Journal of the Operations Research
Society of Japan
2009, Vol. 52, No. 1, 11-34

QUEUE LENGTH DISTRIBUTION IN M/G/1, M*/G/1 AND THEIR
VARIANTS WITH COMPLETION TIME

Toshinao Nakatsuka
Tokyo Metropolitan University

(Received August 15, 2007; Revised August 14, 2008)

Abstract By applying the Takdacs’ technique about the busy period to the regenerative cycle method,
this paper gives the strict proof for the time average distributions of the queue length in M/G/1 with-
out depending on other methods. Moreover we extend its proof from the service time to the completion
time(CT). That is, we choose the stochastic behavior on the completion time as the regenerative cycle and,
by using its PGF, represent the queue length distributions in M/CT/1, M/CT/1 with N-policy, M/CT/1
with multiple vacation and their combinations. Our completion time is able to contain the additional service
time, the vacation, the loss interval and the batch arrival. We can also consider some service disciplines
on it like time-controlled service discipline. Thus the completion time realizes the wider application of the
regenerative cycle method, unifies various variants of the fundamental models and derives their probability
generating functions.

Keywords: Queue, completion time, batch arrival, regenerative cycle method, time-
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1. Introduction

The probability generating function (PGF) of the time average distribution of the queue
length in a queueing model is useful in that we can obtain probabilities and moments by
differentiating it. Its research in variants of M /G/1 has long history. The simple cases are
derived by the embedded Markov theory [19,20] or the supplementary variable method [7].
The supplementary variable method usually assumes the existence of the steady state and
the absolute continuity of the distribution of the service time (e.g., [6]). These assump-
tions restrict its application. The method of the embedded Markov chain does not need
such assumptions. This method tries to obtain the customer average PGF of the queue
length immediately after the departure epoch and, if it is obtained, we can get the time
average PGF on the continuous time domain by PASTA and Burke’s theorem. However it
is difficult and not realistic to solve the equilibrium equation of the Markov chain in many
variants of M/G/1 and M*X /G/1. This paper overcomes these defects and difficulties by
the regenerative cycle method which the author [27] introduced by extending the several
authors [8, 24, 25]" idea.

The regenerative cycle method becomes available when we find the several types of the
same stochastic behaviors on the bounded time domains in the original queue length process.
This paper chooses the queue length process on such domain as the regenerative cycle. In
order to represent its stochastic behavior mathematically, we construct the regenerative
process in which this regenerative cycle repeats independently. That is, the PGF of the
regenerative cycle is defined as the time average PGF of such regenerative process. When
the regenerative cycle has the label A or the type number £, we denote its PGF by II(z : A)
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12 T. Nakatsuka

or II(z : &) respectively. Regarding to the type number £, we denote the intensity of the
occurrence of its cycle in the original queue length process by c. Similarly, we denote the
mean of its time length and the PGF of the number of other customers staying during it
by 0 and II'(z : £) respectively. If the total time domain (0,00) is divided by the time
domains of the n types of regenerative cycles in the original model, the time average PGF
of its queue length is represented by

[I(z) = Zagggﬂl(z OH(z:¢), n<oo (1.1)
e=1

where > agf; = 1 (in detail see [27]). Conversely by this equation we can construct the
complicated model whose II(z) is obtained from the comparatively simple II(z : &).

However in [27] we used the PGF of M/G/1 as the given one. Except for the application
of (1.1) using the known II(z : £)’s, this paper also uses (1.1) as the equation with the
unknown II(z : ). For example, if the relation II(z) = II(z : £ = 1) holds, we can obtain
II(z) from other {ag, 0, II(2z : €)}. By this method we complete the proof for the PGF of
M/G/1 without depending on the embedded Markov theory etc. In this proof we use the
relation which Takdcs|28,29] first found. Moreover the PGF of the process cumulative on
an interval is used for the starting PGF of the regenerative cycle method.

The second and main purpose of this paper is to extend the service time to the completion
time(see [10] or [14]) in order to realize the wider application of the regenerative cycle
method. The completion time(CT) is the length of the time period during which the batch or
customer occupies the server. Although the completion time has been used as the extension
of the service time, our interest is the queue length behavior on it rather than the completion
time itself. That is, our idea is to choose this behavior as the regenerative cycle and to
calculate its PGF II(z : CT) separating from the original model. When this II(z : C'T) is
given, we denote the models as M/CT/1, M/CT/1 [Npoticy, M/CT/1/MV corresponding
to M/G/1, M/G/1 with N-policy, and M/G/1/MYV respectively. That is, M/CT/1 is the
model in which the arriving customer or batch brings PGF II(z : C'T') and the regenerative
cycle is generated according to it. Extending the proof in M/G/1, section 4 represents the
relation between the time average PGF of the queue length in these fundamental models and
II(z : CT). From this relation we obtain the PGF of such model by calculating I1(z : CT).

For example, on the service interval of one batch in M* /G/1 the number of customers
belonging to this batch decreases and the number of customers belonging to newly arriving
batches increases. The sum of these numbers shows the behavior with the identical stochastic
structure. So, if we choose this interval as the completion time, M%X /G /1 becomes a kind
of M/CT/1.

About the queue length in M~ /G /1, Gaver[9] first gave the formula of PGF of its limiting
distribution. He used embedded Markov chain and Markov renewal method, which was
explained as the semi-Markov method by Takagi[30]. Chaudhry[3] derived its PGF by the
supplementary variable method. Wolff[33, section 8.3] derived its time average distribution
by the embedded Markov chain method and PASTA. Moreover some authors [1,3-5, 21, 22]
discussed the variant models. However it seems difficult to challenge to many variants with
batch arrivals by such methods.

The PGF II(z : C'T) becomes complicated for the complicated service rule on the comple-
tion time of the batch. However, in many batch arrival models each customer of a batch has
the corresponding completion time. Moreover this completion time of the customer(CTC)
is i.i.d. and it has the identical II(z : CT'C') which is the PGF of the queue length behaviour

(© Operations Research Society of JapalORSJ (2009) 52-1



M/G/1 Variants with Completion Time 13

on it. This paper represents II(z : CT) by II(z : CTC) in such batch arrival model.

The completion time is able to contain the service time, the additional service time, the
vacation time, loss interval during which no arriving batch enters the system and so on.
As the concrete examples of II(z : CTC) we treat the one-service-one-vacation rule (the
pure limited service system in [30]), loss vacation and time-controlled service discipline.
Moreover, we apply our technique to the distribution of the number of ordinary customers
in the priority queueing system. Thus the representation with II(z : CT') unifies the PGF’s
of the variants of the fundamental queueing models with the single arrivals or the batch
arrivals.

This paper focusses our attention on the time average. The models in this paper are
regenerative processes, so that their time average has the distribution if the mean of the
renewal interval is finite. With respect to the steady state we can construct the stationary
process of the regenerative process by choosing the suitable initial distributions (see p.110
of [33]). However, the model with the multiple vacation does not guarantee the existence
of the limiting distributions with the fixed initial state (see [27]). The stability of M/CT/1
on the continuous time domain can be easily proved by Kaldhne’s method [15,26]. Even
in this model we need cares if we are interested in the variables about each customer. For
example, the queue length at the customer’s departure epoch in M*X/G/1 with G(z) = 2*
is not ergodic but periodic in the viewpoint of Markov theory.

2. A Process Cumulative on an Interval

If we try to use (1.1) without depending on other methods, the starting PGF is necessary.
As this PGF we analyze the cumulative process on an interval. For example, in next section
this PGF on the first service period determines the PGF in M/G/1.

The customers which this paper deals with arrive in batches at a service station with one
server. The batch arrival epochs (0 <)e(1) < e(2) < --- are according to Poisson process
with intensity A. Let 72(> 1) be the size of the nth arrival batch. We assume that 72 is
i.i.d. and independent of the arrival epochs. We put

ge=Pr(r)=k), G(z)=)Y _g* g=E@F) =) kg (2.1)
k=1 k=1

In this paper E(e) denotes the mean of the variable e. Let the right-continuous function
L(t) be the number of customers arriving during the half-open interval (0,¢]. That is,
Lt)y=>5 1" tife(n) <t <e(n+1).

When a nonnegative integer-valued stochastic process y; on [0, 00) is given, we defined
in [27] the time average of y; by

T—o00

T
TA(u) = lim Tl/ X(y € w)dt, w.p.1,
0

where x(A) = 1if A holds, and x(A) = 0 otherwise. If T'A(u) has the property of probability
measure, we call II(z) = Y oo 2T A({i}) the time average PGF(or simply PGF) of y,.
Moreover we defined the PGF of the regenerative cycle on the bounded interval (0,t;) as
the time average PGF of the regenerative process in which this regenerative cycle repeats
independently. The time average of this regenerative process is represented by

TA(u) = E(zﬁl)_1E</0t1 Xy € u)dt), w.p.1 (2.2)
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14 T. Nakatsuka

(see (3.4) of [27]).

Here we consider the regenerative cycle y, = L(t) on the interval (0,¢;] which we call
the cumulative process on this interval. The nonnegative random variable ¢; is independent
of {7°}. Tt possibly depends on e(n) if e(n) < t;. We assume that 0 < E(t;) < oo. It is
possible that ¢t; = 0 with positive probability.

Loris-Teghem [24] tried to obtain the time average PGF of the cumulative process from
the PGF of y;,. Its result is useful when ¢; depends on e(n). However the proof of [24] is not
complete. Here we will discuss it strictly. In next lemma ¢, is the length of the subinterval
of (0,t1] during which k batches exist. We put ¢, = 0 if ¢; = 0.

Lemma 2.1. (Loris-Teghem) For a nonnegative integer k we define

e(k+1)—e(k) :e(k+1) <t,
=14 t1 —e(k) ce(k) <ty <e(k+1),
0 1 < e(k),

where we put e(0) = 0. Then
1
E(u) = XPT(e(k: +1) <ty).

Proof.

Buy) = / dP = / {t — e(k)}dP + / {e(k+1) — e(k)}dP
e(k)<ti<e(k+1) e(k+1)<t1
= / {t —e(k+1)}dP + / {e(k+1) —e(k)}dP
e(k)<ti<e(k+1) e(k)<t1

= < Prle(k) <t < e(k+ 1)) + £ Prie(k) < 1)

1
= XPr(e(k +1) <ty).
]

Let 7; be the length of the subinterval of (0,¢;] during which j customers exists. That
is, 1o = 19, and
- o ZTf—i-"'—i—Tl?:j,
N { 0 : There is no such k.

Since the 1, is independent of 72, we have

Bl + o+ 7k = )Pr(t 4+ 7f = j)

NE

E(1;) =

=
Il
o

E(w)Pr(r{ + -+ 1. =j)

[
WE

=
Il
o

where we put Pr(rl +---+ 712 =0) =1 for k = 0.
Let II(z : t1) be the PGF of the number of batches arriving during the half-open interval
(0,%1]. Then the following theorem holds.

(© Operations Research Society of JapalORSJ (2009) 52-1



M/G/1 Variants with Completion Time 15

Theorem 2.1. The time average PGF of the cumulative process of customers on the interval
(0,t,] is given by
1 -II(G(z) : t1)

M(z) = NE(t)(1—G(2)

|z] < 1.

Proof.

! le__i((?)za (e(i) <t < (i +1))

C1-T(G(2) : 1)
TAEM) (- GR))

]

Since we know the technique of the combination, it is sufficient for many models to
consider two fundamental models M~ /G /1 with N-batch-policy and M~ /G /1 with multiple
vacation. That is, the former has the N-batch-policy vacation. If this vacation begins at
0, this is the interval (0,e(N)) and so we choose t; = e(N). In the latter model ¢; is
independent of {e(n), 78 : n = 1,2,---}. Let T(z) be the distribution function of ¢;. Let

n

T*(s) be the Laplace Stieltjes Transform (LST) of T'(x).
From Theorem 2.1 we get these PGF’s on {|z| < 1} as follows.

1—-G()N
N(1-G(2))
1 —=T*(A— \G(2))
AE(t) (1 — G(2))

(z) =

for N-batch-policy vacation, and, (2.3)

II(z) = for t1 independent of {e(n), 7’} (2.4)

Remark. If E(t;) and T*(s) are the mean and the LST of the length of the renewal interval
in a stationary renewal epochs, the elapsed renewal time at an arbitrary time has the LST
such as
1—T*(s)

SE(tl) ’
(see p.17 of [30]). The (2.4) is the form of PGF of the number of customers who arrive

during this elapsed renewal time. This agrees with the proposition that the distribution of
the steady state, if any, is equal to the time average distribution.

X (s) =

(© Operations Research Society of JapalORSJ (2009) 52-1



16 T. Nakatsuka

3. I(z: M/G/1)

Throughout this paper the service times of customers are independent and also independent
of the arrival epochs. When they are i.i.d., we denote their distribution function by B(x).
Let b and B*(s) be its mean and LST respectively. The time average PGF of the queue
length in M/G/1 is completely derived by using the method of the embedded Markov chain
[20], Burke’s theorem [2, 11] and PASTA [33]. The supplementary variable method|[7] is also
able to derive it. To clarify the difference from such other methods, this section derives the
PGF directly by the regenerative cycle method. Our method is useful in that, as is shown
in later sections, it is extended to the model with the completion time.

We assume p = Ab < 1. The renewal interval in M/G/1 consists of the idle period and
the busy period. First, by regarding the queue length on the busy period as the regenerative
cycle, we call it the busy cycle and consider its PGF H(z :l/n]tf[?//G /1). The busy period consists
of the interval of the first service and the remaining busy period. The arriving customers on
the former interval are cumulative and their PGF is represented by (2.4), so that the PGF
of the queue length on this interval is

2{l = B*(A—\z2)}
Ab(1 — 2)

(3.1)

Next we consider the latter interval of the busy period. The customers at the beginning of
this interval arrive at the system during the first service time.

The condition n < oo in (1.1) is inconvenient for several cases. The infinite summation
of PGF’s of the regenerative cycles is possible for special cases. The following is its example.
Lemma 3.1. Let y; be the integer-valued process on (0,%;]. Let N be the nonnegative
integer-valued random variable. Let II(z : n) be the PGF of the regenerative cycle v,
conditioned by N = n. We put ¢,, = E(t;|N = n). Assume that 0 < E(t;) < oo. If ¢, =0,
we put ¥, I1(z : n) = 0. Then the PGF of y; is given by

=n)PIl(z:n), |z| <L
Proof. The PGF of the regenerative cycle y; on (0, ;] is given by
1 = h
[I(z) = ‘K =i)dt
@)= gy 2 B( [ xtw= i)

E(ltl ii2E</ X (ye Zi)dt’N=n>Pr(N:n).

=0 n=0

The right hand converges absolutely in the region of |z| < 1. Therefore

Elt1 Zpr iziE</0t1X(yt :i)dt‘N:n)

=0

— E(tl) ; Pr(N = n),I(z : n).

(© Operations Research Society of JapalORSJ (2009) 52-1



M/G/1 Variants with Completion Time 17

Let O denote the latter interval of the busy period in M/G/1. We will get the PGF
II(z : ©f) of the regenerative cycle on it. Let Ng be the number of customers at the
beginning of ©g. Without loss of generality we assume that this interval begins at 0 and
ends at t;. If Ng = 0, we get t; = 0. We consider the nonpreemptive LIFO discipline. Let
(0=)s1 < s9 < -+ < Snp(< Snp4+1 = t1) be the starting epochs of the services of these Ny
customers. Then there are [; = N — j waiting customers immediately after s;. Moreover,
the stochastic behavior of the v — [; on the interval (s;,s;11) is equal to a busy cycle of
M /G /1, which was first discovered by Takécs [28,29]. He was interested only in the length
of busy cycle. The [24] also used this fact but did not get II(z : M/G/1) itself.

When Ny = n is given, we can use (1.1) for obtaining the PGF of the regenerative cycle
on Op. Since n busy periods appear at si,--- , s, in this case, both a¢ and ¢ of (1.1) are
identical with respect to £. Since 22:1 agle = 1, we have agf = 1/n. Moreover [; =n — j,
so that II'(z : £) = 2571, Hence,

1< 1—2z"
. o _ - &1 Jbusy o Jbusy
II(z: Np=n) = n ;Z H(Z ‘/M/G/l) = -n(l _ z)H(Z '/M/G/l)’ n =1,
b
Up = n , n>0.
L=p
From Lemma 3.1 the PGF II(z : O) is given by
II(z: Og) = 1l_[(z busy ) i 1_—2n137“(]\7 =n)
. R _p /M/G/l v 1_2 R —
1 busy 1—B*(A—Az)
= ;H(Z '/M/G/l) 1—~ :

We combine (3.1) and TI(z : ©g) by (1.1). The mean of the length of the busy cycle is
b/(1—p) (see [30]). Hence the mean of the length of O is E(t;) =b/(1—p)—b=0bp/(1—p).
Thus we get the equation:

1-B*(A=A b
A=) b g
p(l—z) 1—p
The case Nr = 0 is contained in II(z : Og), so that the intensities a; and oy are determined
by a1 = ay and agb + asbp/(1 — p) = 1. We get
(1—p)z{l=B*(A—A2)} 1—B*(A—\z)
+
p(l—2) 11—z

I1(z :?ﬁ%/l) = bz (z: Op).

H(Z Jbusy ) _

Mjan (2 53 )-

IM/G/1

et (1 p)={l - B*(A - A2))
busy ~ (I=p)z{l = B*(A— Az
(= ‘/M/G/l) T B =) — 2}

(3.2)

Applying (1.1) to the idle period, we get
. 1 b .busy

The intensities oy and s are determined by oy = g and ay /A +asb/(1 — p) = 1. Therefore
I(z: M/G/1) =1—p+ pll(z :%j%/l).

Hence we obtain the well known equation:

(1= p)(1— B (A= \2)

(z: M/G/1) = B*(A—\z) — 2

(3.3)

(© Operations Research Society of JapalORSJ (2009) 52-1



18 T. Nakatsuka

4. Completion Time
4.1. Definitions

Let’s extend the service time of the previous section to the completion time. By it we can
obtain the PGF of many variants of M/G/1. The batch arrival contains the single arrival,
so that we will consider the queue length y; in the batch arrival model. We assume that
each batch occupies the server during a time interval whose length is called the completion
time([10] or [14]). That is, any customer of the batch occupying completion time(CT)
leaves the system during this CT and any customer of other batch is not served during
it. Moreover, the different two completion times do not overlap. For example in ordinary
MX /G /1 with FIFO service discipline, one batch occupies the server from the beginning of
the first service to the end of the last service for the customers belonging to this batch. So
we can choose this time length as the completion time of a batch. Generally the completion
time is able to contain the vacation time or the loss interval during which no arriving batch
enters the system. In this paper the completion time is not interrupted, i.e., it appears as
one interval.

We are interested in the regenerative cycle n(t) = y;—1 on CT rather than CT itself. The
integer [ must be invariant on this CT and n(t) must be nonnegative. Usually [ is different
for every batch and is chosen such that the stochastic structure of n(t) on the completion
time of each batch has the identical triple

(C*(s),11(z : CT), L (2)). (4.1)

The notation II(z : CT) denotes the PGF of this regenerative cycle. Let C(z) be the
distribution function of the length of the completion time. Let b¢ and C*(s) be its mean
and LST respectively. It is not always necessary that the batches arriving during the CT
continue to stay until the end of CT. Its balking, reneging or even coming back is possible,
so that LY(z) denotes the PGF of the number of batches which arrive during the completion
time interval and stay in the system immediately after the end of this interval. In the model
of this paper these batches continue to stay afterwards and receive the services in due time.
Other batches arriving during this interval leave before its end and do not come back to
the system after it. Let [ be the mean of LY(z). Assume that the number of customers
belonging to the batch in L¢(2) is independent of the service rule on the completion time
interval. That is, its PGF is G/(z). If this interval has not the loss of the arriving batch, we
get LY(2) = C*(A — \2) and [¢ = \C.

As a simple example, the completion time of M/G/1 is the service time, so that we have

C(x) = B(z), b® =b, C*(s) = B*(s) and

‘ {1 -B"(A—Az2)}
II(z:CT) = (1 —2) . (4.2)
Moreover LY(z) = B*(XA — \z) and [© = \b. We will exemplify other II(z : CT) in later
sections.

Throughout this paper we assume the nonpreemptive LIFO service discipline among
batches. Its PGF is the same as the PGF in the FIFO service discipline, because the triple
of (4.1) is indifferent to the service discipline. We use notation M/CT/1 for the extension
of M/G/1. The M/CT/1 has the Poisson arrival of the batch of the customers. If a batch
finds no other batch in the system at his arrival, its completion time with II(z : C'T') begins

immediately. When it ends, the completion time of one waiting batch begins. Similarly we
represent M /CT /1/Nyoliey for N-batch-policy and M/CT/1/MV for multiple vacation.

(© Operations Research Society of JapalORSJ (2009) 52-1



M/G/1 Variants with Completion Time 19

4.2. Busy cycle in M/CT/1

In M/CT/1 two kinds of intervals appear alternatively, that is, the time interval occupied
by the batches and the time interval without being occupied by any batch. The former
interval is called the busy period in M/CT/1. Note that, when the completion time of a
customer contains the server’s vacation time, the busy period in M/CT/1 does not mean

the server’s working period. Let H(z :?E?CT /1) be the PGF of the regenerative cycle on this

busy period. We will show the relation between two PGF’s II(z :l}ﬁ?/JCT/l) and I1(z : CT).
In the case that no arriving batch is lost, the busy period in M/CT/1 is corresponding

to the busy period in M/G/1 with the distribution function C(x) of the service time.

Therefore we must assume A\b® < 1 for the stability of M/CT/1. Then the LST ©¢(s) of

the distribution for the length of the busy period has the Takécs’ equation
Q% (s) = C*(s + X — X0 (s)), (4.3)

(see p.20 of [30]).

In the general case of (4.1) the busy period in M/CT/1 consists of the interval occupied
by the first batch and the remaining busy period. We denote the latter interval by ©g. Let
Npg be the number of the batches at the beginning of ©z. As is shown in section 3, Ng
busy cycles of M/CT/1 appear on Of independently, because of LIFO service discipline
among batches. Therefore the discussion parallel to section 3 is possible. However the final
representation by using (4.1) is largely different from (3.3), so that we will describe the
proof completely. Since E(Ng) = ¢, the mean 6 of the busy period of M/CT/1 satisfies
the relation

0¢ = b +1°6°.
Hence
bC

c _
0° = - (4.4)

By the discussion parallel to the previous section we obtain the PGF of the queue length
on Op for fixed Ngp = n. That is,

1 n—1 . »
I(z:n) = - Z G(2)T(z :l/)M?/JC’T/l)
=0

1—-G(2)"

bus
- mﬂ(z jerp)s =l (4.5)
C

Theorem 4.1. We assume A\b® < 1. Then
Jbusy _ (1 — lc)<1 — G(Z))
I1(z ‘/M/CT/I) T ILOG(2) - G(2)

II(z: CT), (4.7)

1-1¢ MNC(1—G(z
(= M/CT/1) = T+ )\bc{ LC(G((Z)) _(G)<)Z)H(z : CT)}. (4.8)
When no arriving batch is lost, we get
busy 1_)\bC 1—-G(z
H(z :/M/CT/l) = C(*(A — )\C)}'((Z)) —(GE)Z)H(Z : CT), (4.9)
C(1—-G(z
I(z: M/CT/1) = (1— )\bc){l + C*QAb_ E\lG(Zg;;(_))G(Z)H(Z : CT)}. (4.10)

(© Operations Research Society of JapalORSJ (2009) 52-1
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Proof. The mean E(©g) of the length of ©f is given by
belc
1-1¢

E(Ogr) = i@nPr(NR =n)=

n=0

Therefore from Lemma 3.1 the PGF of the queue length on © becomes

II(z: ©r) =

1 o0
E©r) nz;@nPT(NR =n)ll(z : n)

_ L= LYGR) o, busy
= mﬂ(z tjorn)-

By using (1.1), we get

s bClC
I1(z :I;M?CTA) = ab°T(z : CT) + agmﬂ(z : OR).
Since a; = ay and a b + axb®19/(1 —1¢) = 1,
1 - LY(G(2))

bus bus
H(Z :/M?CT/l) =(1—=19(z:CT) + SN G0 H(z :/M?CT/l).

Hence the (4.7) follows. The (4.8) is derived from

(05} Oégbc

N T1oC

where a; = ap and ag /A + axb® /(1 —19) = 1.
When no arriving batches are lost, we have LY(2) = C*(A — A\z) and [© = A\C. The
(4.9) and (4.10) follow from this. O

4.3. M/CT/1/Npoicy and M/CT/1/MV

The notation C'T" means the completion time of the batch, so that the completion time in
M/CT/1/Npolicy begins when N batches are accumulated. In usual notation we denote it
as M /G /1/Nyatch—poticy Which is different from N-customer-policy [21,22].

We will represent the PGE’s I1(z : M/CT/1/Npoicy) and I1(z : M/CT/1/MV') by using
II(z : CT). The queue length of M/CT/1/Nyeiicy is the regenerative process whose regen-
eration point is the end epoch of the last completion time of the busy period. The queue
length on the interval from this regeneration point to the arrival epoch of the Nth batch is
cumulative and its PGF is (2.3). Afterwards the N busy cycles in M/CT/1 follow because
of LIFO service discipline among batches. If we choose this latter interval as ©g, then its
mean is F(Og) = Nb°/(1 —1¢) and the I1(z : Og) is I(z : N) of (4.5). We find from (1.1)
that the PGF of this model has the following form with the same intensity a.

(2 : M/CT/1) (250 ),

‘/M/CT/1

H(Z 'M/CT/l) - aN 1-— G(Z()N

./Npolicy o XN(l — G Z))
1—-1°1-GREN 1 - G(z)NH busy

+ OéE(@R)H(Z : @R)

NG 1-G(z
— 1 — G(Z)N Jbusy
= Naa_c@ T 1€+ NETI(z 3 ory) } (4.11)
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where 3 =1 — 1 + \b°. The (4.11) is also represented by

(2 /) = ﬂﬂ(z . M/CT/1) (4.12)
Poue) =~ NA=G) | |

The mean of the length of the regenerative cycle starting at the beginning of N-batch-

policy vacation is
N  Nv© _ Np
Y1 o ©)

Next we consider M/CT/1 with multiple vacation. If the server finds no customer
in the system after a completion time, he repeats ordinary vacations with the identical
distribution function V'(z) until he finds a customer. When he finds a customer at the end
of the vacation, the new completion time begins. Let v and V*(s) be the mean and the LST
of V(z) respectively. In this model the queue length on one vacation period is cumulative
and its PGF is (2.4) with 7" = V*. We choose the interval from the end of one vacation to
the beginning of the next vacation as Og. Let Ni be the number of batches arriving during
the vacation before ©f. Its PGF is given by V*(A — Az). Note that ©p = 0 if Ng = 0.
That is, O is defined for every vacation. From (4.6) we have

e Avb©
_ ZHnPr(NR =n)= e
n=0
and
. _ 1 = _ . _ 1— VG*(Z) busy
M1(z: Or) = Frg genpr(NR = ml(z :n) = =Gy 1 Fitfery)

where VZ(z) = V(A — AG(2)).
By using (1.1) the PGF of this model has the form:

H( ‘M/CT/I) - 1 — VG*(Z) )\ch

D)) = alv/\v(l — G0 +a21 — lCH(z : OR).

Since a1 = ay and a v + ax b /(1 — %) = 1, we have

I (= :%ﬁ{v/;) = %%H(z - M/CT/1). (4.13)

If we choose the regenerative cycle starting at the beginning of the vacation, the mean
of the length of this cycle is the following.

00 . Uﬁ
“+Z1—zc R=1) =175 (4.14)
In [27] we got many PGF’s by combining II(z %V/i/cl ) and II(z :%45/1). Parallel dis-
L : o M/CT/1Y M/CT/1 .
cussion is possible for the combination of H(  Npotion ) and H(z e ) Particularly

we can construct the new model by inserting the cycle of M/CT/1/MV into the known
regenerative process. In this case we have the extended form of (7.2) of [27]:

agv 3
H(Z> = CYbaseebaseI—Ibase(2) + 1 i ZCHZ(Z . E)H( %4‘0/’{&;) (415)

where v and V*(s) are respectively the mean and LST of the inserted vacation V.
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5. II(z:CT) with the Same II(z : CTC)
5.1. II(z:CT)

If we try to apply the result in previous section to a concrete model, we must obtain the
II(z : CT). This is the PGF of the regenerative cycle on the completion time of the batch.
In most applications the completion time of the batch consists of the completion times
of customers(CTC) belonging to this batch. As an example, in the model M*/G/1 the
completion time of a batch consists of the service times of its customers. Figure 1 shows an
example of the queue length process in this case. The uparrow and the downarrow mean
the arrival of batch and the departure of the customer respectively. There is one batch
at 0 which we call the initial batch. This batch has three customers A, B and C and the
corresponding service intervals constitute the completion time of this batch.

regenerative cycle on CTC

of the customer C.

A B C

Figure 1: Regenerative cycle on CT of a batch

This section assumes that each customer belonging to the initial batch also has the
completion time denoted by CTC. For space saving we assume that every customer has the
identical PGF II(z : CTC') on his completion time, although the PGF of the model with
the different II(z : CTC')’s is able to be calculated.

Let C.(z), bS and C*(s) be the distribution function of CTC, its mean and its LST
respectively. The customer occupying the interval C'T'C' leaves the system before or at the
end of CTC and other customer is not served on this CTC. Although CTC in Figure 1 is
his service time, it may contain the vacation time or the loss interval. Let LY (z) be the
PGF of the number of batches which arrive on CTC and remain just after the end of this
interval. Let [ be the mean of LY (z). We assume that these remaining batches continue to
stay until the end of the completion time CT of the initial batch. Moreover we assume that
the number of customers belonging to such remaining batch is independent of the service
rule on CTC, so that its PGF is G(z). This section assumes that each customer has the
same triple:

(C(s),II(z : CTC), LY (2)). (5.1)

Then the PGF II(z : C'T) on the time interval occupied by the initial batch is represented
as follows.
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Theorem 5.1.

(z:CT) = II(z: CTC), |z <1, (5.2)

Proof. Let’s consider the completion time of an initial batch. Let N be the number of
customers belonging to this batch. When N = n is given, the interval occupied by the
initial batch is divided by n completion time intervals CTCY,--- ,CTC, of customers. At
the beginning of C'T'C; there are n — ¢ + 1 customers of the initial batch in the system
and besides there are the batches arriving on CT'Cy, -+ ,CTC;_;. The PGF of the number
of the batches arriving on U;;ll CTC; and remaining until the end of CTC; is LY ()"
Therefore the PGF on CT of the initial batch with n customers is represented by

[I(z: N=n)= z’;— Z(Z‘lLf(G(z)))iH(z :CTCO)

R (0
IR o) R

Moreover E(CT|N = n) =nbS. The (5.2) follows from Lemma 3.1.
Next, we get (5.3) from

C*(s) = E(e™") = >  E(e*“"|N = n)Pr(N =n)

n=1

= Ci(s)"Pr(N =n) = G(Ci(s)).

Let H be the number of batches arriving during the completion time of the initial batch
and remaining until its end. Then

L (2) = Z 2™ Pr(H =m) Z szPr (H =m|N =n)Pr(N =n)
m=0 m=0 n=1

= L{(2)"Pr(N =n) = G(L{(2)).

5.2. II(z: M/CT/1)
Applying the results of Theorem 5.1 to the equations of Theorem 4.1, we get the following.
Theorem 5.2.

busy B lcC - G(z
Mz er) = (1g{L§(gc);((1z)) - i}))H(z . CTC), (5.5)

1-1% {1 S (1 — G(2))
1 =19+ NSy LS (G(z)) — =

M(z: M/CT/1) = (2 : CTC)}. (5.6)
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When no arriving batch is lost, we get

(1= Abgg)(1 = G(2))
9(Ce(A = AG(2) = 2)

AE (1 — G(2)
C:(A = XG(2))

H( busy ) _

2 U aior II(z: CTC), (5.7)

H@:AUCTﬂ):(l—A%@%1+ EZH@;CTcg. (5.8)

We can represent various PGF’s by II(z : CTC), if we substitute these equations to
(4.12), (4.13) or their combinations.
Let’s check (5.8) by applying it to M*/G/1. We can put

1 - Bg(2)

C.(z) = B(z), °=b and H@:CTC)ZZ;aszﬂ;5

where B} (z) = B*(A — AG(2)). From (5.8), we obtain the following time average PGF.

(1= Agb)(1 — 2) B4 (2)

(2 : MX/G/1) = Bi() =2

: (5.9)
This is equal to the equation (4.18¢) in p.48 of [30].

6. Application to Some Variants of M~ /G/1
6.1. Omne-service-one-vacation rule

Our completion time method is useful not only for the batch arrival but also for the special
vacation models. First we will consider the one-service-one-vacation rule which is called the
pure limited service system in [30]. In this rule the server takes a vacation immediately after
the service of each customer. This section denotes the distribution function of the length of
this vacation by V' (z). The server begins the first service of the batch at the beginning of
its completion time. When the service of each customer is completed, this customer leaves
the system and the server takes a vacation. Returning from the vacation, he begins to serve
the next customer belonging to the same batch. In this way he repeats the service and the
vacation. The end of the completion time is the end of the last vacation in this batch. This
section deals with the ordinary vacation and the loss vacation.

The completion time of a customer consists of one service time and subsequent vacation
time, so that the PGF II(z : CTC) is represented as the combination of the PGF on the
service period and the PGF on the vacation period. In the case of the ordinary vacation,
from (1.1) it has the form:

1 = B5(2)
(1 — G(2))

1 Vi)

II(z: CTC) = apbz W= Gl

+ a1vBE(z)

Since oy = a7 and apb + ;v = 1, we obtain

1 — Bg(2)) + Bg(2)(1 — Vi(2))
Ab+0)(1— G(2))

M cre) = 24 (6.1)

Moreover

Ci(s) = B*(s)V*(s), b =b+v, C*(s)=G(B*(s)V*(s)) and b = g(b+v).
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By substituting these to (5.8), we get

(1= Ag(b+v))(A - 2)Bs(2)

M(z: M*/(G+V)/1) =T(z: M/CT/1) = Bs(2)Va(z) — =

. (6.2)

The (6.2) is the generalization of both (10.6) of [27] and (5.9) of this paper. By substitut-
ing (6.2) to the equations in section 4, we can get II(z : M* /(G +V)/1/Npateh—poticy), (2 :
MX /(G +V)/1/MV(V})) and their combinations.

If the batch arriving during the vacation leaves the system immediately without entering
it, we call it the loss vacation. The PGF of the regenerative cycle on the loss vacation is
[I(z) = 1. In the case that the server takes the loss vacation after the service of each
customer, the PGF on the interval occupied by the customer is written by

- By(2)
A(1 —G(2))
_ 2(1 — Bg(2)) + M(l — G(2))BE(2)
Ab+v)(1—G(2))

II(z: CTC) = abz + avBg(z)

Moreover

Ci(s)=B*(s)V*(s), b =b+v, LS(z)=B"(A-Az), I&=b

c

By substituting these results to (5.6) we get

[(z: MX/(G+V)/1) =Tl(z : M/CT/1)
(1= Xbg){1 -z + Mv(l — G(2))} B&(2)
(1+ Avg)(Bg(z) — 2)

- - +1Mg{1 + A”(ll__i(z)) }H(z MX/G/1).  (6.3)

To be interesting, this does not depend on V*(s) except for v. Moreover this becomes
II(z: M/G/1) when G(z) = z.
6.2. Ordinary customers in the nonpreemptive priority queueing system

In one-service-one-vacation rule the service and the vacation are independent. As an example
of the dependent case we will consider the ordinary nonpreemptive priority queues with
two classes of customers, i.e., the priority customers and the ordinary customers. Takagi
[30] introduced Welch[32]’s doctorial dissertation which obtained the joint distribution of
queue lengths of both classes at the every service completion epoch. He says that it is
not identical to the PGF of number of messages at an arbitrary time. Takahashi et al.[31]
obtained the relation between queue length and the waiting time. This section shows that
our completion time method is useful for obtaining the time average PGF of the number of
ordinary customers.

Let B(x), b and B*(s) be the distribution of the service time of the ordinary customer,
its mean and its LST respectively. The ordinary customers arrive in batches whose PGF
is represented by (2.1). This is the Poisson arrival with intensity A. Let Bj(x), by and
Bi(s) be the distribution of the service time of the priority customer, its mean and its LST
respectively. This is single and Poisson arrival with intensity \;. Assume A;b;+Abg < 1. We
consider the nonpreemptive service discipline. That is, the service of the ordinary customer
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is not interrupted but the new service of ordinary customer cannot start when there is a
priority customer.

The priority customers arriving during the service period of the ordinary customer are
served after it. Therefore as the completion time CTC of an ordinary customer we choose the
time interval from the starting epoch of the service of this customer to the epoch when the
server is free to accept the next ordinary customer. The number of the priority customers
on this interval is the regenerative cycle of M(\)/G(B;)/1/MV (B). Therefore the LST of
our completion time is given by

Cils) = B(s+ M = NOI(s)), I =
(see [30] p.24) where ©7(s) is the LST of the busy period in M(A;)/G(B;)/1. The O7(s)
satisfies O7(s) = Bi(s + A1 — M\0O7(s)) from (4.3). We put 6; = by /(1 — A\1by) which is the
mean of this busy period.

We must combine two cases. First, if the ordinary customer finds an idle server at his
arrival, the busy cycle of M/CT/1 with our completion time begins. Secondly, if a priority
customer finds an idle server at his arrival, the service interval for the priority customers
begins. The LST of this length is ©7(s). Since the ordinary customers may arrive during
this interval, they generate the regenerative cycle of M/CT/1/MV (©;). Totally, the PGF
of the number of ordinary customers is represented by

(6.4)

b¢ 0

bus 1
H(z :/M%T/l) + Oczw

H( M/CT/1 )

1
H(Z) = + aq MV ()

AL+ A 1 — ¢
Since ag :ag tag =1:A/(A1 + A) : A\ /(A + A), we have
I(2) = (1= \by)TI(z : M/CT/1) + MbiTI(z 0 s)). (6.5)
Or by using (4.13)

A (1= O7(A = AG(2))
M1 —G(2))

M(z) = (1 — Albl){l + }H(z . M/CT/1). (6.6)

Lastly we must calculate II(z : CTC).
Theorem 6.1.

2(1 = BE(2)) + Ba(2) — B* (A1 — MOjg(2) + A — AG(2))
AD(1+ M601)(1 = G(2)) ’
_Abg ) (1 - 2)B;(2)

(z:CTC) =

I(z: M/CT/1) = (1

Proof. Our CTC consists of the service period of one ordinary customer and the service
period ©p of the priority customers. The number of the ordinary customers on the former
period is cumulative, so that its PGF is z{1 — BS(z)}/{ \b(1 — G(2))}.

Next consider the latter period ©p. Let N; be the number of the priority customers
arriving during the former service period. Let N be the number of batches of the ordinary
customers arriving during the same period. Then

Z AXPr(Ny=j,N=Fk) = B*(\ — Mz1 + A — Az).

§=0,k=0
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When N; = n, is given, the LST of the length of ©p is ©f(s)". Its mean is n,6;.
Therefore when N; = n; and N = n are given, the regenerative cycle of the ordinary
customers on ©p is cumulative and its PGF is

1 —0ig()™

I(z :N5M) = G(2)"
where O7,(2) = (A — AG(z)). The Mean of Op is

E(@p) = 01 Z anT(Nl = nl) = )\1b01.

n1=0

From Lemma 3.1 the PGF of the regenerative cycle on Op is given by

1 = .
(z:0p) = 567 MZO;LO Pr(Ny =n;, N = n)m 611 (2 :N5™)

Consequently from (1.1)

2(1 = B5(2))

H(Z . CTC) = albm

+ ag)\lele(Z . @p)

Since a; = ap and apb + asA161b = 1, we get the equation of II(z : CTC).
Substituting this result into (5.8) we complete the proof. O

6.3. Time-controlled service system

6.3.1. Service rule and lemma
Some authors([16, 17,23, 30]) considered the waiting time or unfinished work in the time-
limited service system. The term ”time-limited” gives us the impression that the service
time is limited by the timer. Here more generally we will consider the service rule controlled
by the timer and obtain II(z : CTC) by choosing the completion time adequately. We
assume that the timer starts simultaneously with the service. The time 7" until the timer
expiration is independent of the service time. First we do not specialize the distribution of
T.

Let S be the service time of a customer. This section chooses S as the completion time of
a customer if S < T. When T' < S, we can consider many rules like the priority queues(e.g.,
[14]). The main rules in this case are as follows.

(1) The server takes the vacation after the service S.
(2) The service is changed at the timer expiration to the new service with the service
time Sy. The server takes the vacation after Sj.
(3) The customer leaves the system at 7" and the server takes the vacation.
(4) The service is interrupted by the vacation.
(4-1) The remaining service is resumed after the vacation. The remaining service does
not have the timer.
(4-2) The new service Sy begins after the vacation. This service does not have the
timer.
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(5) The service is interrupted by the vacation. After the vacation the service begins.
Any service has the timer. In this way the service and the vacation repeat alternately until
the service ends without timer expiration.

(5-1) After every vacation the remaining service is resumed. That is, the total service
time is S.

(5-2) After any vacation the identical service time begins all over again.

(5-3) Whenever the vacation ends, new service with the same distribution as S starts
independently.

This section deals with the ordinary vacation, although the loss vacation or loss interval
is considerable. We assume that our vacation is independent of the service time.

6.3.2. Rules (1), (2) and (3)

Let’s consider a variant of M~ /G/1 in which every customer receives the service according
to the identical time-controlled service rule. Here, we will consider Rules (1), (2) and (3) in
which the customer leaves the system before the vacation. Let S be the service time which
the customer receives actually. Let Bg(x), bg and Bi(s) be the distribution function of
S, its mean and its LST respectively. The Bi(s: S <T)and By(s: T < .5) denote the
LST of S conditioned by S < T and T' < S respectively. If S < T, then S = S. We put
p=Pr(S<T).

We have

Bi(s) = /OOO e **dPr(S < )

= /OO e**dPr(S <z, S<T) +/oo e™dPr(S <z, T < S)
:pOB:g(s ; S<T>+(1—p)B§(8279§ S). (6.7)
The completion time C'T'C' of a customer is

S S<T,

CTC:{S+V . T<S8.

Therefore
Ci(s) = / e dPr(CTC < x)
0

= / e**dPr(S <z, S<T) +/ e dPr(S+V <z, T<8)
0 0
=pBi(s:S<T)+ (1 —p)Bs(s: T < S)V*(s), (6.8)
bS = bg+ v(1 —p).

We put B (2) = Bi(A — AG(2)), Bi, (2 + § < T) = By(A—AG(z) : S <T),
B (2: T <S5)=ByA—\G(2) : T < S) and Ciz(2) = C (A — AG(2)).
Theorem 6.2. In Rules (1), (2) and (3)

Al = By, (2)} + B ( ) — Cio(2)

e ety = Lo Abgfig; ZiBgG(Z).
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Proof. In these rules the regenerative cycle on C'T'C' consists of the cumulative process on
S and the cumulative process on V. Therefore

Al = By, (2)}
H(Z . CTC) = Cvlbg )\b§<1 _ G(Z))

The TI(2) is the PGF of the number of customers arriving during the service time under
the condition 7' < S, so that II!(z) = BZ,G(z : T < S). Moreover, a; : g = 1:1—p and
a1bg + agv = 1, so that we have a; = 1/b¢ and ay = (1 — p)/bS. Consequently we get

AL = By (2)} + (1 = p) By, (2 : T < S){1 = Vis(2)}
AE (1 —G(z)) '

From (6.7) we get II(z : CTC) in the theorem. By substituting it to (5.8) we get the
theorem. O

We can also obtain IT(z %ZTG) of (4.11), II(z :%4‘0,{‘21)) of (4.12) and these combinations

- Va(2)
(1l —G(2))

+ Il (2)

(z: CTC) =

from this result.

6.3.3. Rules (4) and (5)

In Rules (4) and (5) the completion time of a customer begins simultaneously with his service
and ends at his departure, so that II(z : CTC) is the PGF of the cumulative process on
CTC. Completion times of Rules (4-1) and (4-2) are the same as those of Rules (1) and (2)
respectively. When in Rule (5-1) one service is interrupted by n vacations, the completion
time C'T'C' is represented by

CTC =S4+Vi+---+V,.

If T is distributed exponentially with mean 1/, this form is similar to the busy time of
M/G/1. Therefore

C#(s) = B*(s + ¢ — (V*(s)), b =b(1+ (). (6.10)

The (6.10) is substantially the same as (2.13) of [14]. Similarly we find C(s) about Rules
(5-2) and (5-3)(see [10]).

We get the following theorem.
Theorem 6.3. In Rules (4) and (5)

z(1—-C" (2
[I(z: CTC) = )\lgcc(l _Cg((z)))),

(1—X¢g)

(2 : M/CT/1) = L - 2)Ce(2)

6.3.4. Bi(s), b and C}(s)

In applying Theorems 6.2 and 6.3 to Rules (1), (2), (3) and (4) we need Bi(s), C¢(s) and
bg. Therefore we need to obtain Bi(s: S < T) and Bi(s: T < S). The previous authors
considered the exponential distribution about 7. When T starts before the service, the
exponential distribution is useful and even necessary. We will show that, if T" starts simul-
taneously with the service, we can obtain these conditional LST’s for Erlang distribution of
T. Assume that T;(i = 1,2, ---) is exponentially distributed with mean 1/¢. We put

n n+1 n e )
p=Pr(}T<s<> 1) a=Pr(dT<S)=Y p
=1 =1 =1 i=n
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Since the PGF of p, is given by >.°°  z"p, = B*({ — (2), we have p, = (=()"B*™((). We
use the following theorem.
Theorem 6.4. (i) The LST of S conditioned by 27 T; < 8 < .17 T, is

B (s + ¢) /{ntB*™(C)}.
(ii) The LST’s of S conditioned by > 1 | T; < S or S < " | T, are respectively

_ 1l
In = =gz J

(iii) The LST of )1 | T; conditioned by > " | T; < S is

-1

(= C)"qin{l_’:zo“si_;%@><s+<>}.

Proof. (i) We denote the conditional distribution function of (i) by

n+1

():—Pr<5<x ZT <S<ZT>

Since
n+1 )

PT<S<:U ZT<S<ZT) /

from the formula of variable transformation(see [12][13]) the LST of F'(x) is

F*(s) = /0 h e T dF(z) = pin /0 h e_s‘”@e_@dB(x)

e~*dB(s),

n!
1 )" (o _ B+
~ g )y e ) = S
(ii) We put
F(I) — PT(S S Z, Z?:lTi S S)

Pri>r T, <S)
qln{Pr (S <x)— ZPT<S<x ZT <S<ZT>}

Hence the first half of (ii) follows from (i). Similarly we find the second half.
(iii) We put

P P T < P T < 1 [ ngn—t
F(ZL‘) — 74(21:1 ) Zz:l i S) _ \/0 P’l“(t S S) C t e—Ctdt

Pr(zf T, < S) T g (n—1)!

ngn— 1
L men S
n—1)

F*(s) = /0 " R ()

_ ¢\ 1 [~ " (5+<)nxn71€fs+ -
_ <s+<> qn/o (1-B) 55 (402 . (6.11)

Hence
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Since the function

n—1
Z {(s+ =} +C x} o (50
=0

satisfies

fO=0,  flo)= %x”—le—wo%

by the integration by parts(see [12][13]), (6.11) becomes

F*<s>:<Sig>"q%/j°{1—”zi{“t.—fwe-<s+w}w<x>

=0

n—1

S !

=0

]

Assume that T" has the k—FErlang distribution. We represent it such as T' = Zle T; by
using 7; in Theorem 6.4. Then we get from (ii) of this theorem

k—1

S <T) B*J>s+ 6.12
Bi(s 1—%% i () (6.12)

for all our rules, because S = S under this condition.
In Rules (1) and (4-1) we have S = 5, so that bg = b and B(s) = B*(s). From (ii) of
Theorem 6.4 C%(s) in (6.8) becomes

N
e

C*(s) = 7 (_j!)jB*(j)(s+C)+{B*(s)— Y (_j!)JB*(j)(erC)}V*(s) (6.13)

I
o
Il
=)

J J

and b¢ = b+ vgy.
In Rule (3) we have

k—1

]! B*]) (s+¢)+ (%)k{l_kl MB* (3+C)} (6.14)

J
from (iii) of Theorem 6.4 and (6.7). Similarly we get b¢ and C7(s). In the same way we can
obtain such values for Rules (2) and (4-2).

6.4. Preemptive priority queueing system with a timer

Let’s apply the results of the previous sections to the ordinary customers in the preemptive
priority queueing systems. The notations A\, B(x), b, B*(s), Bi(x), b1, Bj(s) and G(z)
are the same as section 6.2.

In the pure preemtive rule the priority customer begins to receive the service at his
arrival, if there is no other priority customer. Hence the LST of the distribution of the
length of the service period of priority customers is given by O7(s) of (6.4). If we regard
this period as the vacation and put ( = A, we can obtain the PGF of the number of the
ordinary customers in the priority rules corresponding (4) and (5) in section 6.3.
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Katayama[18] considered the nonpreemptive queueing system with a timer control. His
model is inconvenient for our completion method. Here we assume that the timer T starts at
the beginning of the service S of the ordinary customer. If S < T, the S is not interrupted
and the priority customers are served immediately after this. If 7' < S, the S is interrupted
at the expiration of T'. At once the priority customers, if any, begin to receive the services.
We can consider the following two cases.

(i) The interrupted ordinary customer leaves the system regardless of the existence of
the priority customer.

(ii) The interrupted ordinary customer waits for the end of the services of the priority
customers and then receives the new service Sy. Sy is independent of the first service.

In these rules there is no priority customers at the beginning of the service of the ordinary
customer. Therefore as the completion time of an ordinary customer we choose the time
interval from the starting epoch of the service S of this customer to the epoch when the
server is free to accept the next ordinary customer. In rule (i) the actual service time S of
the ordinary customer is S = S'if S < T, and S = T if T < S. Hence we can obtain its LST
Bi(s) from (6.7), if we get B(s: S <T) and Bi(s: T < S). When T has the k—Erlang
distribution, BY(s) is given by (6.14). Since the interrupted ordinary customer leaves at
once, the rule (i) is essentially equivalent to the nonpreemptive priority rule. That is, if we
represent the PGF of Theorem 6.1 as [I(z : CT'C, B*(s)), the PGF of the regenerative cycle
of the ordinary customers on the CTC in this section is represented by

H(z :CTC, Bg(s))

Similarly we can obtain the II(z : CTC) also for the rule (ii), whether Sy has a timer or
not. However we will omit it for the complexity of the calculation.

7. Probabilities and Moments

Our results (5.9), (6.2), Theorem 6.1, Theorem 6.2 and Theorem 6.3 about M/CT/1 have
the form

a(l —2)A(z)

K(z)—z
where A(1) =1 and a = 1 — K’(1). We can calculate probabilities and moments for such
PGF by the method of [27]. That is, we obtain the following recursive equations.

II(z) =

n—1

n _ 1 n n—i % n—1 n—1 n
110)(0) = W{_Z (Z,)K( (0)1(0) + nII*~D(0) — naA®~(0) + aA™(0) },

1=
n—1

For example, the moments of one-service-one-vacation model (6.2) are obtained by the
recursive equation

n—1n+l—i iy i) " i
() = = > () (T s o e

’LO]O J

+ B (1),

where p = Ag(b+v). For some models, choosing Erlang distributions for service and vacation,
the author checked these moments for various parameter values by computer simulation.
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