UNIVERSITY OF AMSTERDAM
X

UvA-DARE (Digital Academic Repository)

Conditional ages and residual service times in the M/G/1 queue

Adan, |.; Haviv, M.

DOI
10.1080/15326340802641063

Publication date
2009

Document Version
Final published version

Published in
Stochastic Models

Link to publication

Citation for published version (APA):
Adan, |., & Haviv, M. (2009). Conditional ages and residual service times in the M/G/1 queue.
Stochastic Models, 25(1), 110-128. https://doi.org/10.1080/15326340802641063

General rights

It is not permitted to download or to forward/distribute the text or part of it without the consent of the author(s)
and/or copyright holder(s), other than for strictly personal, individual use, unless the work is under an open
content license (like Creative Commons).

Disclaimer/Complaints regulations

If you believe that digital publication of certain material infringes any of your rights or (privacy) interests, please
let the Library know, stating your reasons. In case of a legitimate complaint, the Library will make the material
inaccessible and/or remove it from the website. Please Ask the Library: https://uba.uva.nl/en/contact, or a letter
to: Library of the University of Amsterdam, Secretariat, Singel 425, 1012 WP Amsterdam, The Netherlands. You
will be contacted as soon as possible.

UVA-DARE is a service provided by the library of the University of Amsterdam (https://dare.uva.nl)

Download date:09 Mar 2023


https://doi.org/10.1080/15326340802641063
https://dare.uva.nl/personal/pure/en/publications/conditional-ages-and-residual-service-times-in-the-mg1-queue(be1c0e43-3087-4004-96f1-f2432edb27fe).html
https://doi.org/10.1080/15326340802641063

This article was downloaded by: [Universiteit van Amsterdam]

On: 5 July 2010

Access details: Access Details: [subscription number 919366390]

Publisher Taylor & Francis

Informa Ltd Registered in England and Wales Registered Number: 1072954 Registered office: Mortimer House, 37-
41 Mortimer Street, London W1T 3JH, UK

Stochastic Models

Publication details, including instructions for authors and subscription information:
http://www.informaworld.com/smpp/title~content=t713597301

STOCHASTIC

Conditional Ages and Residual Service Times in the M/G/1 Queue
MODELS Ivo Adan?;, Moshe Haviv®
2 Department of Mathematics and Computer Science, Technische Universiteit Eindhoven, Eindhoven,
o ot The Netherlands ® Department of Statistics, The Hebrew University of Jerusalem, Jerusalem, Israel
on Matrik-Anaktic Methods
Guest Edilans
Daria Bini

Baairice Meiri
Gy Laonicha

Laprms

WOLUME 11 MUMSEH 2-3 005

To cite this Article Adan, Ivo and Haviv, Moshe(2009) 'Conditional Ages and Residual Service Times in the M/G/1 Queue’,
Stochastic Models, 25: 1, 110 — 128

To link to this Article: DOI: 10.1080/15326340802641063
URL: http://dx.doi.org/10.1080/15326340802641063

PLEASE SCROLL DOWN FOR ARTICLE

Full terns and conditions of use: http://wwinformworld.conlterns-and-conditions-of-access. pdf

This article nmay be used for research, teaching and private study purposes. Any substantial or
systematic reproduction, re-distribution, re-selling, |loan or sub-licensing, systematic supply or
distribution in any formto anyone is expressly forbidden.

The publisher does not give any warranty express or inplied or make any representation that the contents
will be conplete or accurate or up to date. The accuracy of any instructions, formul ae and drug doses
shoul d be independently verified with primary sources. The publisher shall not be liable for any |oss,
actions, clains, proceedings, demand or costs or damages whatsoever or howsoever caused arising directly
or indirectly in connection with or arising out of the use of this material.



http://www.informaworld.com/smpp/title~content=t713597301
http://dx.doi.org/10.1080/15326340802641063
http://www.informaworld.com/terms-and-conditions-of-access.pdf

07:20 5 July 2010

[Universiteit van Ansterdan] At:

Downl oaded By:

Stochastic Models, 25:110-128, 2009 Taylor&Francis
Copyright © Taylor & Francis Group, LLC Taylor & Francis Group

ISSN: 1532-6349 print/1532-4214 online
DOI: 10.1080/15326340802641063

CONDITIONAL AGES AND RESIDUAL SERVICE TIMES
IN THE M/G/1 QUEUE

Ivo Adan' and Moshe Haviv?

1Department of Mathematics and Computer Science, Technische Universiteit Eindhoven,
Eindhoven, The Netherlands
2Depmtment of Statistics, The Hebrew University of Jerusalem, Jerusalem, Israel

O In the article we study the M/G/1 queue, and collect results on the age, residual, and
length of service, conditional on the number of customers present in the system. Special attention
is given to the M/M/1 queue.

Keywords Conditional distribution; Single-server queue.

Mathematics Subject Classification 60K25; 90B22.

1. INTRODUCTION

Consider the standard M/G/1 queueing model. The queueing regime
can be any nonpreemptive, work-conserving, and nonanticipating one.
For example, it can be first-come, first-served. It is well known that under
stationary conditions, the age and residual of the service length of the
customer who is currently receiving service are distributed according
to the equilibrium distribution of the service time. That is, if G(x) is
the cumulative distribution function of the service length and x is the
corresponding mean, the common density function of the age and the
residual of the service length is (1 — G(x))/x. However, if additional
information is available, such as the number of customers currently
present in the system, this is no longer true.

There is, of course, an interest in these conditional distributions.
For example, customers who observe the queue length upon arrival and
have to decide whether or not to join queue, need to assess the residual
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service time of the one in service (on top of how many are in the queue)
in order to be able to estimate their future waiting time; see Ref.'" on
the behavior of a “smart” customer, and Refs.'*®! for noncooperative
games resulting when all customers become smart. Also, there might be an
interest in assessing the age of service, when service is given in phases, and
each phase is performed by a different processor. Hence, knowledge or
estimation of the age can be utilized in order to set the required processor
on time. There is also an interest in assessing the total service time of the
one in service (which in fact equals the age plus the residual). This is, for
example, the case when customers are paying some amount for service,
which is a function of the actual service length.

In this article we derive the density function and the Laplace-Stieltjes
transform (LST) of the conditional age, residual, and length of service,
given the number of customers in the system. Special attention is given
to the case where it is assumed additionally that service times follow
an exponential distribution. Some of the reported results are known,
but in this article, all is put in one unified form. In particular, short,
straightforward, and probabilistic proofs will be given.

The article is organized as follows. First, in Section 2 we present some
preliminaries needed for our derivations. In Section 3 we deal with the
conditional age, while in Section 4 we do the same regarding the residual
service time. Section 5 comes with the conditional total service time. Some
concluding remarks and ideas for future research are given in Section 6.

2. MODEL

We consider the standard M/G/1 queue. Specifically, to a single server
queue, there is a Poisson arrival process whose rate is denoted by 4. Service
times are independent and their common distribution function is denoted
by G(-) with density g(-). The mean service time is denoted by x, and LST
of G(+) is

G(s) = /Oo e g(x)dx, Re(s) > 0. (1)

=0

Service is granted on a first-come, first-served basis. As always, for stability,
we require that

p=Aix <1,

and we assume that the system is in steady-state. Denote by Q the total
number of customers in the system (including the one in service) and
let m, be the steady state probability that Q = n, n > 0. Recall that these
probabilities are also applicable at arrival and departure instants. It is well
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known that 7y = 1 — p. The probability generating function (PGF) of «, is
denoted by

P() =EEYH =) mz", [d =<1 (2)
n=0

Also, the well-known Pollaczek—Khinchin formula relates the above two
transforms (1) and (2) via the following formula:

(1—2)GOU(1 — 2))

P& =A==

(3)

Further, let Q* denote the conditional number of customers in the system,
given that the server is busy, thatis, Q" = Q| Q > 0, so
T, T,

P(Q+:n)=1 = n> 1.
—

We denote by A and R the random variables that are the age and
residual, respectively, of the service length of the customer who is currently
receiving service. Finally, let L = A + R be the total length of the service
requirement of this customer. We like to remind the reader that A and R
are identically distributed (but of course they are not independent). Their
density function is fi(x) = fr(x) = (1 — G(x))/x, valid for x > 0. Hence,
their LST equals
R(s) = A(s) = E(e ™) = / o~ fu(xydy = 2= )

x=0

The joint density of A and R is fy z(x,y) = g(x + y)/x and the joint LST is
~ iy _ G = G(s)
1) = E SA—tR — .

Jsn =B = =2

The density function of L equals f;(x) = xg(x)/x and its LST is

Paleh)
T =-
X

where the notation f(-) denotes the nth derivative of the function f(-).
Initiating with my =1 — p, the rest of the limit probabilities can be
computed via the well-known recursion (see, e.g., Ref.l"?!, p. 178),

(TCZ‘ — Tod; — Z njai+l—j)’ 1 > 0 (4:)
j=1

1

Ty = —
o
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where «o; stands for the probability that exactly ¢ customers arrive during a
single service time. In other words,

<At
o = / ueiug(t)dt, i > 0.
=0 1!

Note that oy = 6(/1), which, coupled with (4) for i = 0, leads to

1— Ao 1-— a(i)
o ( 2 G(A)

T = Ty

(5)

An alternative to recursion (4), avoiding subtractions, is (see, e.g., Ref.'!])

1 : .
Tit1 = a—o(ﬂoﬂi + Z”jﬂm—j), >0 (6)

j=1

[0.9]
where B, =37, o;.
In the next section we will start to study the conditional age.

3. CONDITIONAL SERVICE AGE

Let fi|g+=n() denote the conditional density of the age of service
given Q" =n, n > 1, customers are present in the system (including the
one in service). We next give an explicit expression for it for any n > 1.
This result appeared in Ref.?); but below a shorter and more revealing
proof is provided. Also, in the case where n =1, expression (9) below
agrees with Ref.l"?! (p. 392). The proof is based on the following simple
observation which is encapsulated in Lemma 3.1. We use Q’ to denote
the number of customers that were in the queue at the instant of the
commencement of the current service, including the one being served.

Lemma 3.1.  The probability distribution of Q" is equal to
P(Qb=1)=71'o+7r1, P(Qb:n):nn> n > 2. (7)
moreover, Q" is independent of A and R.

Proof of Lemma 3.1. First recall that the distribution of the number at
departure instants is the same as the distribution at a random time. Then,
with the exception of Q’ =1, the one who commences service sees Q°
customers (including himself), which is as many as left behind by the
previously serviced customer. The case where Q" =1 is possible when the
previously serviced customer leaves behind zero or one customer. The
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independence of A and R is obvious, as the service time does not depend
on the number in the system upon this service commencement. O

Theorem 3.1.  The conditional density of the age fy|g+—=,(-), n > 1, equals

(Aa)"! Z ()"

Jargr=n(a) = nﬁﬁ«(a)[(l —p) ]e“, a>0. (8)

Tcl .
(n—1)! p (n—1)!
In particular,
P et = )2 G@
Juior=1(a) = . é(,l)fA(a)e = /11 T e . (9)

Proof of Theorem 3.1. For any n > 1,

L(@P(Q* = n|A=a)
fuigr=n(@) == PQ =) :

Note first that P(Q* = n) = n,,/p. Hence, it remains to determine P(Q* =
n|A =a). In order to have n customers in the system at this stage
of service, there must have been i customers there upon this service
commencement for some ¢, 1 < ¢ < n. Clearly,

- o e Qa)
P(Q+=n|A=a)=;P(Qb=l)€)ma n =1 (10)

Substituting equation (7) completes the proof. Finally, the special
expression for n =1 is based on (5) above. (]

Remark 3.1. From equation (8), we can see that in order to determine
Jajg+=n(a@), one needs to have in hand the values of m;, 0 <:<n.
In particular, there is no need to compute in advance the entire stationary
distribution of Q in order to compute this conditional density. This is
of particular importance, since the vector m;, ¢ > 0, can be computed
recursively, initiating with np =1 —p as can be seen by equations (4)
or (6).

Example 3.1 (M/M/1). In the special case where service is exponen-
tially distributed with rate u, 7, = (1 —p)p’, i >0 and fi(a) = ue ",
equation (8) equals

oema (@)™ e N (na)"!
(tn) — + A0y " (11)

Fgr=il@) = nemEEE TS (n— )

=1
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Also, since a(s) = u/(u+ s), and hence (N}(/l) =1/(1+ p), equation (9)
equals

frior=1(a) = (u+ A)e W0, (12)

namely, in the case of an empty queue, the service age of the one in
service follows an exponential distribution with parameter 4 + u. Note that
equation (12) agrees with Ref.'?! (p. 392).

Using the identity

f anfief(ﬂﬂrs)aﬁ‘(a)da — (_1)n7i;{(n72’)(;L + S),

=0
it is now straightforward to find the LST of A| Q" = n, resulting in the
following corollary.

Corollary 3.1. The LST of A| Q" = n equals

(o]

E(eQ" = n) = / e faigr=n(a)da

a=0

p (_)V)rkl F(n—1) . (_)°)"7i~( —i)
SN PRy () . A=D1+ 5)].
nn[”“(n—l)! (’HSH;R’(n—i)! (4+5)

Example 3.2 (M/M/1). In this case the LST of the age, given a queue
length of n, n > 1, equals

/ln—l n , /J/In_i
E —sA + — 1—n|: H + i : ]
@NQT=m =07 Tt L A

i=1
The following result gives the joint transform of A and Q™.
Theorem 3.2. For Re(s) > 0, |z| < 1, the joint transform of A and Q% is
E(e 22" ) = (m(z — 1) + P(2)) AM(1 —2) + 5) (13)

(1= prAQA = 2) +5)
T 1-pAQ(—2)

(14)

Proof of Theorem 3.2. Recall that Q’ denotes the number of customers
present upon the service commencement. The number of Poisson arrivals
during the age A is denoted by N(A). Then, QO = Q" + N(A), where, by
Lemma 3.1, Q° is independent of N(A) and A. Hence,

E(e22") = E(¢ 2V E(Q). (15)
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By (7) we have

E:Y) = D P(Q' = i)t = my(z— 1) + P(2). (16)

i=1

Then equation (13) readily follows by substitution of equation (16) into
equation (15), together with

o]

E(e*SAZN(A)) _ f eme(ZN(a))ﬁ\(a)da

a=0
o0 "
= / e eI (a)da
a=0

= AGs + (1 = 2)),

where the second equality is based on the observation that N(a) is Poisson
distributed with mean la, the PGF of which is equal to e~**!~?_ By use of
equation (3), which can be rewritten as

P(z) = (1-— p)NG(/l(l - Z)),
1 — pAG(1 — 2))

(17)

version (14) readily follows. O

Example 3.3 (M/M/1). In the M/M/1 case, formula (14) reduces to

—a ot (uz — 22)(u+ A — 12)
sA_Q _
B ) = T Gt A Tets)

By differentiating equation (14) with respect to s, multiplying by —1
and setting s = 0 yields

E(Az¢") =Y "E(A; Q" = n)2"

n=1
(A=A - 2))
B 1—pAG(1 —2)

(18)
In special cases, transform (18) can be inverted to obtain the conditional

expectations:

E(A; QT =
E(AlQ*:n):%:n?).

One example, when the service time follows an exponential distribution,
is given next.
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Example 3.4 (M/M/1). For the M/M/1 with arrival rate / and service
rate u we have

G(s)=A(s) = ——, m,=—p)p", n>0,
i+ s

and substitution in equation (18) gives

(1= p)ze—t—w
E(A2") = — GrHA—2)”

1 - prmas
_ (1 —p)z
(1l — pz)(1 + p(1 — 2))

_l—p{ 1 1 }
o 1=pz 1-pzy/Q+p) )

Hence,

AT

Dividing by P(Q* = n) = (1 — p)p™! for n > 1, we conclude that

E(A|Q+=n)=i(1—;), n> 1. (19)
A (14 p)»

Hence, the more customers present, the longer the mean service age is.
Also, the unconditional mean age equals

_y ‘e +__°°1(_;)_n_1_1
E(A) ;HMQ nP(Q" =n) ;Al(Hwnﬂrw p

Note that the value for E(A) here is not solely due to the memoryless
property of service times, but rather due to the time-reversibility of
the M/M/1 queue (see also the second proof of Theorem 3.1.1).
Specifically, when the orientation of time is reversed, the M/M/1 queue
behaves statistically the same (under steady-state conditions). Thus, ages
in the original process correspond to residual service times in the
time-reversed process, which now by the memoryless property, follow the
exponential distribution with parameter pu. For more on the concept of
time-reversibility, see Ref.["].

Remark 3.2. It is clear from equation (8) that the joint probability-
density function p(n,a) for the pair (n,a), assuming (but not
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conditioning) n > 1, equals

P(”y a) = P(Q = n)fA|Q=n(a)
- TEnJFAIQ*:n(a)

) 7)1 n n—i
= pfA(a)[(l S L > (e ]e—“, a>0.

(-l ="

An alternative result is given in Ref.'?! (pp. 388-392). Specifically, let

Gza)=) pn,a)", |d <1, az0.

n=1

Then, it is shown in Ref.'?! that
G(z,a) = G(z,0)e"""2(1 — G(a)), |2l <1, a>0

where

Az(1 — 2)

CEN=U0=0z50 ")

In the following subsection we show that, for the special case of the
M/M/1 queue, the density of the conditional age can be found directly by
employing probabilistic arguments.

3.1. Conditional Age for the M/M/1

In this section, we consider the special case of exponential service times
with rate p. For the result, two proofs are presented.

Theorem 3.1.1. In an M/M/1 queueing system with an arrival rate of A and
a service rate of [, the conditional age of service A|Q* = n is distributed as

A{QF = n} L min{Y, Z(n)}, n>1, (20)

where the random variables Y and Z(n) are independent, Y is exponentially distri-
buted with parameter /., and Z(n) is Erlang-n distributed with scale parameter .

Proof 1 of Theorem 3.1.1. This proof is by direct verification. First note
that

n—1
P(min{Y, Z(n)} = a) =P(Y = a)P(Z(n) = a) = ¢ )

i=0

— (pa)’
it
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Differentiating and multiplying by —1 yields for the density function of
min{Y, Z(n)} that

n—1

i n—1
) _ —la —pa (ILLa) —la,, —upa (Hd)
ﬁmn{Y,Z(n)}(a) = /e lZO: e i +e ue (71 _ 1)’ (21)
which in fact coincides with equation (11). O

Proof 2 of Theorem 3.1.1. The proof of Theorem 3.1.1 is technical and
hence does not reveal why equation (20) holds. However, this equation
immediately follows from the time-reversibility property that is possessed
by the M/M/1 system. In the time-reversed queue-length process, every
arrival corresponds to a departure in the original process and vice versa.
Moreover, in an M/M/1 queue, the time-reversed queue-length process
is statistically identical to the original process (i.e., the M/M/1 queue
process is time-reversible). Now suppose there are n customers in the
system, for some n > 1. Then the age of the one in service is, in the
time-reversed process, the residual of the interarrival time (which is
exponentially distributed with parameter 4). This is true, except when
the residual interarrival time is greater than the sum of the (residual)
service times of the n customers currently in the system. In this case, the
age is the sum of these n service times. Thus, since exponential random
variables are memoryless, we can conclude that the age is the minimum
of an exponential random variable with parameter A and the sum of
n independent and exponential random variables, each of which with
parameter pu. O

The representation in Theorem 3.1.1 leads to the mean conditional
age, and this result already appeared in equation (19). This result is now
restated and two more proofs are given below.

Theorem 3.1.2. In an M/M/1 queueing system with an arrival rate of A and
a service rate of |, the mean conditional age equals

EAQt=m =it 1 o (22)
oo AL+ p)n

In particular, E(A| Q% = n) is increasing in n.

Proof 1 of Theorem 3.1.2. Denote E(A| Q" = n) by a,, n > 1. Suppose
there are n customers in the system and consider the time-reversed
process. Then a, is the expected time until the first arrival or until the
system is empty, whichever happens first. Clearly, the expected time until
the first event is 1/(4 + p). The event is an arrival with probability /(4 +
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w), and it is a departure with probability u/(4+ w), in which case n —1
customers remain in the system. Hence, by conditioning on the first event,
we get the recursion

1 7

ay=——+—a,—1, n=>1 23
A+u  A4pu ! (23)

where @y = 0. In particular, @, = 1/(A+ w). This is a system of difference
equations. A particular solution to this system is the constant 1/ and the
solution to the homogeneous system is u"/(A+ u)", n > 1. Thus,

1+c p -1
ay = ~ ., n=1,
A (A4 uwn

for some constant C. As a; = 1/(A+ p), we conclude that C = —1/A.
This completes the proof. O

Remark 3.1.1. Alternatively, it is possible to prove that the expression
in equation (22) solves equation (23) uniquely by use of an induction
argument initiating with @, = 1/(4 + p).

Proof 2 of Theorem 3.1.2. Theorem 3.1.2 can also be proven by
straightforward integration:

oo

E(A]QF = n) = f afi gt —n(a)da,

a=0
where fig+-,(a) can be read from equation (21). However, it is even
simpler to use
E(A| Q" = n) = E(min{Y, Z(n)})
=E(Y)—-EY —-Z(n)|Y > Z(n))P(Y > Z(n)),
where Y and Z(n) are defined in Theorem 3.1.1. From the memoryless

property of exponential random variables, we conclude that E(Y — Z(n) |
Y > Z(n)) = E(Y) = 1/4 and further that,

P(Y > Z(n)) = (;Lj‘_l) ,

from which Theorem 3.1.2 immediately follows. |

The following is an immediate corollary of the previous theorem.
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Corollary 3.1.1.  In an M/M/1 queueing system with an arrival rate of A,

1
s

Remark 3.1.2. The above corollary implies that in an M/M/1 queue, no
matter how long the queue is, the one in service cannot be blamed for
so far holding the server for a time longer than (on average) 1/4. Of
course, he will keep holding the server for a time which is exponentially
distributed with parameter p. Recall that the unconditional mean age is
1/ which is of course smaller than 1/4.

hm E(A| QY =n) =

4. CONDITIONAL RESIDUAL SERVICE TIME

Our next step is to find the density of the residual service time,
conditioned on Q* = n, n > 1. Clearly,

Jriaca(r) = ig(_“—:;(;)), a,r >0,

Also, given A, the random variables Q" and R are independent. Thus, with
the aid of Theorem 3.1 we get (as Ref.”!) the following theorem.

Theorem 4.1.  The conditional density of the vesidual service time fr|g+=n(-),
n > 1, equals

fR|Q+—n(7’) / ﬁilQ”’—n(d)me «(r)da
(24)

(/La)n 1 —Ml " ( a)n i
:—/ |: _1), +,Z_1:m(”_l) ]g(a—i—r)da r>0.

Remark 4.1. The remark following Theorem 3.1 applies here too:
Only the stationary probabilities 7;, 0 < i < n, are needed to compute

fR| Q+=n(7’)-

Remark 4.2. For an alternative recursion to compute these conditional
densities and their LSTs, which does not call for the prior computation of
any stationary probabilities, see Ref."!. In fact, the recursion in Ref.”! holds
also for the case where the arrival rates are queue-length dependent.

Example 4.1 (M/M/1). In case of exponential service times with
parameter u, we have

g(a +7r) = o(a)g(r),
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and then the conditional density of the residual service time given in
equation (24), simplifies to

Jrio+=n(r) = Tcﬁ[n()an—l + Z] ﬂi“n—ii|g(7),

n

where o; denotes the probability of ¢ arrivals during a service time.
The term between brackets can be recognized as the probability that
a departing customer leaves behind n — 1 customers, so it equals m,_;.
Hence, using the fact that pn,_, /7, = 1 for the M/M/1 queue, we get that

Pty _
- g(r) = g(r),

n

fR\Q+:n(V) =

as expected. Indeed, in the M/M/1 model, Q* and R are independent.
Hence, due to this triviality, we do not exemplify further this section’s
result for this special case.

The following result gives the joint transform of R and Q*. This
transform appeared already in Ref’® (but note that in Ref'® the
transform is with respect to Q and not Q7).

Theorem 4.2. For Re(s) > 0, |z| < 1, the joint transform of R and Q% is

E(e 22" = (my(z — 1) + P(2))J (i(1 — 2), 5) (25)

_ (1=p)zf (i1 =2),9)
1—pA(Ml—2)

Proof of Theorem 4.2. We have (see the proof of Theorem 3.2),
E(e™22") = E(¢ 22N W) = (e RN )E(22).

Since E(22") = 1y(z — 1) + P(z) and

E(estZN(A)) — / / efsr'E(ZN(a))JfA,R(a’ ’I")dd dr
a=0 J r=0
_ / / e e DL, (a, ) da dr
a=0 Jr=0
= J(A(1 —2), ),

equation (25) immediately follows. As previous, the final expression
utilizes equation (17). a
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By differentiating equation (25) with respect to s, multiplying by —1
and setting s = 0 yields

E(R?) =) E(R; Q" = n)2"
n=1
_ m(z— 1)+ P(2) [ 1-6ud - z))i|
- - 7 -z )

which by substituting the Pollaczek—Khinchin formula (3) reduces to

(1 = p)(pz = P(z) +mo)

Qty —
R T

p i=1 i=1 n=1
1 _ p o0 . o0
= — z ;
Hence, we obtain
+ l-p S
E(R; Q" =n) = 7 Z w;, n>1. (27)
p i=n+1

Dividing the above quantity by P(Q" = n) (which equals n,/p), yields the
following result, which also appeared in Ref.*%).

Theorem 4.3. The mean conditional residual service time equals

1—pl1—nh,
E(R| Q" =n) = ip = =z (28)

where h,, = 1,/ Y - T, n>0.

Note that here, as in equation (8), in order to compute E(R| Q" = n),
n > 1, all is required from the stationary probabilities are the first n + 1
among them, namely, n;, 0 < ¢ < n, which as denoted above, can be
computed recursively starting with ) = 1 — p. In fact, things simplify even
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further. Specifically, from equation (28), and the facts that 7y = 1 — p and
that m; = (1 — p)(1 — G(4))/G(4) (see equation (5)), we conclude that

B(RIQ" =1)= =
R BT I
(an expression that already appeared in Refs.**?!). This value can serve

as an initial value for a recursive computation of E(R|Q* = n). The
recursion itself is

1-— oi o TT;
E(R|Q+:1’l—|-l): Ap Z;n-k—z
n+1
1= p T~
/1 Tnt1
o m 1-pXEam 1-p
i1 A T, A
T, 1—0p
= E(R + = — s > 1’
— (RIQ" =n) 7 n >

which is also derived in Ref./"l,

Remark 4.3. Theorem 4.3 is so clean, suggesting that a much simpler
derivation should be feasible. Indeed, it can be established by the
application of Little’s law as done in Ref.!*l. For the sake of completeness,
the proof is repeated here. First, Theorem 4.3 can be stated as

anrl = /lnnE(Rl Q = n) + ;an+156, n Z 1; (29)
where ¢, = Y - 7;, namely, the probability that the number of customers
in the system is at least n, n > 1. Obviously, for all n > 1,

E(R|Q =n) =E(R| Q" = n).

We next prove equation (29) using Little’s law. Specifically, consider
position n + 1 in the system (or the nth in the queue) for n > 1. Note that
the server corresponds to position one. The number of customers
in position n+1 is zero or one with probabilities 1 — ¢,;; and @41,
respectively. Thus, the expected number in this position is ¢,;;. Assume
now that all cross this position (including those who find n —1 or less
customers upon arrival and move to their right position in no time).
The arrival rate to this position is hence 4. Finally, we look at the expected
time spent in this position per customer. Those who arrive and find less
than » customers in the system, a fraction of 1 — ¢,_; of the customers,
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spend zero time there. A fraction 7, of the customers arrive straight there
and spend an expected time of E(R| Q = n). The rest, a fraction of ¢,,,
join position n + 2 or higher and hence stay in position n + 1 a full service
period, whose mean is x. Thus, by Little’s law, we get

Gur1 = AmER|Q = n) + g1 %),
as promised.

Remark 4.4. Denoting by W, the queueing time (excluding service),
we have

1—pl—h,
E(W|Q+—n)—(n—1)x+—p -

, n>1.

5. CONDITIONAL SERVICE LENGTH

In this section, we derive the distribution of L, the total service time
(age plus residual) for the customer currently in service given the number
of customers in the system. We like to note that as opposed to the previous
two sections, the resulting process (Q(?), L(t)), where Q(¢) is the number
of customers at time ¢, and where L(?) is the total service requirement for
the one being served at time ¢, is not a Markov process.

Theorem 5.1.  The conditional density of the total service time fi|g+—n(-),
n > 1, equals

4 Ll WN
ﬁQ+_n(6)=¥[(1—p><l Z(“))+Z ( Z“W)]

i=0 =0 J!
(30)

Proof of Theorem 5.1. We have

fL\Q+:n(f) =/ ﬁﬁ\QJf:n(a)fLm:a(f)dd
a=0

14
2/ JSargr=n(@)fr)a=a(£) da

/ ]S‘HQ"' n(a) g(G)( ) da,

which by equation (8) expands to

¢ n—1 n n—i
Jrigr=n() = pf(;;) [(1 — p)(’lL[m n Z (La) ]da.
n =0

(n—1)! (n—z)'
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The result now follows from the fact that

C (da)r! — (A0
f iLe_“da =1- Z ( - ) e,
a=0 (n—1)! Py 7! 0

Remark 5.1. Note that f; o+_,(£), n>1, is also function only of =,
0<:i:<n.

Remark 5.2. It is clear that

(e ¢]

Y

=1

Eg(ﬂ)

fLILJr—n(E) £>0.

Coupled with Theorem 5.1, this leads to the conclusion that

0 n—1 i n n—i .
Sla-n(1-X 9 )+ Da(1- X G )| =ae o
’ i=1

|
n=1 i=0 j=0 J:

Note that the right-hand side is not a function of the service distribution.
This, of course, should then be the case regarding the left-hand side.
However, from inspecting the left-hand side of (31), this is far from being
obvious.

Theorem 5.1 immediately leads to the LST of L|Q"=mn (cf
Corollary 3.1).

Corollary 5.1.  The LST of LI{Q" = n} is equal to

n—1

/1 i
E(¢e"QY =n) = [no(G(; +5) — ;( Z‘) G“)(/H-s))

n—i

+Zni(é(z+s> Z(]A) GV (2 + ))]
i=1 ’

j=0

In the same spirit as Theorems 3.2 and 4.2, we can derive the joint
transform of L and Q7, which is presented in the following theorem.

Theorem 5.2. For Re(s) > 0, |z| < 1, the joint transform of L and Q% is

E(e"2%) = (m(z = 1) + P()] (s + A1 = 2),5)

_a —p)z](sH(l —2),)
1—pAG(1 —2)
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Finally, in order to find E(LzQ+), one simply needs to sum up E(AzQ+)
and E(Rz?") as they appear in equations (18) and (27), respectively
(or one can use the joint transform in Theorem 5.2).

6. CONCLUDING REMARKS

In this article, we derived for the M/G/1 queueing model, the density
functions and the LSTs of the age, residual, and length of service for
the customer who is currently in service, given the queue length behind
him. We also derived the joint transforms of the queue length with any
of these three random variables. Special treatment and analysis was given
to the M/M/1 case. Some of the reported results were known, but all has
been put in one unified form. When different proofs highlighted various
probabilistic phenomena we presented them all.

Some interesting questions are still open. For example, what are the
distributions of the age and the residual queueing time of a customer
who is in line with m customers in front of him (including the one in
service) and n behind him? True, the residual queueing time issue can
be derived from our aforementioned analysis, as it equals R| Q" = n +
m+ 1 plus m — 1 independent full service times, but this is not the case
regarding the age. Another challenging problem is to consider the G/M/1
model. Of course, the residual service time is a trivial task, but this is not
the case regarding the age. In particular, distributions at arrival epochs
may differ from those at random times. Other possible questions can
relate to correlation between random variables. In Ref.”! one can find the
correlation between Q and R. A similar question can be asked regarding
the correlation between Q and A.
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