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Abstract We consider a single-server multi-station polling system with retrials and glue
periods. Just before the server arrives at a station, there is a deterministic glue period. During
a glue period, arriving customers (either newly arriving customers or retrying customers) at
the station stick in the queue of that station and will be served during the following service
period of that station. Whereas during any other period, arriving customers at the station join
the orbit of that station and will retry after an exponentially distributed time. In this paper,
we derive the Laplace—Stieltjes transform of the waiting time distribution of an arbitrary
customer. This transform allows us to obtain the mean and variance of the waiting time.

Keywords Polling system - Retrials - Glue periods

1 Introduction

Polling systems are queueing models where a single server visits (or polls) a finite number of
stations in a prescribed order. Polling systems have been widely used to model many problems
in computer-communication systems, production systems, traffic and transportation systems,
and maintenance systems. A typical polling system is a system where a single server visits
the stations in a cyclic order. Detailed overviews for polling systems can be found in the
surveys of Boon et al. (2011), Levy and Sidi (1990) and Vishnevskii and Semenova (2006)
and the books of Borst (1996) and Takagi (1986).
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A service discipline determines how many customers are served during a visit of the
server to a station. Many service disciplines have been considered and studied in the context
of polling systems. The most commonly used service disciplines are exhaustive discipline,
gated discipline, and 1-limited discipline. In this paper, the service discipline at all stations
is gated. Under gated service, the server serves only the customers that were present at the
start of the visit. Customers who arrive during the course of a visit, are served in the next
visit.

Langaris (1997, 1999a,b) studied a multi-station polling system with retrials. In all these
papers, the author obtained the mean number of retrial customers in each station at the steady
state, under various service disciplines. In a single server queueing system with retrials, any
customer who finds the server busy upon arrival joins an orbit, and then attempts for service
after a random amount of time. For details regarding retrial queueing systems, refer to the
books of Falin and Templeton (1997) and Artalejo and Gémez-Corral (2008).

In this paper we consider a polling system with retrials and glue periods. The glue period
is activated just before the arrival of the server at a station. During a glue period, arriving
customers (either newly arriving customers or retrying customers) at the station stick in the
queue of that station and will be served during the following service period of that station.
Whereas during any other period, arriving customers at the station join the orbit of that station
and will retry after an exponentially distributed time. As described in the introduction section
of Abidini et al. (2016, 2017), a polling system with retrials and glue periods can be used to
study the performance of certain switches in optical communication systems.

Boxma and Resing (2014) first studied a polling model with retrials and glue periods.
They analyzed the steady-state distribution of the number of customers in a station, when
the glue periods are deterministic. The main focus of their paper was on a single server and
a single station, but it also outlined how that analysis can be extended to the case of two
stations. Abidini et al. (2016) considered the same model with multiple stations and then
obtained the generating functions of the steady-state joint distribution of the station size (i.e.,
the number of customers in each station), both at the embedded points (the beginnings of
glue periods, service periods and switchover periods), and at arbitrary time points. Recently,
Abidini et al. (2017) studied the steady-state joint distribution of the station size for the same
model as in Abidini et al. (2016), but when the glue periods are exponentially distributed.

The waiting time distribution for a polling system with retrials and glue periods is much
more difficult to analyze than the station size distribution. Due to the complexity of this polling
system, analytic results for the waiting time distribution are difficult to obtain, although the
mean waiting times can be easily obtained with the help of Little’s formula. In this paper, we
derive the Laplace—Stieltjes transform (LST) of the waiting time distribution of an arbitrary
customer for the same model as in Abidini et al. (2016). This transform allows us to obtain
the mean and variance of the waiting time. Also, numerical results are given to show the
computations of the mean and variance of the waiting time.

The paper is organized as follows. In Sect. 2, we describe our model in detail. In Sect. 3,
we provide the station size distributions at embedded points as a preliminary. In Sect. 4, we
derive the LST of the waiting time distribution of an arbitrary customer. In Sect. 5, numerical
results are given to show the computations of the mean and variance of the waiting time.
Conclusion and suggestions for further research are given in Sect. 6.
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2 The model

We consider a single server polling system with retrials and glue periods. There are K > 2
stations each with an infinite capacity. The server visits and serves the stations in a cyclic
order. We index the stations by i, i = 1, ..., K, in the order of the server movement. All
references to station indices greater than K or less than 1 are implicitly assumed to be modulo
K. Customers arrive at station i according to a Poisson process with rate A;, and they are
called type-i customers,i = 1, ..., K. We denote the total arrival rate by A = A1 +-- -+ Ak
and the vector of arrival rates by A = (A1, ..., Ag). The service times of customers at station
i are independent and identically distributed (i.i.d.) random variables with a generic random
variable B;,i =1, ..., K. Let Ei (s) = E[e$Bi] be the LST of the service time distribution
at station i. The switchover times from station i to station i + 1 are i.i.d. random variables
with a generic random variable S;,i = 1,..., K. Let S’,- (s) = E[e~*5] be the LST of the
switchover time from station i to station i + 1. The interarrival times, the service times, and
the switchover times are assumed to be mutually independent. After the server switches to
station i, there is a deterministic glue period, which will be followed by the service period of
station i. After the service period, the server starts switching to the next station. See Fig. 1.
Let g; be the length of the glue period of stationi,i =1, ..., K.

Each station consists of an orbit and a queue. During a glue period, arriving customers
(either newly arriving customers or retrying customers) at station i stick and wait in the queue
of station i to receive a service during the service period of station i. Whereas during any
other period, arriving customers at station i join the orbit of station i and will retry after
a random amount of time. The inter-retrial time of each customer in the orbit of station i
is exponentially distributed with mean v;” ], i =1,...,K, and is independent of all other
processes.

A single server cyclically moves from one station to another serving the glued customers
at each of the stations. The service discipline at all stations is gated. During the service
period of station i, the server serves all glued customers in the queue of station i, i.e., all
type-i customers waiting in the queue at the end of the glue period (both newly arriving
customers and retrying customers during the course of the service period will not be served).
The utilization of the server at station i (also called the offered load at station i), p;, is defined
by pi = AE[B;], and the total utilization of the server, p, is given by p = Z,K: 1 pi- The
system is stable if and only if p < 1 (see the “Appendix” section). Therefore, we assume
that p < 1 for stability of the system.

v, |8,

Gl v [s

|Gi

e Gk vk [Sk|G] v [ S

I a cycle I

G;: glue period of station ¢
V;: service period of station i
S;: switchover from station ¢ to station ¢ + 1

Fig. 1 A cycle starting from the beginning of a glue period of station 1
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3 Preliminary: station size distribution at embedded points

In this section, we briefly review the steady-state joint distributions of the number of customers
in each station at embedded points. For further details, refer to Abidini et al. (2016).

Let X y) be the number of customers in the orbit of station j (i.e., the number of type-j
customers in the system) at the start of a glue period of station i (i, j = 1,..., K) in the
steady state. Let Y;” be the number of customers in the orbit of station j at the start of a

service period to station i (i, j = 1, ..., K) in the steady state. Let ¥ @ be the number of
glued customers at the start of a service period to station i i = 1,..., K) in the steady
state. Finally, Z;i) denotes the number of customers in the orbit of station j at the start of a
switchover from station 7 to stationi 4+ 1 (i, j = 1, ..., K) in the steady state. Let us define
the following joint generating functions of the number of customers at the start of a glue
period, service period and switchover period as:

M@ =E _zfgi)z;(g) ---z?p] )
HVi(Z7 w)=E _Z]yl(i)zgzm .,.Z?(i)wi(i)} ’
l-[S,' (Z) —E :ZIZY)ZZZSI) Zi;é)] ’
forz = (z1,z2,...,2x) with |z;] < 1,i = 1,..., K, and |w| < 1. Then we have the

following result for these joint generating functions, refer to Egs. (3.1)—(3.3) of Abidini et al.
(2016).

Proposition 1 (Abidini et al. 2016) The generating functions T1% (z), 1Vi(z, w), and
15 (z), satisfy the following equations:

NM%z) = M151@)Si_ (L — A - 2),
1"z, w) = 0% (fi(z, w))eg,-(z_,.#,. AjzjHkiw=1)

5% @z) = Yz, Bi(A — A - 7)),

where fi(z, w) = (z1,...,2i—1, e 8"Vz; + (1 —e 8w, ziq1, ..., 2K)-

4 The LST of the waiting time distribution

In this section, we investigate the waiting time distribution of an arbitrary customer. Let W
denote a generic random variable representing the waiting time of an arbitrary customer in
the steady state and let W(s) = E[e—"] be its LST.

We assume that the order of service of the glued customers within each station is first-glued
first-served. We choose an arbitrary type-1 customer who arrives at station 1, and call it the
tagged customer. Let o be the arrival epoch of the tagged customer and 7 the service initiation
epoch of the tagged customer. Let Ag be the event that the tagged customer arrives during
the glue period of station 1 and A be the complement of event Ag. Note that P(Ag) = %
and P(A)) =1 — %, where E[C] is the mean cycle length. The mean cycle length is
independent of the station involved (and the service discipline), and is given by

@ Springer



Ann Oper Res (2019) 277:197-212 201

K ELST+ 2)

E[C] = =,

Then the LST W (s) of the waiting time distribution of the tagged customer is given by
W(s) =E[e "]

ol —s(t—o) _ sl —s(t—o)
E[C]E[e [Ao] + (1 IE[C]) Ele [A1]

=W >+< >WNG() (1

- ]E[C] E[C]

where WC(s) = E[e ") |Ag] and WNC(s) = E[e"~)|A,]. That is, W (s) is the
conditional LST of the waiting time distribution of the tagged customer, given that the tagged
customer arrives during the glue period of station 1. WV (s) is the conditional LST of the
waiting time distribution of the tagged customer, given that the tagged customer arrives in
any other period than the glue period of station 1.

In order to obtain W(s), we have to investigate WG (s) and WNG (s). The expression for
WO (s) is given by Lemma 1, as shown below.

Lemma 1 The conditional LST W¢ (s) is given by
- 1 rs N
Wl(s) = —/ % (b (s, x), 1, ..., Dt BIEO=D=@1=0s5 g5 )
g1 Jo

where by (s, x) = (1 — e 1) B (s) 4+ e~ "1*.

Proof Assume that the tagged customer arrives during the glue period of station 1. Let x
be the elapsed time of the glue period at the arrival epoch of the tagged customer (i.e., the
elapsed time from the start of the glue period to the arrival of the tagged customer). The
waiting time of the tagged customer is the sum of (i) the remaining time of the glue period,
(i1) the service times of type-1 customers arriving during the elapsed glue period x, and (iii)
the service times of type-1 customers who retry during the elapsed glue period x. Note that
the LST of (i) is e~ (€175 Also, the LSTs of (ii) and (iii) are given as follows: The number
of type-1 customers arriving during the elapsed glue period x, has a Poisson distribution
with mean Aqx. Since the generating function of the Poisson distribution with mean Ax is
eM1¥E=D "the LST of (ii) is ¢*'*B1()=D_ The number of type-1 customers who retry during
the elapsed glue period x, has the generating function T (1 —e™"1*)z4+¢7"1*, 1,..., 1).
Thus the LST of (iii) is 6t (b1(s, x), 1, ..., 1). Therefore, the LST of the waiting time
distribution of the tagged customer, given that the tagged customer arrives during the glue
period of station 1 and the elapsed glue period is x, is

¢~ @05 JXBIO-DG (5. x), 1,..., 1),

Since the elapsed glue period is uniformly distributed over [0, g;], given Agp, we
obtain (2). O

Now, we will find an expression for WNG (s). When the tagged customer arrives in any
other period than the glue period of station 1 (i.e., given A1), we define the following epochs:

° n,c,; ! = the initiation epoch of the nth glue period of station 1 after the arrival of the tagged
customer,n = 1,2, ...,
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° nnGi = the initiation epoch of the first glue period of station i after 77,?1 ,i=2,3,...,K,
n=12,...,

° n,Y ! = the initiation epoch of the first service period of station i after n,? i=12,...,K,
n=1,2,...,

° r;,f" = the initiation epoch of the first switchover period from station i (to station i + 1)
afterng',i=1,2,...,K,n=1,2,....

With these notations, we define the following joint transforms: for i = 1,2,..., K and
n=12...,

G; G
TGi'n(S,Z) :E[E*S(nn *U)levl(ﬂn )._.Z]I\;K(nn )]l G |A1:|

S; Si
Ts,-,n(s,z):]E[eﬂ(n,, —o) M) L Nty }}A]]

(' <t

where N; () is the number of customers in the orbit of station i, excluding the tagged customer,
at time ¢. Similarly, we define TVi(s,z, w) as

V; Vi
TV[’n(S,Z, w):E[efs(T]n 7O')Zivl(nn )"'ZgK(n” ) M(nn )]l V ’Al]

where M(t) is the number of glued customers at time ¢. Then the relations between
TYin(s,2), TVi" (s, z, w) and TS (s, z) are given by Egs. (3)—(6). The derivation is stan-
dard, therefore it will be omitted. Fori = 1,2,...,K,andn=1,2, ...,

Vi (s, 2, w) = : TITONG, fin, eI it = 1, 3)
eSS TGin (s, fi(z, w))eliti HiziThiw=h ifi=2,...,K.
Fori=1,2,...,K,andn=1,2,...,
TS5 (s,2) =T " (5,2, Bi(s + » — A - 2)). “4)
Forn=2,3,...,
761" (s, 2) = TS "V (5,2)Sg (s + A — A - 2). )
Fori=2,3,...,K,andn=1,2, ...,
7O (s, z) = TS (s, 2)Si_1(s + A — A - Z). (6)

If we let 7Y (s,z) = Y oo, TG " (s,2), T i(s,z,w) = Yoo, TVi"(s,2z,w), and
TSi(s,z) = Zn ]TS' (s, z), then from Egs. (3)—(6) we obtain the following lemma.

Lemma 2 The transforms TGi(s,z), TVi(s,z, w) and TSi (s, z) satisfy the following equa-
tions: fori =1,2,..., K,
TVi(s, 2, w) = e 18085 TCi(s, fi(z, w))eXiri MiiitHv =
TSi (s,z) = TV (s, z, Bi(s +A—21-2)),
T (s,2) = 51T (5,2) + TS5 (5, )S;_1 (s + A — X - 2),

where 8;1 denotes the Kronecker delta.

With Lemma 2 we are able to obtain an expression for WNG (s), as shown below.
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Lemma 3 The conditional LST WNC (s) is expressed as

- 81 -
WNG(s):vlf TO (s, bi(s, x), 1..., e 1xgisthx(Bi)=1) g, )
0

Proof Write wNG (s) as

00

NG _ —s(t—o)

WY (s) = EIE[e IL{'IG1<TS'7,,Gll}|AIi|'
e

n +

1

For n,,G <1< nf '} 1> the tagged customer should not start its service before 17,(,; " and this

customer should retry during the glue period starting from n,? ', Assume that the tagged
customer does not begin its service before n,? ! and this customer retries during the glue
period starting from nnc ', Let & be the retrial epoch of the tagged customer, i.e., £ is the time
when the tagged customer is glued. Let x be the elapsed glue period at the retrial epoch of
the tagged customer, i.e., x = & — n,(,; '. The waiting time of the tagged customer is the sum
of (i) the elapsed time from the arrival of the tagged customer to 77,? ', (ii) the glue period,
(iii) the service times of type-1 customers arriving during the elapsed glue period x, and (iv)
the service times of type-1 customers who retry during the elapsed glue period x. Note that

the LST for the sum of (i) and (iv) is W the LST of (ii) is e~¢!5 and the LST

of (iii) is e**B16&) =D Therefore, we have

s(r— G
Ele A, 05t <7 <yl 6 — St = x]

Gy, N
_ TV (s, bi(s,x), 1..., 1)e—g1s+MX(B|(S)—1).
T6n(0,1,...,1)

(8)
Since
PG <t <yl 1A) =PnS" <& <nl' +g11A)
=P > n0'|ADPE — 18" < g11E > nS")
=TO9"0,1,...,1)(1 — e 181,

and & — n,? I, given A] N {n,? <1 < 775;41-1}’ has the probability density function

pre V¥

g7 g1 >}, it follows from (8) that

T—e
E I:e_S(T_U)]l{nr?l <TST7,?411}|A1:|
=P(mP" <t <nllIAD
X /Ogl %E[e_s(’_">lf\1, nft <t <yl & — 8 =xldx
= fg] vie VTIN5 by (s, x), 1. .., l)e_g'5'+’\'x(é‘(s)_l)dx.
0
Adding this equation forn = 1, 2, ..., we obtain (7). O
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By Lemmas 1 and 3, (1) is written as

- 1 81 .
W(s) = 71@[0]/0 MO (b1 (s, x), 1, ..., et BIEO=D=(E170s5 4,

+ (1 - %) Vi fgl TO1 (5, by (s, x), 1., e "¥=815Fmx(Bie)=1) g
0

Therefore, in order to obtain W(s), by Lemma 2, we need to look at TGl (s,z).
To obtain the expression for TG11(s, z), we define the following epochs:

° 77((); ! = the initiation epoch of the last glue period of station 1 before the arrival of the
tagged customer,

° ng ! = the initiation epoch of the first glue period of station i after 77((); Li=23,...,K,

° U(‘)/i = the initiation epoch of the first service period of station i after r]OGI ,i=1,2,...,K,

° ngi = the initiation epoch of the first switchover period from station i (to station i + 1)

afterng',i=1,2,...,K.

With these notations, we define the following joint transforms: fori =1, ..., K,

. [ oSy N N
®GI(S’Z) — |00 G)Zl 1(ng )._.ZKK('IO )1{ <,7 |A1
0

: i v; N Ni O i
®Vi(s,2,w) = | et~ 1007 Ko Moy, |A1 ],
{o<ny'}

S; Si
S; . —s(nai —o) _N1(ng") NK(’I())
P(s,z) =E|e M0 UZI Y {r7<7} }|A1

Then, we have the relations between them and 7°1! (s, z). Note that V1 (s, z, w) = 0 and
fori =2,3,..., K,

: Vi N Ne ()t f
®Vi(s,2,w) = | =50 =) MO0 KO0 g Viyg A,
fo<ny'}

v Vi Vi
—s(ny ! —a) _Ni(ng") Nk (ny") i
+E|:e s(1g O'Zl o ez 0 M(r]o )ﬂnG <o }|A1
= U (f(z, w))e ST Lz M L Pl < o < | Ay)

_ Vi_ N Vi N Vi g . A
xE [e ('~ 2 11 Mo )"'ZKK()?O )M(ﬂg’)\ﬂoc’ <o < n(;/’,Al]

— o &iS
nY (z, w) ¢

= ®Yi(fi(z, w))e—Sgi-ﬁ-Zj#,- Ajzjthiw=h o
/i E[C] -8 8is

Similarly, fori =1,2,..., K,
E[YOIE[B;] Bi(A—A-7) — Bi(s + )+ — A - 2)
E[C] - g1 sE[B;]
Yz, Bi(s +»—A-2) — 1% (z, B;(, — A - 2))
E[YOBi(s+A—A-z) — Bj(A—\-2))

®5i(s,z) = ®Vi(s,z, Bi(s + A — A -2)) +

Also, note that <1>Gl(s, z) =0andfori =1,2,..., K — 1,
®Ci+1(s,2) = ®5(5,2)S; (s + 1+ — A - 2)
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n E[S;i] HS’,(Z)S,'()»—X-Z) —Si(s-i-)»—)\-z).

E[C] — g1 sE[S;]

Finally,

7611 (5, 2) = ®5K (5, 2) Sk (s + A — A - 2)

EISk] 115k Sk =42~ Sg(s+2-2-2)
E[C] - g1 sELSk]

In summary, we have the following lemma.
Lemma4 (a) ®"(s,z, w) =0andfori =2,3,..., K,

1
E[C]— g1

— e 8is

. Lk . 1
Vi (s, 2, w) = OFI(f;(z, w))e &t iz Fizithiw =iy " (z, w)

(b) Fori =1,2,...,K,

®5i(s,z) = ®"i(s,2, Bi(s + A — A - 2))
N 1 Vi(z, Bj(, — A -2)) — 1" (z, Bi(s + » — A - 2))
E[C]—& s '

(c) ®C1(s,z) =0andfori=1,2,...,K —1,

®Cit1(5,2) = D5 (5,2)S; (s + 1 — A - 2)
R T (O S e (R S
E[C] - g1 s
7611 (5, 2) = 5K (5, 2) Sk (s + A — A - 2)
T O R At/ S S
E[C] - g1 s

The main result of this section is summarized in the following theorem.

Theorem 1 The LST of the waiting time distribution of an arbitrary customer is given by
Wis) = —— /81 % (b (s, %), 1, ..., DM BIO-D=g1-05 g,
E[C] Jo

+ (1 N Eflc]) Vi / U1 (5, by (5,0, 1., e BN
0

where T161(2) is obtained from Proposition 1, and T\ (s, z) is obtained from Lemmas 2
and 4.

5 Numerical results

In this section, we present numerical results for the computations of the mean and variance
of the waiting time of an arbitrary customer. By using Theorem 1, we can obtain the mean
and variance of the waiting time. To illustrate the computations of the mean and variance
of the waiting time, we consider the following two polling systems, both with three stations
(ie., K =3).
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— =
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60 1
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30
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Fig. 2 Mean waiting time of an arbitrary type-i customer, i = 1, 2, 3, for Example 1

Example 1 We assume that the arrival rate of type-i customers is A; = 0.12 for all i,
i = 1,2, 3. The service times of type-i customers are exponentially distributed with means
E[B] = 1, E[B;] = 2 and E[ B3] = 3, respectively. Hence the total utilization of the server
isp= Z?:l pi = 0.72 < 1. The switchover times from station i to station i 4 1 are deter-
ministic with E[S;] = 1 for all i, i = 1, 2, 3. The retrial rates of customers in the orbit of
stationi,i = 1,2, 3, are 3, 2 and 1, respectively. The glue period at station i is deterministic,
x,ie, g =xforalli,i =1,2,3.

Example 2 We assume that the arrival rate of type-i customers is A; = 0.15 for all i, i =
1, 2, 3. The same distributions as in Example 1 are assumed for the service times of type-i
customers. Hence the total utilization of the server is p = 21‘3:1 pi = 0.9 < 1. The same
distributions as in Example 1 are also assumed for the switchover times, the retrial times and
the glue periods.

Let W; denote the waiting time of an arbitrary type-i customer,i = 1, 2, 3. In Figs. 2 and 3
we plot the mean and variance of the waiting time of an arbitrary type-i customer, E[W;]
and Var[W;], i = 1, 2, 3, for Example 1, with the parameter x of the glue period varying.
In Figs. 4 and 5 we plot the mean and variance of the waiting time of an arbitrary type-i
customer, i = 1, 2, 3, for Example 2, with x varying.

We can assume from Figs. 2, 3, 4 and 5 that the mean and variance of the waiting time are
convex in x. A number of numerical examples also support this convexity property. The mean
waiting time is minimized for an appropriate x. This can be explained from the following
two facts: (i) If the glue period of a station is small, the chance for customers to retry in that
glue period is low, and therefore the mean waiting time is large. (ii) If the glue period of a
station is large, glued customers have to wait the remaining glue period, which is likely to
be long, until the beginning of service period, and so the mean waiting time is large.
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Fig. 4 Mean waiting time of an arbitrary type-i customer, i = 1, 2, 3, for Example 2

6 Conclusion and suggestions for further research

We have considered a gated polling system with retrials and deterministic glue periods. Due
to the complexity of this polling system, analytic results for the waiting time distribution
are difficult to obtain. In this paper we have derived the Laplace—Stieltjes transform of the
waiting time distribution for deterministic glue periods. From this we have obtained the mean
and variance of the waiting time.
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x10

i=1
----i=2
251 i=3| 4

05

Fig. 5 Variance of the waiting time of an arbitrary type-i customer, i = 1, 2, 3, for Example 2

As an extension of this research, we intend to study a polling system with retrials and
generally distributed glue periods. In order to study the waiting time distribution, the station
size distribution needs to be analyzed first. However, there has been no studies on the station
size distribution for generally distributed glue periods. Therefore, for future research, we will
study the station size distribution and the waiting time distribution, when the glue periods
are generally distributed.
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Appendix: Stability condition

We define the periodicity of our polling system as follows: Let D be the set of all positive
real numbers § such that Z,-K:l(gi + S;), and By, ..., Bk have their supports in §Z, =
{0, 8,248, ...}. Our polling system is aperiodic if the set D is empty; otherwise the polling
system is periodic. When our polling system is periodic, i.e., when D is nonempty, it can be
shown that D has a maximum. This maximum is the period of the polling system.

In the following proposition, we obtain the stability condition of the system.

Proposition 2 Let N(t) = (N1(¢), ..., Nk (t)), where N;(t) is the number of customers in
station i at time t. Suppose that p < 1. If the system is aperiodic, then N(t) converges in
distribution as t — oo. If the system is periodic with period d, then N (nd) converges in
distribution as n — oo.
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Proposition 2 implies that if p < 1, then {L(N (7)) : t > 0} is tight, where L(N (1)) is the
distribution of N (¢).

Proof of Proposition 2. Let

K
rOL = inf {t >0: Z N; (t)E[B;] < L, t is the beginning epoch of a glue period of station 1} ,
i=1

and forn > 1,

K
rnL = inf { t > r,{‘_l : Z N;(t)E[B;] < L, t is the beginning epoch of a glue period of station 1} .

i=1

First, we show that there exist positive real numbers L, C, and € such that for all I =
(1, ..., lg) with X LE[B;] > L,

K K
E [Z Ni(rf)E[B/1IN (15°) = l} < —e) > LE[B;. ©)
i=1

i=1
K
E[tf° — t°IN(1g®) =1] < C ) LE[B;], (10)
i=1

and for all I with Y% L E[Bi] < L,

K
E [Z N; (tP)E[B;1IN (5§°) = 1} <C, (11)
i=1

E[t° — g°IN(rg®) = 1] < C. (12)

Note that N;(t{°) = N;(t§°) — D; + A;, where D; is the number of service completions
at station i during (z5°, 7{°), and .4; is the number of arrivals at station i during (z5°, 7°).
Thus
E[N@)IN(50) =1]
=1—E[(D1,....,D)INGG) = 1] +E[(AL, ..., AR)IN(5®) =1].

Since

K
E[(Al, ..., AQIN(g%) =1] = Y (g + EISi] + E[D: N (r5°) = [IE[B; A,

i=1

we have

K
E [Z Ni(r{)E[B1IN (6°) = l]

i=1
K K
+ (& +ELS;] + EID;|N(r5°) = HE[B;]) Y 4/ E[Bi]

i=1 i=1

1
K K
= ZliE[Bi] —-E |:Z 'DiE[Bi”N(T(?O) = l:|
i=1
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K K K
= p (g +EIS) + Y LEB]— (1- p)E [Z DE[B1IN(15°) = l} .
i=1 i=1 i=1

Note that

E[D;IN (%) =11 > L;(1 —e™"8) > min (1 — e~ "/8))l;.
1<j=<K

Hence

K
E [Z Ni(PEIBIN (75°) = l}

i=1

K K
<p ) (g +EISD + (1 = (1= p) min (1 - e*”fgf)) > LELB]
- i=1

i=1

K K
=p Y (g +EIS) + (1 —26) Y LE[B], (13)

i=1 i=1

where € = I_Tp min| <<k (1 — e™"/8/). Therefore,

B[XE, MeBBINGE®) =1

lim sup % <1-—2¢,
YK LE[Bil>o00 > im1 LE[B]
and so there exists a positive number L such that
E[XE N GRBIBIING®) =1
<l-—e€

K LE[B;)

for all I with Zle { LE[B;] > L. This proves (9). We have from (13) that there exists C
satisfying (11). To prove (10) and (12), we note that 7{° — z7° is stochastically less than the
sum of ZIKZ 1(gi +S;), and the busy period with initial workload Wy in the standard M /G /1
queue (where Wy has the same distribution as the workload at 75° in our polling system).
Thus

K
+ > (g1 +EIS D).

i=1

K LE[B]

E[r° - i°IN(g®) =1] < I
—-p

This proves that there exists C satisfying (10) and (12).
Next, we prove

Eltf — ' IN(f) =11 < o0
for all I with "X | ,E[B;] < L. We can see from (9) that for [ with >~ ,E[B;] > L,
K K
E [Z Ni (0)BIBiIL e oty IN(56°) = 1} <A —e" ) LE[B]. (14)
i=1 i=1

Also, for I with Y5 L, E[B;] > L, by (10),

E I:(rno-ci)-l - rnoo)]l{f,?o<roL}|N(T80) = l]
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’ L
= Z E[rﬁl—r,‘l’olN(r,fo):l,r,fo<ro]
UK UEB>L

X P(N(z°) =1, 1*° < it IN(z§°) = )

n

K
< > CY LEBIP(N(r®) =1, 1° < i IN(5°) = 1)
Uy K vEBSL =1

K
= CE [Z Ni (9)EIBIL e oty IN(16°) = l:| .

i=1
Thus, by (14),
K
E[(555) = 1)1 ey NG =1] = € = " Y LELBi]

i=1

Hence, for I with ZlK:l LE[B;] > L,

00
Blof - e IN ) =1] =E[Z(f»i’i1 — ) o o IN(T5°) =l}
n=0

C K
<= ;ziﬂawil. (15)

Now, for I with "X | [, E[B;] < L,
E [rf — L INGE) = l]
=E [t — §°IN(5°) =1]
+ Y BNGP) =IING) = DE [rf —t®INGE®) = 1, N(T®) = l’]
UK UEBI>L
= IE[TIOO — 1IN (7p°) = l]
+ Y BNGP) =IING) = DE [rOL — TN () = l’]
UK UEB>L
c X
<E[tf° - t°IN(§®) = 1] + Y PING®) =N = n_ ZI;E[B,J
YK UEB>L i=1
c K
<E[f - INGE) = 1]+ —E [Z Ni (TPO)ELB 1IN (5°) = l] :
i=1
which is finite by (11) and (12). Here we have used (15) in the second last inequality.
Therefore, we have proved E[rlL — roLlN(roL) =[] < oo for all I with ZlK:] LE[B;]< L.
Note that
e N(t) is a Markov regenerative process with Markov renewal sequence (N (TnL), T,lL).
o The Markov process N (z1) has a finite state space and is irreducible.

e The semi-Markov process (SMP) corresponding to this Markov renewal sequence is
positive recurrent.
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Refer to Chapter 9 of Kulkarni (1995) for further details on the theory of Markov regenerative
processes, Markov renewal sequences, and SMPs.

If the polling system is aperiodic, then the SMP is aperiodic. In this case N () converges
in distribution as t — oo (refer to Theorem 9.30 of Kulkarni 1995). If the polling system is
periodic with period d, then the SMP is periodic with period d. In this case N (nd) converges
in distribution as n — oo. O

In the following proposition, we obtain the instability condition of the system.
Proposition 3 Let U (t) be the workload at time t in our polling system. If p > 1, then
U(t) — oo in distribution as t — o0.

Proposition 3 implies that if p > 1, then {L(U(¢)) : t > 0} is not tight, where L(U (1)) is
the distribution of U (¢). This also ensures that if p > 1, then {L(N(¢)) : t > 0} is not tight.

Proof of Proposition 3. Let U(r) be the workload at time # in the standard M /G/1 queue
with arrival rate A and service time distribution Zlel %P(Bi < x).IfU0O) = UQO) in

distribution, then U () > U (¢) stochastically for all > 0. If p > 1, then U(f) — oo in
distribution as t — o0, and so U (t) — oc¢ in distribution as t — 0. m]
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