and (5.82), 1 — F (x) = ke” 7™ where k > 0, and f(x) =
Ke™ 7. Also, cu (1 — F(0)) + Zl 1 9i(0) is > 0. Substituting these values
into the right side of (5.96) and taking d/dx on both sides of (5.96), yields
(5.95) for some constant K, > 0. |

5.3.7 Probability That Actual Wait is Zero: F,(0)

The total rate at which zero-wait customers arrive is equal to the total rate
at which the SP hits level O from below, namely Zl —o 9i(0) (see definition
of gi(-),i = 0, ...,c — 1 in Sect.5.3.4). So, g;(0) is the rate at which cus-
tomers arrive at the system (remaining inter-arrival time = 0), when there are
i customers in service i=0,..,c—1.

Let Ny, N , Ny >0 denote respectlvely the total number of arrivals, the
number of arrlvals that wait 0, and the number of arrivals that wait > 0,
during (0, 7).

Consider a sample path of {V (¢), M (?)},>¢ (Fig.5.5). Let L{;~ (x) denote the
number of SP upcrossings of level x on sheet i during (0,¢),i=0,...,c — 1.
Then

i E ui
lim 4@ _ py EU®)
t—00 t a.s. t—00 t

= gl(x),x S O, i = 0, ooy Cc — 1.
Note that Nz_ =20 ul (0).
The proportion of arrlvals that wait O is
N=0 N=0
F,(0) = lim = lim ————
t—oo N, t—00 NZ—O +Nz>0
=0

lim, ., rT

>0

. N=0 .
lim;_s oo -+ lim;_s oo =

c—1,i
. o U (0)
. 11ml—>00 wft
- c—14i 0
. o U (0 . N~
llmt%OO L"() —+ llml%OO tT
Z =0 91(0)

= . (5.97)

>0

. . N,
>0 9i(0) + limys o0 M-

In the denominator of (5.97)
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>0 >0 00
lim Y~ gim EWNT) _ cu / AW )dy
y=0

t—o00 t a.s.t—>o0 t =
o [e.@] _
= c,u/ A(y)Ke dy = cu/ (1 - A(y)) Ke ™ dy
y=0 y=0
= Px_k, (5.98)
~y

upon utilizing (5.82) and (5.85).

Explanation of (5.98). cu fy foA(y)f (y)dy is the rate at which customers
depart after being in the system for a time y, and the immediately next inter-
arrival time is < y, summed over all y > O; this is the rate at which next
customers wait > 0.

Substituting from (5.98) into (5.97) gives

> 6i(0)

F,(0) = _ .
‘ 0 9i(0) + LK — K

(5.99)

In (5.92) let x 1 0. The SP exit rate from sheet ¢ — 1 across level 0 is equal
to the SP entrance rate of interval {(0, c0), ¢} (sheet c¢). Thus

=00

= ge-1(0) =f(0) = K.

Here we do not carry out the procedure to compute F, (0) for general values
of ¢ (Eq.(5.99)). In Sect.5.4.2 below we derive F,(0) explicitly for G/M/2,
to indicate the computational procedure.

5.4 G/M/2: PDF of Virtual and of Actual Wait

We now derive the steady-state pdf of the virtual wait and of the actual wait
for G/M/2. Consider the process {V (1), M(?)};>9. Whenc =2, M (1) e M =
{0, 1, 2}. Graphically, there are three corresponding sheets in T x S labeled
0, 1, 2 (see Fig. 5.6). The analyses below suggest the type of solution approach
that may be used for ¢ > 2. (The results for ¢ = 2 are applied in [87].)
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[ 1’2 ] s2’
busy idle
period period
—
40 Sheet 2 ) )
Inter-arrival time
downward jump
-~
Level x L
0 .
i Sheet 1 \
V¢ / o 2 Parallel jump a:xSheetO
| Parallel i— due to service  } overlays
0 | Jump i completion / sheet 1
v Sheet 0 ;/-——SP
Time t —>

Fig. 5.6 G/M/2: sample path of {V (), M(t)},>¢. Sheets 0 and 1 are quarter planes
that overlay each other like pages in a book with common edges along the V (0)-
vertical axis and the level-0 line

5.4.1 PDF of Virtual Wait

In G/M/2 the pdf of the virtual wait has the same form as in the general G/M/c

model,
f(x)=Ke 7, x> 0.

For ¢ = 2 the integral equations for sheets 1 and O are respectively

g1(x) + p / g1 (dy =2pK / OZ(y —x)e 7dy
y=—00 y=
+ go(0)A(—x),x < 0, (5.100)
go(x) =p / g1(»dy,x <0, (5.101)
y=—00

as in equations (5.92) and (5.94).
Also g1(0) = K. The proportion of time that the system has less than 2
occupied servers is

0 K
F(0) = /_ (91(0) + go(x))dx =1 — o (5.102)

as in (5.88).
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Adding corresponding sides of (5.100) and (5.101) and integrating with
respect to x € (—oo, 0), gives

0
F(0) = /_ (g1(x) + go(x))dx
0 %)
= Z/LK/ / Ay — x)e” Pdydx + go(O)}l, (5.103)
x=—00 Jy=0

where }l = f::o A(u)du is the mean inter-arrival time.
Taking d/dx in (5.101) gives the relation

_ 9o (x)

g1(x) (5.104)

Substituting (5.104) and (5.101) into (5.100) gives a differential equation for
go(x)

o0
9o(x) + pgo(x) = 2*K / A(y —x)e” dy + +ugo(0)A(—x), x <0,

y=0
(5.105)
whose solution is
X o0 _
go(x) = 2,u2Ke“x/ e’“/ A(y — 2)e” dydz
Z=—00 y=0
X
+ MQO(O)e’“/ e A(—z)dz, x < 0. (5.106)
7=—00

We obtain (5.106) because the constant of integration when solving (5.105)

is 0, upon using lim ,__ go(x) =0 and lim, | oo fi_oo (--)dz=0.

Since limyyg e " = ¢¥ = 1,1in (5.106) letting x 1 0 gives an equation for
go(0) in terms of K (after making the transformation u = —z),

o0 o0 _
go(0) = 2u2K/ e_’“‘/ Ay + u)e dydu
u=0 y=0

o
+1190(0) / e ME (),
u=0
or

O 2u® [ e fyO:oO A + wye dydu
90(0) = =
1—p [Z, e A(u)du,

)K = Hy-K. (5.107)
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Equation (5.107) defines the constant Hy, which is independent of K.
We now obtain an equation for K. From (5.102) and (5.100),

K
FO)=1——

Y
0 oo 1
= Z,uK/ / A(y — x)e” Pdydx + HyK—. (5.108)
x=—00 Jy=0 a

Solving (5.108) for K gives

1
K=- — o (5.109)
5+ 2 o fy:oA(y —x)e " Wdydx + Hy -

where H is defined in (5.107).
Thus
K
FO)=1——
~
1
1+ 2y foz_oo fyoi()Z(y — x)e~Wdydx + Ho - 2
2417y foz_oo fyoiOZ(y —x)e Wdydx +Ho - 2
1+ 2uy foz_oo fyoiOZ(y —x)e~Wdydx + Hp - 2
2 120 Jimo A + wye ™ Pdydu + Ho -

= — , (5.110)
1+ 2uy [ jy"joA(y + u)e=Wdydu + Hy - 1

upon making the transformation u = —x.

The pdf of the virtual wait is {F(0), f (x)} -, Where f(x) = Ke™ "™, x > 0
and K is specified in (5.109). The probability of a zero wait F(0), is given by
(5.110).

5.4.2 PDF of Actual Wait

Equation (5.95) becomes

filx) =K,e™ ™, x>0, (5.111)
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where

_1=F,0) B
"TEWBi) 7= E(Bi2)’

FL(O) — PO,L +P1,L-

From (5.99) the proportion of arrivals that wait 0 is

>0 6i(0)

F.(0) = .
T Yloa0) + 2K —K

(5.112)

Taking d /dx on both sides of (5.100) gives an ordinary differential equation
for g (x) with solution

X o0
e g1(x) =2p / el / a(y — x)Ke™ " dydz
Z=—00 y=0
X
+ g0 (0) / Ca(—Dde+ Hyox <0, (5.113)
7=—00

where Hj is a constant. Necessarily lim,| ~ gi1(x) = 0, and utilizing
lim, | oo €gi(x) =0 and limy | oo [ (- -)dz =0, leads to H; =0.
Additionally, limyyg e/* g1 (x) = g1 (0) =f(0) = K. Letting x 1 0 in (5.113)
yields
g0(0) = K - By, (5.114)

where ~ ~ X
B 1—=2p [ 2, e fyzo a(y + u)e dydu

By = , 5.115
0 fuoio e Hia(u)du ( )
using the transformation u = —z.
Thus, with Bgy given in (5.115)
91(0) + go(0) = K + KBo.
From (5.112)
1
o) = 2000
>0 9i0) + LK —K
K + KB 1+ B
T 2% T (5.116)

 K+KBo+2K-K B+

which is independent of K.
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We then calculate K, from the normalizing condition

F,(0) + OOﬁ(x)dx =1,
x=0

o
F,(0) +/ Ke "dx = 1.
x=0

Applying (5.116) gives

1+By K
Bo+Z+ 7
which yields
ZM—’Y)
K=vy|———)=~0-F\(0). 5.117
. 7(2u+vBo v ( .(0)) ( )

From (5.95) and (5.117)
filr) =Ke ™M =v(1-F,0)e ™, x>0,

and

K, ( 2u—~ )_’Y(I-I-Bo) (5.118)

FO=1-—=1- = .
g 241+ vBo 241+ vBo

5.4.3 Reduction of G/M/2 PDF to M/M/2 PDF

To enhance intuition, we check that the G/M/2 pdf for the actual wait, given
above, reduces to the M/M/c pdf given in (4.56), (4.57) and (4.58) when ¢ =
2. In M/M/2 let Py, P be the steady-state probabilities of 0 units and 1 unit
in the system, respectively. For M/M/2 the pdfs of the virtual wait and actual
wait are the same, due to Poisson arrivals. We now show that for G/M/2 with
Poisson arrivals (e.g., G Exp,\) F,(0) = Py + Pq.

In M)\/M,,/2, the standard formulas for Py, Py and f(x) are

1
1 + +

P = fPo
fx) = AP1e~Cr=Nx_ x5 0.

Py =
M@ﬂ A (5.119)

In M/M/2, (5.119) gives

Cu—=A) A+ p)
Po+ P = )\M+2Iu2 . (5.120)
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To obtain these values from G/M/2 when G = Exp,, we first specialize the
IAY

G/M/2 formula for By in (5.115) to M/M/2, by letting a(z) = Ae N,z >0,
and set v =2p— A. This substitution yields By = ;t/A. Combining with (5.118)
gives

Cu—=N A+

F,(0) = YT 5.121)
in agreement with (5.120).
The pdf is
[0 =K,e " =7y (1= F,0)e 3
— APje~@n=Nx x < 0, (5.122)

since v =2u — A, and from (5.119),

o oy =N A+
(I =F,(0) =Qu—2N T2

AQu— A
:)\L:)\p].
A+ 22

Hence the G/M/2 pdf {F,(0); f,(x),x > 0} in (5.121) and (5.122) when
G = Exp), agrees with the M\/M,,/2 pdf.
IAY

5.4.4 Moments of Actual Wait for G/M/2

All statistical moments (about 0) of W, , can be found using

oo |

n.
noy _ n -y — R —
E(W!) _/y:oy K.e dy_KL7n+l,n_O, 1,2, ...,

where K, is given in (5.117). In particular the mean and variance of the actual

wait are
L

K K,Q2v—-K
EWy,) = 7, Var(Wy,) = M

,}/4

The Laplace-Stieltjes transform of the actual wait is

o
F,(0)e™* + / e VK,e Wdy = F,(0) + ——, s > 0.
y=0 s+ Y
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5.5 Discussion
5.5.1 Heavy-Tailed Inter-arrivals

For the LC analysis of G/M/c the inter-arrival times may have a heavy-tailed
distribution (see [131]), e.g., a Pareto distribution with

— @ >0
= G20

Ax)=1-— A(x) a(x)

1+ 0 T A0

where « is the shape parameter. All moments exist up to [a — 17, where
[u] denotes the smallest integer > u. The LC solution technique used in this
chapter applies because the solution for v depends only on the complementary
cdf A(-), the probability of the tail of the distribution, and not on whether the
distribution mean and variance exist.

Similar remarks apply to inter-arrival times which have a folded Cauchy,
or inverse-log distribution, etc. Additional LC results for heavy-tailed inter-
arrival times are given in [87].

5.5.2 Model Variants

The LC solution technique in this chapter is useful for analyzing state depen-
dent models. For example, inter-arrival times and/or service rates of arrivals
may depend on the number of customers in service, or on the system time
of the last departure from the system. LC can be used to analyze other gen-
eralizations, e.g., bounded workload, or service rate depending on waiting
time. In generalized models, we could derive integral equations for the pdf
of wait in a manner similar to that for the standard G/M/c or G/M/1 queue
(see, e.g., [19]).



Chapter 6
Dams and Inventories

6.1 Introduction

In this chapter we analyze several models of dams and inventories with state space
S C R, using LC. When the content in a dam, or stock on hand in an inventory, is
positive-valued, it can decline at varying instantaneous rates in accordance with a
general release rule specified in the model. Thus the efflux differs from the virtual
wait or workload in M/G/1 queues, which decreases at rate 1 when positive, or the
extended age in G/M/c queues, which increases at rate 1.

Section 6.2 describes a dam with general release rule, denoted by M/G/r(-) (or
‘M/G/1 dam’). The function r(x), x > 0, denotes the efflux rate when the content is
at level x, having dimension [(Content unit)/Time]. We discuss sample-path and SP
transitions in the time-state space, and derive integro-differential equations for the
transient (time-dependent) distribution of the content. The subscript “¢” is used to
indicate transience. Integral equations for the steady-state (limiting) distribution of
content are then obtained by taking limits as t — oo.

Sections 6.3-6.9 apply SPLC to analyze several models of dams and inventories
in steady state.

6.2 M/G/r(-) Dam

6.2.1 Model Description

Consider a dam with state space S = [0, o). Denote the content at instant ¢ by
W (), t > 0. Assume inputs occur at a Poisson rate A. Denote the instants of input
by m,n=1,2,..., where 0 = 19 < 71 < ™» < ---. Denote the input size at 7, by
S,. We assume {S,},=1 ... are i.i.d. positive r.v.s independent of n, with §, = S. Let

dis
B(x) = P(S < x), and B(x) = 1 — B(x).
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In some state-dependent model variants, the input size may depend on the content
W (7,7) just before input instant 7,, (denoted by S(W (7)), or on a Markovian envi-
ronment (e.g., denoted by S where i is a state of a continuous-time Markov chain
describing the environment). Other input-time dependencies are possible.

If § depends on the current content only, the conditional cdf of S(W (7,,)) given
W(r,) =y, is denoted as

By(x) = P(S(W(r,) <x|W(r,))=y),y=>0,n=1,2,....

The efflux rate of content out of the dam, is denoted by r(W (¢)), defined in
Sect. 6.2.2 below. Generally, the efflux rate depends on the current content (see Sect. 5
in [77]).

In M/G/r(-), we assume that the entire input amount goes into the dam instan-
taneously at an input instant. Under this assumption the model applies to some
real-world situations, e.g., systems involving torrential rainfalls, repeated shocks,
bolus injections of a prescription medication in pharmacokinetics, instillment of cer-
tain eye drops, consumer response to a particular product when exposed to repeated
non-uniform advertising in marketing-science models (e.g., [40, 47]), etc.

6.2.2 General Efflux Rate

Let (W (1)) denote the instantaneous efflux rate at which the content decreases (flows
out of the dam) at instant ¢, when the content is W (¢). Assume (W (¢)) is finite and

r(x) > 0ifx > 0,

r(x) = 0if x = 0. .1
The rate of decline of W () between input instants is (see Sect.5 in [77])
aw(t
dt() —r(W(®), 7w <t <Tuy1,n=0,1,2,. (6.2)
independent of n. The variable (W (r)) has ‘physical’ dimension (unit) %,

e.g. [‘(‘;5:1";]“] =[L3T~"], where L := Length and T := Time.
This section assumes that r(x), x € S is a time-homogeneous piecewise right-
continuous function, except at level 0. Usually, r(0) # r(0") =lim, 10 r'(x). However,

equality of #(0) and (0™) is possible in some models.

Example 6.1 Suppose r(x) = (x+ 1)2,x > 0,7(0) = 0. Then 7(0") = 1 # r(0). On
the other hand, suppose r(x) = x2,x > 0, and r(0) = 0. Then r(07) = r(0).

In some model variants, r(x), x > 0, may have different functional forms on sepa-

rate state space intervals. In such cases, consider a state-space partition {x; }j:O,l ,,,, il

where 0 = xp < x] < X < -+ < X, < Xy41 = 00. Let I} := (x9, x1), and
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1= [x-1,%),j =2.....n+ 1. Define {r;(x)}, by

=0,1...,n+1
r0(0) =0
rx),xe 0,x) =1,

r(x),x €xi,x) =0 (6.3)

r(x) =

rn(x)9x € [xn—l’xn) EIn
rn+l(x)’x S [xn’ OO) = In+l,

where 7;(x), x € I; is positive and continuous, j =1, 2,...,n+ 1. (See, e.g., Sects. 3.1
and 3.2 in [19] for examples using state-space partitions.)

Remark 6.1 In some model generalizations »(W (z)) may also depend on 7. We
would then append a subscript ¢, i.e., denote the efflux rate as r, (W (¢)).

6.2.3 Sample Paths

We use the symbol ‘W (z)’ to denote the content of the dam, and also to denote the
ordinate of a sample path of the content at instant ¢ (unless specified otherwise), for
economy of notation, and because the usage will be clear from the context.

A sample path of {W(#)},5( is a piecewise deterministic function plotted in the
time-state plane T x S, where T := {t|t > 0} (Fig.6.1).

6.2.4 Time for {W(¢t)};>¢ to Decrease to a Level
In Eq. (6.2), separating variables gives the differential equation

dW (1)
—— = —dt, T, <t <Tpr1,n=0,1,2,...;
r(W(t))

integrating both sides gives

W) 1 1y
/ dwW(t) = —/ dt =t —t,.
way T(W(@) f

(See Fig.6.2). The time required for a sample path of {W(#)},5( to descend from
level W(t,) =y at instant ¢, to a lower level W (z,) = x > 0 at instant f,, if no inputs
to the dam intervene, i.e., if

W(m) >y>x>W(r,,) > 0, for some fixed n,

is



340 6 Dams and Inventories

W

Slope = -r(x)

A

Time —>

Level x

Fig. 6.1 Sample path of {W(#)},59in M/G/r(-) dam

S|
ty—t, = —dz. 6.4
=L 4
upon substituting W (¢) = z.
Formula (6.4) is useful when analyzing models of dams and inventories in contin-
uous time (as in this chapter), or when analyzing a dam via the embedded LC method
(see Sect. 8.2 in Chap. 8).

6.2.5 Condition for {W(t)};> to Return to Level 0

Formula (6.4) implies that a necessary and sufficient condition for a return by
{W(#)},>0 to level 0, is

y

1
lim ——dz < oo for every finite y > 0, (6.5)
x0 J.—y r(2)

(see pp. 116-117 in [77]).

6.2.6 Transient Probability Distribution of Content

Transient CDF and PDF

Denote the transient cdf of W(f) by F;(x), x > 0, and let F,(0) := Py(¢). Let
fi(x) := OF,(x)/0x, x > 0, wherever the derivative exists. We denote the transient
pdf of W () by {Po(?), fi(x)};>o. Assume F;(x), f;(x) are right continuous in x. We
use f;(0") and f;(0) interchangeably for notational convenience since f;(0) adds zero
probability to Py(¢). The function £, (x) may have jump discontinuities depending on
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the distribution of the input r.v.s. (See, e.g., Sects. 3.10 and 3.11 regarding the pdf of
wait in M/D/1 and M/Discrete/1 queues.)
Foreacht > 0,

F@ =Po® + | fina.

and the normalizing condition is
Fi(o0) =Po() + [ fily)dy = 1.
y=0

Steady-State Probability Distribution

We mention the steady-state cdf and pdf now because we will derive them in
Sect.6.2.11, immediately after the discussion of the transient cdf and pdf below.
The steady-state cdf and pdf of content are denoted as F'(x), x > 0, and {Py, f (x)}x=0
respectively, and are obtained by letting t — o0, i.e.,

Fx) = tl_i)rgloF,(x),x >0,f(x) = tl_i)rgloﬁ(x),x >0, Py = ,l_ig]oPO(t)'

Remark 6.2 P existsif and only if a sample path of {W (1)}, returns to level O with
probability 1. However, some forms of »(W (¢)) make returns to level 0 impossible
(see pp. 116-117 in [77], and Sect.6.2.5).

6.2.7 Sample-Path and SP Downcrossings

Consider a sample path of {W(#)},5, (Fig.6.1). Fix level x € S. Let D;(x) denote
the number of SP downcrossings of level x during (0, #). The SP traces the sample
path during piecewise continuous segments between input instants. At sample-path
discontinuities, the SP makes an upward jump, not in Time (see Sects.2.4.3 and
2.4.4). Let Dy (x) and D) (x) denote respectively the number of SP left-continuous
downcrossings and SP jump downcrossings of level x during (0, ). Then

D, (x) = D¢ (x) + Di(x),x = 0,1 > 0.

In the basic M/G/r(-) dam of this section, Di(x) = 0, t > 0. In variations of the
basic model, however, SP downward jumps can indeed occur. Both SP left-continuous
downcrossings and SP jump downcrossings also occur in a vast number of inventory
and production-inventory models. Thus, we shall distinguish D, (x) from D (x) in
Theorem 6.1 in Sect. 6.2.8. Note that Df (0) may equal 0 in certain cases of r(W (1))
(see Sect.6.2.5).
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W)
Level y
()
=—r(W (1
7 r(W(1))
Level x
Level 0
ty tx

Time t —»

Fig. 6.2 M/G/r(-) dam: time to descend from level y to level x > Ois #, — #, =
S, 5 dz

6.2.8 Level Crossings and Transient PDF of Content
In a sample path of {W (1)}, fix level x € S (Fig.6.1). Let U, (x) := number of SP
upcrossings of level x during (0, t). It can be shown, along the lines of Sects.3.2.1

and 3.2.2, that & E(D¢(x)), 9 E(U,(x)) exist and are positive.
Theorems 6.1 and 6.2 were originally proved using LC in [23].

Downcrossings

Theorem 6.1 For the M/G/r(-) dam
%E(Df(x)) =r()fi(x),x >0, (6.6)
0 .
EE (D5 (0)) = r(0")£(0). (6.7)

Proof Consider a sample path of {W (1)} >, and fix state-space level x € I; for some
je{l,...,n+ 1} in (6.3). Fix instant ¢. Consider ¢t + h, (h > 0) and define § > 0

by
x+0 1
— dz=h. 6.8

/z_x @) (6.5
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Assume £ is sufficiently small so that level x 4 ¢ € I;; h is the time for the content
to decrease from level x + § to level x if there are no inputs during (¢, t + i) (see
formula (6.4)). Applying the (first) mean value theorem for integrals with continuous
integrand (see, e.g., Problems 27-28, p. 237 in [137]) to Eq. (6.8) yields

1

h:
r(z*)

§ = 6=rHh (6.9)

for some z* such that x < z* < x + 4.

The event Dy, (x) — Dy (x) = 1 occurs iff W(z) € (x, x + ¢) and there is no input

in a time subinterval (¢, t + &) C (¢, t + h), or an event with probability o(h) occurs.
From (6.9)

P(D;,,(x) = Di(x) =1) =f;,(x) - 6 - (1 — Ah) 4+ o(h)
=£.(0) - 7@ - h- (1 = \h) + o(h).

The value D;, (x) — D7 (x) = 0 has no affect on E(D;,,(x) — D;(x)). Due to the

Poisson input stream, P(D;,, (x) — D; (x) > 2) = o(h). Hence the expected value

E(Df,,(x) = D{(x)) = 1- P(D;,(x) — D (x) = 1) + o(h),
E(Df,;,(x)) — E(D{(x)) = fi(x) - r(z") - h - (1 = Ah) + o(h). (6.10)
Dividing both sides of (6.10) by & and letting /2 | 0 gives (6.6) since z* | x and
r(z*) | r(x™) =r(x),x > 0,as i | 0. Then letting x | 0 in (6.6) gives (6.7). [ |
Corollary 6.1 Foreachr > 0,
t

E(D; (x)) = r(x) fs(x)ds, x > 0,
s=0

E(DE(0)) = r(07) / £(0)ds.
5s=0

Proof In (6.6) and (6.7) set ¢ = s, integrate with respect to s € [0, ¢], and apply the
initial condition E(Dg(x)) =0, x > 0. |

Corollary 6.2 The steady-state pdf of {W(¢)},-, as t — oo is given in terms of
downcrossing rates by

llim m =r(x)fx),x >0, (6.11)
lim M = r(0M)f(0). (6.12)

t— 00 t
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Proof In Corollary 6.1, since lim;_, o f;(x) = f(x), for every € > 0 there exists f.
such that |f;(x) — f(x)| < € for s > ¢., implying

t t
/ fs(X)dS<C5+/ (fx)+e)ds=Co+ (1 —1) (f(x) + o),
s=0 1
t t
/ fs(x)dS>Cg+/ fx)+e)ds=C.+ (1 —1) fx) —e),
s=0 t-
where the constant C, := L ’;0 fs(x)ds and t > t.. Combining both inequalities yields

Cc+ @t —1)(fx) — o) </ fids < Co+ (1 — 1) (f(x) + €).
s=0

Dividing throughout by ¢ gives

C;+(1_—)(f(x)—5)<—/ f;(x)ds<£+( )(f(x)+€)

Letting t — oo gives
fx)—e < limy o0 1 f _ofsds <f(x) +¢

— llmt—>oo 7 f ()fv(x)ds —f(x)

since ¢ > 0 is arbitrarily small, thus yielding (6.11); then setting x = 0
gives (6.12). |

Upcrossings
Theorem 6.2 For the M/G/r(-) dam

0 o

—EUx) = A B(x — 2)dF(2)

ot 2=0

= A\Py()B(x) + \ / B(x — 2)fi(z)dz, x > 0, (6.13)
z=0

0

aE(U,(O)) = A\Py(1). (6.14)
Proof Fix instants t and t + h,t > 0, h > 0 (h small). Fix level x > 0. Then
Uiy (x) —U;(x) =11iff W(s) =z < x ataninstants € (¢, t+h) at which there is an input

of size S > x—z, oran event having probability o(h) occurs. The value Uy, (x) —U; (x)
=0 does not contribute to E (U4 (x) — U (x)). Also P(U+n(x) — U (x) > 2) = o(h).
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EUrin(x) — U(x)) = EUpn(x)) — EUs (X))
X h
=\ / / B(x — 2)dsdF,,s(z) + o(h)
z=0 Js=0
=\ / B(x — 2)dF 45+ (z) + o(h) (6.15)
z=0

where 0 < s* < h. Dividing both sides of (6.15) by & and letting 2 | 0 gives (6.13)
since s* |, O as & | 0, and F;(-) is right-continuous in ¢. Then letting x | 0 in (6.13)
gives (6.14).

Note: If #(0™) = 0 then Py(r) = 0, t > 0 (see Sect.6.2.5 and Remark 6.2) in
Sect.6.2.6. [ |

Corollary 6.3
EU (x)) = A / io / jo B(x — 2)dF(z)ds
=\ / io Po(s)B(x)ds + \ / io [ / ; B(x — z)fs(z)dz] ds,x > 0,
EU;(0)) = A / :0 Po(s)B(x)ds.

Proof Sett = s in (6.13) and (6.14), integrate with respect to s € [0, ¢] and apply
the initial condition E(Uy(x)) =0, x > 0. |

Corollary 6.4

EUW)

li / ) B(x — z)dF (7)dz
z=0

t—00 t
= APyB(x) + )\/ B(x — 2)f (2)dz, x > 0,
z=0
lim w = \PyB(x).

Proof In Corollary 6.3, interchange the order of integration. Divide both sides
by ¢ and let t+ — oo. The result follows since lim,_, f5(z) = f(z) implying
lim,_, o (1/1) fS ;0 fs(z)ds = f(z). (See the proof of Corollary 6.2 above in this Sec-
tion. Also see the Note immediately after Theorem 6.2 above, regarding the condition
ensuring Py > 0). |

6.2.9 Equation for Transient Distribution of Content

The following theorem has been proved using classical methods by various authors
(see, e.g., Eq.(5.4) in [77]). Here we prove it using LC (based on [23]).
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Theorem 6.3 Inthe M/G/r(-) dam, the transient pdf of content, f; (x), x > 0, satisfies
the integro-differential equation

rfi) = FF0) + X [1, B(x — 2)dF,(2)
= SF,(x) + ABx)Py(1) (6.16)
+A fzx:o B(x — 2)f,(2)dz, x > 0,

and P (¢) satisfies the differential equation

%Po(t) + APy (1) = r(0M)£,(0). (6.17)

Proof In Theorem 4.1 (i.e., Theorem B in Sect. 4.2), substitute set [0, x] = A, D{ (x)
=T, (x), U;(x) = O,(x). This gives

o D 0
EE(D’ ) = - Fi(x) + @E(UI(X)) (6.18)

Substituting from (6.6) and (6.13) into (6.18) gives (6.16). Equation (6.17) then
follows by letting x | 0 in (6.16), noting that F;(0) = Py(z).
See the Note at the end of Theorem 6.2 in Sect.6.2.8. |

Remark 6.3 The dimension of r(x) is [%’Z:’”’] The dimension of f;(x) is

[;] The dimension of the left sides of (6.16) and of (6.17), is

content unit

[ W )] content unitt 1 1 -0
r(x)f;(x)| = . = , x>0,
! Time content unit [Time]

which matches the dimensional unit of the right side.

6.2.10 Estimate of Transient Probability Py(t)

We briefly outline an ‘LC estimation’ procedure for the transient probability Py(t),
t > 0, assuming Py(t) exists for all t > 0, which occurs provided returns to level O are
regenerative points (i.e., 7(07) > 0). (See Sect.6.2.5 and Remark 6.2 in Sect. 6.2.6.)
We also call this procedure LCE, or LC computation. LCE to compute a pdf f;(x),
x > 0, would be similar. We do not detail LCE for transient pdfs elsewhere in
this monograph. See Remark 9.2 in Sect.9.2 in Chap.9. We detail LCE for limiting
distributions in Chap.9.

To solve differential equation (6.17) multiply by the integrating factor eV, and
integrate with respect to ¢, yielding

Po(t) = [ / e’\S%E(Dg(O))ds + PO(O)} e, (6.19)
s=0


http://dx.doi.org/10.1007/978-3-319-50332-5_4
http://dx.doi.org/10.1007/978-3-319-50332-5_4
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where
1if W(0) =0,

Po® = [OifW(O) # 0.

Formula (6.19) connects Py(¢) and OE(DS(0))/ds, 0 < s < t, which appears as a
factor in the integrand. This connection leads to an estimation method for Py(t), by
estimating the integral in (6.19).

The idea is to first simulate N independent sample paths of {W (¢)},>( denoted as
{W,(s)}s>0.n=1....n on the same time interval [0, #j; + r], where #,, is the maximum
finite time of interest, r is an “extra” finite time which ensures that #); is not the right
end point of the simulated time interval. N is a large positive integer. A reasonable
value of N would be in the range [400, 1,000]. Due to the high speed of today’s
computers, N may be considerably larger than 1,000. Let & = t,,/m be small, where
m is a positive integer. We can use, e.g., 1 = 0.001 or 0.0001, or any small value & <
r. The accuracy of the estimation of Py(?), ¢t € [0, Ty], improves with larger values
of N and smaller values of A.

We then compute the number of SP left-continuous downcrossings (hits of level
0) denoted by Dy, ,(0),i=0, ..., m, for each sample path, {W,(s)},—,,.. . For fixed
i and n, the Dj, | (0)s are independent since the N sample paths are independent. We
compute point estimates of the true downcrossing rates th,n (0) and DEI D h!n(O) at
times ih and (i + 1) & respectively by averaging over the N sample paths. Then we

compute estimates of £(Dj,(0)) and E (D(Cl. ) using

N N
~ . 1 . ~ . 1 .
E(Dj0) =+ > D (0), EDfy 1, 0) = = > D130 0)-
n=1 n=1

An estimate of the derivative OE (D5, (0))/dt is then given by the difference quotient

ih
—

0 ; _
EE(DM (O)) -

EDi 0 _/E\D'C 0
( (+1)h( );l ( ’h( ))71':0,...,"1

Finally, we approximate the integral j; IZLO e*“'%E (D5 (0))ds as a finite Riemann sum

k —_—
5 0
hy eA’hEE(th(O)),k =1,...,m
i=0
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A point estimate of Py (kh) is

e~

k
Po(kh) = |:h Z e”h%E(th(O)) + Po(O)j| e Mk=1,....m, (6.20)
i=0

where mh = tj;. This technique results in estimates of Py(h), Py(2h), ..., Po(mh).
Thus, we estimate Py(?), t =0, h, 2h, ..., tjy. Smoothing techniques can be applied
to estimate intermediate values. Then we can plot ﬁo (1), 0 < t < ty. (We can also
develop interval estimates for Po(kh), k = 1,...,m.)

Generalizations and variations of this technique can be used to estimate transient
distributions of state variables in many stochastic models having a continuous time
parameter.

The foregoing example of LCE relates to Chap.9, which describes LCE for
steady-state distributions. LCE has also been discussed in [17] and [24]. (Also, see
Remark 9.2 in Sect. 9.2 in Chap.9.)

Remark 6.4 Future computer speeds will undoubtedly increase. Thus the compu-
tational method described above will achieve better and better accuracy. It will be
possible to increase N and decrease i, while completing the computations in a much
shorter amount of real time.

Remark 6.5 In the M/G/r(-) dam, possibly Py(#) = 0 for all # > 7 (instant of first
input). For example, if r(x) = kx, x > 0, k > 0, the decline of the sample-path has
a negative exponential form between inputs. In theory the content will never reach
level zero after the first input at 7y. If the inter-input time is very long, the content
eventually declines below any preassigned level ¢ > 0 however small, but never
reaches level 0. In that case we may use downcrossings of an arbitrary level e> 0 as
regeneration points of a regenerative process. {W ()}, will then move along level
¢ until the next arrival. We may then use ‘P,(¢)’ like ‘Py(r)’. Alternatively, we just
estimate f;(x), x > 0 (see Remark 6.2 in Sect. 6.2.6).

6.2.11 Egquation for Steady-State PDF of Content

Assume the system is stable and {W (1)}, returns to level O with probability 1. Then

F() = lim F(0),  f() = lim f,(0), Py =F(0) = lim Po(1)

all exist, and lim,_, o, %F +(x) = 0. In Eq. (6.16), taking limits of all terms as t — oo
yields
r)f (x) = A [_yB(x = »dF (y),x > 0,
r(Of (1) = APoB(x) + X [[_y B(x = »)f ()dy, x > 0, (6.21)
r(0M)f(0) = A\Py.
Alternative Forms of Equation for Steady-State PDF


http://dx.doi.org/10.1007/978-3-319-50332-5_9
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Two alternative forms of the integral equation in (6.21) are
rOf () = AF(x) = A [_g B(x = y)f 0)dy, x > 0; (6.22)

r(x)f(x) = \F(x) — )\ffzo F(x —y)b(y)dy,x > 0, (6.23)

where b(y) = dB(y)/dy.
Explanation of (6.22) and (6.23). In each equation the left side is lim D;(x) /¢, the
SP downcrossing rate of level x. On the right side, the first term \F(x) is the rate
of inputs when the content is <x; these inputs generate upward jumps that start in
state-space interval [0, x]. The second term subtracts off the rate of such jumps that
do not upcross level x. Hence the right side is lim U, (x) /¢, the upcrossing rate of level
x. Applying rate balance lim D, (x)/t = lim U, (x)/t, gives the alternative equations.
Equations (6.22) and (6.23) are analogous to Eqgs. (3.43) and (3.44) in Sect. 3.3.1
for the M/G/1 queue.

Stability
A condition for stability of the M/G/r(-) dam is

ME(S) < lim r(x). (6.24)

Formula (6.24) asserts the rate at which the content increases is less than the efflux
rate when the content is at high levels. So the content is prevented from increasing
to indefinitely high amounts. Condition (6.24) guarantees the return of {W (1)}, to
every level x > 0 in a finite time (see pp. 116—117 in [77]; Theorem 2 in [134].).

A condition that guarantees the content will return to level 0, therefore implying
Py > 0, 1s Eq.(6.5) in Sect.6.2.5 above.

Example 6.2 The M/G/1 queue is a special case of the M/G/r(-) dam with r(x) = 1,
x > 0, and r(0) = 0. Stability holds iff AE(S) < lim,_, « r(x) = 1, the well-known
stability condition for M/G/1 queues; if stability holds {W (¢)},>( returns to level O
(a.s.) since for all finite x > 0

X

1 X
lim ——dy =lim l-dy=1lim(x —u) =x < o0
ul0 y=u }"(y) Y ul0 /y—u Y ul()( )

if no arrivals intervene.
Example 6.3 In the M/G/r(-) dam with A > 0, E(S) < oo, and r(x) =kx, k > 0,

. 1 1. X
lim —dy = - lim (ln (—)) = 00,
wl0 oy ky k ul0 u

for every finite x > 0. Hence the content does not return to level 0, implying
Py = 0. On the other hand, this dam is stable for every k > 0 because

AE(S) < lim r(x) = lim kx = oo.
X—> 00 X—> 00


http://dx.doi.org/10.1007/978-3-319-50332-5_3
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6.2.12 Sojourn Times Related to State-Space Level x

Consider a sample path of {W (¢)},-¢. Fix level x > 0. Due to Poisson arrivals and
the level-dependent slope of the efflux, {D;(x)},~( (same as {Df (x)}f>0) is arenewal
counting process. The times between successive downcrossings of level x (renewals)
are i.i.d. r.v.s. The instants of SP downcrossings of level x are regenerative points
with respect to the process {W (t)},-o, where {W (#)},5( restarts independent of the
past.

Let d, := time between successive downcrossings of level x. Let a,, b, denote
sojourn times above and below level x, respectively. A sojourn a, begins with an
upcrossing of x and ends with the first downcrossing of x thereafter. A sojourn b,
begins with a downcrossing of x and ends with the first upcrossing of x thereafter.
Thus d, = b, + a,.

Inter-downcrossing Time d,
For the process {D,(x)};>0, using (6.11) and the elementary renewal theorem, the
renewal rate is

EMDIW) . DI ~
Jim T JNim r as rf ) = Ed) "~ 0.
Hence |
E(d,) = r(x)f(x)’x >0 (6.25)
Sojourn a, Above Level x
From the renewal reward theorem
E(a,) lim,_, o (time SP is above level x during (0,t))
- =1-F(x),
E(d,) t
E(a)—(l—F(x))-E(d)—ﬂ x> (6.26)
v Y rof’ '
From (6.26)
IO — (6.27)
1-Fx) r(x)E(a)
d -1

Integrating on both sides of (6.28) with respect to x and computing the constant of
integration by letting x | 0, gives

F(x)=1— (1 — Py)e” hommm® x>0,

_ _1=Py _fv):o I -)é( ,)d.\'
fo) = r(x)E(ax)e R, x> 0.

(6.29)
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(Possibly 0 < Py < 1 or Py = 0.) The normalizing condition F(oc0) = 1, is

1= (1 = Py)e” b miam® =

00 1 "
which implies that e b mEm® 200 < Py < 1.

Hazard Rate of PDF of Content at x

The left side of (6.27) is the hazard rate of the steady-state pdf of content at x. An
inverse relation holds between it and the product r(x)E (a,). The hazard rate has the
same dimension as f(x), i.e., 1/[content unit]. (See Sect.3.4.18 for definition and
discussion of hazard rate.)

Sojourn b, Below Level x
By the renewal reward theorem, E(b,)/E(d,) = F(x). Thus

E(by) = F(x) - E(dy) = —- 0 (6.30)
) = X) - x) = ————, x>0, .
r()f (x)
implying
1
JO 4y py = — x>0,
F(x) dx r(x)E(by)
and - o
- V=0 TEy)
PO =foe 2 20, ©631)
flx) = 0 phy=0 T0EGy) >’ x>0,

r(x)E(by)
using F(0") = Py.
Interestingly, formulas (6.29) and (6.31) give two different expressions for F(x)
and f(x), in terms of E(a,) and E (b, ), respectively.
If r(x) = 1, x > 0, the right side of the second equation in (6.31) reduces to the
pdf of wait in the M/G/1 queue, i.e., since E(by) = F(x)/f(x),x > 0,

Po S ]-E}hy)dy — H)—meJ\;o %d—"

1-E(by) F(x)
_Po-fO) tnrew-mroy _ Po-f() -1 _
= Fo) e = Fo) Fx)Py =f(x).

as in formula (3.95).
As a mild check on (6.31), we compute f(x) for the M/M/1 queue in which

F(x) 1—(1-=(1- %))ef(uf/\)x

E(b,) = =
) =7® (1= 2)e s

, x>0,

and F(0)=Py=1— ﬁ Substituting these values directly for E(b,) and Py in (6.31)

leads to f(x) = (1 — ﬁ)e_(“_m, x > 0, the steady-state pdf of wait in M/M/1
(formula (3.112) in Sect. 3.5).


http://dx.doi.org/10.1007/978-3-319-50332-5_3
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6.2.13 CDF and PDF of Excess of Jump over Level x

Let v, := excess of an input upcrossing of x (jump starts below x). Let G,(z), z > 0,
9x(2) = 0G(2)/0z, z > 0, denote the cdf and pdf of ~,, respectively. We determine
these quantities by means of an argument analogous to that in the proof of Theorem
(3.7) in Sect.3.7. In steady state,

tl_iglo U,x)/t = rli%lo Di(x)/t = r(x)f (x).

The rate at which the SP upcrosses level x + z whenever an input amount jump-
upcrosses level x is .

r)f (o) [1 = G(2)].
A different expression for the upcrossing rate of level x + z, whenever the input

amount jump-upcrosses level x is

APoB(x +2) + A / B(x +z — y)f ()dy,
y=0

which is the rate of jumps that start below level x, having excesses over x that upcross
level x + z.
Therefore

O [ = Ga(2)] = APeB(x +72) + A / Blx +2— )/ 0)dy,
y=0

APoB(x +2) + A [y B + 2z = )f ()dy
r(x)f (x)

B APOB(x +2) + A [y B(x + 2 — y)f (n)dy

T APOB(O) + A [ B(x — y)f ()dy

1—-G,(z) =

and

APoB(x +2) + A [y B(x + 2z — »)f ()dy
APoB(x) + A [\_o B(x — )f (v)dy
APob(x +2) + A Jio b(x +z — y)f (y)dy + AB()f (x)
9:(@) = NPGB(x) + A [ B(x — y)f (dy '

Gi(a) =1-

(6.32)

(6.33)


http://dx.doi.org/10.1007/978-3-319-50332-5_3
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6.2.14 Expected Nonempty Period

Let Bp := nonempty period of the dam. Then Bp = ag. Generally, the structure
of Bp differs from that of the busy period B in the M/G/1 queue given in (3.83),
because in M/G/r(-) the efflux rate »(x) varies as x varies. This variation causes the
sub-nonempty periods to depend on the beginning ordinate of their initial inputs.
For example, in M/G/r(-), ay is infinite if Py = 0, corresponding to the case r(x) =
kx, x > 0, k > 0, since sample paths decay exponentially between inputs and never
decay completely to level 0 (see Example 6.3, Sect.6.2.11).

Constant Efflux Rate k > 0

In the particular case where there is some constant k > 0 such that r(x) = k, x > 0,
the structure of B given by (3.83) and Fig.3.6, Sect.3.4.12, is preserved for Bp,
except that the slope of the sample path between inputs is —k. Then 0 < Py < 1. Let
S := input size. In particular, S is the size of the first input of a nonempty period.
Let Ng := number of inputs during the time required for the first S to deplete, i.e.,
during a time fyszo %dy = fyS:O tdy = S/k time units. Then

N
Bp = — Bp.is 6.34
D=7 + ; D, (6.34)
where Bp ;,i=1, ..., Ng are sub-nonempty periods = Bp, independent of Ns. Taking

expected values on both sides of (6.34) gives

E(S E(S E(S
EBp) = 22 4 E0EB) = T 0PV kB, (639

since E(Ng) = A (E(S)/k). Equation (6.35) gives

E(S)

E(Bp) = E(ap) = m

(6.36)

Alternative Derivation of E(5Bp)

We can obtain P directly from formula (6.21) when r(x) = k, x > 0, by dividing by
k and integrating both sides with respect to x € (0, 00). Since 1 — Py = fx oio fx)dx,
we get

Po=1- %E(S). (6.37)

We now use Py in (6.37) and the renewal reward theorem. Since E(nonempty
cycle) := E(dy) =1/ (r(O*)f(O)) =1/ (A\Py), we get


http://dx.doi.org/10.1007/978-3-319-50332-5_3
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E(Bp) —1_p
E(do)

1—P 1 — P,
E(Bp) = 0 = 0

r(OH)f(0) — APy
Substituting for Py from (6.37) gives

E(S)
E(Bp) =E =—. 6.38
Bp) = E@) = s (638)

Formula (6.38), derived by LC and the renewal reward theorem, illustrates the use-

fulness of the formula
1—Py

AP

which also applies to E(3) in M/G/1 queues, as well as to the nonempty period in
M/G/r(-) dams where 0 < Py < 1.

E(ap) = , (6.39)

6.3 M/M/r(-) Dam
Assume inputs are of size S = Exp,, occurring at a Poisson rate A. Assume the

dam is stable, i.e., AE(S) < lim,_  r(x) (see formula (6.24)), so the steady-state
distribution of content exists.

6.3.1 Equation for Steady-State PDF of Content

Substitute E(x —y) = eMEY) (0 < y < x, in Eq. (6.21), resulting in the integral
equation for the steady-state pdf of content f(x),

reO)f (x) = APge ™™ 4+ X / ' e P (yydy, x > 0, (6.40)
y=0
flx) = A (Poe_‘” + / ' e_“(x_y)f(y)dy) ,x > 0. (6.41)
r(x) y=0

6.3.2 Solution of Equation (6.40) for PDF of Content

Assume Py > 0. (Recall Py > 0iff {W(1)},5( returns to 0, i.e., (6.5) holds.) Applying
differential operator (D + 1) to both sides of (6.40), leads to the differential equation

for f(x),
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f@ _ r@+pr@ -
ONE r(x)

i In (r(x)f(x)) = —p+ i,x > 0, (6.42)
dx r(x

by transposing r’'(x) /r(x) (=d In r(x) /dx) to the left side and using well-known prop-
erties of derivatives and logarithms. The solution of (6.42) is

fx) = &e—(ux—Aﬁ:o %)’x >0, (6.43)
r(x)

upon applying the initial condition »(0%)f(0) = AP,.
Substituting f(x) from (6.43) into the normalizing condition Py + fx ojo fx)dx =
1 gives
1

Py = (6.44)

FBY e ol
As a mild check, let r(x) = k > 0. From (6.44)

Po=1/(1+ M (k(u—=Mk)) = (k= N / (k) = 1 = A/ (kp
which agrees with (6.37), since E(S) = 1/p. In the M/M/1 queue, k = 1, so r(x) =

I, x > 0. Substituting r(x) = 1 in (6.43) and (6.44) gives (3.112) and (3.113)
respectively, agreeing with the analogous results for M/M/1.

6.3.3 Sojourn Times and State-Space Levels

Assume Py > 0. From (6.25) and (6.26) with x = 0, we get E (nonempty cycle) and
E(nonempty period) as

1 1
EG) = oo = e
and E(a()) — E(BD) = (1 —PO)E(dQ) = 1)\_PP0,
0

respectively, with Py given in (6.44).
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In M/M/x(-), all upward jumps are d;Exp .- By the memoryless property, the excess
of a jump over any level x is also (i;ExpM. But, generally a, depends on x. This

differs from the M/M/1 queue or M/M/r(-) dam with r(x) = k > 0, x > 0, where
ay is independent of x, and E(a,) = E(B), and E(a,) = E(Bp); respectively. The
structure of BB and By guarantees this independence (see formula (3.83)). However,
generally In M/M/r(-), r(x) varies with x; so a, depends on the values of r(y), y > x,
x > 0. Nevertheless, we can still determine E(a,), E(b,) and E(d,) as long as we
can solve for {Po, f((x)},.( as in Sects.6.3.1-6.3.2.

Constant Efflux Rate
When r(x) = k, k > 0, x > 0, the structure of Bp is similar to that of 3 in M/G/1.
Thus, from (6.37) and (6.38),

A
Po=1-"—
kp
m 1
E(a,) = E(Bp) = = . X

6.4 M/M/r(-) Dam with r(x) = kx

When the efflux rate varies directly with content, r(x) = kx, x > 0, for some fixed
k > 0,and Py = 0 (i.e., the efflux rate is proportional to content). (See Example 6.3 in
Sect. 6.2.11).The sample path of {W (¢)},( has a negative exponential shape between
input instants, because r(W (t)) = kW (t) = —dW (¢) /dt, implying that dW (t)/ W (¢)
= —kdt, with solution W (7) = W(r,)e Xt 7, <t < Tur1s 1 = 0,1,2,...(see
Formula (6.2) in Sect. 6.2.2).

6.4.1 PDF of Content and Its Laplace Transform

Upon substituting r(x) = kx in (6.41) with Py = 0, we solve for f(x) using Laplace
transforms (see Sect. 3.4.4). The Laplace transform of f(x) is

f@s/ e (0)dx, s > 0.

=0


http://dx.doi.org/10.1007/978-3-319-50332-5_3
http://dx.doi.org/10.1007/978-3-319-50332-5_3

6.4 M/M/r(-) Dam with r(x) = kx 357

In (6.41), multiplying both sides by e™**, and integrating on x € (0, co) yields

— o0 1 X
F(s) =\ / e*sxa e "I F (y)dydsx. (6.45)
x=0 y=0

Taking d/ds on both sides of (6.45) and interchanging the order of integration gives

d . )\ o0 o0
—f(s) = __/ e f(y) e—(S-s-u)(x—y)dxdy‘
ds k y=0 x=y

The inner integral is 1/ (i + s), implying the right side is — ()\/k)f(s)/ (n+s),

yielding differential equation

d~ A 1 ~
$ﬂ®+%(;:—)ﬂﬂ=0. (6.46)

N

Separation of variables in (6.46), and integration with respect to s gives

Fs) =A(u+9)77,

for some constant A. The identity f (s) = [ 2 e f (x)dx implies f(07) = [ 20 f ()dx
= 1 (normalizing condition since Py = 0). Thus

A
k

FOY) =Ap~t =1andA = pi.

~ _ s %_ 1 %_ i a
f(s)_(uﬂ) _(1+i) _(1+u)

In (6.47)]7(s) is the Laplace transform of a Gamma pdf (e.g., p. 128, Sect.3.3.1, in
[84]); p. 166ff in [97]; p. 109 in [75]), namely

Hence
A
k

s > 0. (6.47)

1 1
fx) = /\—x(%_l)e_‘” = (M)c)%_l e, x > 0. (6.48)

I (3)u r(z)

In (6.48), letting u = px gives

o0 A o0 A )\
/ (ux)* L e M pdx = / uli ey =T (—) ,
x=0 0 k
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implying j;c C:O f(x)dx = 1. The uniqueness of f(x) in (6.48) is guaranteed due to a
one-to-one correspondence between f(s) and its inverse, up to a set of measure 0
(see pp. 13—14 in [95]).

The statistical moments of f(x) about 0, are

n=1,2,....
s=0

d" ~
EW") = (=1)" ﬁf(S)
s
The first and second moments are

A LA (A
E(W):m,E(W)=W 1)

The variance is

Var(W) = E(W?) — (E(W))? = iz
kp

Remark 6.6 In the literature the formula for a standard Gamma pdf is often

c—1

gx) = %(c) (%) e h,x >0,

where b > 0, ¢ > 1 (see p. 109 in [75]), having Laplace transform

1
g(s) = (1 +bs)“,s > ~3

Since b > 0, it is sufficient to take s > 0. (The significance of s > 0 is discussed on

pp- 13—14ff in [95].) Setting b = ﬁ c= % gives g(s) =f(s) in (6.47).

6.4.2 CDF of Content

The steady-state cdf F'(x) and pdf f (x) of the content are

x X A
Fx) = / Fordy = —— [ G Demuay = S22 oo (649)
y=0

I (z) =0 r(z)

where I'(3,x) = [ u(i=De~udy is the incomplete Gamma function (e.g., p. 15

in [138]). Thus F(co) = ['(2, 00)/ T (2) = 1. Generally, F(x) in (6.49) cannot be
expressed in closed form for finite x > 0, but can be evaluated numerically.
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6.4.3 Sojourns with Respect to a Level x

‘We examine next the inter-downcrossing time d,, and sojourns a, and b,. Consider a
sample path of {W(#)},>0. Referring to Eqgs. (6.25), (6.26), and (6.30) above, we get

L L)

E(d,) = = = \ ’
() r()f(x)  kxf(x) kx(,ux)(rl)e—/‘“‘u

x> 0; (6.50)

0y S G0 e pdy
ke () G ey

GG ey

T ke Gy

Sy G Ve udy
e () (=D ey

E(ay) = (1 = F(x)E(dy) =

x>0 (6.51)

E(by) = F(x)E(dy) = , x> 0. (6.52)

Naturally, E(ay) + E(by) = E(d. Quantities E(dy), E(ay), E(by) can be evaluated
numerically and plotted over a range of x in the state space, for any valid triplet of
model parameters {\, k, u} (see Figs.6.3, 6.4, 6.5, 6.6, and 6.7).

1
-~ -F (x) F(x)-

0.8

0.6 1

0.4 -

e

0.2 A
(8] T T T T 1
2 4 6 8 10

X

Fig. 6.3 Steady-state pdf f(x), cdf F(x), and complementary cdf 1 — F(x), in
M/M/r(-) dam: r(x) = kx, A = 5.0, p = 1.0, k = 2.0
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1.2+ /\

0.8 1
0.6 1 \
0.4 1

0.2

Fig. 6.4 Lim,_ . D,(x)/t versus x in M/M/r(-) dam: r(x) = kx, A = 5.0, u = 1.0,
k = 2.0. le[*)ooD[(x)/t = Lim,ﬁoou,(x)/l‘

Example 6.4 Consider an M/M/r(-) dam with r(x) = kx, x > 0. (See Figs.6.3, 6.4,
6.5,6.6,6.7 and 6.8.) Set A =5.0, ;x = 1.0, k = 2.0. The steady-state pdf of content is

fx) =0.752253x!%e ™, x > 0.
The cdf of content is, for x > 0,
F(x) = —0.188063 (4.0x"/% + 6.0x"/* — 5317362 - erf (x'/?) - &*) - €77,

where erf (x) := (2//7) [; e~ dt, the error function (see p. 262 in [1]). Because
1 =1 1in this example,

A A

The hazard rate of f(x) is plotted for values of x in Fig.6.8.
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Fig. 6.5 E(d,) versus x, in M/M/r(-) dam: r(x) = kx, A = 5.0, u = 1.0, k = 2.0.
The “bathtub” shape of E(d,) is intuitive

6.5 M/M/r(-) with Special Zero-Content Inputs

Assume Py > 0, and inputs when the dam is empty, have a special size Sy having
cdf By(x), x > 0, pdf bo(x), x > 0, and By(x) = 1 — By(x), x > 0. Rate balance across
level x, and the law of total probability (normalizing condition), imply

r(0)f (x) = APoBo(x) + A [ Bx — y)f ()dy, x > 0,

) (6.53)

Py + fyzof(x)dx =1.
We can solve (6.53) for {Py, f (x)},. o (analytically or numerically); then obtain F (x),
and E(Cp) (=E(dy)) = 1/ (r(O*)f(O)) using equality #(07)f(0) = A\Py. Applying
the renewal reward theorem, we obtain E(a,) = (1 — F(x)) /(APy) and E(by) =
F(x)/(APy),x > 0. Thus E(Bp) = (1 — Py) / (APy). In particular, the first ‘input’ of
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200 1

150 -

100 -

50 1

Fig. 6.6 E(a,) versus xin M/M/r(-) dam: r(x) = kx, A\ = 5.0, p = 1.0, k = 2.0

a, is =, the excess of a jump over x, distributed differently from all other jumps
1S

during a,. In that case the cdf of 7., denoted G,(-), is given by formula (6.32) in
Sect.6.2.13.

An interesting inference about the structure of Bp (including a, and b,) follows
because {D;(x)},>( is a renewal process. Although the structure of Bp generally
differs from that of B in M/G/I, or Bp in M/G/r(-) (r(x) = k > 0,x > 0), we
can always derive E(a,) and E(b,) once F(x), x > 0 and Py are known. Thus, the
LC-connected derivation of E(a,) or E(b,), is more general than the derivation based
directly on structure.

6.6 Generalization of M/G/r(-) Dam

We discuss a generalization of the M/G/r(-) dam considered in Sects.6.2—6.3.The
generalized model allows for SP downward jumps due to exogenous events; state-
dependent prescribed jumps just after the SP hits or jump-crosses designated state-
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Fig. 6.7 E(b,) versus xin M/M/r(-) dam: r(x) =kx, A =5.0, p = 1.0, k =2.0

space levels, e.g., thresholds or barriers; specialized state-dependent jumps if an
exogenous event occurs when the SP is in a designated state-space interval, etc.

For example, in Marketing Science a target population of repeated advertisements
for a product may develop a “rebound” effect against purchasing the product due to
“overselling” (i.e., over-advertising). Let {W (¢)} > represent the consumer response
process for the product, where high measures are favorable, and low measures are
unfavorable. The SP may take a sudden jump downward if a new advertisement
occurs while the SP is above a ‘tolerance’ threshold. A sample path of {W(1)},5
would increase in a roughly “saw-tooth”, possibly non-linear, pattern, but make
exceptional downward jumps from levels above the threshold. (See, e.g., [40].)

A related model applies in multiple dosing of a medication in pharmacokinetics.
Suppose the control of a patient’s illness depends on lowering to a therapeutic range,
systolic blood pressure denoted by {BP(t)},-o. The goal of the dosing regime is to
maintain BP(¢) within a specified finite range, say (L, H) measured in millimeters
of mercury (mmHg). This implies the concentration in the blood of the medication,
denoted by {BC(t)},~, should be in a corresponding therapeutic range, say (o, 3)
measured in milligrams per liter (mg/L). If BC(¢) upcrosses threshold (3, then BP(¢)
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Fig. 6.8 Hazardrate 1{ (;(zx) for steady-state distribution of content in M/M/r(-) dam:

r(x) =kx, A =5.0, p = 1.0, k = 2.0. Note the inverse relation with E(a,)

will drop below threshold L. If BC(r) downcrosses threshold «, then BP(r) will
upcross threshold H. A sample path of {BP(#)},~, would move in a roughly “saw-
tooth” pattern, inversely emulating the pattern of {BC(#)},5,. Similar remarks apply
to illnesses depending on blood-thinning medications to protect against strokes (see
Sect. 11.6; also [47]).

6.6.1 Model and Steady-State Distribution of Content

Let {W(#)},>0 denote the content of a dam with “wide-sense” state space § C R,
which may contain sets having probability O (see Sect.2.3.1). For example, in the
standard (s, S) inventory, the usual state space is interval (s, S], which supports
the probability distribution of inventory. The wide-sense state space is (—oo, S]
because some demands propel the sample path of {W (¢)},>( below the reorder point
s. Prescribed replenishments then cause the SP to jump immediately up to level S
(double jump), so {W(#)},~( spends zero time below level s (see Example 2.2 and


http://dx.doi.org/10.1007/978-3-319-50332-5_11
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Fig.2.2in Sect.2.2.2). The proportion of time {W (1)}, spends below level s is zero,
so the probability of (—oo, s] is zero.

A particular model may permit jumps due to exogenous events or by prescription.
Assume that the SP makes upward and downward jumps at exogenous Poisson rates
Aus Ag respectively, which are independent of each other and of the current state
of the system. Let the corresponding upward and downward jump magnitudes have
cdfs B,(-), B4(-), and complementary cdfs B.(-), B4("), respectively. Let F(-), f(-)
denote, respectively, the steady-state cdf and pdf of W (¢) as t — oo. Our immediate
aim is to derive an integral equation for f (x).

Let the downward jumps occur atinstants 0 = 75} < 742 < ---,and upward jumps
atinstants 0 = 7, | < 7, < ---, respectively. Possibly, the SP makes both an upward
and downward jump at the same instant (see Sect. 2.3). Without loss of generality, we
assume the initial state is W(0) > 0. Let {7,},—1,.. = {74.i}i=1.2... U {Tu.i}i=1.2,.. Thus
{7u}n=12... is a refinement of {74 ;}i=12. . and {7,;}i=12,... The SP jumps occur at
instants 0 < 7 <7 < - - -.

Efflux Rate
The efflux rate r(W(¢)) := dW (¢)/dt is specified by Egs. (6.2) and (6.3), above.

Sample Path

A typical sample path of {W(#)};>0 is a piecewise continuous function in the time-
state plane, which decreases continuously between jumps (see Definition 2.1 in
Sect.2.2.1).

6.6.2 SP Downcrossings

Consider the following types of downcrossings of level x, and their number during
O, 1).

Dy (x) := number of left-continuous downcrossings of level x.
D) 4(*) := number of jump downcrossings of level x at exogenous Poisson rate )\,.

nyp (x) := number of state-dependent policy (i.e., prescribed) jump downcrossings
of x, e.g., following hits of a threshold or barrier above x.

Df (x) := total number of SP downward jumps of x.

Then D} (x) = D} ,(x) + D} ,(x).

t

Theorem 6.4
E(D¢ D¢
lim EDi®) = lim AC) = r(x)fx),x €S, (6.54)
—00 t t—00 t a.s.
ED (x D (x ©__
fim E ) P A / Bi(y —x)f(dy,x €S.  (6.55)
t— 00 t t—00 t a.s. y=x

Proof Formula (6.54) follows similarly as in Theorem 6.1 and Corollary 6.2 in
Sect.6.2.8. Formula (6.55) follows as in Theorem 6.2 in Sect. 6.2.8. [ |
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6.6.3 SP Upcrossings

Consider the following types of upcrossings of level x and their number during (0, 7).
Z/I{,u(x) := number of jump upcrossings of level x due to the exogenous Poisson rate
Au-
Z/I{YP (x) := number of prescribed or policy state-dependent jump upcrossings of level
X.
U (x) := total number of SP jump upcrossings.

Then U (x) = U] ,(x) + U] ,(x). In this model, every upcrossing is a jump up-
crossing.

Theorem 6.5

li

t—00 t t—00 t

B,(x —y)f(dy,x €S,  (6.56)

_EUL,x) . UL, x
m : = lim — = /\u/
y:

=—00

Proof Similar to proof of Theorem 6.2 in Sect. 6.2.8. |

Remark 6.7 Allthree terms in Theorem 6.5 represent the long-run rate of SP upward
jumps due to Poisson rate ), from state-space set (—oo, x] into (x, 00).

6.6.4 Integral Equation for PDF of Content

Applying rate balance across level x, total downcrossing rate of x = total upcrossing
rate of x. Thus

E(D¢ E(D) EW EW
lim M + lim M = lim M + lim (’—”(x)) 6.57)
t—00 t t—00 t t—00 t 1—00 t
Substituting from Theorems 6.4 and 6.5 gives
© B . E(D},())
rOf (x) + Aa fyzx Ba(y — x)f (0)dy + lim; 00 —— 6.58)

E(u{%,, @)

=N [ Bulx = )f )dy + lim, €.

In models where Eq. (6.58) applies, the terms
ED, EWU
lim (D, (0) and Tim Uy ,(x))

t—00 t t—00 t

are usually expressed in terms of f(x), or as constants. For example, in a standard
(s, S) inventory model,

Auzo,tlmMZO,

i
— 00 t
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N

— () + M / B(y — )f 0)dy.

y=s

EU
and lim = er™)
t—00 t

where )\, is the demand rate (see Sect. 6.8, in which \; = \).

Remark 6.8 Integral Eq. (6.58) can serve as a template for variants of the M/G/r(-)
dam. We do not solve the equation here. In any related variant, Eq. (6.58) will have
a particular form, depending on the model parameters. It can then be solved for f (x)
(see Sect. 6.8 below).

(S, S) Inventory
The (s, S) continuous review inventory system is a special case of this model. If there
is no lead time and no backlogging, then r(x) > O for all x € (s, S]. If there is a lead
time and backlogging is allowed, then the regular state space and wide-sense state
space are both equal to the interval (—oo, S]; also r(x) = 0 for x < s (see, e.g., [4]).
In the (s, S) model, prescribed (i.e., policy) jump upcrossings occur, due to
replenishments up to level S whenever the inventory jumps to or below level s, or
makes a left-continuous hit of level s from above.

6.7 r(-)/G/M Dam

Consider a dam with a continuous influx when the content is positive. The influx is
interrupted by “demands” for content (i.e., instantaneous outputs), which occur in an
independent Poisson process. The demand sizes are i.i.d. positive random variables,
having a common general distribution. If a demand exceeds the current content, the
dam becomes empty. Empty periods are exponentially distributed with a common
mean, independent of other factors. We may regard an empty period as “setup time”
needed before starting a new influx cycle. We call a dam having these properties as
an ‘r(-)/G/M’ dam, to emphasize the continuous influx rate r(-). The r(-)/G/M dam
generalizes the “extended age” process for a G/M/1 queue (Sect.5.1.1).

The r(-)/G/M dam can be regarded as a template for a variety of production-
inventory models where the production rate depends on the current stock level. There
are many related variations. We can include: a fixed upper bound on content; thresh-
olds indicating changes in influx rate; several fixed levels at which production may
pause for a time; lost sales; backlogging, etc. The r(-)/G/M model is related to the
surplus (risk reserve) in a risk model in actuarial science, where the influx is the rate
of increase of surplus due to premium payments, and the outputs correspond to claim
amounts (see Fig.2.5 in Sect.2.2.2, Table?2.1 in Sect.2.4; Sect. 11.1).
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Fig. 6.9 Sample path of standard r(-)/G/M dam

6.7.1 Model Specification and Notation

Let {W(#)},>¢ denote the content of the dam at time ¢ > 0. The influx goes on
continuously at a positive rate dW (¢) /dt = r(W(t)), when W(¢) > 0. Demands for
content occur at a Poisson rate y, and are filled immediately (e.g., a sudden demand
for water from a reservoir, oil from a storage tank; a rush order for a product; etc.).
The demand sizes are positive with common cdf A(-) and complementary cdf AQ).
If a demand at #; exceeds the current content, the resulting “content” would be
negative. The corresponding end point of the SP downward jump would be below
level O (Fig.6.9). Only part of the demand is filled. Various policies can be used
regarding the excess demand (e.g., backlogging). To focus on the LC analysis, we
shall assume ‘no backlogging’. Then the content at #y would be W (ty) = 0. It remains
at level O for a time = Expy independent of the unfilled excess demand below O.
During an empty period d W (¢)/dt = 0. At the end of an empty period, the content
begins to rise from level 0 at rate #(0"), and continues to rise in a roughly ‘saw-tooth
pattern’ until some future demand takes the content ‘below level 0’ (see pass by in
Fig.2.16). The content alternates between nonempty and empty periods (Fig.6.9).

If the dam is stable then the content will return to level O (state {0} is positive
recurrent). Denote the transient pdf and cdf of content, ¢ > 0, by {Po(?), f;(X)},~0
and F;(x), x > 0, respectively. Then Py (t) = F;(0). Denote the steady-state pdf and
cdf of content by {Py, f (x)}, . and F(x), x > 0, respectively.

6.7.2 Equation for Transient PDF of Content

Consider a sample path of {W (¢)},>. Let U, (x), D, (x) denote the number of up- and
downcrossings of x during (0, #), respectively. In r(-)/G/M sample paths rise steadily
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at rate r(x) depending on x. Even so we can readily modify the proofs in Theorem
3.4 in Sect.3.2.7 and Theorem 3.3, in Sect. 3.2.5, getting

LEU(x) = r@fy(x),x >0, > 0,
%E(Uz(O)) = r(0Mf,(0) = 0Py(1), ¢ > 0, 6.59)
FEMD,(x) = p [[Z A = 0)fi(0)dy, x = 0,1 > 0.

Consider set A = [0, x], x > 0, in the state space. Theorem B (see Theorem 4.2
in Sect.4.2.1 and Theorem 3.2 in Sect.3.2.4) gives

0 0 0
EE(Z(A)) = EE(Q(A)) + EP,(A), (6.60)

where Z,;(A), O,(A) are the number of SP entrances and exits of A during (0, ),
respectively. We assume that a ‘pass by’ of level 0 due to a downcrossing of level
0 results immediately in an entrance of {0}. Thus Z;(A) = D,(x), O;(A) = U;(x),
P,(A) = F,(x). Substitution from (6.59) into (6.60) results in an integro-differential
equation for f; (x) and a differential equation for Py(t), namely

o _ 0
M/ Ay = 0fi()dy = r(x)fi(x) + EFr(X),x > 0,
y=x
= r(0M)£(0) + QP (t) = 0Py(1) + QP ®) (6.61)
! o’ TR ’
The normalizing condition is

o0
Py(1) +/ fi(x)dx =1, foreacht > 0.
x=0

Remark 6.9 In Eq. (6.61), the terms OF;(x)/0t, OPy(t)/Ot appear on the opposite
side from the integrals, in contrast to Egs. (6.16) and (6.17). The reason is that the
sample path of content increases in r(-)/G/M, whereas it decreases in the M/G/r(-)
dam discussed in Sect. 6.2.9.

6.7.3 Equation for Steady-State PDF of Content
If the dam is stable
lim /() = f(x), lim gFt(x) =0,x=0, lim Po(r) = Po.

We get an integral equation for f(x) by letting + — oo in (6.61), implying also a
rate-balance equation for state {0}, viz.,
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rf () = p [Z Ay — 0)f (dy, x > 0,

. (6.62)
r(OH)f(0) = pu [[Zy AW ()dy = 0P,.

The normalizing condition is

Po+ / b Feo)dx = 1. (6.63)
x=0

We can also derive (6.62) directly by considering a sample path of {W(#)};>0
(Fig.6.9). Fix level x > 0. The upcrossing rate of level x is r(x)f (x). The down-
crossing rate of x is p ﬂ ,ojx A(y — x)f (y)dy. Rate balance across level x gives the first
equation in (6.62); the second equation follows by balancing the SP entrance and
exit rates of state {0}.

Remark 6.10 In r(-)/G/M, Eq. (6.62) for the steady-state pdf of content generalizes
that for the pdf of “extended” age in the G/M/1 queue, i.e., r(x)f (x) replaces f (x) on
the left side of Eq. (5.7) in Sect.5.1.3.

6.7.4 Sojourn Times Above and Below a Level

Let a, := sojourn time above level x, b, := sojourn time at or below level x. Due to
Poisson arrivals, the upcrossing instants of level x form a renewal process with d, :=
interarrival time, between successive upcrossings, and E(d,) = 1/(r(x)f (x)),x > 0.
E(a,)

By the renewal reward theorem

E(ay) =1-F()
EWd,) o
Also,
EGp) _ E@) _ oo
E(dy)  E(dyp)
Thus,
Ea) = - F@ g (6.64)
ay) = ———, X , .
r(0)f (x)
E(Bp) = E(ag) == ——+0_ _ 1= 6.65)

r(0)f ()~ 6Py

where f(x), f(0) and Py are the solutions of (6.62), and (6.63); and empty period =

Expg.
Relating f (x) and E(a,)
From (6.64), the hazard rate of f(x) is
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J () 1

—F@ ~ rE@) "t
d —1
and d_xln (1-Fx)) = m,
1 —F(x) = Ce~ = 7r<y>£<ay>dy, (6.66)

where C is a constant, evaluated by letting x | 0 in (6.66), resulting in C = 1 — Py.

Thus,
dy

F(x)=1— (1 - Py)e bommm® x>0, (6.67)
Taking d/dx in (6.67) gives the pdf
— PO j"“ 1 dy
fx) = —e =0 rE@) x> (), (6.68)
r(x)E(ay)
From (6.65)
E 0Py _
Flay = E@0OP0 -t o o o, (6.69)

r(x)E(ax)
The normalizing condition Py + j; _of (X)dx =1, gives

1
Po = : (6.70)

’j_() Wd» ’
0o V)E(ay
1+ Ea)d [Z, (W) dx

from (6.65), another expression for Py is

1
Ppy= ——— 6.71
O 14 0E(a). (671

Formula (6.71) implies that the integral in the denominator of
"~ y=0 r()ETay & . . . . .
(6.70), f (%) dx = 1. This equality is verified by letting

f o r(y)Ew “o7E@ 4y, whence du = 1/(r(x)E (ax)) dx, resulting in

o0
/ e "du = [—e_”]zio =0+ =1

=0
E®,)
Similarly, we obtain (using (6.62)),
Ey=—0 W x>0, (6.72)
r@f ) [ Ay = 0f ()dy
Py Py Py 1
E(by) = = — =— =-. (6.73)

rONf ) p [ZoA@ —xf(dy 0Py 0
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Hence,

f&) 1

F(x) = r(x)E(by)’

d _ 1

& INFO) = 15565
[

F(x) = Cien=0 "0Ee) (6.74)
B B

F(x) = Poefﬂ":‘J "«‘”“”“d}, x>0,

P
flx) = _r(x)[;)(b )‘ef":(’ e x> 0.

In (6.74) F(0) = Py and F(c0) = 1.

Example 6.5 As a mild check on (6.74) let r(x) = 1, x > 0, Ax) = e ™M, x>0,
inter-demand time fEpr (i.e., @ = \), corresponding to an M/M/1 queue (i.e., age
in G/M/1 specialized to M/M/1).

In M/M/1 the relevant quantities are: F(x) = 1 — %e’(“”\”‘, x > 0;fix) =
APge= =M% x > 0; Py =1 — \/pu. Then

F(x) 1— ﬁe,(#,)\)x

Eb) = 205 = plimm

In (6.74), using F(0) = Py,

/X 1 p _/X 1 f(}’) (F(X))
Ay = dy = =n{—=),
y=0 T E(Dy) v=0 E(by) y=0 F(Y) F(0)

Fx) = Poelo mtmm® — pon(F6) = p, FO)
F(0)
=1- ée_(’*_’\))‘,x > 0.
1

6.7.5 k/G/M Dam

Let the influx rate be ¥ (x) = k,x > 0,k > 0, and assume the output sizes are d;Exp \-
s

Thus A(x) = e ™, x > 0, A > 0 (see Fig.6.10). Since the inter-output times when
W(t) > 0 are d; Exp,,, the sojourn time a, = ap (nonempty period), and E (a,) =
(1 —Py) / (BPy), x > 0. From (6.68)

E(ao—)QPo - )i OrmEm\)dy — 9P0 ~

Sfx) = (X)E(ax) - w0t x> 0. (6.75)

From (6.70)
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1 w— Ak 1
Po= o Jomme o p—M+0 1+0 o 70
1+ % fx:() e~ h=0 T dx n—= + + 0/ (1 — k)

where the term (u — Ak) / (u — Mk + ) in (6.76) is derived in formula (6.79) in
Sect. 6.7.7 below.

6.7.6 [E(Nonempty Period)

Assume a nonempty (aka non-empty) period ay starts at time 7p. Let 7 < 1 < - -+,
be the times of successive outputs within ay, that occur after 7. Let 7 = 7 and

T = min{r; > 7710 < W(r) < W(T)},n=1,2,....

The ordinates {W (7,))},=1,2,... are strictly descending ladder points (Fig.6.10). (See
Example (d), p. 280 in [73]; Fig. 1, p. 192, and pp. 390-394 in [74])). Let I* be the
initial influx amount, i.e., up to the first output (decrement) at 7; (I* = W(r;)). Let
Nj- denote the number of descending ladder points during ag. Since output sizes
are ;Exp > the memoryless property implies these ladder points are distributed as

Poisson “arrivals” in a length I*, where E(I*) = E(1y — 79) - kK = k/pu. If the output
at 7| should empty the dam, then ag = 71 — 79 = I*/k. In general,

" Ny«
a =+ ;ao,i, (6.77)
W(t)
[ — Non-empty Empty |
Period q, Period
—_— T Exp, Sp
N/ e
I’ % 4
0 Slope =k

%o 7 7 7 To dExcess
demand
below 0

Time ——

Fig. 6.10 Sample path for r(-)/G/M dam with r(x) = k, A(x) = e . Shows
I* = k(1 — 79), and descending ladder points at 7, ..., 7;. The indicated ladder
point ordinates are equivalent to four Poisson arrivals (rate \) within length I*
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where the g ;s are i.i.d. r.v.s = ap, independent of Ny (see Fig. 6.10 and Sect. 3.4.12).
From (6.77)

EI")
E(ap) = 3 + E(Nr) - E(ap)

L ME(I*) - E(ag)
W

1k
= = + 2= - E(ap),
T

E(ag) = = . (6.78)

6.7.7 Probability of Emptiness and PDF of Content

We compute {Po, f(x)},. (. Since E(empty period) = E(by) = 1/6, from (6.78)

E(b . — M
= G _ - _F . (6.79)
E(by) + E(ap) §+m w—Ak+0
Substituting for Py into (6.75) gives
O — k) _wwo
= "7 ¥, 0. 6.80
F ) k(u—)\k—i—e)e © x> (6.80)

6.8 (S, S) Inventory with Product Decay

Consider a continuous review (s, S) inventory system with reorder point s > 0,
and order-up-to level S > s. Assume that demands for stock occur at a Poisson
rate . The demand quantities, D;,i = 1,2, ..., are i.i.d. random variables with
common cdf B(x), and B(x) = 1 — B(x), x > 0. Denote the stock on hand process by
{I(1)};>0- Assume the stock decays at rate dI (1) /dt = —r(I(t)) < 0 when the stock
is at level I(#) € (s, S]. The ordering policy is as follows. If the stock either decays
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I(1) Rep=lenishmen=t cycles

R
X <

Y tO tl

Time —»

Fig. 6.11 Sample path {/(#)},5 in (s, S) inventory with general deacy

continuously to level s, or jumps downward to, or below level s due to a demand,
then an order is placed and received immediately, replenishing the stock up to level
S. All SP upward jumps end at level S. The regular state space is (s, S] since all
probability is concentrated on (s, S]. The wide-sense state space is (—o0, S], which
accounts for SP downward jumps ending below s, and immediately jumping up to
end at S (double jumps). The latter upward SP jumps correspond to replenishments
(see Figs.6.11 and 2.2 and Example 2.2). In order to focus on the LC analysis, we
assume there is no lead time or backlogging. These extensions, as well as others, can
be incorporated into the analysis (e.g., [4, 31]).

Letf(x),s < x < S, and F(x), x < S, denote, respectively, the steady-state pdf
and cdf of I() as t — oo. Assume each order size = Exp,,.

dis

6.8.1 PDF of Inventory with Constant Decay Rate k

To focus on the LC solution technique, we let the rate of decay be r(x) := k > 0,
x € (s, 5], and assume demand sizes are ?Expﬂ. We derive an integral equation for
s

fx),x € (s, S] in the following section. (The decay rate is generalized to r(x) = kx
in [36].)

This (s, S) model is a special case of the generalized M/G/r(-) dam in Sect. 6.6,
with demand rate \; = A, the rate of sample-path downward jumps. The cdf of the
demand sizes is B;(x) = B(x) =1 — e ", x > 0. The upward jump rate due to
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exogenous factors is \,, = 0. In this standard (s, S) model all upward jumps are due
to replenishments (prescribed, i.e., policy jumps). (The decay rate is generalized to
r(x) = kx in [36].)

6.8.2 Equation and Solution for PDF of Inventory

We develop an integral equation for f(x), x € (s, S]. Consider a sample path of
{I()}t>0 (similar to Fig.6.11 with slope = —k). Fix level x € (s, S). The rate at
which the SP decays into level x € (s, S) from above (due to left-continuous strict
downcrossings of x) is

tlim —E (Dt (x))

= r()f(x) = kf (x).

(We use the terms “rate” and “expected rate” synonymously when they are equal
a.s.). The SP decay rate into level s is

lim
—00

m = r(sf (s7) = r($)f (5) = kf (5).

The rate at which the SP jump-downcrosses level x € [s, S) due to demands is

limM:)\/S
y

—00 t

N

By — xf()dy = A / e HOIF (y)dy

=X y=x

(jumps start at y € (x, S) and are greater than y — x). The fotal SP downcrossing rate
of level x € (s, S]is

( C(x)) E (D;(x)) s
li ! + lim ——= = r()f(x) + A / B(y — xf(y)dy
t—00 t t—00 t y=x
s
=kf(x) + A / e MO (y)dy, x € (s, S].
y=x
The total “downcrossing” rate of the reorder point s is
E(D s _
tim ZE — o) 40 [ Bl - 90y
y=s

S
— k() + A / PEIf (),

y=s
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where we have counted a left-continuous hit of level s from above as a downcrossing
of s.

The SP total downcrossing rate of level s is equal to the SP egress rate out of
the order-up-to level S below (related to right limit tangent below in Fig.2.15 in
Chap. 2). This equality is due to the ordering policy, which replenishes stock on hand
to level S with each left continuous hit, or jump downcrossing, of level s. (There is a
one-to-one correspondence between SP egresses from S below, and downcrossings
of level s.) Rate balance into and out of state {S} results in the equality

S

rOf () + X [ B = )f 0dy = r(S)f (S),

6.81
KF(5) + A [, e MO )y = KF(S), ©8h

where r(S) := r(§7) and f(S) :=f(S7).

A crucial simplifying feature of this model is: the total SP upcrossing rate of every
level x € (s, S]is equal to the total downcrossing rate of level s (replenishment rate).
Applying Eq. (6.81), and rate balance across level x, yields an integral equation for

f(x)

S S
Ff@ + A [ Blr—x0f0dy = r(s)f(s) + A / B(y — )f ()dy
y=x y=s

=r(9f(S), x € (s, 5], (6.82)

or, since r(x) = k,

N N
K@) + A / O ()dy = kf (5) + A / eHOTIf ()dy
y=x y=s

=kf(S),x € (s, S]. (6.83)

The state space has no atoms, i.e., there is no state in which the SP spends a
positive time. The probability distribution of stock on hand is concentrated on (s, ST.
The normalizing condition is

S
/ F)dx = 1. (6.84)

6.8.3 Solution of Integral Equation (6.83)

Taking d/dx in (6.83) gives
K00 + 1 [k (S) — kF ()] — M () = 0. (6.85)

In (6.85), using the second equality in Eq. (6.83) we replace the term
P S:X e MOIf (y)dy by i [kf (S) — kf (x)]. The term —)f (x) results from taking
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the derivative under the integral sign. Simplifying (6.85) gives the differential equa-

tion

A
) — (u + E)f(x) = —uf(S).

(6.86)

Multiplying both sides of (6.86) by the integrating factor e‘(/“'%)x, integrating with

respect to x, and simplifying gives

f@ =2 | ot
Bt

where C is a constant. Setting x = S in (6.87) yields

+2 )
£(S) = MTk . Ce~(HF7)S.
I3

which substituted back into (6.87) gives
fx) = %k CCe ) 1 e i)x 5 < x < 8.

Applying the normalizing condition (6.84) leads to

()5 (w})s

k —(u+2)s e
B CertHiS(s —5) + € AN 1,
1 _ _ A lee 1+ ) 5-9)
o cke(m2)s =9+ 3

Factoring (6.88) results in

Fo) = c%kew%)s (1 + ikew:)w) s<x<S.

1

Letting A := C%e_("*f)s gives
A —(pt3)(S—x)
fx)=A 1+—ke K% ,s<x <8,
u

wherein (applying (6.84)),

-1
A )
A= =)+ ——— (1= HDE) |
|:( S)+#k(ﬂ+%) ( e ):|

(6.87)

(6.88)

(6.89)
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J(x)

2 4
1.89
1.6
1.4
i ook
14
0.8
0.6

041

0.2 1

1 12 14 16 1.8 2 22 2425
5 * Ay

Fig. 6.12 PDF f(x) in (s, S) inventory with decay rate k. A = 2, u = 0.10, k = 1,

x <1,
S =2.5,s = 1. Note that f(x) =0 [x ~25

In (6.89) f(x) is convex and increasing on (s, S) (i.e., f'(x) > 0, f”(x) > 0).
This property agrees with intuition which suggests that the stock resides a large
proportion of time at high levels closer to S and a smaller proportion of time near
s, for every k > 0. This accumulation of inventory near S is a consequence of the
re-order policy, which instantaneously replenishes the stock up to level S at each
replenishment instant since there is no lead time. (See the numerical example in
Sect.6.8.8 and Figs. 6.12 and 6.13.)

6.8.4 Sojourns Above and Below Level x

Let a, := sojourn time above x, and b, := sojourn time at or below x, x € (s, §], in
{I(1)},>0- Every instant r > O such that I(f) = S is a regenerative point of {I(#)},>.
The regenerative property holds whether replenishments up to S are due to SP smooth
decays into level s from above, or due to SP jumps that end at or below level s as
a result of a demand. For example, consider Fig.6.11. At time points like #; the SP
makes a left-continuous hit of level s from above, and jumps upward to level S. The
Poisson arrival process for demands ensures that the excess arrival time until the next
demand is d;Exp A (memoryless property).
LS

Time Between Successive Hits of Level S

The times between successive instants when I(¢) = S, form a renewal process. Let
ds := inter-level-S time. From (6.83), the total SP downcrossing rate of level s is
identical to the
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F(x)

0.8

0.6

0.4

0.2 1

o]

1 1.2 1.4 1.6 1.8 2 22 24 25
5 x 5

Fig. 6.13 CDF F(x) in (s, S) inventory with decay rate k. A =2, 4 =0.10, k = 1,
S=25s5=1

N
replenishment rate = kf (s) + \ / e MO (y)dy = kf (S).
y=s

The value of f(S) is obtained from (6.89). Thus, with A as in (6.89),

I _ ¢
kF(S) — Alkp+\)’

E(dy) = (6.90)

E(a,)
The proportion of time the SP spends above level x is 1 — F(x), which is equal to
La) — g (ay)kf (S) (by the renewal reward theorem). Thus

E(ds)
I1-Fx) p(d—-FXx)
E(a,) = = , 6.91

W= T Adnt 0
where F(x) = fy X:s f(y)dy is obtained from (6.89).
E®,)
Similarly,

Eby = 20 1) (6.92)

Tk(S) T A+ )
We can also obtain E(b,) using (6.91) and

1
E(ay) + E(by) = E(ds) = K S)
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A check on E(a,), E(b,) when x =5, using F(s) =0, 1 — F(s) =1, and (6.90), is

1—F(s) _ 1 _ "
KE©S)  kfF(©S)  Alkp+ N

E(as) = = E(ds),

the expected replenishment cycle, as intuitively expected. Also E(by) = F(s)/kf (S)
=0, which agrees with the SP spending zero time below level s. (State-space jumps,
including jumps that end below s, occur not in Time because they are perpendicular
to the time axis. See Remark 2.2 in Sect.2.3).

6.8.5 Replenishments Due to Two Types of Signal

The replenishment rate (fotal ordering) is the SP total downcrossing rate of level s,
which is the right side of (6.83), namely kf (S) = A(kp + \) /i (A as in (6.89)).
Replenishments are made up to level S whenever one of two types of signals
occurs. A type-c signal denotes an SP left continuous decay into level s from above
(time point #; in Fig.6.11). A type-j signal denotes an SP downward jump that ends
at or below s, due to a demand (time point f, in Fig. 6.11). (We use the term ‘type- k
order’ to mean an order is due to a type-k signal, k =¢,j.) An order cycle (same as
replenishment cycle) is the time between two successive instants when an order is
received, namely, dg. Due to Poisson arrivals of demands, the sequence {dsvi}i:u,..,
with d ; = ds, is a renewal process. An order initiating ds is either type-c or type-j.

Let P, := P(an order is type-c), P; := P(an order is type). Then P, + P; = 1.

We now determine P, and P;. The counting process { Dy (s) },~¢ is arenewal process
due to Poisson arrivals of demand. Since there is exactly 1 type-c or exactly 1 type-j
order in an ordering cycle,

E(number of type-c ordersinds) =1-P. +0-P; = P,
E(number of typej ordersinds) = 0-P. +1-P; = P;.

By the renewal reward theorem,

E (number of type-c orders in dy) lim E(D; (s))
= |1 =
E(ds) —oo
Pe _ . E(D(s)

m = l_)fgo f =r(©)f ().

r(s)f (s)

Since E(ds) =1/ (r(S)f(S)),

r($)f (s)

Pe =r@f () - Elds) = 705

(6.93)

Intuitively, in (6.93) the numerator is the rate of type-c orders; the denominator is
the total rate of orders.
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Also, {Dﬁ (s)} >0 is arenewal process (due to Poisson arrivals of demands). There-
fore
E(number of typej ordersinds)  1-P;+0-P,
E(dy) E(dy)
P . EDj(s)
= = lim ——~—,
E(ds) = 1

and (see Sect.6.6),

AL By = $)f )y
r($)f (S) '
Intuitively, in (6.94) the numerator is the rate of type-j orders; the denominator is the

total rate of orders.
If r(x) =k, x € (s, S], and the demand sizes are d: Exp,,, then

Pj = lim
t—00

E(ds) =

E(Di(s)) (6.94)
— .

b KM@ @, AL e 0y
CTHE) ST Kf (S) '

implying, with A as in (6.89),

kp+ Ae— G ES—s)
e kp+ A

—(2+4n) -y
HAA fySZY e HO—9) (1 SR N A (Ak;) ) dy

kp + A

(6.95)

P =

(6.96)

6.8.6 Expected Order Size

Denote the replenishment order by R. If an order is type-c then R = S — s. If an order
is type-j then R = § — s 4 r, where ry := excess demand below s. If the demand
sizes are dZ'ExP” then ry = Exp,, (by memoryless property). Since P, + P; = 1, the

expected order size is

1 1
E(R)=(S—S)Pc—l-(S—s—i-—)szS—s—i-Pj—, (6.97)
u u

where P; is given in (6.96).
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6.8.7 Cost Rate

Since there is no backlogging or lead-time costs in the (s, S) model considered here,
the cost function accounts only for costs of setup of placing orders, and for holding
inventory. Let C := total average cost rate, Cs := setup cost per type-c order, C;, :=
setup cost per type-j order. Let Cy be the holding cost per unit per unit time. Then

C = Cy - (type-c ordering rate)

s
+ G - (type ordering rate) + Cy / xf (x)dx

S N

= Cikf (5) + G / eI (x)dx 4 Cy / xf (x)dx, (6.98)

xX=s X=s

where f (x) is given by (6.89).

6.8.8 Numerical Example

n (s, S) with r(x) = k and all demand 51zes Exp/,, assume A = 2, 4 = 0.10,

k=1,5 =2.5,5s = 1. Calculations give A =0. 094200 in (6.89). The pdf of inventory
is

F(x) = 0.094200 + 1.88400e 223042100 1 « x <25,
f(1) =0.1749,  f(2.5) = 1.9782.

I(1)
S

Level x

_I_ —> SP

Time —>

Fig. 6.14 Sample path of {I/(#)},5( in (s, S) inventory with no decay. The SP stays

at a level for a time = Exp)
1S
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The cdf of inventory is

F(x) = —0.132645 + 0.094200x + 0.897144¢~>%+219 | < x < 2.5,
F(1) =0, F(2.5) =1.0.

Functions f(x) and F(x) are plotted in Figs.6.12 and 6.13, which demonstrate
convexity and the probability massed towards level S.

6.9 (S, S) Inventory with No Product Decay

Consider an (s, S) model as in Sect. 6.8, having demand sizes = Exp,, and no decay

of inventory. Thus r(x) = 0. Once the stock on hand enters a level in (s, ST, it remains
at that level for a time = Exp,, until the next demand instant (see Figs.2.6 and 6.14

above). The state space has an atom at level S (positive probability). Every state
{x} € {yly € (s, S)} is continuous (not an atom), because the probability of entering
and remaining in such {x} for a positive time is 0, due to continuous demand sizes.

Let ITs = P({I(t)},>0 is at level S) in the steady state. Equating the SP down- and
upcrossing rates of level x € (s, S) yields an integral equation for f(x),

S
/\Hse—/t(s—x) + A e_“’(y_x)f(y)dy

: y=x
= AMIge #S™ 4 X [ e 0 9f(y)dy = Mg, (6.99)
y=s
S
MTIge #S=9 4 ) / e HOTIF(y)dy = Mg, s <x < S. (6.100)
y=x

The first equality in Eq. (6.99) indicates that the upcrossing rate of every x € (s, S)
is equal to the downcrossing rate of level s.

Equation (6.100) employs the second equality in (6.99), which expresses the fact
SP rate into {S} = SP rate out of {S}. The normalizing condition is

S
M +/ F)dx = 1. (6.101)

6.9.1 PDF of Inventory

Some algebra using (6.100) and (6.101), shows that {ITg, f(x)},.s) is given by
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1
Iy = —F/——=. /0 = a

- r . 102
1+ (S —») Tras s €ES (6.102)

That is, f(x) is uniformly distributed on state-space interval (s, S), and there is an
atom at S. In (6.102), if 4 < 1 then ITg >f(x) x € (s, S) if g > 1 then Iy < f(x),
x € (s, S) If =1 then Iy =f(x), x € (s, S)

6.9.2 Sojourn Times Above and Below a Level

The rate of replenishments up to S is the total SP downcrossing rate of level s, namely

N
Alge #6579 4 ) / e MO (y)dy = A,

y=s

since all replenishments are due to type-j orders that include the excess s. Let dg :=
time between two successive replenishments up to level S (same as an ordering cycle).

Then ) {
E (ds) = S = ) (6.103)
AlTge—#5=9) 4 ) fy:v e~ HO=9f (y)dy Mg

Fix level x € (s, S]. From the theory of regenerative processes (specifically the
renewal reward theorem)

E@) _y_ poy ) po.x el §]
E (ds) ’ E (ds) ’ T
1—-F
E(a) = (1 - F))E (ds) = ATS(X) (6.104)
E(b) = FE (ds) = Fﬁ“ ) 6.105)
S
where ( )
B uw(x —s
F(x)_/y_f(y) —1+ s )s<x§S.

The law of total probability gives

_ (S — ) e — (S — ) 1 _
T+uS—s5) > 1+upS—s  1+uS—s

F(S)
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6.9.3 Ordering Characteristics

Ordering Rate
The total ordering rate is the right hand side of (6.100), i.e., AIlg = A/ (1 + u(S — 5)).

Expected Order Size
All orders are type-j, signalled by demands ending at or below s. Thus P, = 0 and
P;j =1 (see Sect.6.8.5 and 6.8.6). Hence the expected order size is

E(R):S—s—l—l%. (6.106)

Expected Number of Demands in an Ordering Cycle

Let N4, := number of demands in an ordering cycle ds. By the renewal reward
theorem,
E(Ng)
E(ds) '
A 1
E(Ny) = AE(ds) = — =14 pu(S —s). (6.107)

Mg Tl

An alternative derivation of (6.107) using stopping times, is of interest. First,

Ny, :min{mZDi > S—s}, (6.108)

i=1
implying Ny; is a stopping time for the sequence {D;},_; ». .. Also

NdS

ds = Z T;,
i1

where T; = T = Exp,. Ny, is also a stopping time for the sequence {7}},_; ,  because

dis  dis
there is a 1-1 correspondence between {7;};_, . and {D;},_; , . Thus

E(ds) = E(Ng,) - E(T),

and 1
Eds) s, 1 _
R Rl AL R CEE) (6.109)

E(Ny) = My

1
X
corroborating (6.107).
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6.9.4 Cost Rate

Let Cp, Cy denote the setup cost per order and holding cost per order per unit time,
respectively. The total average cost rate is

S+
C = Cy - (ordering rate) + CH/ xf(x)dx.

X=5

The ordering rate is AX[1g = A/ (1 + u(S — 5)). The average stock on hand is

/S+ £(x)dx = STI +/S g
X (X)dx — —aX
x:s. s x=x1+/~l/(S_s)

S ,u(Sz—sz)

B 1+u(S—s)+2(1+u(S—s))
2854 (8 =57
204 (S =)’

Thus
A c 28 + u(S? — %)

_ . . Cy. 11
T+uS—s) 27" 200+ u(S— ) Ca (6.110)

Remark 6.11 In the standard (s, S) with no decay, suppose the inter-demand times
form a renewal process (not necessarily a Poisson process). Then the results will
be the same as in this section, except for the arrival-point mixed pdf denoted
{ s, f,(x) }xe (5.5)° because PASTA will not apply. The integral equation for the pdf
f,(x) would be the same as (6.100), where A represents the renewal rate of the demand
process. The arrival rate A cancels out of the equation. Thus the formulas for ITg ,
and f,(x), x € (s, S) in (6.102) are independent of A. The underlying reason for this
property is that all orders are type-j at the ends (and starts) of inter-demand times.
When the SP jumps up to level S, the time until the next demand is a full inter-arrival
time. Hence {ds,;} is a renewal process, where ds; = ds.

Remark 6.12 For exposition, we have applied LC to only two basic (s, S) inventory
systems. We emphasize that LC equally applies to a vast array of other inventory
systems as well, e.g., (r, nQ), variations of EOQ models, models with lead time
and backlogging, production-inventory models of various complexity, models with
a variety of state-dependent control policies (e.g., [3, 4]).



Chapter 7
Multi-dimensional Models

7.1 Introduction

In many stochastic models the system state is defined by »n real-valued ran-
dom variables at time ¢t > 0, where n € {2, 3,...}. Thus, the state space
S is a subset of n-dimensional Euclidean space, denoted as R". (Note that
n-dimensional may be abbreviated n-D.) To determine the statistical behav-
ior of the system at a transient time ¢, or as t — 00, we must derive the
time-¢, or limiting (as t — 00), joint pdf or cdf of the state r.v.s. Here, we use
LC to analyze a particular inventory system whose state has two continuous
real-valued, non-negative random variables; thus, S € R2,

7.2 Models with State Space S a Subset of R2

Suppose § C R2, where R% = {(x,y)|x € R,y € R}, and R is the set of real
numbers. We assume the time axis is T = [0, 00).

Notation 7.1 We denote an n-dimensional stochastic model as type-n, g if
¢ state variables are mixed (i.e., having continuous components and possibly
some atoms), and d state variables are discrete (atoms), where ¢ + d = n.

Example 7.1 Consider the system point process {W(z), M(¢)},>( in the
general M/M/c queue (Sects.4.3—4.5). Random variable W (¢) is the waiting
time at time 7, which is continuous on (0, co) with an atom at O (i.e., mixed).
Random variable M (¢) is the system configuration, which is discrete, with
values in a set M. Assume M (¢) := number of other servers occupied at
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the start-of-service instant of a time-¢ arrival. Then, the system state would
consist of two random variables (¢ > 0). In the standard M/M/c, the system
point process is two-dimensional, described as type-21,1 (1 continuous, 1
discrete variable). The state space is § € R x M (x := cross product).
Similar remarks apply if M (¢) is a vector of d discrete r.v.s.; then the process
would be type-(1 + d); 4.

Remark 7.1 If the state of a model with two continuous r.v.s and system
configuration having a single random variable M(#) € M, the state space
is § € R? x M. The model is type-32.1. Analogous descriptions apply to
models with states consisting of ¢ continuous r.v.s, ¢ = 3, 4,..., and system
configuration having a single random variable. The model would be type-
(¢ + 1)1, the state space would be § € R x M.

In the other chapters of this monograph, LC is used to analyze type-1; o,
type-1¢. 1, or type-21 1 queues, inventories, dams, renewal processes, counter
models, etc. LC techniques can be applied to analyze type-22 ¢ models with
state space § C R2, or type-32,1 models with § C R2 x M, etc. Similar
techniques also apply to type-(n + d), ; models with § € R" (d = 0) or
SCR'"xM,n=3,4....

Here we focus on two variants of a type-2; o model with § C R?. The
idea is to fix a point (x,y) € S, and select a region R,y € S having a
boundary R, which is expressible as a function ¢ (x, y). That is, ORy
may be a level set ¢ (x, y) = constant. Alternatively, OR , may be defined
as the union of sets (paths in R2) which describe a “curve” in S; we call
such a piece-wise connected path a two-dimensional level. If such a level is
specified (as in Sect.7.2.2 below), we obtain SP rates across it, expressed
in terms of the joint pdf of the continuous (or mixed) state variables, using
familiar LC techniques applied previously in this monograph. Specifically,
we use the principle of rate balance across the level to formulate integral
equations for the steady-state joint pdf of the state variables. The integral
equations are solved using analytic, simulation or numerical methods.

We will illustrate the LC technique by modelling a two-product inventory
system in which the products share the same limited total storage space in
a warehouse (Sect. 7.3 below). Before discussing the two-product inventory
model, we briefly review some properties of a rectangle (same as interval)
in R?.



7.2 Models with State Space S a Subset of R? 391

7.2.1 Rectangle in R*

Let [x1, y1], [x2, ¥21, xi < yi, i = 1, 2, denote two finite closed intervals in
R. A closed rectangle (aka interval) in R? is the cross product

[X], yl] X [Xz, y2] = {(OZ, ﬁ) |OZ € [xlv yl]’ /6 € [x2’ y2]} .

Similar definitions apply to open intervals, partially open intervals, etc. For
an arbitrary finite interval in R, there are two choices for each end point. The
end point either belongs to the 1-dimensional interval associated with the
edge, or it does not. Since a rectangle in R? has 4 edges and 4 vertices, there
are 2* = 16 possible combinations of open and closed edges (Fig.7.1).

We can determine the count of various types of edges by considering
whether vertices are “filled in”. (see Fig.7.1.) Column 1 portrays O vertices
filled-in (1 way)—all 4 edges are open. In column 2, 1 vertex is filled-in (4
ways), 2 edges are half-open and 2 edges are open. In column 3, 2 vertices are
filled-in ((‘2‘) = 6 ways), giving 2 distinct cases: case 1—the filled-in vertices
are adjacent, there are, 1 closed edge, 2 half-open edges, 1 open edge (4
ways); case 2—the filled-in vertices are diagonal, all 4 edges are half-open
(2 ways). In column 4, 3 vertices are filled in (4 ways), 2 edges are closed,
2 edges are half open. In column 5, all 4 vertices are filled in (1 way), all 4
edges are closed.

[ [T

1 4 6 4 1

oO—
O— 4

Fig. 7.1 Rectangles in 2-dimensional space. Shows the number of combinations of
open, half-open, and closed edges for each number of filled-in vertices, O, ..., 4;
e.g., column 3 shows 2 vertices filled-in: adjacent (4 ways), diagonally (2 ways). The
total number of combinations is 16
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7.2.2 Two-Dimensional Levels

In many models of Operations Research and related fields, there are two non-
negative state variables with mixed pdfs, and the states are restricted to the
non-negative quadrant of R?, i.e.,

S ={x,»x=>0,y>0}.

The LC analysis uses an arbitrary 2-D (two-dimensional) rectangle R, € §
with a fixed corner (x, y) € S (x, y > 0), as a “test” region with respect to
SP entrance and exit rates, where

ah_(a x)x (b,y),0<a<x,0<b<y.

Rectangle RZZ is an open set. (Since the state r.v.s have continuous compo-
nents, the analysis generally leads to identical results for joint pdfs, whether
choosing an open or closed test rectangle. Care must be taken in some models
if the joint pdf takes different forms on subsets of S that are half open, e.g.,
if one of the variables is the waiting time in an M/D/1 queue (see formulas
(3.192) and (3.193) in Sect. 3.10.3).

A Level as a Boundary of the Test 2-D Rectangle

Denote the ‘north-east’ boundary of RZZ as 'IEZ Z; , so that

oy =1 Bl < B <y U{(@y)la <a <x}.

The boundary ](z’z) is the union of the east and north edges of R, shaped

like the letter ‘L’ rotated 180° to look like ‘1’ (see Fig.7.2, in whicha =b =

0). The set T x '| (x.y )) is ‘called’ a ‘level-] EZZ)) contour in T x §’, equivalently
a ‘2 -D level in T x §’, or simply a ‘levelin S.

The Time Axis and a 2-D Level

The time axis is T = {t € [0, 00)}. The level T x WEZZ)) contourin T x S
is the union of two perpendicular planar strips having width x — a, y — b,
extending to infinity along the T-axis, in the 3-D (3-dimensional) space T x
S. Pictorially, T x ]gz“bv)) contour is a surface resembling an “edge guard”

(or edge protector in carpentry), extending to infinity in the direction of

T. Figure7.2 plots a T x 18;; contour in the 3-D time-state space when
a=b=0.
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Y1

(x,y)

X(t)

Fig. 7.2 Assume {X(#),Y(t)},t > 0 is a 2¢ ) -dimensional process with
(X(t),Y(t)) € R? restricted to the non-negative quadrant. The level set 123:3; =
{(x, )10 < B < y}U{(a, y) |0 < @ < x} is shown over time, and also projected
on the (X (¢), Y(¢)) plane. Cross product T x ]Egg; is a surface in 3-dimensional

Euclidian space

The Role of Levels in the LC Analysis

Assume system stability holds. Denote the limiting joint pdf of the continuous
r.v.s by f(x,y),x >0,y > 0. We compute SP transition rates across level
] Ezz) in terms of values { f («, 3)|a crossing of ] EZZ; is possible starting from
(a, 8)}. These transition rates are determined using the probability laws, and
any prescribed laws, governing the model dynamics. Rate balance across

level 18 ,{)) yields one or more integral equations for f(x, y).

7.3 Two Products Sharing Limited Storage

The model we analyze here is an inventory system with two products that
share a common limited storage facility having total capacity Q. Assume
that product 1 is governed by an (s, S)-like ordering policy, and product 2 by
an EOQ-like ordering policy. Let {11 (t), I>(t)},>( denote the stock on hand
at time ¢ of products 1 and 2 respectively. We assume that I (z), I(t) are
continuous r.v.s, therefore type-27 . Suppose that the parameters are such
that the joint process {/1 (), I2(1)};> is stable.
Denote the steady-state joint cdf of /1 (¢), [>(t) ast — oo by

F(x,y) = tl_i)rgo P (t) <x, () <y),(x,y) €8,
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having joint pdf f (x, y) = 0*F (x, y)/Oxy, wherever the underlying partial
derivatives exist.

We will analyze two elementary versions of this model, using LC. We
assume no lead times, no backlogging, and no product decay, to further focus
on the LC technique. There are many plausible variations on the state space S
and on the ordering policies. For elucidation, we analyze the model when the
state space S is relatively simple, and the ordering policies are well known.

The units of the two products are assumed to be the same as the units of Q.
For example, suppose Q is measured in cubic meters (m?). If the products’
units are not the same, we convert them to m>. Product 1 may consist of
2-m (length) x 5-cm (outer diameter) plastic pipes which can be cut into
continuously variable lengths. Product 2 may be 0.5-in. thick 8-ft x 4-ft (8’
by 4') plywood sheets, which can be cut into continuously variable rectangles
in the 8 by 4’ sheet. We would convert all volumes to m°.

An example where the product units are the same as that of Q, is where the
products are two different agricultural grains sharing a single storage space,
such that they can be retrieved separately to satisfy demands. We will not
address the accompanying “packing” problems here. We treat the inventory
problem only, and assume that a model with continuous state variables is
appropriate.

7.4 Two Products Sharing Storage: Model 1
7.4.1 Policies for the Products

Product 1

Product 1 follows a modified (s, S) policy with no decay (see Sect. 6.9 above).

Assume there is a Poisson demand rate A > 0 per unit time and the demand

sizes are = Exp,,. Its stock on hand remains constant until the next demand
s

for it occurs.

If a demand for product 1 atinstant 7, causes the stock-on-hand of product
1 to jump downward below a fixed level s, 0 < s < @, an order is placed
for product 1, and is filled immediately. The amount received satisfies any
shortage caused by the demand and replenishes the stock up to the available
space Q — I>(, ) at instant .

Product 2

Product 2 follows a modified EOQ policy (see, e.g., p. 210ff in [114]). There
is a constant demand rate equal to k > 0 units per unit time independent of
the amount of stock on hand of product 2.
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If the stock on hand of product 2 hits level 0 from above at ;" an order is
placed and received immediately. The order replenishes the stock of product
2 up to the available space Q — I1(¢; ) at fo.

7.4.2 State Space S

The regular state space S, is a finite right-angled triangle with vertices at
(s,0), (Q,0)and (s, Q —s) (Fig.7.3). We assume s > 0. The state space in
the wide sense is

S=8U{(a,D|a<s5,0=<p3=<0—sl},

which appends an infinite rectangular region to the left of S,. We use S since
the SP jumps into the infinite rectangular area

{(a, D <s,0=p=Q—sl}

when an order for product 1 occurs (see Sect.2.3.1 regarding a wide-sense
state space).

(S, Q'S
T
1,(1)
60 . (20

Fig. 7.3 State space S in inventory model with two products sharing limited stor-

age of capacity Q. Shows level 1™ Indicates two trapezoidal regions of § from
g pacity (5,0) p g

which SP can traverse '|gy’g)) due to product demands. S includes infinite rectangle
{(a, B) oo < 5,0 < B < Q — 5|} appended to S, on the left
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Remark 7.2 There will always be a positive amount of each product on
hand, except possibly for an initial finite time period. For, suppose at t = 0
the state is (/1(0), 1o(0)) = (Q, 0) (all space is used for product 1, and no
product 2 is present). The state will remain (Q, 0) until a demand for product
1 of some size D; < Q — s, occurs for the first time. A storage space of size
Q — Dj will become available at that instant.

The number of product-1 demands until such a D; occurs is geometri-
cally distributed. That is, product 1 may have successive demands of size
> (O — s before a demand of size D; occurs. The probability of “failure”
= ¢7HM(Q@~9); the probability of “success” = (1 — e *€~9)) The expected
number of demands until obtaining D < Q — s is 1/(1 — e 27%)) The
time between demands has mean 1/\. Thus, the expected time until a size
D demand occurs is 1/ ()\(l — e*“(Q*“))).

We assume that if a product-1 demand of size D occurs, then an order for
product 2 of size D; is placed and received immediately to fill the space. The
resulting state becomes (Q — D1, D1). From that instant on, the ordering
policies preclude the system ever returning to the state (Q, 0), due to the
continuity of the demand sizes of product 1. Thus state (Q, 0) is not recurrent.
Therefore (Q, 0) is not an atom (has probability 0).

7.4.3 Sample Path

Figure 7.4 shows a sample path of {/(¢), I>(1)},>¢, containing vertical line
segments corresponding to the decay of Product-2 with slope k. The vertical
segments are traced in planes parallel to the (¢, I(¢))-plane, on time inter-

vals = Exp) (d; interarrival time between product-1 demands). The slope-k
s s

segments appear as vertical lines in the cross-section depicted, which is per-
pendicular to the time axis in Fig.7.4. At the lower end points of these line
segments, the SP jumps leftward due to product-1 demands, to planes closer
to the (¢, I>(t))-plane, unless it jumps past the reorder plane o = s. The left-
ward jumps occur in planes parallel to the (¢, 11 (7)) plane with sizes = Exp,,.

dis
If a leftward jump crosses the plane o = s, the SP jumps immediately right-
ward (double jumps), to the order-up-to plane o + 3 = Q, corresponding to
a product-1 replenishment up to the available space.
If the SP makes a continuous slope-k hit from above of level 0, it jumps

immediately upward (double jumps) parallel to the (¢, I>(¢)) plane, the plane
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B
A
(5,0-s)
3
y SP start
4
1(t
ol 1 N ws B=0
Order placed < ; :
for product / L)
‘%V
< |5 \
5,00, o
5 Order (0.0)
placed for L)~
product 2

Fig. 7.4 Sample path projected onto (/;(¢), I(¢)) plane in Model 1 of inventory
with two products sharing total space Q. The vertical line segments are projections
of a line of slope k relative to the (¢, I(¢)) plane. The horizontal line segments are
projections of horizontal line segments relative to the (¢, /;(¢)) plane

o
T 1 mean= 1 i—SP
L@ P A 1 mean
level x ok
I ] T
N v A
product-1 product-1
order order
Time t —

Fig. 7.5 Possible sample path in Model 1 of two-product inventory with limited

storage, projected onto the (¢, /;(¢)) plane. Shows perspective of SP motion for
product 1

a + B = Q, corresponding to a product-2 replenishment up to the available
space.

Perspectives of possible sample paths projected onto the (¢, /1(¢)) -plane
and (¢, I>(t))-plane are given in Figs.7.5 and 7.6, respectively.
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)

1.0 \ Nsp
level y "\\
0 ‘ |

product-2 producbZ
order order
Timet —»

Fig. 7.6 Possible sample path in Model 1 of two-product inventory with limited
storage, projected onto the (¢, I(¢)) plane. Shows perspective of SP motion for
product 2. I(t) < Q — s because product 1 ordering policy implies 7;(¢) > s

7.4.4 Integral Equation for Steady-State Joint PDF

Fix (x,y) € S,x > s,y > 0. Consider the 2-D level 03 (Fig.7.4). The

rate at which the SP crosses Wg”g)) leftward (from the right) is

y 003
A / / M=) (o, B)dad B,
£5=0Ja=x

since all SP leftward crossings are due to jumps corresponding to demands
for product 1, having demand rate A. A jump starting at & > x causes

the SP to cross the vertical edge of level 12?’3)) with probability e (=%,

Jumps that cross level ] (f ’g)) leftward must originate in the trapezoidal region
{(la, D) |x <a<Q—-F,0<f <y} .
X,y

The rate at which the SP downcrosses level ](s 0 is

X
¢[ sayda
a=s
since the demand for product 2 is constant at rate k and the SP downcrossing
rate of a point (o, y) is kf (o, ¥) (see Corollary 6.2). That the SP down-
crossing rate is kf («, ¥) at («, y), can be proved by a slight modification of
Theorem 1.1 in Chap. 1, such that the SP declines at an arbitrary slope £ > 0.
Thus, the total SP crossing rate of level '|E;C”g)) leftward and downward
(from above) is
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0 x
A / ’ / e MO £, Bdad S + k / f(a, y)do. (7.1)
=0 Ja=x a=s

Similarly the SP crossing rate of level 18‘ ’g)) rightward (from the left) and

upward (from below) is

0-4 x
A / ’ / e M9 £, Bdad [ + k / f(a, 0)da, (7.2)
6=0Ja=s a=s

by applying the ordering policies for product 1 and product 2. The first term
in (7.2) is due to horizontal SP jumps across plane-(s, 0) from the right due
to product-1 demands, each of which double-jumps (rebounds) to the right,
ending at the plane {(«, §) |a + 3 = Q}. The second term in (7.2) is due to
SP continuous hits of level 0 from above signalling an instantaneous double
jump vertically upward (rebound) to the plane {(«, 3) |« + 3 = Q}.

Rate balance across level ] g”g)) equates (7.1) and (7.2), giving the integral
equation for f(x,y),0 <x+y < Q.

Moo &) e f(a, dadB + k [, f(a, y)da
Mo 2 0 o, fdadf +k [, f(a, 0)da.

Form of Solution of (7.3)

(7.3)

Taking 0/0y once and 9/0x twice on both sides of (7.3) leads to a second
order PDE (partial differential equation) for f(x, y)

o ) = fey) — 2 fx.y) =0, (7.4)
s<x<Q-y,0<y<Q-—s.

Applying separation of variables for PDEs to (7.4), let f(x,y) = g(x)h(y)
(e.g., pp- 422428 in [10]). Then (7.4) reduces to

g/(x): ph'(y) _
g W(y) = 2h(y)

where the derivatives are taken with respect to the corresponding variables
and o is a constant to be determined. Thus

dlng(x) dInh(y) Ao
- = 0-7 - 9
dx dy k(o — )
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with solutions .
g(x) = Ae™,  h(y) = BeFo-w”, (7.5)

where A, B are constants. We next evaluate the constant o.
Value of Constant o

We utilize a boundary condition to evaluate o. Consider a point (x, O — x)
on the north-east boundary {(a, ) |o + 3 = Q} of S.

In steady state, the SP total rate into (x, Q — x) from the left and from
below, is .

A e_“(o‘_s)f(oz, 0 —x)da+kf(x,0),
a=s

where the first term is due to product-1 demands that signal product-1 replen-
ishment orders up to the available space, when product 2 is at level Q — x;
and the second term is the rate of product 2 demands that signal product 2
replenishment orders up to the available space when product 1 is at level x.

The SP rate out of (x, Q — x) leftward and downward, is

)\f(xaQ_x)+kf(x9Q_x)a

where the first term is due to product-1 demands when the state is (x, Q — x)
and the second term is the SP rate out of (x, O — x) due to the constant
demand rate k for product 2.

Equating the SP rates into and out of line (x, QO — x) gives

A/X e =9 r(, O — x)da + kf (x, 0)

: (7.6)
=Af(x, Q= x) +kf(x, Q —x).

From (7.5), substituting for g(-), A(-) in (7.6), simplifying and letting x | s
leads to
kn(l+ %)
o= ,
kIn(1+2) + MQ —5)
provided o # u. (The value o # u; otherwise h(y) would be infinite for
all y.)

(7.7)

7.4.5 Solution for Joint PDF of {I1(t), I>(t)};-

From (7.5), the steady-state joint pdf of inventory is
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Ao Ao
f(x,y) = Ae™ - BeFo-n" = ce”* Tro-m?

where constant ¢ := A B, and the constant ¢ is given in (7.7). The value of ¢
is obtained from the normalizing condition

Q—s rQ-y O—s rQ—y ot A
/ / f(x, y)dxdy :/ / ce” TRo-mY =1,
y=0 x=s y=0 x=s
1

implying ¢ =

(7.8)

0-s (0—y ox+p2Zsy’
fy:O fx e (U .“)

=s

Example 7.2 Consider Model 1 with arbitrary parameter values
O0=5,s=1Lpu=1,A=15k=25.

Then 0
f(x, y) — Ceax-i—ﬁy

and from (7.7) 0 = 0.1638. From (7.8) ¢ = 0.0971. Thus (Fig.7.7)

F(x,y) = 0097116380175y |\ 5y 0 <y <4
The marginal pdf of product 1is f1(x) = yQ:?)x F(x, y)dy or
filx) = 0.8266(60'16376X _ 60.2813x—0.5875))
(Figure 7.8). The marginal pdf of product 2 is fo(y) = fo:;y £(x, y)dy or
F(y) = —0.5931("1038-01175y | ,0.8188-0.2813y)

(Figure 7.9).

Fig. 7.7 Joint pdf
fxy),s <x
<Q0—-y,0<y<Q-—s
in model 1 of two
product inventory with
limited storage: example
with 9 =5,s =1,
p=1,Ax=15k=25
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1 2 3 4 5
X

Fig. 7.8 Marginal pdf fi(x),s < x < Q for product 1 in Model 1 of inventory with
two products sharing limited storage: example with Q =5,s =1, u =1, A = 1.5,
k=25

064"

os]
0.4

f )
0.3

027

0 : 2 3 3
y
Fig. 7.9 Marginal pdf f,(y),0 <y < Q — s for product 2 in Model 1 of inventory

with two products sharing limited storage: example with Q = 5, s = 1, u = 1,
A=15k=25
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Let {11, Ix} :=lim;, o {11 (2), I2(2)},>0 denote the limiting state variables
for products 1 and 2. The expected values and variances of I} and I, are
respectively

E(l}) =2.5392, E(Ib) =1.1617,

Var(l}) =0.9791, Var(l) = 0.7851.

The covarianceis Cov (I, I;) =—0.4457. The correlation coefficient between
I and I is
= ) 50g4.
vVar(l)v/Var(h)
Intuitively, we expect py, 1, to be negative. That is, if there is a high stock
on hand of product i, then there is generally a low stock on hand of product

3—1i,i =1,2,and vice versa, since I} + I = Q.

7.5 Two Products Sharing Storage: Model 2

We study a variant (Model 2) of the two-product inventory model in which
the products share storage space (see Sect.7.4.1). This variant has a type-25 o
state with an atom. Model 2 places finite limits on the current amounts of
each product in storage, so that the total amount in storage at any instant is
< Q. The state space S is such that the derived joint pdf of stock on hand
stimulates one’s intuition about space-sharing inventory systems, and serves
also as a mild check on the (following) method of analysis.

7.5.1 Model 2 Description

Suppose the finite amount of each product on hand is restricted to being <
capacity C (:= %). The total amount of stock on hand never exceeds 2C
(= Q). The “regular” state space is the (C — 5) x C rectangle

Sr={a,Pls <a<C,0<p=C},

113

in the positive quadrant in Fig.7.10. The
Sect.2.3.1) is

wide-sense” state space (see

S=85U{(e,B)|—c0o<a<s,0<f<C},


http://dx.doi.org/10.1007/978-3-319-50332-5_2
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Fig. 7.10 State space S (5,0-)r.

for Model 2, with atom

along right edge 1

(e, D la=C, L0

0 < B < C}. Shows (5,C)
possible sample path L (C,C)

projected onto

(I, (1), I (1)) plane. Also start™_
shows level ]Ef(;))
(X,y)
sP’

.0) C.0) ©0.0)

(1) —

the set union of S, and the infinite rectangle depicted to the left of S,.The
ordering policies for products 1 and 2 are the same as in Model 1 (see
Sect.7.4.1). In Model 2, product 1 can have C units in storage for a pos-
itive time period = Exp,, which ends with a demand having size = Exp,.
Product 2 can ha\;:: C units in storage only for an instant (at a prlcs)duct—Z
replenishment instant), since its demand rate is continuously k (see Figs.7.6
and 7.10). In Model 2 the boundary {(C, §) |0 < # < C} is an atom with pos-
itive probability, due to the (s, S) policy governing product-1 (see Figs.7.5
and 7.10).
Denote the steady-state joint pdf of {I;(t), I>(t)},>0 by

fa A »ls <x <C,0<y=C},
and denote the pdf along edge {(C, ) |0 < 8 < C} by II¢c(y),0 < y < C.

The normalizing condition is

C C C
/ f(x, y)dxdy —I—/ [Mc(y)dy = 1. (7.9)
y

=0 Jx=s y:O

7.5.2 Integral Equation for Joint PDF of Inventory

Fix (x,y) € S,s <x < C,0 <y < C (Fig.7.10). Reasoning as in
Sect.7.4.4 in Model 1, the SP leftward rate (from the right) and downward

rate (from above) across the 2-D level 18 ’Oy)) is
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y C
A / / e~ £ (o, Bydad
£=0Ja=x

+)\/y e‘“(c"‘)r[c(ﬁ)dﬂJrk/x f(a, y)da.
3 a=s

=0

The SP total rate across level 12;’3)) rightward (from the left) and upward

(from below), is

y C
A / / e £, Bdad
(=0 J a=s

=0

+/\/y e‘“(c_”nc(ﬂ)dﬂ-i—k/x f (e, 0)da.
/6 =S

Rate balance of exits and entries of S, across 2-D level '|g’g)) yields the

integral equation

Mooy iy e f(a, Bydad
A [0 e "IN (BYdB + & [ [, y)da

c (7.10)
= A fico Jozs €M7V f (e, fdad )3
+X [ eI (B)dB + k [, f(a, 0)da.
In (7.10) the sum of the first two right-side terms satisfies
Mo [y e f(an BydadB+ A [} e M C I TIc(B)d )3 o

=) [}y Mc(B)dp,

since the SP total leftward crossing rate of the (s, S) re-order point boundary
{(s,D]0 < B < y}, is equal to the SP leftward jump rate out of atomic
boundary {(C, 3) |0 < 3 < y} due to product-1 demands. Thus (7.10) sim-
plifies to
Ao e e f( Brdad
A [ e MBS + k [, [ (e, y)da (7.12)
= Afgzo NeB)dB+k [_, fla,0)da,s <x <C,0<y=C.
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7.5.3 Solution of Integral Equation
Taking 0/0y once and 0/0x twice in (7.12) leads to the second order PDE

ao Fa ) = fy) — 2 fay) =0,
s<x<C,0<y<C.

Applying the separation of variables technique for PDEs (as in Sect.7.4.4)
yields the solution

flx,y) = Ae” - BeFo Y = ABe" THeTn?, (7.13)

where the constant o is to be determined.
Taking 9/0y in (7.11) gives

C
Me()(1 — e MC—) / e 1O (o, y)da, 0 < y < C. (7.14)

Solution for Constant o

Consider the rectangular edge {(c, C) , s < a < C} € S. The SP downcross-
ing of the edge is k [ aC: ; f(a, C)da due to the constant demand rate k of
product 2. A demand for product 1 will not move the SP out of this edge. The
SP upcrossing rate of the edge is k faC:S f (a, 0)da due to replenishments of
product 2 when it becomes depleted to 0. Rate balance across this edge gives

C C
k/ fla, C)da = k/ f(a,0)do. (7.15)

Substitute from (7.13) into (7.15) and cancel £ and A B from both sides.
If o =0 then [© e"®da = C —5 > 0.1f 0 # O then [ e"da =

e(rC_eUs

# 0. Thus we may also cancel faC:s ¢?“da from both sides. This
leads to the equation for o

Ao
eFo-mC =1, (7.16)

Solving (7.16) for o gives the value
o=0. (7.17)

Solution for AB and Other Constants
From (7.13) and (7.17)
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fx,y)=AB,s <x <(C,0<y<C.

Substituting into (7.14) gives

C
Me(y)(1 — e ME=9)) = / e "I ABd,

a=s

AB
or [Me(y)=—,0<y=<C.
0!

The normalizing condition (7.9) gives

C C 1 C
AB(/ / dxdy+—/ dy):l.
y=0Jx=s H y=0

_ K
C(1+pu(C —9)

Hence

AB

From (7.18)

1

T = e e =y

s<x<C,0<y=<C(,

and
1

HeW) = cavuc oy

0<y<C.

C
Let IT¢c = fy:O e (y)dy.

From (7.20)
1

Me=———— .
CT 0+ uC =)

7.5.4 Marginal PDFs of Stock on Hand

407

(7.18)

(7.19)

(7.20)

(7.21)

From (7.19) the marginal pdf for product 1 in the interval s < x < C is

C
fitr) = / £, y)dy
y=0

1

=— " s<x <C.
(1 +p(C =)

(7.22)
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The complete mixed marginal pdf for product 1 is

e R
Vito:Tlel = <(1+M(C—S))’S<x = (Hu(C—sD}’

where [€ | fi(x)dx + ¢ = 1,
From (7.19) and (7.20) the marginal pdf for product 2 is

C
() = /_ S, y)dx +Te(y)

_ u(C =) 1
CCA4+pu(C—5)  CU+ pu(C —ys))
l+u(C—s) 1

Formula (7.22) is identical to (6.102) with the order-up-to level S replaced
by C. Intuitively, this result holds because the ordering policy for product 1
is (s, §) with no decay, and the state space S is rectangular.

Similarly, (7.23) is uniform on (0, C], which is a well-known result for
the stationary distribution in a standard EOQ model.

The motion of the SP in T x § is affected by orders of both product
types. Nevertheless the stock on hand of products 1 and 2 in steady state are
statistically independent, corroborated by the relationships between the joint
pdf and marginal pdfs, namely

f,y)= fikx)- L(),s<x<C,0<y<C,

Mce(y) =Ic¢c- 2C),0<y <C. (7.24)

Remark 7.3 Model 2 serves as a mild check on the LC method for analyzing
type-22 o models. Intuitively we expect statistical independence of the stock
on hand of the two products. Indeed, the marginal pdfs turn out as expected
for such independence. The stock on hand of each product is independent of
the stock on hand of the companion product.

7.5.5 Summary

In this chapter we have used LC to analyze two variants of a model in which
two products share the same total storage space. There are many different
ordering policies, different types of constraints, and modified state spaces
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possible for such variants. The model variants would have unique correspond-
ing steady-state joint and marginal pdfs of stock on hand for the products.

We can analyze a vast array of type-2; o models by applying LC. These
include various types of inventory, production-inventory, queuing-network,
and natural-science models. A similar remark applies to type-n, ¢ models,
with n = 3, 4,...We can also extend the analysis to type-n. 4 models where
c+d=nandbothc > 0,d > 0.



Chapter 8
Embedded Level Crossing Method

Much of this chapter is based on [15]. Section 8.4, however, was written by
the author for the first edition of this monograph. The ELC (embedded level
crossing) method, along with the continuous LC method used in Chaps. 1-7
and later in the monograph, often get results faster than with Lindley recur-
sions (see Sect. 1.2).

8.1 Dams and Queues

Consider a system modelled by {W(¢)};>0, a continuous-parameter process
with state space § = [0, 00). (The state space can be extended to § € R" in
more general models.) Let {7,,},=1.2.... be an infinite set of embedded time
points such that

O<TI<Mm< <Tp<Tpg1 <---.

Let {W,},=1,2,... be the embedded discrete-parameter process, where W (7,")
=W,and W(r,) = W, +S,,n=1,2,.... Assume W (¢) is monotone in the
interval [7,,, Th+1), and let

dw ()
dt

where r(x) > 0.Denote the cdfof S;,,n = 1, 2,...,by B(x),x > 0, with B(0) =
0, and pdf b(x) = dB(x)/dx, x > 0, wherever the derivative exists. Denote

=—r(W@®),t €1, ny1),n=1,2, ...,
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the cdf of W, by F,,(x),x > 0, with pdf dF,(x)/dx = f,,(x), wherever it exists.

8.1.1 Embedded Downcrossings and Upcrossings

Definition 8.1 An embedded downcrossing of state-space level x occurs
during the closed interval [7;,, T4+1] if W, > x > W,41.

An embedded upcrossing of level x occurs during [7,, T+1]if W), < x <
Wi1.

Fix level x € S. Definition 8.1 classifies the set of intervals

{[Tn, Tn—f—l]}, n=1,2,..

into three mutually exclusive and exhaustive subsets with respect to level x
(see Fig.8.1):

1. intervals that contain an embedded downcrossing,
2. intervals that contain an embedded upcrossing,
3. intervals that contain no embedded level crossing.

W’l w n+l
X X
Wn +1 | w n |
Tﬂ Tn +1 7’-n Tn +1
(1) Embedded downcrossing (2) Embedded upcrossing
w
X X " |14 n+1
Wn | Wn +1|
Tn Tn +1 Tn z.n +1
(3) No embedded crossing (4) No embedded crossing

Fig. 8.1 Embedded level crossings and non-crossings during the time interval
[Tna 7'n-',-l]
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8.1.2 Rate Balance Across a State-Space Level

Consider the time interval [0, 7;,], n > 2 and a fixed level x € S. Let D,,(x),
Uy (x) denote respectively the number of embedded down- and upcrossings
of level x during [0, 7;;]. Assume that a typical sample path has an infinite
number of embedded time points 7, n = 1, 2,.... with probability 1. The
principle of rate balance across level x is

Du(x)
n

EMy(x)
n

= lim;_ oo @ (a.s.),

EU,(x))
.

lim,, 8.1)

lim,,, = lim;

8.1.3 Method of Analysis

If {W(#)};~¢ is stable, the steady-state probability distribution of W(z) as
t — oo and of W, as n — oo, exist. Let f(x) = limy_, o0 fu(x), F(x) =
lim,,_, 5 Fj(x), x € S. In the following sections, we shall derive an integral
equation for f(x) and F(x) by using only:

1. the concept of embedded level crossings,

2. the principle of rate balance,

3. properties of the model,

4. knowledge of the efflux function r(x), x > 0.

8.2 GI/G/r(-) Dam

Assume inputs to the dam occur in a renewal process with inter-input times

having common cdf A(-). The model description is the same as for the

M/G/r(-) dam in Sect. 6.2.1, except for the general renewal input stream here.
The embedded process {W,,},=1.2.... is a Markov chain, since

W1 = max{W, + S, — Ay, 0}

where §,, is the input amount at instant 7,, and A, is the change in content
during the time interval [, T+1)-

Define G(x) as the anti-derivative of % for r(x) > 0. Then G(x) is a
continuous increasing function of x, since dG(x)/dx = 1/r(x) is > 0. The
time for the content to decline from state-space level v to level u > 0, is (see
Sect.6.2.4)


http://dx.doi.org/10.1007/978-3-319-50332-5_6
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v
/ L =g - Gw.
. T

A necessary and sufficient condition for the content of the dam to return
to level O is: for every v > 0,

v

. 1 . .
Eﬁ)l - @dx = lufg [G) —Gw] =G(v) — lulf(} Gu) <oo (8.2

(see Sect. 6.2.5). For example, in a pharmacokinetic model (Sect. 11.6) with
“first order” kinetics, r(x) = kx,x > 0.Intheory the drug concentration never
returns to level 0. In practice, the drug may be entirely removed from the body
after some finite time.

8.2.1 Embedded Downcrossing Rate

Proposition 8.1 The probability of an embedded downcrossing of level x
occurring in [y, T+1] 1S

0o py(x,y)
() = / 0 / B(/(x, y) — a)dF(@)dA()
y=0Ja=x

= / / B(y(x,y) — ®)dA()dF,(a),n=1,2,..., (8.3)
a=x J y=n(a,x)

where v(x,y) = G71(G(x) +), and (e, x) = G(@) — G(x).

Proof An embedded downcrossing occurs in [7;,, T41] <= W, > x and
the time for W (#) to descend from level W,, + §,, to level x is < (7,41 —
Th)

Wu+S,
[ k=0t s~ 0w S - 64
7=x r(z)
Conditioning on 7, — 7,41 =y, (8.4) is equivalent to
GWn+8,) —G(x) <,

Note that G(-) and its inverse G~!(-) are both continuous and increasing
functions. Taking the inverse G~! on both sides of (8.5) gives


http://dx.doi.org/10.1007/978-3-319-50332-5_6
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Su = G7HGW +y) = Wy = 7(x,y) — Wa.
Conditioning on W, = a, gives
P(embedded downcrossing in [T, Tn+111Tn — The1 = V)

y(x,y)
- / B(y(x, ) — a)dFy(a).

=X

We obtain the unconditional probability of an embedded downcrossing of x
during [, Th+1] by integrating with respect to the inter-input time y having
distribution A(y). This yields d,(x) given in (8.3). O

Let

5. ) i 1 if there is an embedded downcrossing of x in [7;, T+11,
n(X) =

0 if there is no embedded downcrossing of x in [7;,, T+1].

Then E(d,(x)) = d,(x). The number of embedded downcrossings of level x
in [0, Tj4-1] is

Dy(x) = D 5i(w).
i=1

Thus "
E(Dy(x)) = D di(x).

i=1

The long-run expected embedded downcrossing rate of level x is

fim EPnO) lZd,-(x).
i=1

n—o00 n n—-oon “

From (8.3), since lim,,_, o0 F},(x) = F(x), then lim,,_, 5o d,(x) = d(x), where

d(x) = / / BO/(x, y) — a)dAG)dF (@),
a=x J y=n(a,x)

Also,
1 n
lim — E di(x) = lim d,(x) = d(x)
n—oon P n— 00
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implies the expected embedded level downcrossing rate of level x is

o EDu) _
im ——— =

n—o0 n

/ / . BOGY —0dAOF@). 6
a=x Jy=n(a,x

8.2.2 Embedded Upcrossing Rate

Proposition 8.2 The probability of an embedded upcrossing of level x occur-
ring in [73,, Tp41] 1S

() = / / B(y(x, y) — a)dF(@)dA()
y=0J a=0
_ / / B(v(x,y) — dAD)dFa(@)n = 1,2, .. (87)
a=0Jy=0

Proof An embedded upcrossing of level x occurs in [7;;, T41] <= W, <
x, W, + 8, > x, and the time for W (¢) to descend from level W,, + S, to level
x exceeds Tp+1 — Tn

Wu+Sy
7=x

= 754z =G(Wa+8) = G) > Tyt — T
= S >G NG +y) = Wy =7(x,y) — Wy,
where we have conditioned on 7;, — 7,41 = y. Therefore

P(embedded upcrossing in [7,,,7+111Th — The1 = V)

_ / B(y(x,y) — )dFy (),

a=0

where B(z) = 1 — B(z), z > 0. Therefore, the unconditional probability of
an embedded upcrossing of x in [7,,7;,+1] is given by (8.7). O

Asin the derivation of (8.4), it follows that the long-run expected embedded
upcrossing rate of level x is

lim Eth) _ / ' / - B(y(x,y) — a)dA(y)dF (o). (8.8)

n—00 n —=0.Jy=0
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8.2.3 Integral Equation for Steady-State PDF of Content

Applying (8.1), rate balance across level x, to formulas (8.6) and (8.8) gives
an integral equation for f (x) and F (x), namely,

/ / B((x, y) — )dAG)dF ()
a=x J y=n(a,x)

— /X /00 E(y(x, y) —a)dA(Y)dF (o) =0,x > 0. (8.9)
a=0Jy=0

CDF Form of Integral Equation
In the second term of (8.9) write B(-) =1 — B(-) and apply F(x) = f(j:o
dF (). This yields a edf form with F(x) on the left side explicitly,

F) = [i_g Jy2o BOG,y) — )dAG)dF ()

e (8.10)
F Joes Jizom BOGLY) — )dAM)dF (), x = 0.

PDF Form of Integral Equation
Differentiation of (8.10) with respect to x > 0, gives a pdf form with f(x)
explicitly on the left side,

FO0) = [y [0 0, y) - b(y(x,y) — )dAG)dF (@)
F o S 0 Y) - b(Y(x, y) — )dAM)dF (@), x > 0,

(8.11)
where o(x, y) = 0v(x, y)/0x = r(y(x, y))/r(x).
Probability of Zero Content
Letting x | 0 in (8.10) gives
o 2 B(y(0,y) — a)dA(y)dF («)
F(0) = Jozo =0 . (8.12)

;=0 B(y(0, y))dA ()
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The normalizing condition is
o
F(0) +/ flda =1 (8.13)
a=0

If condition (8.2) does not hold, then F(0) = 0 (recall that £(0) = £(0™)).

Solution Method

The solution method in the following sections will be to obtain the functional
form of f(x) and F(x) using (8.10) or (8.11), and applying the boundary
conditions (8.12) and (8.13) to specify f(x), F(x), x > 0.

8.2.4 M/G/r(-) Dam

In this model, A(y) = 1 — ™,y > 0. Note that

0(y(x.y) _ GG +y)

_ _ -1
By By =r(y(x,y) =r(G(GXx) +y)).

Integrating (8.11) by parts, using the parts

e
and  r(y(x,y) - b(y(x,y) — a)dy,
r(y)
simplifying and substituting from (8.10), results in
X
r(O)f(x) = A / B(x — a)dF(a), x > 0. (8.14)
a=0

Equation (8.14) is identical to the integral equation (6.21) for the steady-state
pdf of content in the M/G/r(-) dam (derived using “continuous” LC).

Remark 8.1 InEq.(8.14) f(x) = lim,_, 0 f,, (x) since (8.14) has been derived
using embedded LC. In Chap.6, Eq. (6.21), f(x) = lim;_, o f;(x) is the
time-average steady-state pdf of content. The fact that lim,_, » f;;(x) and
lim;_, » f7 (x) satisfy the same integral equation, demonstrates that the con-
tent of an M/G/r(-) dam satisfies the PASTA principle that Poisson arrivals
“see” time averages (see [145]). Here we have derived PASTA for the M/G/x(+)
dam by using continuous and embedded LC concepts only.
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8.3 GI/G/1 Queue

The GI/G/1 queue is closely related to the Gi/G/r(-) dam (see Table 8.1). For
1,x >0,

the virtual wait of the GI/G/1 queue r(x) = 0 x=0

The anti-derivative of 1/r(x), x > 0, is
1
gx) = —dxz/l-dxzx.
r

Thus,

Y, =G"MGW +y)) =G +y) =x+y
(e, x) =G(a) — G(x) = a —x,

r.y) = ryey) _re+y) 1
oY= T T 1 1

= 1.
In the GI/G/1 queue, Egs. (8.10), (8.11) and (8.13) reduce respectively to

F) = [i_g [y= B&x +y — )dAy)dF (@)

[0}

00 oo (8.15)
+ Jooy Jimax B+ y — a)dA)dF (@), x = 0,
FO) = [z [ bl +y — a)dAM)dF (@) 816
+ ooy s P& +y — )dAM)F (@), x > 0, '
>+ [ B(y — a)dA(y)dF
F(0) = Jozor Jy=a B = )AG)F () 8.17)

JZo BONAAR)

Table 8.1 GI/G/r(.) dam versus GI/G/1queue

GI/G/r(-) Dam Gi/G/1 Queue

Input instant 7, Customer arrival instant 7,
Input amount at 7, Service time (jump size) S,
Content at 7, Customer wait W, in queue at 7,
Content at instant 7, Virtual wait W(7r,,) = W, + S,
Content at time ¢ > 0 Virtual wait W (¢) at time t > 0
r(x) >0,x>0;r0)=0 r(x)y=1,x>0;r0)=0
Distribution of content Distribution of waiting time
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The normalizing condition is

F(0) +/°° fl)da = 1. (8.18)
a=0

8.3.1 Applications of Embedded LC

Some single-server queueing models can be analyzed using embedded LC,
by applying Egs. (8.15)—(8.18). Other models are analyzed by deriving inte-
gral equations for the pdf of the state variables from first principles using
embedded LC. The next four sections illustrate some applications.

8.3.2 M/G/I Queue

The M/G/1 queue is a special case of the M/G/r(-) dam, with r(x) = 1,x > 0,
and A(y) =1 — eV, y > 0. Substituting directly into Eq. (8.14) or into
(8.16) followed by some algebra yields

fx) =X\ / ' B(x — a)dF ()

a=0
X

= APoB(x) + )\/ B(x — a)f (a)da, x > 0, (8.19)

a=0

which is identical to Egs. (3.34) in Sect.3.2.10. Remark 8.1 above applies
also to this queueing model.

8.3.3 GI/M/I Queue

The GI/M/1 queue is a special case of the GI/G/1 queue with
Bx)=1—e" x>0, b(x) = pe " = pu— puBx),x > 0.

Substituting b(x) = pu — pB(x) into (8.16), simplifying and combining with
(8.15), gives the integral equation

F) = / Ay — f )y, x > 0, (8.20)
y

=X


http://dx.doi.org/10.1007/978-3-319-50332-5_3
http://dx.doi.org/10.1007/978-3-319-50332-5_3
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Table 8.2 Interchanged roles of terms in integral equations for M/G/1 and G/M/1

Equation (8.19) for M/G/1 Equation (8.20) for G/M/1
A p

x is upper bound of integral x is lower bound of integral
Bx—y) A —x)

Py appears explicitly Py does not appear explicitly

which is identical to Eq. (5.7) in Sect.5.1.3.

Duality of M/G/1 and GI/M/1 Queues

Upon comparing integral equations (8.19) and (8.20) it is evident that they
are duals, in the sense that the roles of certain terms are interchanged (see
Table 8.2). The significance of this “duality” is that we analyze the M/G/1
queue via LC using the virtual wait process. On the other hand, we are led
to analyzing the G/M/1 queue via LC using the extended ‘“age” process (see
Sect.5.1.1 and [15]).

Remark 8.1 applies also to GI/M/1, provided we analyze the extended age
process, for which departures from the system occur in a Poisson process at
rate 1 conditional on the server being occupied. This implies that in (8.20),
f(x) on the left side (equal to time-average pdf of virtual wait) is the same
function as f(y) in the integrand on the right side (pdf of system time at
departure instants).

Solution for Steady-State PDF of Wait in GI/M/1
The pdf of wait has the form f(x) = Ke™ ¥, x > 0 (see formula (5.11) in
Sect.5.1.5). Substituting Ke™"* into (8.20) yields the equation for -

o _ 1
/ A(z)e *dz = —,
z=0 2

or
11, 1
———A"(y) = -, (8.21)
v p

where A*(-) is the Laplace-Stieltjes transform of A(-) defined by

o0
A*(s) :/ e Ya(y)dy,s > 0,
y=0

and a(y) = dA(y)/dy, assuming the inter-arrival times are continuous r.v.s.
We obtain an expression for Py = F(0) upon substituting B(y) = 1 — e™#
and f (o) = Ke7 7 in (8.17), i.e.,


http://dx.doi.org/10.1007/978-3-319-50332-5_5
http://dx.doi.org/10.1007/978-3-319-50332-5_5
http://dx.doi.org/10.1007/978-3-319-50332-5_5
http://dx.doi.org/10.1007/978-3-319-50332-5_5
http://dx.doi.org/10.1007/978-3-319-50332-5_5
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— A*(y) — yA*
YOy = )
From (8.21)
p— pA*(y) =17,
which substituted into (8.22) leads directly to
K
FO) = ——. (8.23)
The normalizing condition (8.18) gives
K K
—+—=1.
=" v
Then (8.23) implies
FO)= 1. (8.24)
W

Formula (8.24) is important because F(0) = Py, in (5.31) which was derived
using “continuous” or “time-average” LC. (This provides further evidence
of the overall logical validity of the LC methodology.)

Check with M/M/1 Queue
It is instructive to check the result for the M/M/1 queue. Consider M/M/1

with arrival rate A\ and service rate . Then A*(s) = )\iﬂ From (8.21) v =
i — A, which substituted into (8.22), gives F(0) = Py = % Applying the

normalizing condition F(0) + fyoio f(ydy =1, gives

K o
<+ K/ e gy = 1,
y=0

A
K=\1--).
I
Thus

Po=—=1-2,v

1
fx) = APoe~ =N xS 0, v

K A
A

which checks with the M/M/1 solution given in (3.112) and (3.113) in
Sect.3.5.1.


http://dx.doi.org/10.1007/978-3-319-50332-5_5
http://dx.doi.org/10.1007/978-3-319-50332-5_3
http://dx.doi.org/10.1007/978-3-319-50332-5_3
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8.3.4 Erl »/M/I Queue

Assume the common pdf of the inter—arrival times is a(-) := pdf of Erly .

For integers k = 1,2, ..., a(y) = eV ((’\y) A, ¥y > 0. Let A(-) denote the
cdf corresponding to a(- ) (see Example 3. 2 in Sect.3.3). The LST of A(-) is

k
A*(y) = (ﬁ) , which substituted into Eq. (8.21) gives an equation for ~,

! 1( A )k—l k=1,2 (8.25)
5 Nt p 72, .

We seek a unique positive solution of (8.25) for . Assume that A, ;. > 0 and
A < ku (stability condition for G/M/1 is @ < p, where a = k/\ = arrival
rate). Then Eq. (8.25) has exactly one real positive root for v (see [15]). If k
is odd, all other roots are complex. If k is even, one other root is negative real
and all other roots are complex. Thus the solution for - is unique. Denote it
by 7, .

To solve for K = n; we first substitute ~y, into (8.22) and use (8.25) to

obtain
Mk

m="n
(We use ny instead of K} in this section only, for notational contrast.) Then
apply the normalizing condition (8.18) to obtain

:M:%(l_ﬁ),
% %

The steady-state pdf of wait is then given by

FQ) =

%
p="% B

f(x) = me " =1, (1 ’yk)e WF x> 0.
u

Py =

Remark 8.2 The solution of Eq. (8.25) can be readily obtained numerically
for any specified values of A, u, k.


http://dx.doi.org/10.1007/978-3-319-50332-5_3
http://dx.doi.org/10.1007/978-3-319-50332-5_3
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8.3.5 D/M/I Queue

Assume the common inter-arrival time is D > 0. Then A*(s) = ¢, s > 0.

Let the steady-state pdf of waitbe f (x) = Ke™"*,x > 0. Substituting A*(y) =
e~ P into (8.21) gives the equation

pe P4y —p=0
for v, whose solution we call 7,. From (8.22)

K

F0) = .
m ="

Let K, := K. Substituting into (8.18) gives

KD KD_I
L=

K

Tp
=7 (1——).
D D /~L

The steady-state pdf of wait is

K
Py=—2—,
m ="
f(x) =Kye ¥ x> 0.

8.4 M/G/1: Wait Related Reneging/Balking

We revisit the M/G1 queue with balking/reneging in Sect.3.13, in which
customers can balk from joining the system upon arrival, or renege from the
waiting line, depending on the required wait and staying resolve. Here, we
apply the embedded LC method to analyze the system. Assume the staying
function is R(y) = P(arrival stays for service|required wait = y). We show
that embedded LC will verify that the pdf f(x), x > 0, on the left and right
sides of Eq. (3.207) are the same functions. This is important because on
the left side f(x) = lim;_, o0 f;(x) (a time-average pdf). On the right side
fO) = im0 f, n(x) := f,(y) (an arrival-point pdf'), and Py = Py, (arrival
point probability of a zero wait). We now use embedded LC to derive an
integral equation for f, (x), x > 0, and show that it is identical to Eq. (3.207).


http://dx.doi.org/10.1007/978-3-319-50332-5_3
http://dx.doi.org/10.1007/978-3-319-50332-5_3
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8.4.1 Embedded Level Crossing Probabilities

The limiting probability of an SP embedded upcrossing of level x is
X o0 _ _
U= / / B(x — y + 2)RO)f, () e dzdy, (8.26)
y=0— Jz=0

where the lower limit y = 0~ means that the term B(x + 2)Py,, for the atom
{0}, is included in the evaluation of u. The right side of (8.26) holds because
an embedded upcrossing of x occurs iff 0 < W, = y < x, the arrival at 7,
stays for service (probability R(y)), and given that the time to the next arrival
is z, the service time exceeds x — y + z.

The limiting probability of an SP embedded downcrossing of level x con-
sists of two terms,

d= / / B(x — y + 2RM)f, ) Ae™Mdzdy
y

=x Jz=y—x

+ / / RO)f, () e dzdy. (8.27)
y

=x Jz=y—x

The first term on the right of (8.27) is similar to (8.26), except that an SP jump
starts at a level y > x and the service time must be less than x — y + z for an
embedded downcrossing to occur. The second term is due to arrivals that do
not stay for service (balk at joining the system or renege from the waiting line);
arrivals renege with probability R(y) = 1 — R(y). We can assume that an SP
“jump” is of size O (probability R(y)) when a reneger arrives; equivalently
there is no SP jump when a balker arrives. In this case the SP makes an
embedded downcrossing of level x provided the next inter-arrival time is z >
y — x. The second term in (8.27) simplifies to fy Oix R()f,(»)e Ny,

Since B(x) = 1 — B(x), x > 0, Eq. (8.26) can be written as
X _ X o0 _ )\
u= [ RoMoawr- [ [ Ba—y+aRoMO N day
y=0~ y=0"Jz=0

(8.28)

8.4.2 Steady-State PDF of Wait of Stayers

Applying embedded rate balance across level x, we set u = d. This yields,
from Egs. (8.27) and (8.28), the integral equation
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/ Ry)f (y)dy = / B(x — y + 2)Ry)f () Ae Mdzdy
v

=0~ y=0—Jz=0

+ / / B(x —y + 2)RO)f () Ae Ndzdy
y=x Jz=y—Xx

+ / / RO (y)Ae Ndzdy. (8.29)
y=x Jz=y—x

We take d/dx on both sides of (8.29), which involves differentiation under
the integral sign. Some algebra, including cancellation of terms and using
R(y) + R(@) =1, gives

Jfix) = / . / Ob(x—y+z)1_€(y)ﬁ(y)ke_Azdzdy
y: - 7=
+ / / b(x — y + 2 RO)f,(y) \e dzdy
y=x Jz=y—x
+ A / / RO, () Ae N dzdy. (8.30)
y=x Jz=y—X

Integrating each of the inner integrals

0 o0
/ b(x —y +2)Ae Ndz and / b(x — y + )Ae Ndz
z=0 R

in (8.30) by parts, using the parts Ae % and b(x — y + z), leads to the integral
equation (assuming B(0) = 0)

[i0) = =X [[Zo- ROL.0)B& — y)dy
X [l 20 B =y + RO e dzdy
A [ J2_ BG =y + RO, () Ae ™V dzdy
A [, 2 RO Ae ¥ dzdy.

(8.31)

From (8.29) the sum of the last three terms on the right of (8.31) is

A / RO 0)dy.
y

=0~

Hence
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X

fulx) = A/ RO, (v)dy — >\/ RO.()B(x — y)dy,
=0~ -

y=0

ful) = A / . B(x — )R, (»)dy. (8.32)
=0~

Equation (8.32) is identical to (3.207). Hence, in (3.207), the time-average pdf
of stayers (left side) is equal to the arrival-point pdf of stayers (which occurs
in the integral on right side). The derivation of (3.207) using “continuous-
time” LC is far simpler than the derivation of (8.32). Nevertheless, the embed-
ded LC method is very useful in this case, and elsewhere. It helps to confirm
that “continuous” LC works in the wait-time dependent reneging/balking
model. The embedded LC method can often be applied to determine whether
the time-average and arrival-point pdfs are equal. The embedded LC method
is inherently very intuitive, and has additional applications as well.


http://dx.doi.org/10.1007/978-3-319-50332-5_3
http://dx.doi.org/10.1007/978-3-319-50332-5_3
http://dx.doi.org/10.1007/978-3-319-50332-5_3

Chapter 9
Level Crossing Estimation

9.1 Introduction

This chapter describes a basic level crossing estimation method (LCE)
for steady-state (i.e.limiting) probability distributions in queues, storage
processes and related stochastic models. LCE is also called: level crossing
computation, system point estimation (or computation). LCE is related to
non-parametric density estimation methods (e.g., [133]). In standard density
estimation the data is assumed to be a random sample from an unknown pdf.
The data is used to construct histograms, naive density estimators, kernel-
density estimators, etc., for the unknown pdf, utilizing associated smoothing
techniques. (LCE for transient distributions is discussed briefly in Example
3.1 1in Sect. 3.2.8 in Chap. 3.)

In LCE, for estimating steady-state distributions, we obtain the data from a
single simulated sample path of the stochastic process of interest over a long
simulated time . We compute estimates of the pdf of the state variable from
the appropriate sample-path level-crossing time averages, or related averages.
The estimators used in LCE can be combined with smoothing techniques to
improve the estimates (e.g., [93, 94, 98]).

9.1.1 Main Steps of Level Crossing Estimation

The basic LCE procedure described here for steady-state distributions, has
three main steps:

1. Simulate a single sample path of the process over a long simulated time
period, say [0, ¢], where ¢ is “large”.
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2. Using the simulated sample path, compute point estimates of the pdf
and cdf of the state variable, in terms of level-crossing time averages
calculated on a state-space partition with “small” fixed norm A (defined
in Definition 9.1 in Sect. 9.4.1 below); or on a natural state-space partition
obtained from the peaks and troughs of the simulated sample path (see
Fig.9.1). Also, compute point estimators of moments and expected values
of measurable functions of the state variable.

3. Obtain confidence intervals for the pdf, cdf, moments and expected values
of measurable functions.

Remark 9.1 Step 2 above may also include a sensitivity analysis of the
estimates. We may vary the simulated total time ¢, and/or the state-space
partition norm size A (see Definition 9.1 in Sect.9.4.1 below), to ensure that
estimates remain within preassigned tolerances.

In addition to the three main steps above, we also characterize the steady-
state pdf and cdf according to continuity, boundedness, convexity, differen-
tiability, etc., by utilizing the sample-path properties on [0, #]. For example,
in M)/G/1 and in G/M,,/1 queues, the steady-state pdfs of wait are bounded
by A and p respectively (see Proposition 3.7 in Sect. 3.4.22, and Proposition
5.8 in Sect.5.1.16).

The author has carried out numerous LCE computational experiments
using the procedure described here, as well as other LCE procedures using
BASIC computer software (e.g., [17, 26, 27, 44]). These experiments
detected accurately, such pdf properties as: discontinuities, intervals of
convexity or concavity, etc., in benchmark models, where the pdf prop-
erties are known analytically. For example, the M/Discrete/l queue may
serve as a benchmark. Proposition 3.11 in Sect.3.11.1 specifies continu-
ity/discontinuity properties of the pdf of wait. We can also apply LCE to
estimate the pdf of wait in variants of M/Discrete/1 queues with state depen-
dencies, etc., in which analytical results are either tedious to obtain, or are
not otherwise available.

9.2 Theoretical Basis for LC Estimation

LCE is based on level crossing theorems. Consider M/G/1. Theorem 1.1 in
Chap. 1 implies that virtual-wait sample-path level-crossing time averages
converge to the steady-state pdf of wait (a.s.) as time t — oo (Sect.9.2.2).
This implies that time averages computed from a simulated sample path over
a long simulated time ¢, should approximate the pdf accurately for all state-
space values up to the maximum state-space level attained during [0, 7], say
X:- Thus, the state-space interval [0, x;] will contain an increasing measure


http://dx.doi.org/10.1007/978-3-319-50332-5_3
http://dx.doi.org/10.1007/978-3-319-50332-5_3
http://dx.doi.org/10.1007/978-3-319-50332-5_5
http://dx.doi.org/10.1007/978-3-319-50332-5_5
http://dx.doi.org/10.1007/978-3-319-50332-5_3
http://dx.doi.org/10.1007/978-3-319-50332-5_3
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of the total probability as ¢ increases (Sect.9.2.5). The measure will grow to
last — oo.

Remark 9.2 The LCE method described here is one of several LC estima-
tion methods developed by the author. For example, a version of LCE for
estimating transient distributions of state variables is based on Theorem
3.2 in Sect. 3.2.4 and Theorem 3.3 in Sect. 3.2.5, and earlier related theorems
(e.g., see Remark 3.7 in Sect. 3.2.8 above). Talks on this technique were pre-
sented by the author at several conferences, e.g., P.H. Brill (1982), System
Point Monte Carlo Simulation of Time Dependent Probability Distributions
of Waiting Times in Queues, TIMS/ORS A National Meeting, Chicago, April.

9.2.1 Boundedness of Steady-State PDF

A bound on the steady-state pdf of the virtual wait f (x) in M /G/1 queues is
givenin Proposition 3.7, Sect. 3.4.22, and on the steady-state arrival-point pdf
of wait f,(x) in G/M,/1 queues in Proposition 5.8, Sect.5.1.16. In M,,/G/1,
fx) <A x>0.InG/M,/1, f,(x) < p, x > 0.Recall that D;(x) and U; (x)
are the numbers of SP down- and upcrossings of level x during (0, ¢], respec-
tively. Boundedness implies that for a typical sample path in M/G/1,

D,
fx) = tlirgo tt(x) < Ax>0.
In G/M,,/1,
U
filx) = tlim ,:x) < p,x > 0.
—00

Similarly, we can develop bounds on f(x) for other models, e.g., M/M/c,
G/M/c, etc. In M\/G/r(-) dams, boundedness follows from integral equation
(6.21) in Sect. 6.2.11 for the steady-state pdf of content f(x). Therein, if the
efflux rate satisfies r(x) > m > 0,x > 0, then f(x) < A/m, x > 0, because
f;ZOE(x —y)dF() <1,x > 0.

9.2.2 Role of Level Crossing Theorems in LCE

Consider the virtual wait {W (¢)},> in the M\/G/1 queue. (See sample paths in
Fig.3.5, Sect.3.3.2, and in Fig. 9.1 below.) Let F(x),x > 0, f(x),x > 0, be
the steady-state cdf and pdf of waitrespectively. Let Py := F(0). Theorem 1.1
in Chap. 1 asserts
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lim

t—00

D@) Df»:ﬂm:A%MJ)

= f(x),x >0, lim
11— 00

(recall that £(0):= £(0™), for notational convenience). Given € > 0, for each
x > 0 there exists f, . such that

D;(x)

— fx)| <efx) (a.s.), 9.1)

t >t =>‘

since f(x) is bounded, i.e., 0 < f(x) < A <00, x > 0 (see Sect.9.2.1).
Also, since lim;_, o D;(0)/t = APy, there exists #o - such that

D;(0)

— Po < EP(). (92)

t>t05:>‘

Choose an arbitrary “small” 4, 0 < 0 << 1. Let W, := steady-state queue
wait having pdf f(x). Define z5 > 0 by P(W, > z5) = 0. Then ¢ is the
probability of the right tail of f(x), namely (z5, 00). Thus

o0

1 — F(zs) = fdy =9. 9.3)

Y=z

Suppose we could determine (finite) 7§ = max{tyc|x € [0, z5)}, where
ty.e, X > Oisdefined in (9.1) and #¢ . is defined in (9.2). Then ¢ > tg‘ implies

b f(x)| < ef(x) forall x € (0, z5)(a.s.),
9.4)

D
and % — Po‘

<ePy (a.s.).

Using the normalizing condition Py + || xoio f(x)dx =1, gives

Py + /25 fx)dx =1— /OO fx)dx=1—-4>0. 9.5)
x=0 X=z§

Summing over all x € [0, co) in (9.4) and using (9.5), shows that ¢ > t(;“
implies

Dt)\(t()) — PO‘ +f;i0 ‘D’T(x) — f(x)‘dx < €P()+€f;io f(x)dx 06

=c(1 -9) <e(a.s.).

Let {I/D\o f(x)}x>0 denote the estimate of { Py, f(x)},-o. We assume that
a sample path over a fixed simulated time interval [0, ¢] is used to compute
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{Po f (x)}x>0 (We omit subscript “¢” in the symbols Py and f(x), in order
to distinguish Po f (x) from estimators Po ‘s f, (x)” for the transient pdf of
wait, which we use outside this monograph.)

Assume we use the “natural” estimator based on the peaks and troughs of
the sample path, viz., ﬁo = D&—?,f(x) = m, t > t(’;. Then (9.6) implies that
the total absolute error of {Po, f(x)}x>0 in estimating { P, f(x)},c(0,z5) 18
less than €.

Since the simulated sample path over the finite time period (0, ¢;) is
bounded above, we assume the estimate f (x)=0,x > z5.Thent > t5 implies
the total absolute error in f (x), x > zs,1s equal to 9, i.e.,

t>15 = / }f(x)—f(x)!dx=/ f)dx =6, (a.s.). (9.7)
X=z5 xX=z5

Suppose we could simulate a sample path over a sufficiently large time inter-
val (0,1), t > tg‘. Statements (9.6) and (9.7) imply the total absolute error
would be

[Py — Po| + [ 2 | Fx) — f(x)] dx

(9.8)
— ‘D,(O) P, ‘ + f th(x) — f(x)‘ dx <e+96,(a.s.).

In practice we can choose ¢ and ¢ arbitrarily small. Then we can simulate
a sample path over a long simulated time # > § and ensure that the total
absolute error of {ﬁ), f(x)}x>0 in estimating { Py, f(x)},~ is arbitrarily
small. This procedure would amount to computation of the entire true pdf
{Po, f(x)},~0 within a preassigned tolerance. The total error on [0, z5) is
< . The total error on (z5, 00) is < 6.

9.2.3 Natural Partition of State Space

We illustrate a natural partition of the state space with an example.

Example 9.1 Consider a sample path of the virtual wait {W(7)},5( in
an M/G/1 queue (Fig.9.1). The state space is S = [0, 0o). For fixed x €
S, {D;(x)};5¢ is a counting process and a renewal process (due to Poison
arrivals). For fixed r > 0, D;(x) is a step function on S. The step-function
jumps occur at the peaks {W;, + Sy }u—1.2,... and troughs {W;,}u—1.2,..., where
W,, is an actual wait in queue, and S, is a service time. In Fig. 9.1 level W (0)
is a peak and level W(¢) is a trough. We merge the peaks and troughs to
form a natural state-space partition
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W(t) Busy Period  Idle Period
| : — Maximum value
in [0,1]
X Poak ‘
Xy
Peak
Trough
IO gh
~Peak I
1T ugll
X, >
xl
Xo
t
Time — Simulated
time

Fig. 9.1 Sample path of virtual wait {W(f)},5o in M/G/1. Shows peaks
(W, + Su}y=12..; troughs {W,},_;, ; state-space partition 0=x9 < x| <
X3 -+ < X15 in time interval (0, ¢); maximum sample-path x5 value attained in [0, #]

{xitizo.1.2... = WO U {Wy}u=12,... U{W, + Splu=12,.. UW(D),
arranged in ascending order of magnitude in S, namely,

O=x0<x1 <--- <xp@) <09,

where M (t) is the number of subintervals of partition {x;};— 1 2,.... . The first
partition point x( corresponds to all troughs of W(0) U {W, },=12,.. U W(¥)
such that the ordinate is 0. The second partition point is

x1 = min {W(0) U (W} U (W, + S,) UWON (W, =0}}

That is, min, {-} excludes the troughs corresponding to xo (= 0). The jth par-
tition point x; is obtained recursively, excluding those troughs and/or peaks
corresponding to {xo, X1, ...,xj_l}. M (t) satisfies the inequality M (¢) <
2N,(t), where N,(t) is the number of customer arrivals during [0, ¢]. In
Fig.9.1, N,(t) =8, M(t) = 15.

9.2.4 Step Function for Downcrossings on a Partition

Similarly as in Example 9.1, we fix the interval [0, ¢] prior to the simulation
of the sample path. Observing Fig.9.1, shows that the number of down-
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crossings in [0, 7] is the same for every x in a state-space subinterval of the
partition [x;, x;4+1),i =0, 1, ..., M(¢) — 1. Let D;(x) := number of down-
crossings during [0, t] of level x € [0, M (¢)]. Then

Di(x) =d;, forall x € [x;, x;41),i =0,1,..., M(¢) — 1,

where d; > 0 is a constant. Thus

D d
tt(x> = T’X € [xiaxi-i-l)’i = 0’ 1’ e M(t)

is a step function of x € [0, xM(t)].
Suppose we can determine t;f as in (9.4). From (9.8)

M(t) ;
dO Xi+1 d
9.9)
In Fig.9.1,

dy=2, di=1, da=2, dz3=3,...,du=1, di5=0.

The recursion (9.10) below may simplify computation of {d; }o=ps(;)—1 in
a computer program.

d +1 if x; 41 is a trough,

div1 = {d,- ~1 ifxgisapeak.i=0,.. M@ —1, 10

Since D;(x) =0, for xp () < x < 00, we may write dps()+1 = 0.
The sub-interval lengths of the partition are
Xiy1 —xi, 0 =0,..., M(t) — 1.

These lengths vary in a natural way (variable bin sizes), because they depend
on the probability laws governing the simulation of the sample path.

9.2.5 Ladder Points and LCE Estimates

For {W(1)};>0, let x; := maximum sample-path level in S attained during
[0, ¢]. For fixed t > 0, x; = xm(s), the highest finite point of the partition
{xiti=o.. . .m@)- Ast increases {X:},>( is a non-decreasing step function with

.....
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the inter-jump time at level x distributed as by, the sojourn time of {W (#)},>¢

below level x (see Fig.9.1). A sample path of {x;},>( is a non-decreasing

right-continuous step function with upward jumpsdz_ excess over level x
LS

of the service-time jump that ends sojourn b,. Let 77 ,,n =1, 2,..., denote
the embedded arrival instants when ladder points occur (subscript ‘I’ stands
for ‘ladder point’). Since xr p—1 = XT X dx:/dt =0, p—1 <t <Typ, h=

0,1,2,..,where 770 = 0. The i 1ncrease 1n {X1};>0 at ladder-point instant 77 ,
equals x-, , — Xy, = excess service time above level x _ o

Random Varlables Xr... 1 = 1,2, ..., are ordinates of the strict ascending
ladder points { (77,,1 , Xn,n) }n=1 5 ofthe virtual wait process {W (s)}s>(. The

points (77,,1, sz,n) eT x S,n=1,2, ..., are analogous to the strict ascending
ladder points for a random walk (see Fig. 1, p. 192, and pp. 390-394, in [74]).
The LCE estimate of the pdf of wait f(x), x > xy, is f(x) =0, since x; =
XM(»)- The number of strict ascending ladder points { (7,1, Xr,,)},_; ,  in
time interval [0, ¢] form a counting process (as ¢ increases). If the sample-
path jump sizes are = Exp,, all excess jumps over a level are = Exp,, by

the memoryless property. Then the nth ascending ladder point is = Erl(n, p)

(see Example 3.2 in Sect.3.3 for the pdf of Erl(n, p)). (We menltfon ladder
points here because of their importance in the overall LCE method, and
their connection with random walk. We shall not discuss them further in this
introduction to LCE.)

9.3 Computer Program for LCE

LCE can be used to obtain extremely accurate estimates of steady-state or
transient pdfs, of state variables. This section focuses on estimating the
steady-state pdf” of {W(t)},>¢. For a fixed r > 0, we simulate a sample path
of the virtual wait over a simulated time interval [0, ¢]. We count D; (x), x > 0
:=number of SP downcrossings of every state-space level x € S during [0, t].
This is easier than it may seem at first glance, due to the step-function structure
of D;(x), x > 0, for any fixed ¢ > O.

9.3.1 Designs for a Computer Program

The associated computer program for the LCE estimates of { Py, f(x)},-¢
can utilize different logical designs. We discuss two feasible program designs


http://dx.doi.org/10.1007/978-3-319-50332-5_3
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for the LCE computer program, which specify the state-space partition to be
used.

State-Space Partition with a Variable Subinterval Size

One design is based directly on the discussion in Sect.9.2, using the natural
partition {x;};—o () having variable sub-interval sizes A; = xj41 — X;.
The A;s occur naturally as part of the simulated sample path (see Fig.9.1).

Embedded processes {W,},,— 2, (troughs)and {W, + Sy}, =1 2, (peaks)
are Markov processes. Thus, in a sample path the union {W,,} U {W,, 4+ S}, n
=1, 2,..., of troughs and peaks, is everywhere dense in § = [0, 00) as t — o0
(a.s.). That is, the entire state space will be ‘almost’ completely covered
eventually by the ordinates of the peaks and troughs.

An advantage of this design is that it takes every sample-path peak and
trough during [0, 7] into consideration. In theory, any computed estimator
using the natural partition will utilize all the information available in the
sample path.

A possible disadvantage of this design is from a programming point of
view. The points in {x;};—0, () become more dense as the sample path is
generated over time. The A;s in the regions of higher probability, will become
extremely small as simulated time 7 increases. The partition {x; };—o () Will
contain on the order of 2N, (¢) distinct points, where N, (¢) is the number of
‘arrivals’ in (0, t) (each arrival produces 1 trough and 1 peak of the sample
path). If ¢ is large, N,(z) will be large. Many A;s will become less than a
practical resolution size required for the estimation of the pdf of wait.

State-Space Partition with a Fixed Subinterval Length

A second design starts {x;};—o ) With xo =0 and a fixed partition norm
length A. Thus x; = x;_1 + A, i =1, .... The computer program updates
the count of SP downcrossings of each state-space level x;, i =0, ..., M (¢),
as the sample path evolves over the time interval [0, ¢]. We compute the
maximum peak x; during [0, s] as we generate the sample path over time
s € [0, t]. The state-space partition {x; };— s () covers the state-space inter-
val [0, x:]. Generally the time intervals between successive ladder points of
{W(s)}o<s<; increase, because the sojourn times b, below level x, increase
as x increases. That is, generally 77,41 — 71,0 > T1.n — T.n—1, after some
integer n € {1, 2, ...}. Estimates of { Py, f(x)},~o computed using a fixed-A
partition, very closely approximate estimates using a natural partition with
variable A;s, for most practical purposes. Moreover, the fixed-A design is
easy to program.
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9.4 LCE for the M/G/1 Queue

This section describes LCE for the steady-state pdf of wait and related quan-
tities for M/G/1 queues. A numerical example using this method is given
in the next section. Let {W (¢)};>0 denote the virtual wait. Without loss of
generality assume W (0) = 0. The state space is S = [0, 00). Let the arrival
rate be \. Let S, n = 1, 2,... denote the service times, which may be state
dependent. Assume the parameters are such that the queue is stable, e.g.,
AE(S) < 1. Assume W (¢) —> W as t — oo (weak convergence). Denote

the cdf and pdf of W by F (x) x > 0, and { Py, f(x)}x>0 respectively. Here
Py=F(0) > 0and f(x) =dF(x)/dx wherever the derivative exists. Denote
the nth moment of W by m,, = fxoio X" f(x)dx,n=1,2,...Let (W) denote
an arbitrary measurable function of W.

We use a computer program based on the fixed-norm size design (fixed A)
of Sect.9.3.1 to compute the estimates. Definition 9.1 below in 9.4.2 incor-
porates minor modifications of the “basic” estimators, that retain theoretical
consistency, and are suitable in practice.

9.4.1 Quantities Computed from a Sample Path

Fix finite time ¢ > 0. Consider a simulated sample path {W (s)}p<;<,. The
SP is the leading point of a sample path when thought of as evolving over
time (Sect.2.3 in Chap. 2).

Definition 9.1

D;(x) number of SP downcrossings of level x, x > 0 during [0, ¢],
xi max{W(s)|0 <s <1},

A norm of preassigned uniform partition on S,

v max{n|nA <x;,n=0,1,2,..},

xX;j x;=JjA,j=0,..,v+1;x42=00

{xj} preassigned uniform partition on [0, (v + 1) A] with norm A,
J; interval J; = [x;,x;41),j=0,1,..., v,

dj D,(xj),j=0,...,u+1,

A A =1 (%0 + Azzzodj) - %('D’T(O) + AZ’j:th(x,-))-

Remark 9.3 Definition 9.1 retains the argument “¢t” for D;(x), x; and A;.
Both v and d; also depend on ¢. We omit subscript 7: for v to simplify
notation since v often appears as a subscript or index; for d; for computer-
programming purposes. The quantities A, x; and J ; are defined in the state
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space, and are generally independent of . (We may vary ¢ and A jointly
in various runs of the program for a sensitivity analysis in order to study
accuracy of the estimates.) The term A; is such that A; > 0,7 > 71 (11 =
first customer arrival instant).

Remark 9.4 Notetheinequalityx, =v-A < x; < v+ 1)A= x,41.Also,
for every x > x,41, D;(x) = 0, implying d,+1 = 0.

Proposition 9.1
lim A; =1 (a.s.). 9.11)
t— 00

ALO

Proof We sketch a proof of (9.11) in three steps.
(1) Py + f xoio f(x)dx = 1 (normalizing condition).
(2) For the first term of A; we have

do Di(0) _ f(0) APy

tl—lgloa:tl—lfgo D)

= Py (a.s.). 9.12)

(3) For the second term of A;, first we assume the virtual wait W(z) < K,
t > 0, for some upper bound K > 0. (For example, Variants 1 and 2 of M/G/1
withbounded W (¢) < K arediscussedin Sect.3.16in Chap.3.) Then x; < K
forallr > 0. Alsov < [%] where [z] denotes the greatest integer < z,z € R.
Thus v is finite and positive for all values of ¢. Moreover,

lithl%o (A le{:o Dt(txj)) = limAJ,O (hm,_)oo (Z;:O Drixj) A))
= lima o (Z?zo <lim,_>oo Drgxn) A)
= lima o (Z?:o f(xj)A)
= (K, fwdxa.s.),

(9.13)
since lim; oo Dy(x;)/t = f(x;) (a.s.) by Theorem 1.1 in Chap. I. In the
last equality of (9.13), the expression sz;o f(x;)A is a Riemann sum. It

converges to the definite integral fozo f(x)dx as A | 0, since K — A <
x, < K.
The result (9.13) holds for every K > 0. If K — oo, then

lim AZM :/ f(x)dx (a.s.). (9.14)
t?ﬁ)o =0 t x=0
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Thus, Eq.(9.11) follows from (9.12), (9.13) and the normalizing
condition. [

9.4.2 Point Estimators

For fixed ¢ > 0O let
f), x>0, F(x),x>0, Py, fgn=12 ., E@W)),

denote point estimators of the corresponding quantities under the circum-
flexes, specified in Definition 9.2 below. Assume a “small” norm A is given
(A = “bin size”).

Definition 9.2 Foreach fixedt > 0, the point estimators are (see Definition
9.1 above):

. a'j _'Dt(xj‘) .
X)ZE_ A wxe€lJj,j=0,.,v,

do _ D0

Ay T OAAL

() =P+ A Foi) + G —xpflap).x e djj=0....v,
=A>1 0 x?fA(xi)’ R
. E@p(W)) = p(0) Py + A Do h(xi) f(x).

Nk WD =
Y3 T Dy
[
|

Estimator of the Laplace-Stieltjes Transform of Wait
In Definition 9.2, set »(W) = e %, s > 0. Then E(¢»(W)) is the Laplace-
Stieltjes transform (LST) of W, namely

o
E(e™W) = / Oe_”dF(x)dx.

The estimator of E (e %) is
v
Ee*"y=P + A Ze_”"f(xi), s > 0.
i=0

We can compute E(e_SW), s =0, h, 2h,..., where h is a small positive con-
stant, and plot E(e™* W) versus s. Then we can substitute E(e~*") for the
LST in formulas where it appears.
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The value of A may be adjusted after a computer run, to increase accuracy
or investigate an estimator’s convergence rate with respect to A.

Remark 9.5 In Definition 9.2 the quantities under the symbol “~” omit the
argument ¢, to distinguish them from estimators of transient distributions.
(The latter estimators are not included in this monograph, but are discussed
briefly in Remark 9.2 in Sect.9.2 above and related cited remarks therein.)
The quantities also omit the argument A for notational simplicity.

Remark 9.6 For fixed t > 0, f(x) is a step function of x € U?J:r(l)J j having
constant values on the intervals {J j} j=o,..., »+1. The term A, is a normalizing
constant which guarantees that F (x)=1,x > x,41,foranyr > 0. Also, f (x)
= 0, X € JV+1.

Consistency of Estimators

Definition 9.3 An estimator @, of the quantity ¢ is said to be consistent if
lim; 00 P (or = @) = 1; @y is strongly consistent if P (lim;— o @ = ¢) =
1 — equivalently lim,_, o &; = ¢ (a.s.). (See, e.g., p. 322ff in [107]; p. 132ff
in [9], for discussions on consistency of estimators.)

Strong consistency implies lim;_, o, ; = ¢ for every simulated (typical)
sample path of {W(s)}s¢(0 s, if 7 is “large”. This is because every possible
sample path is a “point” in the background sample space of the process
{W($)}5e(0,00)- Thus any simulated sample path will give the same accurate
estimates. The estimators

F), x>0, F(x),x>0,Py, ipn=12 .. E(@W)

in Definition 9.2 are strongly consistent, which is proved in the following
proposition by using level crossing theorems discussed in Sect.9.2.2.

Proposition 9.2

1. (a). Foreach xj, f(x.,-) is strongly gpnsistent.
(b). For each fixed x # x; lim A0 f(x) is strongly consistent.
2. (a). lior eachfixedr > 0,0 < Py < 1.
(b). Py is strongly consistent. R R
3.(a). Foreachfixedt > 0,0 < F(x/)\f 1,x >0, and F(o0) = 1.
(b). For each fixed x > 0, lima o F(x) is strongly consistent.
4. lima o m,, is strongly consistent,n = 1, 2, .
5. lima o E (1 (W)) is strongly consistent.
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Proof 1(a). By formula (9.11), since lim;_, o, A; =1,

Jim f(xj)— lim 4 _ lim 200 _ S )

—0 tA; t—oo  tA; as. lim;_ o0 A;

= f(x)).

1(b). Fix t > 0. Fix x € §. Let § > 0 be given. We can make the fixed
norm size A arbitrarily small. There exists A > 0 and x; in the fixed
norm partition such that 0 < x — x; < A. Also we have x —x; < A =
] fx) — f (x j)‘ < 4, since f(-) is defined to be right continuous. Note that

f(x) = f(x;).Nowletr > t, o, suchthatt > 1, . == |f(x;) — f(x))] <
€. (Such Ixje exists by 1(a).) Hence for A sufﬁ01ently small and ¢ > Ixjes

|f) = FO| = |f) = Fap| = £ @) — fGp) + Fox) — Flxp)]
< |f0) = f@p|+]fa) — Fxp] <6 +e.

As t — o0, F&xp)] 0. Thus |f(x) — F(x)| < d, implying that

limy— o0 (limayo f(x) = f(x) (@s.).
2(a). For fixed t > 0, D;(0) > 0. Hence

D, (0)
DO _ 5 5

~ MA, 0= (D,(O) +AZ » Df(x,))

2(b). For a stable queue, state {0} is positive recurrent. Hence

0 0 APy
lim Py = lim DO _ .f() = Py (a.s.).
t—>00 =00 MA;  Alimy_ oo Ay )\ 1

3(a). This follows because the denominators of Po and f (xj), j=1,
contain the normalizing factor A; = Po + A Z =0 f (xj), which exceeds or
equals the value of the total numerator.

3(b). This follows because lim;_, o ID\O = Py. Also,
j—1
fim | lim A2;f0»+wx—xpfap
-1

=1lim [ I f —xj) flx;
Alrf(l) t—1>nelo Sxi)+ (x xj)f(x])

~.

N
Il
=}
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j—1

:E% Ag(;f(x,-)Jr(x—xj')f(xj‘) ,

since for fixed A, the values of the partition points {x j} are fixed (thus
interchange of limits permitted). Hence

t—o00 \ AL0

lim (lim F(x)) = Py+ /x f(x)dx = F(x) (a.s.).
y=0

4, 5. These follow using similar reasoning as in the proof of 3(b). |

Remark 9.7 In the estimation procedure of this section, we must make two
important preset choices: (1) the value of simulated time ¢; (2) the value of
A. Since ¢ is finite and A > 0, the estimators in Proposition 9.2 are approxi-
mately consistent. We consider the partition norm A to be sufficiently “small”
if the following holds. We repeat the estimation procedure with a smaller A,
say % or 1%0, etc., and several repetitions leave the estimates within a preas-
signed tolerance.

Similarly, we consider ¢ to be sufficiently “large” if repeating the pro-
cedure with a larger ¢, say 10t or 100¢, etc., leaves the estimates within a
preassigned tolerance (compare with the Cauchy condition for convergence
of series—see, e.g., p. 390 in [137]). The joint choice of (¢, A) poses an
interesting exercise. Experimentation may be informative. A discussion is
given in [24]. Computational experimentation has shown that the estimation
procedure is robust over a wide range of (¢, A) values. With the advent of fast
computer processors, fast random access memories, fast storage drives, etc.,
a sensitivity analysis can be carried out very efficiently. Computer speeds
will increase in the future. Sensitivity analyses of the estimates with respect
to (¢, A) will become ever more efficient.

9.4.3 Statistical Properties and Confidence Limits

For an arbitrary sample path W (s), 0 < s < ¢, define the following quantities.

dy time between successive SP downcrossings of level x,
Var(dy) variance of d,,

~Var(d,) standard deviation of d,

by time SP is in state-space interval [0, x] during d, = sojourn

time at or below level x,
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AW (-))") area under the sample path of (W (s))" during a busy cycle of

{W(s)}Ofsfts
APy long-run rate at which arrivals initiate busy periods.

Asymptotic Normality of Estimators The following proposition describes
the asymptotic normality of the estimators. Let N (0, 1) denote a standard
normal random variate with mean O and variance 1. Let Var(Z) denote the
variance of a generic random variable Z.

Proposition 9.3 1. Forevery x;, j =0, ...,v

o~

fxj) — f(xj)
Var(dy)) ((tA)™ (f(x;)%)?

— N(0,1)ast — oo.

Py— Py
Var(do) (tA) ™" X (P0)*)?

3. If A is small then for every x > 0 approximately

— N(0,1)ast — oo.

F(x) — F(x)

- — N(0,1)ast — oo.

(tAD~Var(by — bo) f(x))?
4. If A is small then approximately
My, — mpy

(=1 Var (AW ()")APo)?

— N(0,1)ast — oo.

Proof The proofs of statements 1-4 follow from the asymptotic normality
of the number of renewals in the time interval (0, ¢) as t — oo, for renewal
processes (also known as the central limit theorem for renewal processes).
(See pp. 3642, especially p. 40, in [66]; p. 438 in [125].). This proposition
is also discussed in Sect. 6 of [24]. |

Confidence Intervals for Estimators
Assume ¢ is large and define zg by P(N(0,1) > Z%) = 5. The following
100(1 — a))% confidence limits apply.
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L. f(x)): f(xj) +zg -Va\r(dxj) . ((tA,)_lf(xj)3)%,
1
2 Py Bytzy Vardo - (40N (B)),
1

3P P £zg - (4D Var(bs — bo) fx))
4omyi iy zg - (7 Var (AW O DAR) .

Proof The proofs are based on Proposition 9.3. |

9.5 LCE Example: M/M/1 with Reneging

Consider an M/M,,/1 queue in which customers can renege from the waiting
line at any time. Otherwise customers wait and stay for complete service. (See
Sects.3.13, 3.13.5 and Egs. (3.211), (3.212) in Chap.3.) We compute LCE
estimates of the steady-state pdf, cdf and mean wait of stayers and compare
them with the analytical solutions for the same quantities.

Let us assume customers who wait less than 1 time unit stay (“reach”
the server) and get complete service; and customers required to wait > 1
time unit to reach the server, renege from the waiting line before reaching the
server, or balk at their arrival time (being informed by the system manager the
approximate required wait until service starts). In the notation of Sect.3.13
the staying function ﬁ(x), x > 0, has the same form as in Fig.3.26, i.e.,

_ 1, 0<x<l,
R(x) = (9.15)
0, x> 1.

The arrival rate A and service rate 4 may be arbitrary positive numbers since
the queue is stable for all values of A, i (see Theorem 3.8 in Sect.4.12.9).
We arbitrarily set A = 1, u = 5.

9.5.1 Analytical Solution

We obtain the analytical solution for the pdf of the wait of stayers
{Py, f(x)}x=0 from the model equations


http://dx.doi.org/10.1007/978-3-319-50332-5_3
http://dx.doi.org/10.1007/978-3-319-50332-5_3
http://dx.doi.org/10.1007/978-3-319-50332-5_3
http://dx.doi.org/10.1007/978-3-319-50332-5_3
http://dx.doi.org/10.1007/978-3-319-50332-5_3
http://dx.doi.org/10.1007/978-3-319-50332-5_3
http://dx.doi.org/10.1007/978-3-319-50332-5_3
http://dx.doi.org/10.1007/978-3-319-50332-5_3
http://dx.doi.org/10.1007/978-3-319-50332-5_4
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APpe M 4\ fy’;oe*W*y) f(y)dy,0 <x <1,

fx) = (9.16)

APoe™ 4 X [ e ) f(y)dy, x > 1.

We briefly explain the second equation in (9.16). When x > 1 the pdf f(x) is
positive due to those arrivals who stay for service (required wait < 1), whose
service time jumps cause {W (¢)},>( to upcross level 1. The solution of (9.16)
is

)\Poe_(“_»)x, 0<x <,
fx) = (9.17)

)\Poe/\e’“x, 1 <x < o0.

We substitute (9.17) into the normalizing condition Py + f xoio fx)dx =1,
yielding
1

- A (1 — o= (=N A,—(u=\)"
1+ u—/\(l e )+ e

Py (9.18)

Interestingly, formulas (9.16), (9.17) and (9.18) are identical to those in
display (3.255) with B(x) = e ** and K = 1, and in (3.258) with k = 1,
in Sect.3.16.6, in Chap. 3. Thus Variant 3 of M/G/1 with a threshold on the
workload at level 1 is mathematically connected to the renege/balk M/G/1
queue due to the staying function R(y) =1 - Tox)(y) +0 - I,o0) (), where
I 4 () is the characteristic function of set A. The two differently conceived
queueing models express the same idea! (Fig.3.35 in Chap. 3 shows a valid
sample path of {W(¢)},>, in both models.)

Substituting A =1, =5 in (9.18) and (9.17) results in (see Fig.9.3)

Py = 0.8006, 9.19)

0.8006 - ¢ 40% 0 < x < 1,
fx) = (9.20)

21763 -0 | < x < o0.

From (9.20) the derivative is
—32024-¢40% 0 < x <1,
—10.8815-¢72%% | < x < o0.

The pdf f(x) is continuous at x = 1. The derivative f’(x) is discontinuous at
x =1.Thus f'(17) = —0.058654, f'(1) = —0.073319. The pdf is bounded
above by the arrival rate A, i.e.,

max £ (x) = £(0) = 0.8006 < 1 = \.


http://dx.doi.org/10.1007/978-3-319-50332-5_3
http://dx.doi.org/10.1007/978-3-319-50332-5_3
http://dx.doi.org/10.1007/978-3-319-50332-5_3
http://dx.doi.org/10.1007/978-3-319-50332-5_3
http://dx.doi.org/10.1007/978-3-319-50332-5_3
http://dx.doi.org/10.1007/978-3-319-50332-5_3
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9.5.2 LCE Estimates of PDF and CDF of Wait of Stayers

We present the LCE estimates of f(x), F(x) and Py in Table9.1, using
t = 3000, A = 0.1 in the computer program. See also Figs.9.2 and 9.3.

9.5.3 LCE Estimates of Mean of Wait of Stayers and P,

From (9.20), E(W,) = fxoio xf(x)dx = my = 0.049, where W, denotes the
required wait of stayers before service. Simulation of 10 independent sample

paths using ¢t = 3000, A = 0.1, resulted in the sample-average point estimate

Table 9.1 Comparison of LCE estimates with analytic values in renege/balk M/M/1
queue

LC Estimation using t = 3000, A = 0.1

Estimated values Analytical Values

Py = 0.7995 Py = .800587

x f) F (x) f(x) F(x)
0.1 7995 7995 .8006 .8006
0.2 5265 8652 5366 8666
0.3 2447 9395 2411 9403
0.4 .1602 9591 1616 9603
0.5 1142 9734 1083 9736
0.6 0729 9828 0726 9826
0.7 0484 9809 .0487 9886
0.8 0317 9929 .0326 9926
0.9 .0208 9955 0219 9953
1.0 0147 9973 0147 9971
1.1 .0092 9984 .0089 9982
1.2 .0058 9992 .0054 .9989
1.3 .0031 .9996 .0033 .9993
1.4 .0010 9998 .0020 .9996
1.5 .0007 .9999 .0012 .9998
1.6 .0003 1.000 .0007 19999
1.7 .0000 1.000 .0004 19999
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Fig. 9.2 Point estimate f(x) of f(x) based on Table9.1, in M,/M,/1 queue with
reneging or balking at service: A = 1.0, p = 5.0. Compare with Fig.9.3
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Fig. 9.3 Analytical solution for f(x) in M)/M,/1 queue with reneging or balking
at service: A = 1, u = 5. See formulas (9.15), (9.17), (9.20). f(x) is continuous at
x = 1. f’(x) is discontinuous at x = 1
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m1 = 0.0489. A 95% confidence interval for m is obtained using 19,0.025 -
s7, where 19 0,025 1s the upper 2.5% point of the Student “t” distribution with
9 degrees of freedom (Student “t” because 10 is a small sample size) and
sm, is the sample standard deviation of 711;. The value of f9 ¢ 025 - s, turned
out to be 0.0013. Thus a 95% confidence interval is m| = m| % 90,025 -
s7, or mp = 0.0489 £ 0.0013, which covers the true mean wait. Similarly a

95% confidence interval for Py is Py = ?0 + 19,0.025.5p; OF Py = 0.7996 &
0.0025, which covers the true value of Py.

9.5.4 Discussion of Numerical Example

The probability that an arbitrary arrival stays and receives full service is

e’} 1
gs = Po+ / RO f)dx = Po+ | f(x)dx
x=0 x=0

1

= 0.8006 + / 0.8006¢*%dx = 0.9971.
x=0

For the particular choice A =1, y =5, and R(:) = I - Ij0.1) + 0 - I[1.00), in
this example, nearly all customers stay, i.e., wait and get full service. Only
(1 —gs) - 100% = 0.29% either renege or balk at their arrival instant. The
reason is that the service rate y is very fast relative to the arrival rate A. The
vast majority of arrivals (99.71%) are required to wait less than one time unit,
and therefore stay for a full service.

The expected busy period is

1— Py

E (B) = NP,

= (0.24906.

The expected idle period is E (Z) = % = 1. The proportion of time the server
isidleis E(Z)/(E(Z) + E(B)) =0.8006 = Py. Different values of A, ;x would
of course, give quite different results.

9.6 Brief Discussion of LCE

LCE is useful for confirming theoretical results derived by various methods
of analysis. LCE can be used to investigate the pdf of a state variable in a new
model where the model equations are difficult to formulate, or if formulated,
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are analytically intractable. It is an alternative approach for estimating pdfs,
cdfs, moments, and expected values of functions of state variables (e.g.,
Laplace transforms) in stochastic models.

LCE for steady-state distributions has several advantages. It uses a single
simulated sample path of the underlying process of interest. It requires the
analyst to be sufficiently familiar with the model dynamics to construct a
sample path using a computer program. It may help to uncover and explain
subtleties about the pdf and cdf of the state variable, which enhance intu-
ition and understanding about the model. It may help to discover unexpected
properties about the pdf of the state variable, or connections with apparently
unrelated models.

LCE can be incorporated into a hybrid technique combining partially-
known analytical solutions and statistical estimation. For example, in a single-
server queue, the theoretical values of Py (probability of a zero wait) and E (B3)
(expected busy period) may be known in terms of the model parameters. On
the other hand, equations for the pdf of wait f(x), x > 0, may be analytically
intractable. It may be possible to utilize the theoretical values of Py and E (13)
in the LCE computer program, to estimate f(x), x > O.

LCE methods similar to that described here for M/G/1, have been applied
to M/G/r(-) dams including cases where G is deterministic or discrete [27];
and to more complex models such as M/G%*?/1 bulk-service queues [44].
The LCE technique is applicable in a vast array of other stochastic models
as well. The basis of all such applications stems from the ‘lim;_, o, D;(x)/t
= f(x)’ part of Theorem 1.1 in Chap. 1, and its extensions in multi-server
queues and dams, etc.

We may classify the LCE method as an estimation method, or a computa-
tional method. With sensible values of the simulated time ¢ and state-space
partition norm size A, the technique gives almost-analytical values for the
distribution of the state variable and related values, in many benchmark com-
putational experiments already carried out.


http://dx.doi.org/10.1007/978-3-319-50332-5_1
http://dx.doi.org/10.1007/978-3-319-50332-5_1

Chapter 10
Renewal Theory Using L.C

In this chapter, Sect. 10.1 gives an LC analysis of a replacement model, which
is structured using two interconnected renewal processes. We derive effi-
ciently, via sample paths and LC, the limiting pdfs of the excess life , the
age, and the total life, of both renewal processes. Section 10.2 gives an LC
analysis of a classical renewal problem with a barrier. Section 10.3 uses LC
to derive the finite time-t probability distributions of the excess, age and total
life, of a renewal process.

10.1 Replacement Model via Renewal Theory

We first describe a replacement model, which is a variant of the GI/G/r(-) dam.
(see Sect. 6.2 for a related M/G/r(-) dam.) Sects. 10.1.3 and 10.1.4 derive the
steady-state (limiting) pdfs of the excess, age and total life of two connected,
renewal processes in the model.

10.1.1 The Model

Let {X(#)};>0 denote a continuous-time continuous-state stochastic process
having upward jumps of i.i.d. sizes X, > 0, all starting atlevel 0, at times 7,,",
where0 = <7+ <7, <---,suchthat X(7,) = X,,,n =0,1,2, ...
Let the state space be S = [0, 0co). Figure10.1 shows a sample path of
{X (t)};>0 (Weuse X (¢) to denote both the state variable and a sample path, for
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7 (1) 5,0 Bn 4P

Level x
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0 Time —»

Fig. 10.1 Sample path of excess life vx (), age dx (¢), total life By (¢). Also shows
a state-space level x

economy of notation). Assume dX (¢)/dt = —r(X(t)),t € [Tn, Th+1), 1 =
0,1,..., where r(x) > 0,x > 0. Thus X(¢) is a piecewise, decreasing
deterministic function between jumps. Assume that for all v > 0,

L |
B%/y:u r(y)dy < 00, (10.1)
which guarantees that a sample path X (¢), r > 0, starting from any level
v > 0, returns to level 0 in a finite time. The process {X (¢)},>( is a variant of
the GI/G/r(-) dam subject to inputs {X,},—¢ ... occurring at all instants 7,
when the dam becomes empty, and at no other time points. This mechanism
can be thought of as that of a replacement model. New inputs replace the
immediately preceding used-up inputs. Thus {X (¢)},>( is never at level O for
a positive duration, and 7,,, n = 1, 2, .. ., are replacement times.

Denote the inter-replacement times by {Z,,},,—¢ 1 .. The random variables
Z, and X, are related by

X,
zn=/ — dy,n=0,1,.... (10.2)
y

From (10.2), Z,, is the time required for {X (t)};>0 to descend from level X,
to level 0. The Z,,,n =0, 1, are i.i.d. because X,,, n =0, 1, are 1.i.d.
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10.1.2 Renewal Processes {Z,}n=0,1,... and { X, }n=0,1,...

{Zn}n=0.1,... is in one-to-one correspondence with {X,},=0.1,..., and with
the piecewise deterministic continuous efflux rate r (X (¢)), 7, < Tp+1, 1 =
0,1,.
LetX,, =Xand Z, = Z,n=0,1,.
dis dis
Example 10.1 Consider a newly-installed battery at 7y with initial electrical
charge Xo dE' X, to power a device. Assume that the charge declines at a rate
LS

that depends on the present charge. That is, d X (t)/dt = —r(X(¢)) < 0,1 €
[70, 71). Suppose the battery’s charge dissipates non-uniformly and descends
to 0 after atime 7y = Zg = = Z. The battery is immediately replaced by a

new fully-charged one. This procedure is repeated as batteries wear out, at
times 7,,n = 2,3, .... Thus Z, _Z and X, _Xn_O 1,2,...,and

dis dis

X
Z= / ——dy, (10.3)
=0 7 (y)

is the inter-replacement time (see formula (6.4) in Sect. 6.2.4). The dimension
of Z is [Time]. The dimension of X is [Coulombs]. The function r (X (¢))
has dimension [Coulomb][Time] ™.

10.1.3 The Renewal Process {X,},=o.1,...

Let yx (t) := excess life of content at instant t > 0. The process {vx(t)},~¢
has the same sample path as {X (#)},- , since we assume that all input jumps
startatlevel 0. Thend (yx (¢))/dt = —r (yx (t)). Let 6x (t) := age of the content
at instant t > 0, i.e., amount of content used up at instant ¢, from the last
renewed amount prior to ¢. Then d (§x(¢)) /dt = +r(dx(2)). Let Bx(t) :=
total life (span) of the latest renewed amount of content at t (Fig.10.1). (In
Example 10.1, vx (1)), dx (¢), Bx(¢) are respectively, the remaining charge,
the charge used up, and the total charge, of the battery in use at time 7.)

In the sample paths of the processes {y(?)};>0, {0(#)};>0, {5(f)};>0 all

upward jumps start at level 0 and are = X. All downward jumps start at a
LS

random level X and end at level 0.


http://dx.doi.org/10.1007/978-3-319-50332-5_6
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Limiting Distributions in {X,},_o | Using LC
We derive the limiting pdfs f-, (x), f5,(x), f5y (x), x > 0, of r.v.s yx(1),
0x(t), Bx(t), as t — oo, assuming E(X) < oo, which is the condition for
their existence. Consider sample paths of {vx(¢)}, {0x ()}, {Bx(®)},t = 0
(Fig.10.1).

Let Fx(x), fx(x), pux be the cdf, pdf and expected value respectively of
rv. X.Let Fx(x) =1 — Fx(x),x > 0.

Limiting PDF of Excess Life in {X,,},_o | .
Consider a sample path of {y(¢)};>0. The long-run SP expected downcrossing
rate of level x > 0, is

lim M = r(x) fryx (). (10.4)

t—00

(as in Corollary 6.2 in Sect. 6.2.8).
The long-run SP expected upcrossing rate of level x is
EU(x)) 1

Jim == =57 Fx(x), (10.5)

since the expected time between upward jumps starting from level O is
E(Z)(= E(ty41 — ™),n = 0,1,...), and Fx(x) = P(SP jump start-
ing at level 0 is > x). In (10.3), substituting from (10.2), and conditioning
on X = x gives

oo X 1 o0 o0 1
EZ) = / ( / —dy) Fr()dx = / / - fx(dxdy
x=0 \Jy=07(y) y= r(y)
=/ (/ fx(x)dX) dy —/ FX(y)dy. (10.6)
=0 I"(y) y=0 r(y)

Equating (10.4) and (10.5) by the principle of rate balance across level x,
and using (10.6), yields the equation

Fx(x ) Fx(x)

r(x) fry (x) = (10.7)
E(Z o Fx(y)
(%) f =0 r(y§ dy
F
fog () = = (2 = (10.8)
r@x) [yZo Fo7dy

The dimension of f,, (x) is [content]™! (= [Coulomb]~! in Example 10.1)).


http://dx.doi.org/10.1007/978-3-319-50332-5_6
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Limiting PDF of Excess Life in {X,,},_ ;  whenr(x) =1
If the efflux rate r(x) = 1, formula (10.8) reduces to

Fx(x) _ Fx(x)
S Fxndy — pix

Jrx () = , (10.9)

since f yoi() Fyx (y)dy = E(X) = ux. (yx represents the limiting excess life
of content, having pdf f,, (x).) Formula (10.9) is exactly the same as the
well-known limiting pdf of the excess life in a “standard” renewal process.
However, here the dimension of f, (x) is [content]™ " instead of [Time] ™.

Limiting PDF of Age in {X,,},_¢ | ..
For the age process {Jx (f)};>0, the long-run SP expected upcrossing rate of
level x > 01is
lim EU@)
S

11— 00

= +7r(x) f5y (x), (10.10)

(see Corollary 6.2 in Sect. 6.2.8). The long-run SP expected downcrossing
rate of level x is

A= = E(Z) Jy=x Jx()dy = E(Z)’

- E(D;(x) 1 /°° Fx(x) (10.11)

because (1) downward jumps occur atrate 1/E(Z), (2) in order for the SP to
downcross level x by a jump at some 7,,;, the upward jump at 7,,_; starting
from level O must have been such that X,,_; > x. Moreover, X,,_; at 7,1 1S
also equal to the downward jump size at 7, (see Fig.10.1).

Equating (10.10) and ( 10.15) (rate balance across level x), gives

Fx(x) Fx®
r(x)f5x(x)= E(Z) = foo fx()’)d '
y=0 7(y &Y
F
Jox (x) = ooX(jC’)() ' o
r(x) fy:O r)iyi dy

Comparing (10.8) with (10.12) shows that f5, (x) = f,4 (x). The dimension
of fs,(x)1is [content]™!.

Limiting PDF of Age in {X,,},_o ; whenr(x) =1
If r(x) = 1, we obtain similarly as in (10.9), the limiting pdf

Fi () = ZXO (10.13)
nx
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The dimension of fs, (x) is [content]™!. Tt is well known that for an
ordinary renewal process, the limiting distributions of the excess life and
age are identical. In the variant of a GI/G/r(-) dam possessing the renewal
structure outlined here, these distributions are also identical with respect to
the content, even when the efflux rate has a general form r(x), x > 0. That
is, formulas (10.8) and (10.12) are identical.

Limiting PDF of Total Life in {X,},_¢ | .
For the process {3x (t)};>0, the long-run SP expected downcrossing rate of
level x > 0, is

lim £P1() /°° 1 Fa () (10.14)
im ———— = - ) f5sx Wy, .

t— 00 t y=x fuy:O #du X

where we have conditioned on Bx (1) =y > x.In(10.14), 1/ fuyzo %du, the

reciprocal of the expected sojourn time of {Bx(t)}s>0 at level y > x,is equal
to the downward jump rate across level x starting from level y (Fig. 10.1). At
the end of a level-y (y > x) sojourn time, the SP jumps downward to level
0, and downcrosses every state-space level in (0, y), including level x.

The SP long-run (expected) upcrossing rate of level x is

g EUO) _ Fx(o) 1 [
1m - -
t—00 t E(Z) E(Z) y=x

Ix(dy, (10.15)

since the expected time between SP upward jumps out of level O is E(Z), and
the probability that such an SP jump exceeds level x is F x (x). The SP makes
a double jump in opposite directions at each renewal instant of the sequence
{Z1}n=0.1,.... One jump is downward ending at level O; the “opposite jump”
is upward starting at level 0.

Equating (10.14) and (10.15) (rate balance across level x), results in the
integral equation for f3, (-),

> 1 Fx (x)
/ [ Wdy = ———. (10.16)
= (g riydn) E(Z)

In (10.16), taking d/dx on both sides yields

1 _ Jx()
o () = 52

(fbfzo ﬁd”)
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Hence
——dy) fx(x) o rydy) fx ()
Fop(x) = (fy = (2) ) . (fy o) ) o
(Z2) fOO F(y) dy
0 r(y)

The dimension of f3, (x) is [content]™!.

Limiting PDF of Total Life in {X,,},_ ; whenr(x) =1

Ifr(x) = 1,then Z, = X,, and E(Z,)) = E(X,,) = ux in magnitude. (However,
their dimensions differ; since [X,,] = [contentunit] and [Z,] = [Time].)
Formula (10.17) reduces to the well-known limiting pdf of total life (span)
for an ordinary renewal process,

xfx(x)  xfx(x)

I ="y = Ty

; (10.18)

except that the dimension of f3, (x) is [content] ~linstead of [Time]~!. That
is, in the variant of the GI/G/r(-) dam described here, the “life” is measured
in ‘content’ units.

Remark 10.1 The foregoing variant of GI/G/r(-) exhibits the phenomenon
of SP multiple jumps at the same (renewal) instant. Recall that SP jumps in
the state space do not occur in Time. (See Examples 2.2, 2.3 in Sect.2.3,
regarding SP multiple jumps.)

Example 10.2 Suppose r(x) = kx, x > 0, where k > 0 is a constant. Then
the inequality (10.1) does not hold because sample paths decay as a negative
exponential function (see Sect.6.4). The SP returns to every level x > 0,
however small. Let us choose a small level € > 0O to indicate that it is time
for a new replenishment of content. Thus, whenever the content hits level &

from above, it increases by an amount = = X . We consider two cases.
LS

Case 1: All replenishments start at level 0.

Whenever the content decays to level €, a new replenishment starts at level 0.
(We assume that the added amount is greater than €; otherwise it is discarded.)
Many systems are of this type. For example, heat and smoke alarms make a
beep and/or show a red light, when the charge in the alarm’s battery decays to
a certain level. This signals that the battery needs replacing. In Example 10.1,
this corresponds to replacing a battery with a new one when the preceding
charge decreases to € Coulombs.


http://dx.doi.org/10.1007/978-3-319-50332-5_2
http://dx.doi.org/10.1007/978-3-319-50332-5_2
http://dx.doi.org/10.1007/978-3-319-50332-5_2
http://dx.doi.org/10.1007/978-3-319-50332-5_6

458 10 Renewal Theory Using LC

Case 2: All replenishments start at level € > 0
For each positive v > ¢, the time to decay to level ¢ is

LS| 1. v
—dx =-1In- < o0,
y=c kx k €

meaning the content returns to level € in a finite time from any level € + X.
In this case, {X,,},—¢ ... is a delayed renewal process, where the first inter-

renewal time is Xg = X — ¢, because all future inputs (replenishments)
s

will start at level €. The inter-renewal amounts X1, X», ... are d:' X. In the

LS
renewal process {X,,},—0.1...., the support of X, equals the support of X minus
€, because the remaining inputs start at level £. This model structure is similar
to that in the example in Sect. 10.3.8. We will not continue the analysis here;
the limiting and time-¢ distributions of the quantities of interest can be derived
from the reasoning given below in Sect. 10.3.8. This model would apply to
cases where it is important to maintain the concentration of a solute in a
solution above a certain level (say €). Examples include: pharmacokinetics
(see Sect. 11.6); consumer response to nonuniform advertisements (see [40]);
and many others.

10.1.4 The Renewal Process {Z,}n=o.1,...

Limiting Excess Life, Age, Total Life in {Z,},—0.1....
Let~, (1), d,(t), 3,(t) denote the excess life, age, and total life respectively,
at a fixed time 7 > 0.

Define G(x) = fyx:o %y)dy := time for {X(t)};>¢ to decay from level
x > 0 to level 0. Then G(x) is an increasing differentiable function of
x (since dG(x)/dx = 1/r(x)), which implies the inverse G~!(x) of G(x)

exists, and

1 1
— =rx), x>0

HIW 1y
(see, e.g., pp. 206-207 in [137], and other Calculus texts). Thus G 'x) is
also an increasing (differentiable) function of x. Moreover, G~!(x) is that
level in the Time-state space T' x |0, co) from which a descent to level 0
takes time period x, as G(G~1(x)) = x. We now derive the pdfsof~y,,d,, 3,
from the results for the pdfs of 7, d,,, Bx, respectively, given in Sect. 10.1.3.

d —1 _
d_xg (x) =


http://dx.doi.org/10.1007/978-3-319-50332-5_11
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Limiting PDF of Excess Life v, in {Z,,},—0,1,...
The relation between Z,, and X (¢) implies

v, <xiffyx <G ().
(see Fig.10.1). Hence
F, (x) = F, (G (x)). (10.19)

Taking d/dx on both sides of (10.19) and substituting from (10.8) gives

d
Fry () = foy (G 00) - =G () = fox (G ()) -1 (x)
r(x) - Fx(G~'(x))

G [, By

(10.20)

The dimension of f“/z (x)is [Time] .
Ifr(y) =1, then G(x) =G~ ' (x) = x and

1,0 =Fx/ [~ Ty = Fx)/ix = ).
y:

The dimension of fa,z (x) is [Time]~!, whereas the dimension of frx (X) 1s

[content]™!.
Limiting PDF of Age 67 in {Z,},—0.1....
In a similar manner as for the excess life, the age satisfies

67 < xiff6x < G 1(x).

Thus, F(;Z (x) = FgX (G '(x)). Taking % then yields

= o—1
fo, () = rnFxG () (10.21)

G [ W ay

Thus f5,(x) = fvz (x), x > 0. The dimension of fs, (x) is [Time] .
If r(y) = 1 then G(x) = G~ !(x) = x, and

o0

i, (0 = Fx )/ | Frndy = o).

y=0
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The dimension of f(sz (x) is [Time]™!, whereas the dimension of fox(x) is
[content]™!.

Limiting PDF of Total Life 37 in {Z,},—0.1...}
Since 7 < x iff Sx < G~!(x) then we obtain similarly as for fgz (x) and
f~x (x) above,

d
fa, () = fa, (G (x)) - Eg—l(x) = [, (G (x)) - r(x).

From (10.17) we get

r - (S sydy) Sx@ )

o Fx(y)
y=0 7() 4V

I, (x) = (10.22)

The dimension of fﬂz (x) is [Time]~! whereas the dimension of fax (x) is
[content]_l. If r(x) = 1 then

xfx(x)  xfx(x)

Z( ): o0 = -
Tor & Jy=o Fx()dy X

having dimension [Time] .

10.1.5 Limiting PDFs in Ordinary Renewal Process

We now give the steady-state pdfs of excess, age and total life for the ordinary
(i.e., standard) renewal process as a special case of those for the replacement
model above. In the ordinary renewal process, we have X, =Z,,,n=0, 1, 2,...,
sincer (X (t)) = 1 (see Fig. 10.2). The dimensions of X,, and Z,, are the same,
usually [T'ime]. The pdfs of the excess, age and total life, i.e., f,, (x), f5,(x),
f3,(x), x > 0, are the same as formulas (10.9), (10.13), (10.18) respectively,
and all have dimension [Time] .

Direct Derivation of Limiting PDFs 1. (x), f5,(x), f3,(x)

We can derive these limiting pdfs very simply and directly in the ordi-
nary renewal process. For example, to get f,,(x), X > 0, we examine
the sample path of vyz(¢), t > 0, in Fig.10.2. The downcrossing rate of
level x is f,,(x); the upcrossing rate of level x is Fz(x) /E(Z). Rate bal-
ance gives f,,(x) = F7(x)/E(Z). Similarly, examining the sample path of
0z(t),t =0, gives fs5,(x) :fz(x)/E(Z), x > 0. To derive f3,(x), x > 0,
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Y, (1) 0,(1) W s SP

2

Level x

OF:N —

Zo i ZI % ZZ "7 24#

0 Time ¢ —»

Fig. 10.2 Sample paths of excess vz (¢), age d(¢) and total life 37 (t),t > 0, in the
ordinary (standard) renewal process

examine the sample path of z(7), 7 > 0. The downcrossing rate of level x
is f;’ix (1/y) fp,(y)dy and the upcrossing rate of level x is Fz(x)/E(Z).

Rate balance gives [ © (/) f3,(0)dy = Fz(x)/E(Z). Taking d/dx of
both sides yields fj,(x) = xf7z(x)/E(Z).

Remark 10.2 The LC derivations of the limiting pdfs of excess life, age and
total life, at time 7 as t — oo, are relatively easy in the replacement model,
and are much simpler for the ordinary (standard) renewal process.

Remark 10.3 All the derivations in Sect. 10.1 are based directly on the au-
thor’s unpublished notes of June 18-July 26, 1992 [28]. These notes were
motivated by a talk on the ordinary renewal process by van Harn and Steu-
tel (see Partial Bibliography below) at the 21st Conference on Stochastic
Processes and their Applications at York University, Toronto, June 15-19,
1992. Their presented work differs completely from LC conceptually. Results
for the ordinary renewal process using LC were published independently
in Katayama (2002) (see Partial Bibliography).

10.2 A Renewal Problem with Barrier

Consider a renewal process {Z,},=12..., where Z, d=' Uq.1) := uniform
LS

random variable on (0, 1) (Fig.10.3). Let Ng denote the number of renewals
required to first exceed abarrier K > 0. In this section we derive the expected
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Renewal
Renewal  Renewal #N(1)+1 =N,
#1 #N(1) Stopping time
t % —x 0 x*—F—x
0 s t 1

Distance —»

Fig. 10.3 Renewal process {Z,},_; .. showing renewals. N(¢) is the number of

renewals within (0, #). Ny = N (1) + 1 is number of renewals required to first exceed

barrier K = 1. Ny is a stopping time for the sequence {Z,},,_ , . where Z, = Uo,
s

value E(Nk), K = 1,2, 3, ..., and related quantities. It is well known that
E(N}) = e, the base of natural logarithms (see Problem 5, p. 485 in [125]).
Usually, it is shown that E(N|) = e by a standard renewal argument, i.e.,
conditioning on the first renewal distance s (Fig. 10.3), deriving a renewal
equation, and solving it. However, the general formula for E(Ng), K = 2, 3,
... is not well known.

Here we derive E(Np) by an alternative method, which also applies to
derive E(Nk), K =2, 3, .... The idea is to embed statistically indepen-
dent replicas of the one-dimensional renewal process {Z,},=12,.... into the
cycles of a regenerative process such that the time axis of the embedded
processes is perpendicular to the time axis of the regenerative process. Thus,
the one-dimensional process {Z,},=1,2,.... becomes transformed into an in-
finite sequence of statistically independent copies of {Z,},=1,2,..., in a two-
dimensional construct having two different perpendicular time axes. One time
axis is for the regenerative process; the other is for {Z,},=1 2..... The type of
construction in this alternative method, facilitates finding the expected num-
ber of renewals required to exceed a barrier or threshold, in other (seemingly
unrelated) stochastic models as well.

10.2.1 Method for E(Nk) Using a Regenerative Process

We construct a continuous-time continuous-state positive recurrent regener-
ative process
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{X(@®)}i=0, X(0) =0,

which embeds statistically independent reproductions of {Z,},_;, . in

all cycles of {X(#)};>0 (Fig.10.4). A sample path of {X(#)};¢ is a non-

decreasing step function, which makes SP upward jumps of size = Uo,1) at
LS

an arbitrary Poisson rate \. (We select \ = 1, for convenience.) The upward
jumps are denoted by

b, =27, = U(O’l),n =1,2,....
dis

(We replace symbol Z, by b, for generality beyond the threshold K = 1,
and because of applicability to other models. See [33]).
Define random variable N by

n
Nk = min{n| Zbi >KLK=12,...; (10.23)
i=1

thus N is a stopping time for the sequence {b,},=12,....
Let random variable a = Exp) = Expy, implying E(a) = 1.
LS

Define random variable ¢ by

Nk
c= a;, where each a; = a, 10.24
Z j P = (10.24)

i=1

and the a;s are i.1.d. r.v.s.
Let {cy}n=12.... be a renewal process where ¢, d; c; the ¢,s are i.i.d.

LS
Then {c;},=1,2,... are “compound” cycles of a regenerative process with sub-
components {a; },=12,.... Since there is a one-to-one correspondence between
ap and by, n =1, 2, ..., the random variable N is also a stopping time for
the sequence {a;},=1.2,.... Taking the expected value in (10.24) yields

E(c) = E(Ng)E(o) = E(Nk), (10.25)

by Wald’s equation (e.g., see Exercises 13-24, p. 486489 in [125]).

Just after each instant when a sample path of { X (¢)},>0 upcrosses level K,
the SP jumps downward (rebounds) immediately to level 0, and the process
{X(#)};>¢ restarts. Our construction guarantees that the limiting distribution
of X (¢) exists as t — oo (see [132]). Random variable N equals the num-
ber of SP jumps required for {X(#)};>0 to first exceed level K. A simple,
but key observation, is that N is equal to the number of sub-intervals with
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lengths = a, comprising a cycle c. The state space of {X(¢)},~¢ is
LS -

S =[0, K + 1), because the excess of the jumps that exceed level K is less
than 1 (due to jump sizes = Uq.1))-
LS

Relation to (s, S) Inventory with No Decay

Other stochastic models have a related structure. For example, the (s, S)
inventory with no decay in Sect. 6.9 is the “flip” (like ¢) of the {X(¢)},>¢
process, where K := § — s, and the jump sizes are distributed as Exp,,. In
the (s, S) model E (Ng) (= E(Ns—s)) is the expected number of demands
in an ordering cycle.

10.2.2 Derivation of E(Ny)

Let the limiting mixed pdf of {X(¢)};>0 as t — oo, be {71, fo(x)}o<x<1-

Consider a sample path of {X (¢)};>0; fix level x € (0, 1) (Fig.10.4). SP

upcrossings of level x are due to jumps = Uo,1) starting at level O, or starting
s

at some level y € (0, x). Thus, the SP upcrossing rate of level x is

X

1-7r1-P(b>x)+1-/ P> x — ) foy)dy
y=0

where b = U,1), and upward jumps occur at rate 1/E(a) = A = 1. This
1S

leads to the equation

A
X(t) A
A
] b3 b‘i A
b.
— ) F 2 bs
X bs bj—
b.
b 3
0 b " | b - S P
lal-a,—a}— a, — a,+a—a—+— a, —t+afdaj— a,a, a
— c, } c, - [eX } c, |

Time ——

Fig. 10.4 Sample path of {X(#)};>¢, in renewal problem to determine E(N;) when
renewal times are = Uo.1
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X

1-7T0.1-P(b>x)+1-/ Pb>x—-y) foy)dy =m1,x€(0,1),
=0
’ (10.26)

explained as follows. On the right side of (10.26), 7| is the downcrossing
rate of level x because the rate of SP downward jumps is the same as the rate
of SP entrances into state {0} from above (also called here ‘downcrossings’
of level 0). From the principle of set balance, this entrance rate is equal to
the exit rate of {0}, namely A7y =1 -7 = 7.

The SP downcrossing rate of every level x € [0, 1) is equal to the total
upcrossing rate of level 1. The SP rebounds into level 0 immediately after it
upcrosses level 1. (The SP makes a double jump. Compare with the (s, S)
inventory with no decay in Example 2.3 in Sect.2.3; see also Sect.2.3.) In
the inventory model, whenever the stock on hand jumps below the reorder
point s, it is replenished immediately up to level S.

Letting x = 1 in equation (10.26) gives

1

P> 1) +/ P(b>1—1y) fo(y)dy =m. (10.27)
y=0

Since b d:' Uo,1), we substitute P(b > x) =1 —-x,0 < x < 1, into
LS

(10.26), resulﬁng in

X

mo,0(1 — x) +/ A=—x+yfy)dy =m,00<x <1. (10.28)
y=0

Taking d /dx twice in (10.28), and solving the resulting ordinary differen-
tial equation gives
fx)=me",0<x <1, (10.29)

which we substitute into the normalizing condition 7o + fxlzo f)dx =1,
giving
1

m = —. (10.30)
e

The renewal rate of {c,},=1,2.... is 1/E(c) = SP entrance (or exit) rate of
{0} = m1. Thus E(c) = 1/m1. From (10.25) and (10.30),

E(Nl):E(c)-E(a):Wil-l =e = 2.71828. (10.31)
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We have derived E(N1) in detail using the compound-cycle regenerative
process structure, to fix ideas. The following values of E(Ng), K =2,3, ...,
in this Section are not well known.

10.2.3 Derivation of E (N,)

Let mp :=lim;, oo P(X (¢) = 0). Let the steady-state PDF of {X (¢)};>0 be

fx) = fo)Lonx) + fitkInx),x e 0,2),

where I g4(x)=1ifx € A,and I ,(x) =0if x ¢ A (the characteristic function
of set A).

Consider a sample path of {X (1)},5( (Fig.10.5), where the state space is
S = [0, 3). Balancing SP up- and downcrossing rates of x € (0, 1), as in the
case K =1, gives

m(1 —x)+/ (1—x+y) fo(y)dy = m, x € (0, 1). (10.32)
y=0
X(t) ‘ \
""""""" 2
b b U
b,

fi(x) x by
b, b,
b 1 ' SP
0 >
al a, la} a, al & lal a a | @l anal a
cl CZ C3
Time ——

Fig.10.5 Sample path of {X (¢)},- for renewal problem, with state space S = [0, 3).
Facilitates solution for E(N>)
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Fix x € [1, 2) (see Fig. 10.5). Balancing SP up- and downcrossing rates of
X, gives

X

1
/ (I —x+y)fo(y)dy +/ (I=x+y)filydy =m,x €[l,2).
y _

=x—1 y=1
(10.33)

In (10.33), the first integral is the upcrossing rate of level x due to jumps
starting in (0, 1). The lower limit is y = x — 1 because an SP jump can
upcross level x € (1,2) only if it starts in interval (x — 1, 1), which is a
subset of [0, 1). The second integral is the upcrossing rate of level x due to
jumps starting in [1, x).

Taking d/dx in (10.33) gives

1 X
—/ Jo(y)dy —0 —/ 1 Siydy + fi(x) =0,x € [1,2). (10.34)
y y=

=x—1

Substituting me” from (10.29), for fo(y) in (10.34) with 7 replaced by
o, and letting x | 1 yields

AT =m(e—1) =me—m = fo(17) —m.

which shows that f(x) has a discontinuity at x = 1 of size m. (In fp(x), m
replaces 7| because at this stage we are solving for E(N,)). Taking d/dx in
(10.34) gives

A@) = i) = = folx = 1) = —mpe ™D,
d —x -1
— (e filx)) = —me ",
dx
fi(x) = —me lxe* + Ce*, x €[1,2), (10.35)
where C is a constant, evaluated by letting x | 1 in (10.35), resulting in

f1(1+) =—m + Ce = me — m,
and C = mp.

Substituting C = > into (10.35) gives
fix) =m (—eilx + 1) e, x €[l1,2).

Thus we obtain
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fo(x) = me*, x € (0, 1),
filx) =m( — e_lx)ex,x e[l,2. (10.36)
From (10.36) we check the discontinuity at x =1,
filT) =me —m = fo(17) —m,

Fig. 10.6 shows that the discontinuity stays in placeatx =1for K =2,3, ...,
but with the sizes 7x, K =2, 3, ... respectively.
The normalizing condition is

1 2
m +/ So(x)dx +/ f(x)dx = 1. (10.37)
x=0 x=1
Substituting from (10.36) into (10.37) gives
! (10.38)
Ty = ———. .
2T et e
From (10.25),
1
E(Ny) = E(0)E(a) = — -1 = —e + ¢* = 4.67077. (10.39)
2

10.2.4 Derivation of E (N3)

We now explore further the pattern of E(Nk), K = 1, 2,.... For deriving
E(N3), the state space is S = [0, 4). Let m3 :=lim;_, oo P(X(¢) = 0). Let the
steady state pdf of {X (#)};>0 be

f) = fo) o)+ fito)Ix)+ f(x)I23x),x € (0,3),

(plotted as f(x)/m3 in Fig.10.6 since 73 is a factor of each f;(x), j =
0, 1, 2—see (10.43) below). We now balance SP up- and downcrossing rates
across arbitrary levels x € (0, 1); x € [1, 2); x € [2, 3), which gives respec-
tively, integral equations

(1= x) +/ =33 ooy = (10.40)
)):
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(=]
L

Jf(x)

0.51

0

0 1 2 3
x

Fig. 10.6 Plot of f(x)/m3,x € (0,3).E(N3) = 1/m3 =1+ f03 fx)dx = 1+
2 Jl

E ) 0/ fi(x)dx. The only discontinuity of f(x)isatx = 1, of size = m3; f(x)
J= j

is continuous for all x € (1, 3)

X

1
/ (I =x+y) fo(y)dy +/ (I —x+y) fily)dy =m3, (10.41)
y

=x—1 y=1

2 x
/ (1= x + ) fi(dy + / (=53 A0y = 7. (1042)
y y=

=x—1

Solving integral equations (10.40), (10.41) in a similar manner as for K =
1, 2 above, gives

fo(x) =me™, x € (0, 1),
fi(x) =m3(1 — e 'x)e*, x €0, 1,

1 -2 -2.2 —1 X
f2(x) =§7T3(—2)C€ +e “x"—2xe " +2)e,x €[2,3). (10.43)

The normalizing condition is

1 2 3
™ + / fo(x)dx + / f1GoOdx + / HEdx =1,  (10.44)
x=0 x=1 x=2
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yielding
1

%6—2624-63‘

Substituting from (10.43) into (10.44) gives

3 =

1 1
E(N3) = — = e - 2e* + €® = 6.66656563. (10.45)
3
The form of f(x) is reminiscent of the pdf of wait in the M/D/1 queue in
Fig.3.18 in Sect. 3.10.2. In both models, the pdf has a discontinuity at exactly
one point: at x =1 in the present renewal problem, and at x = D in the M/D/1
queue.

10.2.5 Derivation of E(Nk) f for General K

Repeating the foregoing procedure for several more values of K with the aid
of mathematical software (e.g., Maple) gives, for x € [3, 4)

3 1
f3(x) =mg l—e 'y — Ze3x —e2x + e 2x?
2 2
1 -3.3 -3.2 x)
—ge X" +e “x“e |,
and for x € [4,5)
144 1 43 4.2 2 3 3
fa(x) =75 l—i—ﬂe X —Ee x° 42 "x“—e x—ie X
8 _4

- | 302, 1 5 -1 x
——e x——=e x"4+e x“"+—-e x“"+e x)e.
3 6 2

Applying the normalizing conditions for K =4 and 5 respectively then results
in

1 1
E(Ny)=—=—-¢ +2¢* =33 + &,
T4 6
1 1 4 9
E(Ns) = — = —e— —¢* 4+ —¢® —4e* + ¢°.
(Ns) - 246 36 +2e e +e
The author hypothesized that E(N) is the sum of powers of e, e* , ..., e,

with coefficients given in the series
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K yK—i

L By = > cJ

~ L Y K=12,.... (10.46)
TK o K=

This can be verified by mathematical induction, carried out by first deriving
the formulas for f;(x), j =0, ..., K,in the same way as for those in (10.43).
Then we obtain (10.46) in a similar manner as for the derivation of (10.45).

10.2.6 Asymptotic Formula for E(Nk) as K — oo
‘We now show that in (10.46),

E(Nk) ~ 2K +2/3,

E(Nk)
1m 5 =1
K—o0 2](-|-§

(10.47)

For example, using (10.47) with the “large” number K = 20, we immediately
have the approximation E(Nyg) &~ 2(20) + 2/3 = 40.6667. The analytical
value up to the same number of decimals using (10.46) is also 40.6667, whose
accuracy depends on the number of digits carried, and on the computational
algorithm used.

Remarkably, from the analytical values of E(N>2) and E(N3) given in
(10.39) and (10.45), the approximation (10.47) is very accurate for K =
2,3, ....Evenfor K =1, the “asymptotic” approximation 2K + % = 2.6660,
which is within 1.90% of e = 2.71828.

Derivation of Asymptotic Formula (10.47)

Let v denote the excess life at an arbitrary point x € §, as x — 00. Then

) = i (1 - B(y)), y > 0, where B(y) is the common cdf of the inter-

renewal time, having mean p (formula (10.9) above; see also Example 7.24,

p- 453 in [125]. Here, the inter-renewal times are d; Uo,1). Thus B(y) =
LS

v,0<y<1l,u=1/2,and

1 [ ! 1
E(y) = —/ ¥ F(dy = 2/ yA—ydy==.  (1048)
HJy=0 y 3

Let vk denote the excess life at K; if K is large then E(yg) ~ % If K is
finite then


http://dx.doi.org/10.1007/978-3-319-50332-5_7
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Nk
K+ =2 (10.49)
j=1

where the Z ;s arei.i.d.ds U0.1), and N is a stopping time for {Zj}j:1 ,
is 2,

Taking expected values in (10.49) yields

1
K + E(vg) = E(Ng) - 3
implying  E(Ng) =2K +2- E(yk).

If K is large, E(ykx) ~ E(7); substituting from (10.48) gives
2
E(Ng) = 2K + 3

which is equivalent to formula (10.47). Also, if « > 01is a “large” real number
then E(N,) =~ 2a + %, where N, is the number of renewals required to first
exceed a.

10.2.7 Number of Renewals Within an Arbitrary Interval

Let N(a, 3) denote the number of renewals within an interval («, 3) C
(0, K), during a single cycle ¢,, n € {1, 2, ...}, of {X(#)};>0. Without loss
of generality, X (0) = 0, and we stop after Ng subintervals of {a,},—; 2 .
Then

N@O,K)=Ng—1, and E(N(0,K)) = E(Ng)— 1.

Thus the values of E(N1); E(N2); E(N3) lead to the expected number of
renewals within intervals (0, 1); (0, 2), (0, 3), (1, 2); (2, 3), as follows:

E(NO,1)=EN)) —1=e—1~1.7183,
E(N(0,2)) = E(N2) — 1 = —e + > — 1 ~ 3.6708,

1
E(N(,3) = E(N3) — 1 = Se= 2¢% +¢3 — 1 ~ 5.6666,

E(N(,2)) =E(N(,2)) — E(N(,1)) = E(N2) — E(Ny) =~ 1.9525,

E(N(2,3)) = E(N(0,3)) — E(N(0,2)) = E(N3) — E(N2) =~ 1.9958.
(10.50)

For large K,
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E(N(K,K+1)=E@0,K+1)—-EQ©,K)=E(Nk+1) — E(Ng) =~ 2.0.

In (10.50), the values of E(N(1,2)), E(N(2, 3)) are already within 2.38%
and 1.40% of the limiting value 2.0, respectively.

If0 < a < 8 < 1, where a and 3 are arbitrary real numbers then E (N, ) =
e“,and E(Ng) = e?, obtained similarly as in the solution for £(N1). Hence,
ENQO, o) =e*—1,E(N(0, B)) = P —1, implying the expected number
of renewals within (o, ) is

E(N (o, ) = E(Ng) —E(N,) =’ —e*,0<a < f<1. (10.51)

In particular,

Thus, approximately 44.84% of the renewals occur in the top third,32.13% in
the middle third and 23.02% in the bottom third, of interval (0, 1), indicating
renewal instants tend to accumulate in the top portion of (0, 1). For a possible
intuitive explanation of this phenomenon, fix the length of a “sliding interval”
I, using |[I,]1=h,0 < h < 1. As we slide I, steadily from position (0, /) to
position (1 — &, 1), the expected number of renewals in I, increases steadily.

We can extend the analysis to determine the expected number of renewals
within an arbitrary interval (o, ), 0 < a < § < oo.

10.2.8 Discussion

‘We can apply the compound-cycle regenerative process model of this section,
to an arbitrary renewal process {b, },—1 2., where b, is a non-lattice positive
r.v. The analysis can also be extended to models where —oco < b, < o0,
so that {b,},— 2. is not a renewal process, but the cycles {c,},— > . and
subintervals {a,},— » . are inter-renewal times of renewal processes.
Possible applications are to problems where it is required to determine the
expected number of events until a stopping criterion is satisfied. Examples
are the number of: customers served in a busy period of a queue; demands
in an ordering cycle of an inventory system; inputs until overflow of a dam;
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shocks until failure of a machine part; claims until ruin in an actuarial model;
doses of a prescription drug until an overdose occurs; advertisements until a
favorable consumer response occurs for a product.

10.3 The Time-¢ PDFs of a Renewal Process

We now apply LC to obtain the pdfs of the excess life, age and fotal life at an

arbitrary finite time t > 0, based on concepts in [34]. The time-¢ probability

distributions have been analyzed classically in [66, 99, 123, 135], and in
many other studies.

Consider an ordinary renewal process {Z,},,_, , . with continuous inter-

arrival times Z, d:' Z having cdf B(-), pdf b(-), ccdf (the complementary cdf)
LS

B(-)=1—B(-),and support (0, U), U > 0. We transform the one-dimensional

[0, co) with upwa}d jumps = Z occurring at an arbitrary Poisson rate, and
with regenerative epochs at ilrivstants of level-t exceedance (see the first sub-
section of Sect. 10.2; Sect. 10.2.1; Figs. 10.3 and 10.4). The limiting pdf of
{X(s)}550 as s — o0, exists (see, e.g., [132]), and is concentrated on the
state-space interval [0, ). Knowledge of this limiting pdf leads directly to
the finite time-7 distributions of {Z,},_; 5 . .

10.3.1 Structure of Regenerative Process {X (s)};>

The process {X (s)}s>0 is built up from i.i.d. replicas of {Z,},—_;»  and
an independent Poisson process of arbitrary rate A (A := 1 for simplicity).
Let X (0) = 0. Sample paths of {X (s)};>¢ make upward jumps at Poisson

rate 1, with inter-jump times q; = a and E(a) = 1. The jumps originate
LS

in state-space subset [0, #) and are in one-to-one correspondence with the
horizontal intervals {a; };_; , . (see Fig.10.7). When a jump upcrosses level ¢
the SP immediately jumps downward to level 0 (double jumps—see Example
2.2 in Sect.2.3 and subsequent material therein). At that instant {X (s)},>
restarts (Fig. 10.7). (Fig. 10.8 depicts the regenerative process when Z, =

dis

U(O,l), andt € (1,2).)
Let {x®, £ (x)},_._, be the limiting mixed pdf of {X (s)};>0 as s —
0o, where 7") = limy_, oo P(X(s) = 0). Then {7, f®(x)},___ isatime-
average pdf since upward jumps occur at a Poisson rate, implying the arrival-
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Fig. 10.7 Sample path of regenerative process {X (s)}-(. Indicates embedded re-
newal process {Z,},- .., the fixed time t, cycles ¢y, c2, ..., interarrival times

.....

between upward jumps a; = Exp;, a fixed state-space level x, SP motion
s
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Fig. 10.8 Sample path of {X(s)},>¢, wWhere Z, = U,y and ¢t € (1, 2). In each
cycle having at least j upward jumps Z; = Uoq,1), but the Z;’s in different cycles
LS

have different sizes. (See Fig. 10.4.)
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point pdf is the same as the time-average pdf (e.g., [145]). A rate-balance
equation for {7, fW(x)} _ _ is

ey . Dl
lim = lim
§—>00 Ky §—>00

,x €[0,1). (10.52)
Substituting the formulas for the rates in (10.52) gives
X
B (x) + / Bx =) fPdy =7, x €10,1), (10.53)
0

which is to be solved with the normalizing condition

t
@ 4 /0 FOGdy = 1. (10.54)

10.3.2  Solution of Equation for {7, fOx)}, ___

The study [34] shows that the solution of (10.53) and (10.54) is

M'(x)
vy —
fYx) = MO+ 1,0 <x<t, (10.55)
a® = b (10.56)
M)+ 1’ '

where
M(x)=Y B"(x): Mx)=> b"(x),xe0.1], (10.57)
n=1 n=1

and B*"(x), b**(x) are the n-fold convolutions of B(-) and b(-), respectively.
M (x) is the renewal function for {Z,},,_ 5. _; M (x) = E( number of renewals
up to time x)—see pp. 167-169 in [99]. (Step 1 in Sect. 10.3.8 has a more
detailed derivation of {r("), f (t)(x)}(kx< , in a particular modified renewal
process.) From (10.56)

= M(t) + 1 = E(number of renewals required to exceed x).

(10.58)
Formula (10.58) connects M (¢) to 1/m1 in formula (10.31) when K =1 in
Sect. 10.2.2 (and also to 1/mx when K =2, 3, ..., in Sects. 10.2.3-10.2.5).

x®
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10.3.3 Time-t Probability Distributions of {Z},-1,3,...

We look separately at the two cases: ¢t < U, and ¢ > U, where (0, U) is the
support of the inter-renewal pdf b(-). (See Sect. 4, pp. 191-195, in [34]).

10.3.4 PDF of Excess Life ~;

Caser < U

If + < U then U is finite or infinite. Integral equation (10.59) below for
the ccdf f% (x) equates two different upcrossing rates of level ¢t 4+ x (see
Sect.3.16.5 for similar reasoning in an M/G/1 queue with bounded virtual
wait). For0 < x < U,

t
7OF., (x) =7OB(@ +x) + / B(t +x —y) f(»dy,
(t+x—-U,0)t

(10.59)

f (‘)(y)

t
=B+ [ Bu+x-nl 2

y=(t+x—-U,0)t
(10.60)

where(t+x—U,O)+:=max(t+x—_U,0). -
Taking d/dx in (10.60) gives, since B(t +x —(t + x —U))=BU) =0,

! F90)
f%(x):b(t+x)+/ b(t+x —y)——dy,0 <x < U.
(t+x—U.0)* m® 0
(10.61)
From (10.61) we obtain

) = [b(t+x)+f b(t—l—x—y)f(t()y)dy,0<x<U—t,
e =

Sy b+ x =)L Pay U~ <x < 0.
(10.62)
If U = oo, only the first formula in (10.62) applies; if U < oo, both formulas
in (10.62) apply.

Remark 104 If 1 < U < oo then f,,(x) has a jump discontinuity at x =
U —t of magnitude f,, (U — )*)— f,, (U — 1)7) =—b(U ™). This follows
by letting x | (U — t) in the second formula of (10.62), and x 1 (U — ¢) in
the first formula of (10.62), and subtracting.
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Caset > U

If + > U, then U must be finite; assume ¢t € [NU, (N + 1)U) for some
integer N > 1. Upward jumps starting below ¢ + x — U, cannot upcross level
t + x. Thus, an equation analogous to (10.60) is

—= ' = f(”(y)
F,(x) :/ Bt+x—y) 0 ——dy, 0 <x < U. (10.63)
t+x—U

Taking d/dx in (10.63) and noting that BU) =0, gives

' FO
S () = / Ub(t +x—y) 0 dy, 0 <x <U. (10.64)
y=t+x

From (10.64), with

0 =20 Iavminyu(®),y > 0,n=0,...,N,

we get
NU )
[y tx—y D+ x = y) = 5—dy
fr () = _ f;f;”(y) _
Ve + fy:NU bt +x —y)2i=dy, 0 <x <(N+ DU —1,

()
ey b x =Dy (N U 1 <x < U

10.3.5 PDF of {X (s)}>¢ Just Before a Jump Over t

Let X % := ordinate of {X (s)},>( just before the jump that first exceeds level

t. Denote its mixed pdf by {ﬁ(]%, f(’)( )} where 7T(l) = P(X% =0).
x<t

(X (J » 18 an important random variable in various stochastic models, such as

actuarial ruin models — see, e.g., [79] and [54].) We now state the results for
{ %, frB (t) } . (For detailed derivations see [34].)
O<x<t

Casetr < U
Considering a sample path of {X(s)};>o (Fig.10.7), and applying Bayes’
rule, leads to
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0
900 =B -0 (f) S (10.65)
= =B(). (10.66)
Caser > U
®
t Bt — )f (10()’ t—U<x<NU,
) = (t)( : (10.67)

?(t—x)— NU <x <'t.
m(t

Random variable X % is related to the age d;.

10.3.6 PDF of Age 6

We get the mixed pdf {rs,, f5,(x)},_, _, using (10.65)~(10.67). Since d; =
t— XY s = PO =1)=P(X\) =0)=7") and f5,(x) = £t — x),
O<x<t.

Caser < U
Using (10.65) and (10.66) yields

0 —
ms, = B(1), fs,(x) = E(x)#, 0<x<t.  (10.68)
T

Caser > U
Probability 75, =0 since # > U. Using (10.67) and applying f5,(x) = f; 5 () (t—
x), yields

Bx) 7t —x)
70
B@) f4) (1 —x)

70

,0<x<t—NU,

J5,(x) = (10.69)

—NU <x <U.

10.3.7 PDF of Total life 3;

The total life is G; := v, + ;. Hence P(3; = x)dx = P(y; = x — §;)dx,
X > 51-
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Caser < U

P(Z = x)dx _ b(x)dx
P(Z>y)  B()

f3,(x10; = y)dx = P(Z = x|Z > y)dx =

Unconditioning f3,(x|d; = y) with respect to fs,(y), and substituting for
fs,(y) from (10.68), gives

¥ b(x) / b(x)—  fOr—y)
f5, () /y T fo,(y)dy 0B Wy

X (1) r —
- b(x)/ #dy, 0<x <t (10.70)
y=0 n

Similar reasoning yields

b(x) LofO@r—y)
f3,(x) _B(t)ms,+ (x)/y y

o 70

t ®) (s —
- b(x)(l +/ #dy),t <x<U. (1071
y=0 T

Formulas (10.70) and (10.71) imply f3,(x) has a jump discontinuity at
x = t of magnitude

f5,G™) = f5,7) = b(D). (10.72)
If U =ocothen lim;_, o b(¢) =01in (10.72).
Check on lim; _, ; f3,(x)
Formula (10.70) gives the known result lim; . » f3,(x) = xb(x)/E(Z), x >
0, since (10.55) and (10.56) imply f @ (t — y)/m® = M'(t — y), and (10.70)
gives

X
f5,x) = b(x)/ M'(t — y)dy = b(x) (M(t) — M(t —x)),0 < x <t1.
y=0
Applying Blackwell’s theorem (p. 191 in [99]) implies

. .  xb(x)
Ez)y >0 = Mm@ =gz >

lim (M(t) — M(t — x)) =
11— 00
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Caset > U
Expressing fj3, (x) in terms of f, (x|, = y) and substituting for fs, (y) from
(10.69) yields

x ® e,
f5,(x0) = b(x)/ %dy, 0<x<t—NU. (10.73)
y:

Reasoning as for (10.73) and using also (10.69), yields

t—NU f(’) y) X f(t) (l
fﬂﬂ=bW)/‘ -————4y+/ ST §
F =0 ) —tNU )

t—NU <x <U.
(10.74)

10.3.8 Example—A Modified Renewal Process

Consider a modified renewal process {Z,},_, , . where Z; = Uq,1) and
LS
Zy = Exp,,n = 2,3,... This is also called a delayed renewal process
s
(see pp. 197-199 in [991; pp. 27-29 in [66]). Thus Bo(x) := P(Z; > x) =
1 —x,x€(0,1),and Bi(x) := P(Z, > x) = e ", x € (0, 00). We now
derive f,, (), f5,(-) and f3,(-), for the case t € (0, 1). The support of Z;
is (0, Ugp), where Uy = 1, and that of Z,,,n = 2,3, ...,1s (0, U;), where
U = oo. Therefore, this example deals with the case 0 < tUg < Uy, and
differs from the three examples in Sect. 5, pp. 195-200 in [34].
Step 1. Derive pdf {w(()t), f(’)(x)} 0 for process {X (s)},~0-
xe(0,1 -

Since t € (0, 1), equating up- and downcrossing rates of level x € (0, ¢)
gives

70 (1 = x) +/ e FO (N dy = 70 e (0,1).
Taking d/dx results in
—n) = (7! =7 1= 0) + FOw =0,
FO@) =7 (ux + 1), x € 0, 1). (10.75)

The law of total probability (normalizing condition) (10.54) gives
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o _ 2

. S 10.76
P P (10.76)

Step 2. Derive f,,(z), z > 0, using (10.75) and (10.76)
Equating two different expressions for the upcrossing rate of level ¢ 4 z gives

T F @) =70 Bot+2) + [ Bt + 2 — 7l (uy + 1) dy
=" (=t —2) + [y e M=l (uy + 1) dy, z € 0,1 -1,

and
w1 Fo () = o Bit + 2z —ymy (uy + D dy
= fOt e—#(t-i-z—y)w(()l) (/'Ly + l)dy, ze (1 —1, OO) .
Thus

t
Fqy(2) =1 —t—z+/ e MUY (uy + D dy, z € (0,1 —1),
0

t
Fo,(2) =/ e (uy + 1) dy,z € (1 —1,00);
0

taking d/dz in both equations gives

t
frn(@ =1+ u/ e MUY (uy + 1) dy, z € (0,1 —1),
0

t
fu(@) = u/ e MY (uy 4+ 1) dy, z € (1 —1,00),
0
implying, respectively,

@ =1+ ute Mz € (0,1 —1), (10.77)
fr(@) =pte ", z€ (1 —t,00), (10.78)

which satisfies the normalizing condition

t—1 00
/ Sy (2)dz +/ fr(@dz =1.
0 t—1
The pdf f,, (z) has a discontinuity at z = 1 — # of size

L@ =DN) = £ ((1=D7)=—1=—by (Uy).

(See Remark 10.4 in Sect. 10.3.4 for a similar discontinuity in the ordinary
renewal process.)
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Step 3. Derive {75, f;, (x)}xe(o ;1 € (0, 1) using (10.75) and (10.76)
Substituting {w(()l), f (’)(x)} 00 from Step 1 above into (10.68) gives
x€(0,1

5, = Bot) =1—1, (10.79)
=0
J5,(x) = Bl(x)—) (u(t—x)+1),x € (0,1). (10.80)
The normalizing condition 7, + fot fs,(x)dx =1 1is readily checked.

Step 4. Derive f (x), x > 0, € (0, 1) using (10.75) and (10.76)
Using similar reasoning as for (10.70) in Sect. 10.3.7, we obtain

®)ys _
fr(6) = br () / SEol 5

= ue’“‘/ (n(—y)+1dy
y=0
x2
= pe M* |:(ut +1Dx— u?] ,x €(0,1). (10.81)

Since Z = U(o,1) has support in (0, 1) (and substituting Bo(r) = ms, from
I
(10.79)), we get

_ bo(x) Cl — fOr—y)
400 = s+ b [ :()E(y)B(y) oy
Ny —
— bo(x) + b1 () / SBol G e a,

which differs from formula (10.71) for the ordinary renewal process. Thus

2
f5,(x) = bo(x) + e [(ut + 1)t — u%}

t2
=14 [(w + 1)t — “E] ,xe(t1).  (10.82)

Subtracting (10.81) at 7~ from (10.82) at r gives f3,(t") — f5,(t") =
1 = bo(U ). The magnitude of this jump discontinuity is similar to that
in formula (10.72) for the ordinary renewal process, but in this particular
delayed renewal process, only the support of Z; contributes to the size of the
discontinuity.

Since jumps starting from level O cannot upcross level x = 1, we obtain
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_ S B )
fa0=hiw [ By

2
t
=e M [(ut + 1t — ,U,Ei|

2
t

— ¢ HX |:(/ﬂ + 1)t — ,uE:| ,x € (1, 00). (10.83)

The formula for f3, (x), x > 0, satisfies the normalizing condition, since
! 1
/ fa,(x)dx =1t — —e M g2 — eTHg,
0 2
1 o) 1
/ f5,(x)dx +/ fa,()dx =1—1+ Ee_“’,utz + e My,
t 1

implying [ f5,(x)dx = 1.



Chapter 11
ADDITIONAL APPLICATIONS of LC

This chapter applies SPLC to a variety of stochastic models in order to
illustrate the scope, applicability and flexibility of the methodology, and to
motivate additional new applications. Section 11.1 analyzes a variant of the
classical Cramér-Lundberg (C-L) risk process, based on Model 1, pp. 289—
302 in [54]. Section11.2 gives a general technique for transient distribu-
tions in a stochastic process. Section 11.10 discusses the application of LC to
simple harmonic motion. The intervening sections analyze other potentially
motivational models.

11.1 Risk Model: Barrier and Reinvestment

Let {X(#)};>0 denote the risk reserve (also called the surplus) at time t > 0
in a standard C-L (Cramér-Lundberg) risk model with initial reserve xp >
0 (see, e.g., pp- 22-28 in [71]). Insurance claims occur in a Poisson process
with rate A. Claim sizes are i.i.d. r.v.s {Z;};=1 2,... with common cdf B(x),
x > 0. Then

yeee

N(t)
X)) =xo+ct— D> Zt>0, (11.1)
i=1
where ¢ > 0 is the premium rate, and {N(#)};>0 is a Poisson process having
rate \. Denote the time until ruin by

7 =inf{t > 0 | X(¢) downcrosses level 0}. (11.2)
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11.1.1 Variant of the Cramér-Lundberg Model

Here, we consider a variant of the standard C-L model (characterized by
formula (11.1)), with the following properties. There is a constant barrier at
level M > xp, and a reinvestment strategy. Whenever {X(¢)};>¢ reaches the
barrier M, a portion of net gain M — xq is transferred out immediately and
moved into alternative investments (e.g., a conservative investment portfolio).
Specifically, if X(t7) = M then X(¢) = a, where a € (xg, M). Every t); € {1
X(t7) = M} is a regenerative point of {X(#)};>0. At such #ys the capital
reserve jumps downward by the reinvestment amount M — a to level a (see
Fig. 11.1). Let k£ be the number of instants #3; occurring in (0, ¢). The following
formulas characterize this variant.

X)) =xo+ct — SN0 7 — k(M —a), X(1) <M, 1 € (0,7)

X(t)=aif X(tT)=M,t € (0, 7), (11.3)

where 7 is the ruin time of {X(#)};>0.

X(1)

Claim Premium X(t) Restarts

amount rate ¢ at level x,

j] 77777 A V/ sP

,,,,,,, X,
A X
rrrrrrr 0
Deficit &, 0,
A
e Time of ruint = gy { — Ty t
Time —=

Fig. 11.1 Sample path of regenerative risk process {X(#)},>0; two “ruin” cycles;
barrier at M; initial reserve xg; reinvestment indicator level a; deficits at ruin 47, 6,
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11.1.2 Extending {X (t)} from [0, T) to [0, o0)

We create a regenerative process whose cycles are i.i.d. replicas of the process
{X(®)}:e10,7)»as follows. At the ruin time 7, we restore the capital reserve to the
initial value xo, and restart the process {X (1) },¢[0, - We repeat this restoration
ateach successive “ruin” instant. This procedure forms a regenerative process,
denoted by {X(#)},>¢. Figure 11.1 shows the first two cycles of {X(¢)},¢. The
regenerative process has the advantage of containing an infinite number of
i.i.d. ruin cycles, and enables us to analyze the ruin model using its properties.
The time points 71, 71 + 7, 71 + T2 + 73, ..., are regenerative points at which
the SP makes a double jump—one downward below level 0 causing a deficit
ending a ruin cycle, and one upward to level xp, starting the next cycle. Since
{X(D)};>0 is a regenerative process, its limiting pdf exists as £ — 00, which
we denote by f(x), x € (0, M).

Expected Time of Ruin E(7)

Consider the renewal process {7;,},=1,2,..., where each 7, d:‘ 7. Let N-(t) :=
1A}

number of renewals (i.e., “ruins”) in (0, t). Let D, (x) := number of SP down-
crossings of level x in (0, ¢) (Fig. 11.1). From the elementary renewal theorem
and LC theory.

M
Jlim ZED | Bo—aro0=x<m.
lim EDO) _ lim N-O) lim Ed-0) _ , (11.4)
t—00 t t—o0 t  as.t—>o00 t E(7)
where B(-) = 1 — B(-). In particular
1 M_
——=X/| B dy,
7o =M [ Boro
1
E(T) = _ . (11.5)
A BO) ()dy

Let U;(x) :=number of SP upcrossings of level x in (0, #). All upcrossings
of any level x € (0, M) occur when the sample path is continuous, except
at the “ruin” instants, when upcrossings of level x are jumps over level x €
(0, x0). From LC theory and (11.5),



488 11 ADDITIONAL APPLICATIONS of LC

o EU@)
Yo 1

t—0o0

i EQG)
Yo 1

t—00

=cf(x),x0 <x <M,

M
— () + A /0 BO)F()

1
:cf(x)+%,0<x<)q).

11.1.3 CDF and PDF of the Deficit at Ruin

A random variable of interest in risk theory is the deficit at ruin, denoted by
4, having cdf denoted by Fs(y), and pdf f5(y),y > O (Fig.11.1). R.v. 4 is
equal to the excess below level O of a downward jump due to a claim.

Theorem 11.1 The cdf and pdf of the deficit at ruin § are given by

M
Fs(x) =1 — \E(T) / B(y +x)f (y)dy, x > 0, (11.6)
0
f5(x) = \E(7) / b(y + x)dF (y), x > 0, (11.7)
[0,M]

where E(7) is given by (11.5) and b(y) = dB(y)/dy, y > 0, is the pdf of the
claim size.

Proof Fixlevel x < 0. By (11.5), 1/E(7) is the downcrossing rate of level 0.
The term 1 — Fs(|x]) is the probability that a downward jump that crosses level
0, also crosses level x, where |-| stands for absolute value. Thus (1/E(7)) (1—
F5(]x|)) is the downcrossing rate of level x . Since downcrossings of level 0
are caused by claims only, we have the following equation for F(|x|)

1 M _
(L= Fs(x)) = A/ B(y —x)f (0)dy, x <0, (11.8)
E(T) 0

which is equivalent to (11.6) (since x < 0). Taking d/dx on both sides of
(11.6) gives (11.7). O
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11.1.4 Analysis of the Risk Model

Let
S ) = fo)I0,x0) (X) + f1 0 [x,0)(X) + 20 10,01 (%),

where I4(x) = lifx e AandI4(x) =0ifx ¢ A.

Define f>(M) := f,(M ™) for convenience; this does not affect any proba-
bility measures. By LC and rate balance across level x (see explanations after
(11.13) below), we obtain

M
cHh(x) =ch(M™) + )\/ E(y —x)Hdy,a<x <M,
(11.9)

a M
cfl(x>=A/ E(y—x)ﬁ(y)dyﬂ/ By — 0fa() dy. %0 < x < a,
(11.10)

a

1 X0 _ _
cfo(x) + En /\/ B(y — x)fo(y) dy+>\/ B(y —x)fi(y) dy

M
+)\/ E(y —x)Hh() dy, 0 < x < xp,
‘ (11.11)

where

1 X0 _ a__ M
— = /\/ B(y)fo(y) dy + A/ B(y)fi(y) dy + A/ By)fi(y) dy.
E(T) 0 X

’ ¢ (11.12)
The normalizing condition is
X0 a M
/ fo(y)dy+/ AO) dy+/ SOy = 1. (11.13)
0 X0 a

Explanation of (11.9)—(11.11).
In (11.9), the left side is the upcrossing rate of level x (a < x < M). On the
right side, the first term is the downcrossing rate of level x, due to hits of
level M from below causing jumps downward to level a. The second term
is the downcrossing rate of level x due to claims occurring when the capital
reserve is in the interval (x, M). Equation (11.10) is explained similarly.

In (11.11), the left side is the upcrossing rate of level x (0 < x < xgp). The
first term is the upcrossing rate at continuous points of the sample path. The
second term is the total downcrossing rate of level 0, by (11.12), resulting in
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immediate upcrossings of level x (a double jump). The right side of (11.11)
is the downcrossing rate of x caused by claims when the SP is above x.
Rate balance across level x yields equations (11.9), (11.10) and (11.11).

Remark 11.1 Consider the hit and egress rates of level xg. We obtain the
following rate balance equation

Cfo(XJ)%—% = cf1(x0). (11.14)
In (11.14), the left side is the total hit rate of xo; the right side is the egress
rate out of xo above (Fig. 11.1). The term cfy(x, ) is the hit rate of level xgp
from below at continuous sample-path points. Since downward jumps ending
below level O cause ruin and immediate jumps up to level xg, 1/E(7) is also
the hit rate of level xp from below. Finally, on the right side, cfi(xg) is the
egress rate out of level xp above.

From (11.14), f(x) has a jump discontinuity at xg, given by

_ 1
Si(xo) — fo(xg) = ED) (11.15)
Similar reasoning for level a gives
f(@) = fila™) = (M) (11.16)

(The derivations of (11.15) and (11.16) are examples of how LC can lead to
analytical properties of the pdf in an intuitive manner. These formulas also
serve as a check on integral equations (11.9)—(11.11).)

11.1.5 Solution of Model with Exponential Claim Sizes

We now solve (11.9)—(11.11) and (11.13) for fy(x), f1(x) and f>(x) when the

claim sizes are d; Exp,, to illustrate the solution technique. Thus, e M0 is
s

substituted for B(-) in (11.9)—(11.11).

General Case ¢ # %L

Taking d/dx on both sides of (11.9)—(11.11) and solving the resulting differ-

ential equations for f>(-), f1(-) and fp(-) yields
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folx) = Al + B e~ %, 0 < x < xp,

A
[ =Ae" D xo <x <a,
(A) o= H M=)

p=(%
_ <
f2(x) = fa(a) p,—(i)e—(“—%ﬂM—@ ,a<x <M.
c

11.17)

where A/, B, A}, are constants.
Substituting f>(-), f1(-) and fo(-) into (11.9)=(11.11) and (11.13) yields

'A/IO = (Ch)_l e or (e%M—i-au _ e%a-{—Mp) ’
B/IO = _A/l()’
Ay = (€)1 (2) (ebtrran — 2o (redo — e
c
@) = (Cpy) " et (Rt — pen) (edMon _ ytaritn),
(11.18)

p.

where
/ Ma)p A Axo X0 /4
Ciy=(@—M)cpe Cect —pe
+A(1 + xop)e™H (e%M"‘““ — e%“JFM#) )
The expected time of ruin is, from (11.12),
-1
E(r) = Cj AT O\ — ey~ leom (e%MW _ e%““”“) . (11.19)

Expected Number of Claims Before Ruin
Let N be the number of claims before ruin. From E(7) given in (11.19) we
obtain

—1
E(N) = AE(7) = C};(A — cpp)~'e 00 (e%MW _ e%a+Mﬂ) . (11.20)

Special Case ¢ = A

By a similar analysis, we can show that when ¢ = A/u

fox) = Bjyx, 0 < x < xo,
fix) =AY}, x0 <x <a, (11.21)
H@) =A, +Blx,a<x <M,
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where

Bly =22 (Cl) ™", Afy =2p (1 +xop) C,

By, = (a—;M) 1 AL =- (M + i) B (11.22)

and Cj; =2 — x}p® + p(a+ M) (1 + xop).
The expected time of ruin is

1 U
E(r) = (5) - (11.23)

Expected Capital Transferred Out Before Ruin

Let NV, be the number of hits of level M and let CAP be the capital transferred
out, before ruin. We give a method to derive E(CAP), since each illustrates
useful intuitive notions.

E(CAP) Using the renewal reward theorem we get

ENw) . EUM)
Em — Am o =0
= E(Ny) = cE(T)r(M). (11.24)

When ¢ # A/, substituting > (M) and E(7) from (11.17) and (11.19) into
(11.24) yields
A
()

A A
(= ()
(11.25)
When c = \/u, E(7) is given by (11.23), and f> (M) is obtained from (11.21).
Then it can be shown that

o>

i)

C
E(CAP) = (M — @) EMip) = M — ) (5)

1
E(CAP) = xo + —. (11.26)
1

Note that when ¢ = A/, the expected capital transferred out for alternative
investments before ruin is independent of the barrier M.

For additional analytical details, numerical examples, and applications of
LC to other risk models, see [54].
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11.2 A Technique for Transient Distributions

This section outlines a technique for deriving transient distributions of
continuous-parameter processes with a continuous or discrete state space,
denoted as {X(#)},>9. The technique is based on the general version of
Theorem B (Theorem 4.1 in Sect.4.2.1). We repeat here formulas (4.1)
and (4.2) of Theorem B for easy reference, i.e.,

E(Z;(A)) = E(O/(A)) + Pi(A) — Po(A), 1 = 0, (11.27)

0 0 0
EE(IZ(A)) = EE(OZ(A)) + EPI(A)’ t>0, (11.28)

where Z;(A) is the number of SP entrances, and O;(A) is the number of SP
exits, of state-space set A during [0, 7]. Let the parameter set be T' = [0, 00).

Remark 11.2 If the limiting distribution of {X(#)};>( exists, it is obtained
by taking the limit of the derived transient distribution as t — oo.

11.2.1 State-Space Set with Variable Boundary

State Space S C R

In formulas (11.27) and (11.28) assume set A depends on a continuous vari-
able x and define A := A, x € S, where x is a state-space level, e.g., T x {x}
(a line in the T-S coordinate system parallel to the time axis). For fixed x,
replace formulas (11.27) and (11.28) by

E(Zi(Ay) = E(Oi(Ay)) + Pi(Ax) — Po(Ay), (11.29)
0 0 0
EE(It(Ax)) = EE(OI(Ax)) + EPI(AX)- (11.30)

Assume the following mixed partial derivatives exist and are equal, i.e.,

9? 0?

WE( O1Ay) = —E(Oz(Ax))
0? 82
o Pi(Ay) = 516 ~a-Pi(Ay).

Taking 0/0x in (11.30) we obtain

2 2 2

0 9,
Inor E(Z;(Ay) = _E(Ot(Ax))+ 1o

Pi(Ay). (11.31)


http://dx.doi.org/10.1007/978-3-319-50332-5_4
http://dx.doi.org/10.1007/978-3-319-50332-5_4
http://dx.doi.org/10.1007/978-3-319-50332-5_4
http://dx.doi.org/10.1007/978-3-319-50332-5_4
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State Space S C R”
Let {X(#)};>0 denote a continuous-time process with n-dimensional
state space § C R". The state space may be continuous or discrete. Let
vector x = (xf, ..., X,), and let state-space set Ay = N;_; (=00, x;] € S. Then
Pi(Ay) = Fy(x) = F¢(x1, ..., xp) is the joint cdf of the n state variables at time
t>0.

From the general formula (11.29) the joint cdf is given by

Fi(x) = E(Z(Ax)) — E(O:(Ay)) + Fo(x)

1 if X(0) e Ay,
0 if X(0) ¢A, -~
Provided the derivatives exist, we obtain

where Fo(x) = {

OF,x) 9 |
p) a2 = — [E(Z:(Ay) — E(O;A))],i=1, .., n,
X Ox;
0"Fy(x) _ o"
8)51 ce 8xn B axl ce axn [E(II(AX)) - E(Ot(Ax))],
OF(x) 0

Ey En [E(Zi(Ax) — E(O1(Ax)].

If 2ELAD) 4 PEO(AL)

can be expressed as functions of F;(x) or f;(x),
then we may be able to derive an integro-differential equation for F;(x) or
Ji ().

If n =1 the state space is one-dimensional, and A, = (—o00, x]. Thus

0
Jix) = Ew [E(Zi((—00, x])) — E(O1((—00, x]))]

where f; (x) := transient pdf of X (¢).

LC Computation

The expressions in this Section can aid in estimating or computing the tran-
sient cdf and pdf of a continuous-parameter n-dimensional process using
LCE (level crossing estimation or computation) for transient distributions.
We will not expound on this transient LCE technique further in this mono-
graph. LCE for transient distributions is discussed briefly in Remark 3.7 and
Example 3.1 in Sect.3.2.8, and briefly mentioned in Remark 9.2 in Sect. 9.2.


http://dx.doi.org/10.1007/978-3-319-50332-5_3
http://dx.doi.org/10.1007/978-3-319-50332-5_3
http://dx.doi.org/10.1007/978-3-319-50332-5_3
http://dx.doi.org/10.1007/978-3-319-50332-5_9
http://dx.doi.org/10.1007/978-3-319-50332-5_9
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11.3 Discrete-Parameter Processes

Let {X,,},=0.1,2,... denote a discrete-parameter process taking values in a state
space S, which may be discrete or continuous. Let A, B, C be (measurable)
subsets of S. Let P,(A) =P(X, € A), and P, ,(B, C) =P(X;, € B, X,, € C).

Definition 11.1 (a) The SP exits set A at time n if X;, € A and X, ¢ A.
(b) The SP enters setA attimenif X,—1 ¢ Aand X, € A . (¢c) Z,(A)) :=
number of SP entrances into A during [0, n]. (d) O,,(A) := number of SP
exits out of A during [0, n].

We now state a theorem for discrete-time processes which is analogous to
Theorem B (see formulas (11.29) and (11.30)).

Theorem 11.2 Let {X,},—0.1,2,... be a discrete-time process with state space
S.LetA C S.

E(1,(A)) = E(On(A)) + Pn(A) — Po(A), (11.32)

1if Xy € A,

where Py(A) = { 0if Xo ¢ A

Proof The proof is similar to that of Theorem 4.1 in Sect.4.2.1 of Chap. 4,
upon replacing ¢ by n. U

11.3.1 Application to Markov Chains

Let {X,},=0.1,... be aMarkov chain with the discrete state space S. For example,
let S = {0, &1, £2, ...}. Let the set A:=j € S. Then

n—1 n
E@u() =D D> PPy, and EOu() = > > P'Pi.

i#j m=0 i#j m=0

where Pj; is the one-step transition probability from i to j and P]m =PnA) =
P,,(j). Substituting into (11.32) gives

n—1 n
Pl = Z Z PPy — Z Z PI'Pji + P). (11.33)

i#j m=0 i#j m=0


http://dx.doi.org/10.1007/978-3-319-50332-5_4
http://dx.doi.org/10.1007/978-3-319-50332-5_4
http://dx.doi.org/10.1007/978-3-319-50332-5_4
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Assume the following limiting probabilities exist:

. N1 N1 no_
APy = o Py = e Py =
where P! i is the n-step transition probability from i to j. That is, the Markov
chain is positive recurrent and aperiodic, and ZjeS m; = 1. Dividing both
sides of (11.33) by n and letting n — oo yields

n
: j : 1 g n—1
llm,,_mo 71 = Zz;ﬁ] (llmn_>oo P m=0 P:n) Pi,j

0
- Zi;ﬁj (limn—>oo ,ll ZZ:() P]m) Pj,i +1lim,, :_j,
0= Zi;«éj miPij — Zi;ﬁj miPj i + 0,
2 TiPji = 2 i TP,
mi(1 = Pjj) = 2z miPij,
T = ZieS 7Tl'P,‘7j,j es.

Thus we have derived the classical equations for the limiting probabilities
{m }jeS by using an LC method, namely

M= 2 es TiPij.J €S,
Zjes m = 1.

Remark 11.3 We have applied the discrete-time analog of Theorem B to a
standard Markov chain in order to demonstrate its applicability to discrete-
time discrete-state models. Theorem B emphasizes the system point aspect
of the SPLC method. SPLC utilizes SP entrance/exit rates of state-space sets.
(SP level crossings are special cases of SP entrances and exits.)

(11.34)

11.4 Semi-Markov Process

Consider a semi-Markov process (SMP) {X(#)};>0, with discrete state space
S (also called a Markov renewal process). (See, e.g., pp. 207-208 in [99]; pp.
457-460 in [125].) Let the sojourn time in state j € S have a general distri-
bution with mean y; > 0. The type of distribution of the sojourn time may
differ from state to state; only the means are utilized in this analysis. At the
end of a sojourn in state i, say at instant 7, assume P (X (1) = j|X(r7) = i) =
Pij,j #i,j € S. The matrix HPiJ H is a Markov matrix. Assume the Markov
chain with transition matrix H P;j H is positive recurrent and aperiodic so that
the limiting probabilities 7, j € S exist.
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Let Pj(t) :== P(X(t) = j),t = 0 and P; := lim;, oc Pj(?), j € S. We now
derive the probabilities Pj, j € S, using LC.

Consider a sample path of {X(¢)};>0. Let T;(i) denote the total time spent
by the SP in state i during (0, ¢), and

1 if X =i, s €011,
Mﬂm_{OEMS#MEMﬂ'

Then E (I;(X(s))) = P;(s), and T;(i) = f;:O I;(X(s)ds, implying

t t
E(T:(i)) = / E;(X(s)ds = / P;(s)ds. (11.35)
s=0 s=0

The expected number of SP exits from state i during (0, 1) is E(T3(i))/ i
since the mean of each sojourn time in i is p;. The expected number of SP
i — j transitions during (0, ¢) is E(T;(i))/ i P; j. The expected total number
of SP transitions into (entrances into) state j during (0, #) is

E(T:(i
E@qy = 3 2D

i

Pij. (11.36)

Similarly, the expected number of SP exits out of j during (0, #) is

ETG)

Hj

E(O:()) =

(11.37)

Substituting from (11.36) and (11.37) into Theorem B, formula (11.27),
gives

Z E(Tz(l'))PiJ _ E(T:())) +P;(1) — Pi(0). (11.38)
i My

i#]
(We assume the interchange of summation and the limit operation is valid.

This applies if, e.g., S has a finite number of states.)
From (11.35), the long-run proportion of time the SP is in state i € S is

E(T,(i
fim 25D _ b
t—00 t
Since 0 < Pj(r) < 1,1 >0,
Pj(t P;(0
1m1;i2::um ’():0,

t—>o00 f t—oo
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Dividing both sides of (11.38) by ¢ > 0 and letting t — oo gives

P; P;
S lipy="ljes (11.39)
i 11

Suppose 3jes -P; = K > 0; then 3,5 (g-P;) = 1. Dividing both
sides of (11.39) by K and transposing terms gives the system of equations
for P;,i € S,

1 1 .
1
ZjeS (K_WPJ') =L
The system of equations (11.40) for {1/ (K ;) 'Pf}jes is identical to the
system of equations (11.34) for {Trj}j g 1n Markov chains. Thus

(11.40)

1
—Pi=m,jeS
K’ =

P = (mjp)K,j €S, (11.41)

and K is obtained from the normalizing condition

ij :KZTrj,uj =1,

jes Jjes

namely

1
Ke— - (11.42)

D jes Ttk

which substituted into (11.41) gives the well-known formula
I

p=—0
T Y ies ik

,JES. (11.43)
The key steps in this LC derivation of (11.43) are: (1) obtain expressions
for the expected SP entrance and exit rates of each state; (2) apply formula

(11.27) of Theorem B; (3) divide by ¢ and take lim;_, ~; (4) evaluate the
constant K by recognizing the role of the linear Markov-chain equations

(11.34) for {m;} -
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11.5 Non-homogeneous Pure Birth Processes

Consider the pure birth process {X(#)};>0, where X () denotes the population
at time ¢ > 0. Let the initial population be X (0) = i, a non-negative integer.
Let the sequence of positive functions \¢(¢), k = i,i + 1,..., (i = 0, 1,...),
denote the birth rate at time ¢ given that the population at ¢ is k, with the

property

PX@+h) —X(0) =1X®) = k) = M(Dh + o(h),
PX(t+h)—X(1) =0|X(1) =k) =1 = M(Dh + o(h),

where & > 0. Define P,(t) := P(X(t) = n).

We now derive an expression for P,(¢),t > 0, n = i,i + 1, ..., using
Theorem B, i.e., formulas (11.27) and (11.28).

The expected number of SP entrances into state i during (0, t) is E(Z;(i))
=0, since X(0) = i,and X (¢),t > 0, never visits state i once it increases from
i to i+ 1. On the other hand the expected number of SP exits out of state i
during (0, ¢) is E(O,(i)) = fst:O As (D) P;(s)ds, since an SP i — i+ 1 transition
can occur at any instant s € (0, ¢). Note that P;(0) = 1. Substituting E (Z; (7)),
E(O,(i)) and P;(0) into (11.27), we obtain

t
0= / Ai(s)Pi(s)ds + Pi(t) — 1. (11.44)
s=0
Differentiating (11.44) with respect to ¢ gives

d
Epi(f) + Xi(@P;i(1) =0

having solution, since P;(0) =1,
Pi(t) = e ™D 1t >0, (11.45)

where

t
m; (1) =/ i (8)ds.

For an arbitrary state j > i,

t

E(Z:(j)) = /_0 Aj—1($)Pj_1(s)ds, (11.46)
t

E(O,()) = / RCLEE (11.47)
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Substituting from (11.46) and (11.47) into (11.27) gives
t t
/ . Ai—1(®)Pj—1(s)ds = / . Ai($)Pj(s)ds + Pj(t) — 0. (11.48)
= §S=
Taking d/dt on both sides of (11.48) yields
d
Epj(t) + AP () = N1 (DPj—1(2),
with solution
t
Pi(r) = e / OemJ‘(S)Aj,l(s)Pj,l(s)ds, t>0. (11.49)
s=!
Formula (11.49) provides a recursive solution expressing P;(f) in terms of
Pi_1(t),j=i+1,..,and P;(0) = 1.
11.5.1 Non-homogeneous Poisson Process
The non-homogeneous Poisson process is a special case of the pure birth

process (see, e.g., pp. 339-345 in [125]). Assume X(0) = 0, A\;(1) = A(?)

independent of the state j, so that m(¢) = fst:O A(s)ds. Setting i = 0in (11.45)
gives Po(t) = e~ ®

formula

. From (11.49) we obtain (by induction) the well-known

P,(t) =e

t n
_mmw,n —0.1.2. ... (11.50)
n:

Formula (11.50) is the pmf (probability mass function) of a Poisson distri-
bution with mean m(¢). Then P,(t), n = 0, 1,..., for the standard Poisson
process are obtained from (11.50) by setting A(f) = A, so that m(t) = Ar.

11.5.2 Yule Process

The Yule process is a special case of the pure birth process, where the birth
rate (growth rate) is directly proportional to the current population size, but
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independent of time 7. Assume X(0) =1 and \;(1) =i\, t >0,i=1,2,....
Then P (¢) = e M (= probability of no births during (0, #)). Using (11.49) and
mathematical induction, we obtain the well-known geometric distribution for
the Yule process

Pyt) = (1 —e Myl =12, (11.51)

Let Py ;) (t) := P(i independent Yule processes with the same parameter
A yield a total of k > i individuals at time # > 0). Assume each process
starts in state 1 at time 0. Since P,(¢) in (11.51) is a geometric distribution,
we obtain the convolution of i i.i.d. geometric distributions as the negative
binomial distribution

k—1\ _ui :
Py (1) = (l_ _ l)e_/\”(l —e M k=i i+ 1. (11.52)

(see, e.g., p. 164ff in [73]). Formulas (11.51) and (11.52 ) can be derived in
several different ways (e.g., pp. 122-123 in [99]; pp. 383-384 in [125]). We
now outline a direct proof of (11.52) using LC.

We derive similarly as for (11.49),

t
Pigy(® = (k+ e ™ M / NP 1y (s)ds + Cre ™™k > i, (11.53)

s=0

VIR =16 Since P(nobirths in (0, 1)) = P(Expy, > 1) we have

Whereck:{Oifk>z

P (1) = e, (11.54)

Thus (11.52) holds for k = i. From (11.54) and (11.53) with k =i + 1, we
obtain

. i 1—1\ .
P;in)(1) = ie™M (1 _ e_)‘t) — (“L 1 )e_“\t (1 _ e_)‘t). (11.55)
l J—

Therefore (11.52) holds for k =i + 1.

Assume (11.52) holds for an arbitrary integer k > i. We then show using
(11.53) that (11.52) holds for £ + 1. Hence it holds for all k =i, i + 1,..., by
the principle of mathematical induction.
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11.6 Pharmacokinetic Model

This Section outlines an LC approach to multiple dosing in pharmacokinetics,
by briefly discussing a simplified one-compartment model. We assume bolus
dosing, i.e., a full dose of a drug is absorbed into the blood stream immediately
at each dosing instant. Also, inter-dose times are = Exp). Thus doses occur
IAY

in a Poisson process at rate A. This assumption may be valid outside of a
controlled environment. Statistical tests have shown that many patients take
certain medications over time in a Poisson process [47].

We assume first-order kinetics. That is, the concentration of the drug in
the blood stream decays at a rate which is proportional to the concentration.
This is equivalent to a plot of the concentration over time having a negative
exponential shape between doses (similar to Fig. 11.2 below).

11.6.1 Model Description

Let {W()},>0, denote the drug concentration at time ¢. Let the dosing times
be {1}, 7. < Tht1, n = 0, 1, 2,...The rate of concentration decay due to
drug elimination is

dw(t
dt() = kW), 70 <t <Tup1,n=0,1,2,..., (11.56)
Concentration
mg/ml
Level x ‘ ‘ k

Time ——>

Fig. 11.2 Sample path of drug concentration {W (¢)},>( in one-compartment model
with bolus dosing and first-order kinetics
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where k > 0. The dimension of the concentration W (¢) is [W (¢)] = [ V%‘ﬁ;e ];

of decay rate is [dvgt(t)] = Mass K [Time_l]; of the constant k is [k] =

Volume

[Time]_1 .

Let {Py, f(x)},~ 0, denote the steady-state pdf of concentration. Then Py =
0 due to the negative exponential shape of the decay graph between doses (see
Sects.6.2.4,6.2.5 and 6.4 in Chap. 6). In theory, the concentration of the drug
never vanishes. In practice, it goes to 0 or is negligible. (We are not discussing
the treatment effects of multiple dosing; only the concentration dynamics.)
Table 11.1 below indicates the close relationship between the M/G/r(-) Dam
and the Pharmacokinetic model.

11.6.2 Dose Amounts Exponentially Distributed

We first analyze a model which assumes exponentially distributed dose sizes.
This assumption may be valid if the amount of each dose absorbed is affected
randomly by the dosing environment (e.g., acidity, presence of enzymes,
interaction with other medications, etc.). Another instance could occur when
eye drops are instilled by a patient, say approximately every 6 h. Often, the
sizes of the individual drops may vary considerably, due to using a hand-
squeezed medicine dropper. The location on the cornea of the instillation
may vary from dose to dose, possibly affecting absorption. This could create
random increases in concentration with the successive doses during a dosing
regime. Similar remarks apply to fast-acting sprays, such as nitrolingual pump
sprays, or to nasal sprays (Also, for certain medications it may be feasible
to study the effect of using random dose sizes as an exponential random
variable inherently in a prescription, in order to test whether it will decrease
the long-run variance of concentration.).

Table 11.1 M/G/r(-) Dam versus Pharmakokinetic model

M/G/r(-) Dam Pharmacokinetic Model

Input instant Bolus dose instant

Input amount (jump size) Dose amount (jump size)
Content W(¢),t >0 Concentration W(z),t > 0
Sample-path slope —r(x),x > 0 Sample-path slope —r(x), x > 0
CDEF/PDF of content CDEF/PDF of concentration
Mean content Average drug concentration
Variance of content Variance of concentration
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Let us assume the bolus dose amounts are randomly distributed as Exp,,.
Since Py = 0 the LC balance equation for the pdf of concentration is

X

kxf (x) = A / e ML (y)dy. (11.57)

y=0

Equation (11.57) has the solution

1
A
r(2)
where I' () is the Gamma function (see Sect. 6.4, formulas (6.48) and (6.49)).

Let W denote the steady-state concentration of W (¢) as t — oo, having the
pdf in (11.58). The first and second moments of W are

) = ()T De ™y x > 0, (11.58)

A s A (A
E(W):m, E(W)zk—u2 Z+1).

The variance of W is

Var(X) = E(WW?) — (E(W))? = —.
kp

We can find the probability that the W is between two threshold limits, say
a < (3, using

11(px) FD e g (11.59)

B
P(oz<W<ﬂ):/

1
— A
()

The information in (11.59) can be useful when multiple dosing continues for a
long time, e.g., when administering the blood thinner coumadin (warfarin). If
the concentration is <« coumadin is not effective for the intended treatment.
If the concentration is > the blood becomes too thin. The interval (c, 3) is
thought of as the therapeutic range (see Fig. 11.2).

The type of analysis outlined briefly here can be extended to various phar-
macokinetic models of varying complexity.

11.6.3 Dose Amounts Deterministic

We next suppose the dose amounts are all of size D > 0 units (e.g., mil-
ligrams). This model is equivalent to an M/D/r(-) dam (see, e.g., Sect. 6.2).


http://dx.doi.org/10.1007/978-3-319-50332-5_6
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Equation for Stationary CDF and PDF of Concentration

Consider a sample path of {W(#)},>¢ (similar to Fig.11.2 with all jump
amounts equal to D). Fix level x > 0. The SP downcrossing rate of level
x > 01is kxf(x). The SP upcrossing rate of x is equal to AF(x) — \F'(x — D)
where F(x) = fyxzo f()dy. (see Sect.3.10). The principle of rate balance

across level x gives an equation for the pdf f (x) and cdf F(x) of W, namely
kxf(x) = AF(x) — AF(x — D), x > 0. (11.60)

Due to jumps of size D we derive f(x) and F(x) on successive non-
overlapping intervals of length D. Denote the pdf and cdf of W as fyp(x),
Fo(x),x € (0, D], and as f,,(x), Fr(x),x € [nD, (n+ 1)D),n =1, 2,...

In differential equation (11.60) for F(-) (since f(x) = F'(x)), observe that
F(x — D) =0forx € (0, D). Thus

kxfo(x) = AMFo(x), x € (0, D),

implying
Fow _ d Fox) = . x € 0. D)
——— = —1In X)=—,X ,
Fo) dx fx
with solution \
Fo(x) = Axx,x € (0, D), (11.61)

where A is a constant to be determined. For x € [D, 2D), substituting from
(11.61) into equation (11.60) gives

kxfi(x) = AF1(x) — AFo (x — D),
e A = D)t
fl(x)—a l(x)—a x—=D)r,

Fl(x) — %Fl(x) - —%A (x—D)* ,xe[D,2D).  (11.62)

To solve the differential equation (11.62) multiply both sides by the integrat-
ing factor e™ Jp and apply continuity of the CDF at level D, i.e., F1(D™)

= F(D™), to obtain
x by x hY N
Fi (x)e_fD i — EFI (x)e_fD fud = —EA x— D)% e I l%du,
d X A .
L Piye ottt = — 2 A (x — D) = I ude,
dx kx

Fi(x) = _ et InG/D) /x %A (& — D)% e—%ln(y/D)dy + C1e+% In(x/D)
D
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where C| is a constant. Setting x = D in the last equality gives F(D) = C| =
AD% = Fy(D7), from (11.61) since In (1) = 0, which leads to

Y X % (241
A=t |22 [ -1) () s ]reinm)
(11.63)

where A is defined in (11.61). Setting x = D in (11.63), checks with Fj(D™)
= ADY = Fy(D™).

The solution for F,(x), x € [nD,(n + 1)D), n = 2,3,..., can be
obtained by a similar recursive procedure and mathematical induction. We
now give the induction step. Suppose we know F,(x), x € [nD, (n + 1) D).
For x € [(n+ 1) D, (n+ 2) D), letting the integrating factor be ®(x) :=
e*% f&+l)D %d“, we get

A A
Fp (0 ®(x) — o 1@ Q) = ——Fu(x — D) (x),

d A
SO @) = ——Fu(x — D)@ (),

F (x)(;)‘ __i/x Ly _D)(L)_
N+ D) T T Sy Y n+ 1D
+Cn+1,

oy _%F D)d
/<n+1>D§(<n+1>D) nb = Didy

.
C _ .
A (<n+ 1)D)

Letting x = (n+ 1) D gives Cy41 = Fy1((n+1)D) = Fp((n+1)D7)
which is known on the assumption we know F,(x), x € [nD, (n+ 1) D).
Moreover, C,41 will be in terms of the factor A. Thus, in principle, we
can derive F,(x), n = 0,1, 2,..., in terms of A. The constant A can then
be determined (or closely approximated) using the normalizing condition
F(00) =1. Once F(x) is obtained, we can determine f (x) by substituting into
(11.60) (as in Sect. 3.10).

bl

A
k

>

P _ A X +
n+1(x) = —; (m)
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11.6.4 Using LCE to Compute f (x)

As an alternative to the foregoing analytical solution, we can solve for f(x)
using LCE (LC Estimation) via a typical simulated sample path of {W (s)}¢
over along time t > 0, to estimate the pdf f (x) for x € (0, xpr(r)) where xp7(r)
is the maximum state-space partition level (see Sects.9.3.1 and 9.6).

Remark 11.4 We mention that it is possible to apply Theorem B to compute
the time-dependent pdf and cdf of concentration (see formulas (11.27)—
(11.30) in Sect. 11.2). Knowledge of transient distributions may be useful in
multiple dosing regimes where it is important to estimate the concentration
after a short dosing period, or to manage dosing quantities.

Remark 11.5 Some related stochastic models have characteristics in com-
mon with the pharmacokinetic model. One group of such models involves
consumer response (CR) to non-uniform advertisements, which have been
analyzed along similar lines using LC (see, e.g., [40]).

11.7 Counter Models

For a description of a classical example of a counter model see pp. 128-131
in [99]. In this section we analyze the transient total output of type-1 and
type-2 counters, using LC.

11.7.1 Type-2 Counter

We first analyze a type-2 counter. Electrical pulses arrive in a Poisson process
atrate A. Each arriving pulse is followed immediately by a fixed locked period
of length D > 0, during which new arrivals cannot be detected by the counter.
However, if anew arrival occurs at a time 7 while the counter is locked, then the
locked period is extended to time # 4+ D. Thus the locked periods “telescope”
to form a ‘total locked period’ denoted by L, implying L > D. Arrivals can
be detected only when the counter is unlocked or free. Let us assume that the
counter is free at time ¢ = 0 (see Fig. 11.3).

Let the amplitudes of the pulses be = X, having cdf B(y),y > 0. Let ;(1),

dis
t > 7;, denote the output at time ¢ due to the detected pulse X; occurring at

7;. Assume that 7;(¢) dissipates at rate
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mn,
Xl X2 X3
Level x \
0 L | Exp, L Fri [ | Exp,
T, 7, T,

Time t —

Fig. 11.3 Sample path of total output 7, for type-2 counter model. Total locked
periods are each = L > D. Arrivals during locked periods are not detected, but

dis

extend it by D. Pulses arrive at Poisson rate A

dn;(t
Zt( ) - kot > T (11.64)

where the constant k£ > 0 is the same foralli=1, 2,....

Let 7, denote the total output at time ¢, due to all registered (detected)
pulses that arrive during (0, ¢) (see Fig. 11.3). If the number of detected pulses
in (0, 1) is n, then

n
M= D i), Tw St <taprn=12,.., (11.65)
i=1

From (11.65)

d n
7= —k E nit) = —kn, 7 <t <tyr1,n=1,2,. (11.66)
i=1

Denote the cdf and pdf of 7, respectively by F;(x) and f; (x) (:%F ((x),x >0,
wherever the derivative exists).
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11.7.2 Sample Path of Total Output 1,

A sample path of the process {1;},-( consists of segments that decay expo-
nentially with decay constant k, between the 7;s, which are instants when
arrivals are detected (Fig. 11.3). That is,

n
m= D XieTNT <t <tpin=12,... (11.67)
i=1

Note that a sample path cannot descend to level 0 due to exponential decay.

Probability that the Counter Is Free at Time ¢
Let p(t) := P(counter is free to detect a new arriving pulse at time t > 0).

Then

-\t
e O<t<D

= ) ’ 11.
P [e_)‘D, t>D. (11.68)

The reason for (11.68) is that for 0 < ¢ < D, the counter is free at ¢ iff there
is no arrival in (0, £), which has probability e=*'. For r > D, the counter is
free at time ¢ iff there has not been an arrival during the interval (¢ — D, ¢).
The probability of this event is e =*P, by the memoryless property of Expy
(see, e.g., pp. 179-181 in [99]).

11.7.3 Integro-differential Equation for PDF of Output

Consider level x > 0 in the state space, and state-space set Ay := (0, x].
Similarly as in the theorems on down- and upcrossings of level x in Sect. 6.2.8,
and also in Theorem 6.3 in Sect. 6.2.9, we infer that for SP entrances into set
A, (all entrances are downcrossings of level x)

0 0
EE(L(AX)) = EE(D,(X)) = kxf;(x),t > 0. (11.69)

For SP exits out of A, (all exits are upcrossings of level x), using (11.68),

FGEUM) = FEO1(A)
\e—M . fyx:o B(x — y)f;i(y)dy,x > 0,0 <t <D, (11.70)
Ae P Y B = y)fi()dy,x > 0.1 > D.

Substituting (11.69) and (11.70) into Theorem B (i.e., Theorem 4.1 in
Sect.4.2.1) , and noting that gFt(x) = —%(1 — F:(x)), we get the integro-
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differential equations for the pdf f;(x),

— 0
B(x — y)fi()dy — 5(1 — Fi(x)),

x>0,0<t<D, 11.71)

kxf (x) = he M - / '

y=0

A 0
ki) =22 [ Bl = oy = 50 = Fico)

_ o
x>0,t>D, (11.72)

where the arrival rate is A, and a time-¢ arrival is registered at time ¢ iff the
counter is unlocked (free).

11.7.4 Expected Value of Total Output

We obtain the expected value of 7; by integrating both sides of (11.71) and
(11.72) with respect to x € (0, 00). In (11.71) and (11.72), we assume that
%F ¢(x) is continuous with respect to ¢ > 0, which is required to apply the-

orems on interchanging the operations fxoio and % (see, e.g., the dominated
convergence theorem, Fubini’s theorem, and related comments on p. 274 in
[116]; p. 111in [74]; p. 269in [127]; p.273in [6]).

Upon integrating (11.71) with respect to x, for # on (0, D) we obtain

0
KE(n) = Xe ME(X) — 5, £,

0
—ME(m) = Xe®VEX),

ot
e ME(X) Ty
E(ny) = o +Ae™™,0 <t < D, (A constant),
AE(X
E(n) = r()\) (e_’\’ — e_k’) ,0<t <D, (11.73)

since E(np) = 0 by assumption.
Integrating (11.72) with respect to x, for ¢t on (D, co0) we obtain
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0
kE(n) = e *PE(X) — =E,),

ot
)
Eek’E(m = Ae PEX)eM,
Ae PEX) u
E(my) = — +Ae ™t > D, (11.74)

where the constant A is given by

e—O—0D _ | ,~O—kD
A= \EX) — .

k—A k

To evaluate A, we have used continuity of 7, at r = D, i.e., np- = np (see
Fig.11.3), which implies continuity of E(7n;) at t = D (a.s.). Thus, from
(11.73),
MNE(X) ¢ _ _
E(np) = m (e AD e kD) .
If t — o0, then (11.74) reduces to

_ Ae PEX)

lim E(n) = ———2,

t—00 k

If D=0, then A = —%. We then obtain E(1;) = @ (1 —e ) and
lim— 00 E(nr) = 22 a5 on p. 131in [99].

11.7.5 Type-1 Counter

A type-1 counter differs from the type-2 counter analyzed in Sect.11.7.1,
only in the locking mechanism (see, e.g., pp. 177-1791n [99]). In a type-1
counter, only registered (detected) arrivals when the counter is free, generate
locked periods. Arrivals when the counter is locked, do not effect the locked
period. Thus every locked period has length D > 0. Aside from the locking
mechanism, we generally use the same notation and assumptions for type-1
and type-2 counters. Thus equations (11.64)—(11.67) hold for type- 1 counters.
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11.7.6 Sample Path of Total Output

A sample path of the total-output process {7;},~o consists of segments that
decay exponentially with decay constant k, between successive detection
times 7, n =1, 2,... (Fig.11.4).

Probability that the Counter Is Free at Time ¢

The probability that the counter is free to register a newly arriving pulse at
time 7 is given by the following recursion ([91]).

() =e™M0<t<D,
A\t — D)) e NP

p2(t) = e " Ppy (D) + a D <1<2D,
n—1 _ N i—1 —A(t—(n—1)D)
At —m—1D) -e .
P = T z/ DI pn—j((n = j)D)
J=1 '
()\(t _ (l’l _ 1)D))n—1 e—/\(l‘—(n—l)D)
n—1)! :
n—1)D<t<nDn=1,2, .., (11.75)

where Zj(.):l =0.

X, X, X, XW\

Level x ’ \\

0 |D |Exp, D | Exp, | D |[Exp, D
T

Tl T2 3 4

Time t —

Fig. 11.4 Sample path of total output 7, for type-1 counter model. Locked periods
are each = D. Undetected arrivals do not effect a locked period. Pulses arrive at
Poisson rate A
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Remark 11.6 The successive time intervals (free,locked) with mean lengths
1/ and D, respectively, form an alternating renewal process (see time axis in
Fig. 11.4). Let p(¢) = P(the counter is free at time ¢), t > 0. Then lim;_, 5 p(?)
= (1/A) / (1/X + D) (a known result for alternating renewal processes—e.g.,
pp- 84-86 in [66]). Hence we have proved using probability arguments that

> =

where {p,(nD)},_, , . isthe series obtained by substituting 7 =nDin (11.75).
Another way of stating the limiting time-f result is: for every o € [0, 1], the
same limit holds for any convex combination of the time points (n — 1)D and

nD,i.e.,

1

By
+D

lim p,(a(n — 1)D + (1 — a)nD) = 1
n—oo X

11.7.7 Integro-differential Equation for PDF of Output

Consider level x > 0 in the state space; and state-space set A, = (0, x]. We
can show as in Sect.6.2.9, that for SP entrances into set A,

0 0
EE(I,(AX)) = gE(Dt(x)) = kxf;(x),t > 0. (11.76)
For SP exits out of A,
0 0 X
8_E(01(Ax)) =—EWU(x)) = Apa(?) - B(x — y)fi(y)dy,
t ot y=0
m—1)D<t<nD,n=1,2,... (11.77)
In (11.77), the factor p, () occurs because an arrival is registered if it arrives
when the counter is free.

Substituting (11.76) and (11.77) into Theorem B (Theorem 4.1 in
Sect.4.2.1) , we get an integro-differential equation for the pdf f; (x),
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X _ 0
Kefy () = Apu (1) - / Blx— 0y + 2 Fi(0,x > 0,
y=0

X 0
Kefy () = Apn (1) - / B =0y = (1 = Fi(). x> 0
y:

m—1)D<t<nD,n=1,2,... (11.78)

11.7.8 Expected Value of Total Output

We obtain the expected value of 7; by dividing both sides by k and then
integrating both sides of (11.78) for x € (0, c0), yielding

NEX) ([ Ly
k— A (e

E(np) = —k‘) 0O<i<D (11.79)
in the same manner as for (11.73). Similarly, we can obtain E(n;), nD <t <
(n+1)D,n =1, 2,.... (We do not carry out the latter computation here.)

Remark 11.7 If the locked period has value D = 0, then p,(¢¥) = 1,n =
1,2, ... . Then every arrival is registered. We then obtain the known result
Emp) = 2 (1 —¢7) 1 > 0 (e.g., p. 131in [99]).

When D = 0, if t — o0, then (11.79) reduces to lim;— o E(1;) = %

Remark 11.8 When there is no locked time (D = 0), the foregoing type-1
and type-2 counter models coincide with an M/G/r(-) dam with efflux rate
proportional to content. Thus, results for a dam with r(x) = kx, x > 0, can be
derived as a special case of either counter model. (See Sect. 6.4 for a related
analysis in the M/M/r(-) dam where r(x) = kx.)

11.8 Dam with Alternating Influx and Efflux

Consider a dam in which the content alternates between random periods
of continuous influx and continuous efflux, when nonempty. We arbitrarily
classify periods of emptiness as being parts of periods of efflux, for notational
convenience. Periods of influx (inflow) are d_ Exp), and periods of efflux

(outflow) are d— Exp),. Let W(z) > 0 denote the content of the dam at

time ¢ > 0. Assume that during an influx period, the rate of increase of
content is dW (¢)/dt = q(W (¢t)), where g(x) > 0, x > 0. Assume that during
an efflux period, the rate of decrease of content is dW (t) /dt = —r(W (1)),
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W(1)
/\sp
slope q(x) loge -r(x) /\
Level x ANA\J V"\J
OF T 177 T T I — T
Exp, Exp, Exp,  Exp, |
Eicpﬂq
Time —

Fig. 11.5 Sample path of dam with alternating periods of continuous influx and
efflux. Slope at level x: during influx is % W (t) = q(x); during efflux is —r(x). Slope
at level O is %W(r) = 0. Influx times are = Exp,,, efflux and empty times are =

dis dis

Exp,, (memoryless property)

where r(x) > 0, x > 0. In addition, we assume that »(0") > 0, i.e., there
exists m > 0 such that limy o r(x) = m, which guarantees that the dam will
reach emptiness. Whenever the dam is empty (i.e., W(¢) = 0), dW(z)/dt
= 0. (By contrast, in the model of a dam in Sect. 6.4, where r(0") = 0 so
that emptiness is never achieved theoretically. This is also the case in the
pharmaceutical kinetics model in Sect. 11.6.1.). By the memoryless property
of Expy,, sojourns at level O are also distributed as Exp), (see Fig. 11.5). The
empty period is analogous to an idle period in an M/G/1 queue, or empty
period in an M/G/r(-) dam (Sect. 6.2). The efflux rate r(x) is similar to that of
the M/G/r(-) dam. We also assume, in the present model, that the influx rate
is g(x) > 0, x > 0, so that g(0") = g(0) > 0.

11.8.1 Analysis of the Dam Using Method of Sheets

Consider the stochastic process {W (¢), M(t)};>0 where W (¢) denotes the
content at instant ¢, and the system configuration is M () € M = {0, 1, 2}.
The state space is S = [0, 0c0) x M. (See Sects.4.4—4.5 for discussions on
system configuration.) The meaning of M (¢) is given in the following table.
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W(t) Sheet / A

lopeq(x) @ /
slope g(x
Level x [ / / C V
)
) ) _J J
1 § F

A
W(t) Sheet 2 : \
SP

Level X \ AN \

Line 0 T T S —: - | ES— § I T

Fig. 11.6 Sample path of dam with continuous influx and efflux, showing line 0
and 2 sheets (pages). Sheet 1 < M(#) = 1, influx phase. Sheet 2 < M(t) = 2,
efflux phase. Line 0 <+ W (#) = 0, empty phase, bottom of Sheet 2. Also indicates
composite states ((x, 00),i),i = 1,2

M(t) Meaning
0 Empty period.
1 Influx phase: content is increasing.
2 Efflux phase: content is decreasing or at level 0.

A sample path of {W (¢), M (¢)};>0 evolves over two sheets (i.e., pages) cor-
responding to system configurations 1 and 2, and on one line corresponding
to an empty period (W (¢) = 0) (Fig. 11.6).

11.8.2 Steady-State PDF of Content

Denote the ‘partial cdfs’ of content by
Fi(x) = lim P(W(@) <x,M(t) =i),x>0,i=1,2.
11— 00

Denote the steady-state ‘partial’ pdf of content by

d
fi) = —Fi(x),i=1,2,x >0,
dx

wherever the derivative exists.
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The total pdf of content (marginal pdf) is

f@) =fix) +f2(x), x > 0. (11.80)

Let Py = limy— oo P(W(¢) = 0). We shall derive: fj(x),i = 1, 2; f(x); Po;
F(x)=Py+ f;;of(y)dy, in terms of the input parameters A;, A2, g(-), r(-).
The steady-state probability that the dam is in the influx phase (i = 1) or
efflux phase (i = 2) is Fij(00) = [ 2 fix)dx,i=1,2.

11.8.3 Egquations for PDF's

Consider composite state ((x, 00), 1), x > 0, on sheet 1. The SP rate out of
((x,00), 1) is A\; fy Ozox f1(»)dy, since the end of an influx period signals an
instantaneous SP page 1 — page 2 transition from ((x, o0), 1) to ((x, 00), 2)
at the same level .

The SP rate into ((x, 00), 1) is

JER ) + N / £y,
y=x

since: (1) the SP upcrosses level x on sheet 1 at rate g(x)f;(x); (2) the SP
enters ((x, 00), 1) from ((x, 00), 2) (page 2 — page 1 transition) at the same
level (the rate at which efflux periods end when the SP is in ((x, 00), 2) is
A2). Set balance, namely

SP rate out of ((x, 00), 1) = SP rate into ((x, 00), 1),

gives an integral equation relating fi (x) and f>(x),
o0 o0

At [ Ady = q0fi0) + X | L()dy. (11.81)
y=x y=x

Similarly, balancing SP rates out of, and into ((x, 00), 2) , x > 0, on sheet 2
yields the integral equation

N[ AOy + r@AE = Ay / i)y, (11.82)
y=x y=x

In (11.82), the left and right sides are the SP exit and entrance rates respec-
tively, of ((x, 00), 2).
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Addition of (11.81) and (11.82) yields

q(x) - fi(x) = r(x) - 2(x). (11.83)

There is an easy alternative derivation of (11.83), which follows by viewing
the sample-path via the “cover”. That is, we project the segments of the sam-
ple path from sheets 1 and 2 (pages 1 and 2) onto a single -W (¢) coordinate
system (Fig. 11.5). Then we apply SP rate balance across level x:

total upcrossing rate = total downcrossing rate,

which translates to formula (11.83).

Using (11.83), we substitute f> (x) = (g(x)/r(x)) fi (x) into (11.81), and take
d/dx in (11.81). Then we solve the resulting differential equation, applying
the initial condition

r(05)£2(0) = APy = g(0")f1 (0).

These operations result in the formula

S = Az( @ (B g i) o, (11.84)

Since f2(x) = (g(x)/r(x)) f1(x), we have

A = AZ(P)O ML g B @) L, (11.85)

Since f(x) = f1(x) + f2(x), adding (11.84) and (11.85) gives

fx) =X\ (L + L) Py - e_(/\' fimo a =22 oo %")dy),x >0,

x)  rk)
2cz(x) +r(x) Py (ML s o )
q(x)r(x) ’
(11.86)
The normalizing condition is
oo
Po—i-/ fx)dx = 1. (11.87)
x=0

From (11.86) and (11.87)
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1

Py = .
1+ X [, (—q(x)+r(x) e (Al fizo gy =22 [izo )) dx

(11.88)

q(x)r(x)

Remark 11.9 Formulas (11.84)—(11.88) are asymmetric with respect to \;
and \;, because empty periods are distributed as Exp), (classified as part of
efflux phase).

Remark 11.10 The model can be generalized in various ways. There may
be several different important state-space levels at which there is no change
in content (no influx or efflux), other than at level 0. Such levels may be
due to a control policy or due to natural phenomena. There would then be
more than one atom in the state space. Also, the influx and efflux periods
may have more general distributions. The content may be bounded above,
resulting in an atom. Some of these variants are easy to analyze; others are
more complex. We do not treat such variants here.

Stability Condition
A necessary condition for the pdf to exist is f(co) = 0. Thus, the exponent

(/\1 f o q(y)dy )\zf —0 70 dy) in (11.86) and (11.88) must be positive for

all x > 0. That is
X X 1
)\2/ —dy Al / —dy
or®) —090)

R | A |
Al/ —dy— X\ / ——dy > 0, forall x > 0. (11.89)
09() 0r@®)

Remark 11.11 In (11.89), if g(y) = r(y), y > 0, then the stability condition
reduces to 1/A; < 1/A; or E(nonempty period) < E(empty period). If g(y)
=gandr(y)=r,y > 0,then 1/\; < (r/q) (1/A2) or E( nonempty period)
< (r/q) E(empty period). Additionally, If /g < 1 then E(nonempty period)
< E(empty period).

11.8.4 Numerical Example

Let Ay = 1, Ay = 2, g(x) = /x, r(x) = 3/x, x > 0. Substituting into
(11.89) gives, for x > 0,

X X A 2
A —dy — )\ —dy =2 AM——]=2 1—-— 0,
‘/o a»® 2/_0 ™ ‘F(‘ 3) ﬁ( 3)>
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X

Fig. 11.7 Steady-state pdf f(x) = %e’%‘/’?,x > 0, in continuous dam with

alternating influx/efflux periods: A} = 1, \» = 2, g(x) = /x, r(x) = 3/

implying stability, and the steady-state pdf f(x) exists. From (11.86), we
obtain

f) = %Pg LemIVE x> 0. (11.90)
From the normalizing condition (11.87),
Py = ! 5 =1=0.111111. (11.91)
1+ [ %e‘ﬁﬁdx 9
Thus g i
flx) = 27ﬁe—§ﬁ,x > 0. (11.92)

From (11.91) and (11.92), the cdf is (see Figs.11.7, 11.8),

X 8 _2[
F(x) = Py +/ fO)dy =1— —e 3V7, (11.93)
y=0 9
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F(x) { o —
o P
0.6

044 /

0.2

X

Fig. 11.8 Steady-state cdf F(x) =1 — ge’%\/}, x >0, Pp =0.1111, in continuous
dam with alternating influx/efflux periods: A\; = 1, Ay = 2, g(x) = /x, r(x) = 3/x

Proportion of Time in Influx and Efflux Phases
From (11.83) and (11.80) we obtain

) = 9j)_ce—§ﬁ, x>0,
() = ——e 35 x> 0
Hx) = 27\/)_66 , X >

Hence the proportions of time the dam is in the influx, efflux phase respec-
tively are

o0
2
Fi(00) = / e 3V dx = 0.666667,
X

—0 9/x

* 2
F — Py =
2(00) — Py /x:O NG

e~ 3V%x = 0.222222.

These values are also the steady-state probabilities of the dam being in these
phases at an arbitrary time point. A check on the normalizing condition is

Py~ F1(00) + Fa(00) = 0.111111 4 0.666667 4 0.222222 = 1.
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11.9 Estimation of Laplace Transforms

We very briefly discuss a procedure for estimating the LST (Laplace-Stieltjes
transform) of the state variable of a stochastic model. We shall use the virtual
wait in a GI/G/1 queue as an example.

Suppose we want to estimate the LST of the steady-state pdf of the virtual
wait in a GI/G/1 queue. Let the steady-state cdf of the virtual wait be F(x),
x > 0, having pdf f (x), x > 0, and let Py = F(0). The LST of the mixed pdf
{Po,f(x)},~0 is (see Sect.3.4.4 in Chap.3)

F*(s) = / - eV dF (x), s > 0. (11.94)

11.9.1 Probabilistic Interpretation of LST

The probabilistic interpretation of the LST is as follows (see p. 264 and pp.
267-2691n [104]; and various papers, e.g., [41]). In formula (11.94), the right

side is the probability that an independent “catastrophe random variable” =
1A
Expj is greater than the virtual wait having cdf F(x), x > 0.

11.9.2 Estimation of LST

In order to estimate F*(s), we simulate a sample path of the virtual wait
{W(u)},>0, over a long period of simulated time (0, 7). Next, we generate a
sample path of a renewal process {C(u)},>o with inter-renewal times equal to
the catastrophe r.v., and overlay it on the same time-state coordinate system
(see Fig.11.9). Fix s > 0. The SP jump sizes and inter-renewal times in
the sample path of {C(u)},>¢, are i.i.d. r.v.s = Exp;s. This is because the

IAY

process {C(u)},>( represents the excess life v at time u (see Sect. 10.1.5 and
Fig.10.2). The steady-state pdf of the excess life is f (x) = se™*, x > 0.

Now we observe the sample paths of {W(u)},~o and {C(u)},>o on the
fixed time interval (0, r). We compute the sum, 75 = > i Tsi, of all time
intervals such that C(«) > W (u), u € (0, ) (Fig. 11.9). An estimate of F*(s)
is then F* (s) = Ts/t, which is the proportion of time such that C(u) > W (u),
u € (0, t). The probabilistic interpretation of the LST strongly suggests that
T,/t is an appropriate estimate of F*(s).


http://dx.doi.org/10.1007/978-3-319-50332-5_3
http://dx.doi.org/10.1007/978-3-319-50332-5_3
http://dx.doi.org/10.1007/978-3-319-50332-5_10
http://dx.doi.org/10.1007/978-3-319-50332-5_10
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Fig. 11.9 Sample paths of virtual wait {W (1)}, and renewal process with inter-
arrival time = Expy, the catastrophe r.v., {C()},>0 . Ts =Ts1 + To + - - - + T6.

dis

In order to estimate F*(s), s > 0, we repeat the simulation procedure
using different values of s > 0. For example, we may choose a partition of N
uniformly-spaced values for s € (0, ), suchass=A,2A,3A, ..., NA, where
N is a large positive integer and A is a small positive number. (Different
spacing for the partition may improve the estimates, e.g., if F(-) is known to
have certain properties such as a long tail.) This procedure results in a set of
estimates F*(nA) =Tua/t,n=1,..,N.(From (11.94), F*(O) = 1, which
is the normalizing condition.)

Finally, we can plot the points

(0, F¥(0)) = (0, 1) and (nA, F*(nA)),n=1,..,N,

on a two-dimensional (s, F\*(s)) coordinate system. The {nA},_;  y gridis
on the horizontal axis; the corresponding F\*(nA) terms are ordinates along
vertical lines parallel to the F*(s)-axis.

The plot will be a discrete estimate of the LST of the pdf of the virtual
wait. It may be improved by smoothing techniques. In order to obtain an
estimate of the pdf of the virtual wait from it, use numerical inversion of

,,,,,
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11.10 Simple Harmonic Motion

We analyze an elementary model of deterministic simple harmonic motion,
using LC.

Consider a particle moving according to simple harmonic motion (SHM)
(see, e.g., p. 133in [10]; pp. 216-217in [119]). Let X (¢) denote the position
of the particle at instant ¢+ > 0, and X(0) = 0. Let the state space be the

interval § = [—1, +1]. In this version of the standard SHM model there is
only one sample path, namely,

X(t) = sin(r), t > 0.

We wish to determine the stationary pdf f(x) and cdf F(x) of X(#) when
the particle is observed at an arbitrary time point, as t — 00.

Consider the sample path X (¢), t > 0 (Fig. 11.10). The slope of the sample
path at level x is

d
r(x) == 7 sinf|,_g,-1, = COS (sin_lx) =+v1—x%xe[-1,+1].

(11.95)
X(1) { i
|III II':I |
O 5_ | |I i| |I
Level x I|I ] J|I ] |I I|I 1
| I|I \ |I I|I |I \
| I |I III |I III |I
0 5 | ho ™ 7] 15| [20 | 25
II| |I II|t |II II| |II !
I I|II |II II| | II! I:I
-0.54 f ' |
II1 II| | 1 :I
5 ‘1 -

Time ¢t —

Fig. 11.10 Sample path of simple harmonic motion X(¢) =

sint. State space is
S =[—1, +1]. Shows level x in §
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Consider levels x, x + /4 € S, where 4 > 0 is small. The time required for the
SP to ascend from level x to level x 4 & is

x+h 1 x+h 1
/ —dy = / dy. (11.96)
y=x I"(y) y=x 1 - y2

The symmetries of the sample path imply that the time required for the SP
to descend from level x 4 & to level x is also given by (11.96).

Applying (11.96), we see that the long-run proportion of time the SP spends
in state-space interval (x, x 4 &) in a cycle of length 27 time units is

2 x+h 1
—/ dy=F(x+h) — F(x). (11.97)
21 Jy=x 1 —y2
Formula (11.97) leads to
1 1
—h——=Fx+h) — F(x) (11.98)

T J1— (x*)Z
where x* € (x, x 4+ h), by the definition of F(x) as the long-run proportion
of time the process is in state-space interval [—1, x]. Dividing both sides of
(11.98) by & and letting A | 0, yields

fx) = ,x e [—1,+1]. (11.99)

1
/1 — x2

The stationary pdf f(x) in (11.99) is interesting and suggests intuitive
insights (Fig.11.11). Note that limy 1 f(x) = limy;41f(x) = oo. Also,
minges f(x) = %, at x = 0. The pdf f(x) is symmetric about x = 0, and
is convex.

From (11.99), the cdf is

F(x) = / ' fO)dy, = l(sin—l(x)—sin—l(—l))
y=—1 77

1 1
=—sin_l(x)+5,xe [—1, +1]. (11.100)
™

11.10.1 Inferences Based on PDF and CDF

From (11.95), the speed of the particle is r(x) = +/1 — xZ, implying (1)
=0 and r(0) = 1, the maximum speed. Hence, at an arbitrary time point in
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f(x) 5]

-1 08 -06 -04 -02 0O 02 04 06 08 1
X

Fig. 11.11 Stationary pdf f(x) = w% x € [—1,+1], for particle moving in
simple harmonic motion, X () = sint,t > 0

4
T

F(x)

0.8+

0.4+

0.2

1 08 06 04 02 © 02 04 06 08 1
X
Fig. 11.12 Stationary cdf F(x) = % sin~! (x)+%, x € [—1, +1], for particle moving

in simple harmonic motion, X (¢) = sint, ¢ > 0

the long run, it is much more likely to find the particle close to one of the
boundaries of § (x = =£1), rather than close to the center of S (its range of
motion). This fact suggests that the particle spends a much greater proportion
of time near the boundaries x = £1 than near the center x = 0 (Fig. 11.12).
From computations using formula (11.100), the proportion of time the SP
(particle) spends in the central interval [—0.5, 40.5] is equal to F(0.5) —
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F(—0.5) = 0.333. The proportion of time the particle spends in the outer
regions [—1.0, —0.5]U[0.5, 1.0], is equal to 2 - (F(1.0) — F(0.5)) = 0.667.
The “median” symmetric outer intervals of S with respect to the time spent by
the particle, is Ag5 = [—1.0, —0.707] U [0.707, 1.0], i.e., P(particle € Ags)
= 0.5. This indicates that it is equally likely to find the particle in two bands
of equal width 0.293 touching the edges +1.0 (total width 0.586), as it is to
find it in a central interval of width 1.414 about 0. Arbitrary observations on
operating pendulum clocks, readily corroborate these theoretical computa-
tions.

Remark 11.12 The type of LC analysis in this section, may be extended to
analyze random trigonometric functions (e.g., like A sin (6¢) + B cos(01), t >
0, where A, B are random variables and @ is a constant). Extensions may
also be applicable in some models of physics, and in the analysis of roots of
equations.
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Symbols A

S, 194 Actuarial ruin model in insurance, see
Tg, 250 Risk model

T 393 Age

(s, S),23 alternative equation for pdf

NT, 63 in G/M/1 queue, 290

R, 190 extended

R”, 390 in r(-)/G/M, 367

B, 105 and virtual wait in G/M/1, 286,
=,52 287

@302 in G/M/1, 24

bx, 302 in G/M/C, 317, 323

d., 350 in renewal process

n-D, 389 finite time-¢ pdf, 479

E()’ 152 limiting pdf

Cu, 191 in renewal process in replace-
C(r), 193 ment model, 451, 455, 459
Erlt.,., 66 in standard renewal process,
Exp,, 53 455

LC, 1 of customer

Poi,,, 66 in M/M/c with bounded system
SP, 66 time, 284

SPLC, 66 Alternating renewal process, 8, 9, 83,
Type-.4, 409 172,513

M/U(O,c)/l, 71 of sojourns Ay & bx in M/M/l, 106
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Alternation
of exirs & entrances in time, 12, 35
Alternative integral equation, see
integral equation, alternative
form via LC
Atom, 5, 42
2-dimensional, 403, 404
in (s, S) no decay, 384, 385
definition, 36
in extended age process, 290
in M/D/1, 133
in M/Discrete/1, 140
in variants of a dam with alternat-
ing influx & efflux, 519
is a discrete state, 37

B
Basic level crossing theorem
for M/G/1, 13, 17, 29
derivation, 14
steps to derive integral equation
for pdf of wait, 17
Bessel function
modified of first kind in cdf &
pdf of M/M/1 busy period, 105
Blocking time
as [c — 1, ¢] busy period
in My/M,_x/clc, 251
as busy period
in My/M,,_»/1/1, 110
Border state, 196
in generalized M/M/c, 197
in M/M/2 0-waits get special ser-
vice, 259
in M/M/c O-waits get special ser-
vice , 253
in SP process, 207, 212, 213
in standard M/M/c, 238
Boundary
2-D, 392, 404, 405
in multidimensional model, 390
as border state between 0-wait and
+ve-wait states, 197
condition to get

Index

f(x), F(x) in embedded LC
models, 418
constant o in 2-D inventory, 400
crossing by SP, 31
into or out of a set, 30
of a state-space set, 28
of state-space interval to derive
integral equs for limiting pdf in
M/M/c , 233
pass-by by SP, 32
state—discrete, 16
states in M/M/c 0-waits get
special service, 252
Boundedness
of staying function
in M/M/c with reneging, 273
of steady-state pdf, 100, 241, 311,
312,431
Busy cycle
expected value, 82, 91
in M/G/1, 64, 81
in M/M/1, 106
in renewal reward theorem, 81
number of crossings of level in,
107
Busy period
[c — 1, c]in M/M/c, 244
as blocking time
in My/M,,_»/1/1, 110
expected value, 104, 120, 130, 142,
159, 172
in M/G/1, 82
in G/M/1, 297
events in, 305-307, 311
in G/M/c
& pdf of wait geometrically,
320
in M/G/1, 82
number served in k-busy
period, 109
alternative partition into sub-
busy periods, 85-87, 179
number served in, 89, 109
structure & pdf of wait, 179
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in M/G/1 O-waits get special ser-
vice
structure, 114
in M/G/1 with priorities
structure, 164
in M/M/1
& cdf/pdf of wait, 105

C
Classical approach
for basic integral equation, 7, 8
Complement
R(y) of staying function R(y), 273
of state-space set A C S, 28
Concentration
of drug in pharmacokinetics, 24,
414, 502
of solute in a solution, 458
Consumer response model, 338, 507
Content, 340
in M/G/r(-) dam
general description, 24
time to decrease from a level to
a lower level, 340
in M/M/r(-) dam
efflux varies directly with
content, 356
efflux rate, 338
[dimension], 338
hazard rate
of pdf in r(-)/G/M dam, 371
in dam with alternating influx &
efflux, 514
in M/G/r(-) dam
general description, 24
in pharmacokinetics, 507
in replacement model, 453
return to level 0, 349, 414
steady-state pdf, 348
alternative equation, 349
transient analysis, 346
in r(-)/G/M dam, 368
Continuous
crossing of state-space level, 32
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state in state space, 37
Cost rate
in (s, §) with decay, 383
in (s, S) with no product
decay, 387
Countability
of no. of transitions, 34
of sojourns
within a discrete state, 37
Counter model
type-1, 511
type-2, 507
Cover
in M/M/c
sample path, 202
Crossing
of a level
& transient cdf in M/G/1, 54
continuous type, 32
jump type, 32
number in a busy cycle, 107
of boundary of set by sample path,
30

D
Dam
GI/G/r(-), 452
M/G/r(+), 337
analysis via embed. LC, 418
efflux rate of content, 338
generalization, 362
transient analysis, 340
M/M/r(-), 354
with r (x) = kx, 356
r(-)/G/M, 367
with constant influx rate, 372
alternating influx & efflux, 514
GI/G/r(-), 413
Dimension (unit)
of cdf, 7
of efflux rate
in M/G/r(-) dam, 338
of pdf, 7
of rate, 7
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of transient pdf of content
in M/G/r(-) dam, 346
Discrete state, see Atom
Dissection of state space
into sheets and lines, 230
Double jump
by SP
in (s, §) no decay, 26
in (s, §) with decay, 26
Downcrossing
& transient pdf of wait
in M/G/1, 55
in M/M/c, 215
by sample path
in M/G/r(-) dam, 341
in embedded LC, 412
in M/D/1, 134, 135
in M/Discrete/1, 145
in M/G1
wait-no. depend. service, 128
intuitively, 11
of a level by sample path, 30
of a level by the SP, 31
of level D in sample path
of M/D/1 queue, 42
rate
& limit pdf of wait in M/M/c,
216
& pdf of system time, 79
& pdf of wait in basic LC theo-
rem, 15
in age in G/M/1, 289
in alternative eq. in G/M/1, 290
in basic LC theorem, 13
in M/G/1 with priorities, 162,
165
of a level & pdf of wait, 12
Duality
of extended age & virtual wait
in G/M/1, 287
of M/G/1 & G/M/1, 421

Index

E
Efflux rate
in M/G/r(-), 338
constant
in M/G/1(-), 353, 356
in dams, 337
proportional to content
in M/M/r(-) dam, 356
Egress
from a discrete state, 42
from a level by sample path, 38
from a state-space level &
right (time) neighborhood, 38
Embedded
downcrossing of a level, 412
probability of, 414
LC method
& PASTA principle, 418
& continuous LC method in
G/M/1, 296
to derive integral eq. for pdf in
G/G/r(), 417
in dams & queues, 411
Markov chain technique
in M/G/1 0O-waits get special
service, 113
upcrossing of a level, 412
probability of, 416
Entrance
of a set by sample path, 30
of a set by SP, 31
of a set in a discrete
parameter process, 495
of a set is exit
of set complement, 42

Excess
below level x < 0
in G/M/1, 302

demand below level s

in (s, §) inventory, 383
jump over level x, 11, 52, 94

in M/Erl, /1 queue, 96

in M/G/r(-) dam, 352

in M/M/1 0-waits get special
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service, 116
in M/G/1, 116, 117
in M/G/1 multi-Poisson inputs,
124
in M/M/c, 242
below level 0
in G/M/1, 308
is deficit at ruin in risk model,
488
is idle period in G/M/1, 294
demand below level O
in r(-)/G/M dam, 368
in renewal process
time-t pdf, 477
inter-arrival time in M/G/1 , 89
jump over level K
in M/G/1 with bounded work-
load, 178
limiting service time
in M/G/1, 77
of service time
in M/G/1 0-waits get special
service, 180
Excess life
limiting pdf in renewal process
in replacement model, 451, 459
limiting pdf of renewal process
in replacement model, 455
Existence
of partial derivative g E(D,(x))
for transient analysis, 50
of partial derivative % E U, (x))
for transient analysis, 52
of limiting pdfs
in renewal theory, 454
of steady state
in M/Erl /1, 67
in M/G/1, 58
Exit
of a set
by sample path, 30
by the SP, 31
in discrete parameter process,
495

551

is entrance of set complement,
42
Exp,, 53
Extended age, see Age, extended
Exterior
of a state-space set, 28
tangent to a state-space set, 30

H
Hazard rate
of pdf of content
in M/G/x(+), 351
in r(-)/G/M dam, 371
of pdf of wait
and E(a,), 98
in M/G/1, 93, 94, 96
intuitive meaning, 98
Hit
of barrier M in risk model, 489
of level € > 0 in GI/G/r(-)
dam with r(x) = kx, 457
rate of initial level xq
in risk model, 490
left limit type, 47
of a discrete state (atom), 42
of a level by sample path, 38
of a state-space level & left
neighborhood in time, 38
of designated level in
general M/G/r(-) dam, 362
Hybrid technique, 450
for probabilities of phases cover-
ing level x by a jump
in an Erl, , queue, 97

I
Initial

influx to r(x)/G/M dam

with r(x) =k, 373

input in replacement model, 453

reserve in risk model, 485

state in pure birtrh process, 499
Initial condition
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at state-space level 0, 67, 518
at time 0, 54, 58, 221, 343, 345
Integral equation, see Inventory;
Renewal theory; Renewal prob-
llem; Queue
2-dimensional using LC
in 2-product inventory, 398, 404
alternative form via LC
in G/M/1, 312
in G/M/c, 320
in M/D/1, 135
in M/Duscrete/1 , 142
in M/G/1, 68, 74, 100
dimensional (unit) equality
of terms, 7
via embedded LC
in G/G/r(-), 417
via LC
in M/G/1, 16
via Lindley recursion
in M/G/1, 5, 8
Integro-differential equation
of Takacs in M/G/1, 62
for transient pdf in generalized
M/M/c, 223, 227
for transient pdf of content
in M/G/x(+), 346
for transient pdf of wait
in M/G/1, 62
Inter-crossing time
dy in M/M/1, 106
Inter-downcrossing time
& sojourn times
in M/M/c, 245
events during, 98
of a state-space level
in M/G/1(+), 350
in M/G/1, 50, 91
in M/M/1, 106
Inter start-of-service depart time
& T in My/M,,,_)/clc, 250
in G/M/c, 318
in M/M;/c with reneging, 275
in  M/M/2/(uo, p1) 5 (0, (0, 00)),
259, 270

Index

definition, 194
in generalized M/M/c , 194
in M/M/c, 240
in SP process, 213

Interior
of a state-space set, 28
tangent to a set, 30

Inventory
(s, S) decay, 20, 26, 374
(s, S) no decay, 21, 26, 384
2-dimensional, 393, 394, 403
(s, S) constant decay rate, 375

J
Joint pdf
in 2-D inventory, 400, 407
Jump
by sample path
number is countable, 22
crossing of state-space level, 32
discontinuity of pdf of wait
in M/Discrete/1, 141
in M/D/1 queue, 41
downward by SP
in extended age process, 286
multiple by SP
in GI/G/r(-) variant, 457
net
in (s, §) with decay, 23, 25
parallel
m — k in M/M/c, 202
prescribed
in (s, §) with decay, 23
in generalized M/G/r(-), 362

K
Key conjecture in M/G/1, 11

L

Laplace-Stieltjes transform
estimation via simulation, 522
of a function, 76
of a pdf, 6, 76
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probabilistic interp-
retation, 522
Laplace transform
of a function, 76
of a pdf, 77
probabilistic interp-
retation, 78, 81, 522
LC computation, see Level crossing
estimation
Level
inter-crossing time d,
in M/M/1, 106
as a boundary of a set, 38
crossing
& transient cdf of wait, 54
rate in M/G/1, 13
in 2-D model
2-dimensional type, 392
role of LC analysis, 393
in the state space, 29
set
in 2-D model, 390, 393
Level crossing estimation
asymptotic normality in, 444
computer program design, 436
confidence intervals, 444
example, 445
for limiting distributions, 429
for transient distributions, 346,
431, 494
in M/G/1, 438
ladder points, 435
main steps, 429
point estimators, 440
in M/G%?/1 bulk service, 450
in M/G/x(+), 450
sensitivity analysis, 430
state-space partition, 433
theoretical basis for, 430
Level crossing method
aka LC, SP, SPLC method, 1
Lindley recursion
for pdf of wait
in M/G/1, 3,4, 112, 126
in complex M/M/c, 2, 3,7, 8, 231
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Local history
of sample-path segments on sheets
in method of pages, 202

M
Marketing science model
consumer response to repeated
ads, 363
Markov
chain LC analysis, 495
property
of SP process, 200, 210
renewal process
LC analysis, 496
role in origin of LC, 8
Method of pages, see Page
& metaphor for SP motion
in the state space, 202
& system history, 202
flexibilty to anayze
many complex models, 187
to analyze models with
complex state spaces, 45
Method of sheets, see Method of
pages
Monotonicity
in wide sense of
R(-) in M/G/1 reneging, 152
R(-) in M/M;/c reneging, 273
counting processes Z,(A) &
O,(A) in Theorem B, 188
Multi-dimensional model
& rectangle in R2, 391
denoted by type n. 4
notation defined, 389
wirthn > 2 r.v.s in R", 389
with state space § € R”
transient analysis, 494
Multiple inputs
Poisson arrivals
in M/G/1, 118
in M/G/1 priorites, 168
Multiple jump
by SPin (s, S) no decay, 26
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by SP in (s, S) with decay, 26
Multiplicative structure
of busy period
to get Benes series, 179
in M/G/1 , 182
in M/G/1 & sub-busy periods,
85

N
Net jump
in (s, S) no decay
of size 0, 26
in (s, §) with decay, 26
Nonempty period
in k/G/M dam, 373
in dam with alternating
influx & efflux, 519
Non-homogeneous Poisson process
special case of pure
birth process, 500
Normalizing condition
law of total probability, 6

(0
Order
rate
in (s, S) no decay, 386
in <s,S> with decay, 381
size
in (s, S) no decay, 386
in (s, §) with decay, 383

P
Page, see method of pages
& sample-path transitions, 201,
208-210, 216, 270
in SP process, 202
accessible from a level, 219
accessible from other page, 218
as subset of state space of SP
process, 200
geometrical analogy, 187

Index

in metaphor for SP process, 202
in method of pages, 187
origin of term in LC, 203
Partition
of an integer
in M/{i D}/1 solution, 148
of state space
in M/G/r(-) efflux depends on
content, 338
in LCE into fixed subintervals,
437
in LCE into variable subinter-
vals, 433, 437
in M/G/1 wait-dep. service, 112
in M/M/c into lines & pages,
203
Pass-by
of boundary by SP, 32
PASTA, 6, 387
principle, 43, 288
shown via embedded LC in
M/G/1 reneging, 427
shown via embedded LC in
M/G/x(-), 418
Pharmacokinetic model, 502
dose of drug, 502
pdf of drug concentration, 504
Poi,, 66
Poisson process
of jumps in regenerative process
for time-t r.v.s of renewal
process, 474
compound
in busy period structure of
M/G/1, 88
in derivation of pdf
of r.v. Erlg , , 66
Pollaczek-Khinchin formula
E(wait) in M/G/1, 75
Priorities
in M/G/1, 161
in M/M/c, 284
Prologue, see Level crossing method
for origin of LC method, 1
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Pure birth process
initial population i, 499
recusive solution for P;(t) , 500

Q

Queue

Erl,/M/1, 423

M,/Erl, /1, 96

M/{iD}/1 & M/D,,/1, 144

M/D,/1, 139

M/Discrete/1, 139

M/M;/c, 272

M/M;/c with reneging, 272

M/U /1, 69
pdf of wait, 70

D/M/1, 424

G/M/1, 285, 420

G/M/2, 328

G/M/c, 316

Gl/G/1, 419

M/D/1, 132

M/G/1, 49, 420
0-waits special serv. Bene$
series, 180
Benes series, 77, 180
bounded system time, 174
busy period, 82
busy period structure, 182
Laplace-Stieltjes transform of
pdf of wait, 76
multiple inputs, 118
number in system, 80
P-K formula, 75
reneging, 149, 425
server vacations, 170
transient, 49, 64
wait-dependent service, 111
wait-number dependent ser-
vice, 126
waiting time propertis, 75
with priorities, 161

M/M/1, 101, 422
reneging, 153, 445

M/M/1/1, 110
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M/M/c, 187, 237
cover in sample path, 202
generalized, 190
transient analysis, 188
zero-waits get special service
in M/Erl, /1, 96
in M/M(,»)/Z, 272
in G/M/1, 313
in M/G/1, 113, 116, 180, 182
in M/M/1, 115, 183
in M/M/2, 258
in M/M/c, 252

R
Rate
of efflux in M/G/r(-), 338
when r(x) =k > 0, 353
balance
across level x € S, 16, 35
between state-space sets, see
Set balance
egs. in complex models, 231
for hits and egresses, 40
in embedded LC method, 413
demand
in (s, §) no decay, 387
dimension (unit)
is[1/Time], 7
hazard, of pdf
of content in M/G/r(-), 351
of wait in M/G/1, 96
order
in (s, S) no decay, 386
in (s, §) with decay, 381
Reneging
in M/M;/c, 272
in M/G/1
using embedded LC, 424
in M/G1, 149
in M/M/1, 153, 159, 160, 445
Renewal problem with barrier, 461
asymptotic formula
for E(Ng), K — 00,471
derivation, 471
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no. of renewals in interval, 472
solution using LC, 462
stopping time for number of
renewals to pass barrier, 463
Renewal process
in replacement model, 453, 458
standard
limiting pdfs of excess, age,
total life, 460, 461
Renewal reward theorem
statement of, 81
Replacement model, 451
electric charge in, 453
pdfs of excess, age, total life
in {X,}, 453
in{Z,}, 458
renewal processes
{Z,} & {X,}in, 453
using 2 renewal processes, 451
Risk model
Cramér-Lundberg variant, 486
analysis of, 489
claims Exp,,, 490
similar to r(-)/G/M dam, 367
barrier & reinvestment, 485
in actuarial science, 28, 36
no barrier, 36
pdf of deficit at ruin, 488

S
Sample path
definition, 21
downcrossing of a level, 30
egress from a level, 38
entrance of a set, 30
exit from a set, 30
hit of a level, 38
in 2-product inventory, 396
in SP process, 207
Jjump
in (s, S) with decay, 26
discontinuitiy, 21
net in (s, S) no decay, 25
total number is countable, 22
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