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1. Introduction

For several decades, queueing systems with regard to the equilibrium behavior of customers have aroused increasing
attention due to their applications for management in service system and electronic commerce. It was first introduced by
Naor [1], who studied equilibrium and social optimal strategies for the joining-balking dilemma in an M/M/1 queue with
a simple linear reward-cost structure. Afterwards, Naor’'s model and results were further refined and extended by several
researchers such as Yechiali [2], Johansen and Stidham [3], Stidham [4] and Mendelson and Whang [5]. Chen and Frank
|6] generalized Naor's model assuming that both the customers and the server maximize their expected discounted utility
using a common discount rate. Larsen [7] considered another generalization of Naor’'s model assuming the customers differ
by their service values. Erlichman and Hassin [8] discussed a single server Markovian queue allowing customers to overtake
others. Various observable models can be found in the monographs of Hassin and Haviv [9].

As for the research on the equilibrium customer behavior in queues with vacations, the first was presented by Burnetas
and Economou [10] who explored a single server Markovian queue with exponential setup times. Subsequently, Economou
and Kanta [11] considered the Markovian queue that alternates between on and off periods in observable case. Sun et al. [12]
presented the equilibrium customer behavior in an observable M/M/1 queue under interruptible and insusceptible setup/
closedown policies. Recently, Economou et al. [13] analyzed the optimal balking strategies in single-server queues with gen-
eral service and vacation times. However, there is no work concerning the equilibrium customer behavior in the single vaca-
tion queueing systems.
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A considerable amount of work has been done on the vacation queues in the past, due to the extensively use in commu-
nication systems, computer networks, etc. Levy and Yechiali [14,15] were first to study the M/G/1 and M/M/c queueing mod-
els with single vacation. Later, several excellent surveys were given by Doshi [16] and Takagi [17,18]. Choudhury [19] and
Sikdar and Gupta [20] dealt with an M/G/1 batch arrival queue and an M/G/1 batch service queue respectively. Madan and Al-
Rawwash [21] did research on the M*/G/1 queue with feedback and optional server vacations under single vacation policy.
Gupta and Sikdar [22] assumed the input process is a Markovian arrival process instead of Poisson input. A comprehensive
study in vacation queueing models can be found in Takagi [23] and Tian and Zhang [24].

So far, there exists no literature studying the single vacation queueing system from an economic viewpoint. It motivates
us to explore the economics of single vacation queues which is more practical under many specific circumstances. Customers
are in a dilemma whether to join the system or to balk. They make decisions based on a nature reward-cost structure, which
incorporates their desire for service as well as their unwillingness to wait. In the observable system, customers are informed
of the queue length upon arrival. As to the fully observable case, the arriving customer not only knows the number of present
customers but also the state of the server. However, in the almost observable case a customer only observes the queue length
before making decision.

The reminder of this paper is organized as follows. Section 2 presents the description of the model. Section 3 develops the
fully and almost observable cases in continuous-time queueing system. We derive the equilibrium threshold strategies and
analyze the corresponding stationary system behavior. Then in Section 4, we consider the equilibrium strategies and various
performance measures in the discrete-time queueing system. The numerical discussions of thresholds and social benefits are
postponed to Section 5. Finally, the concludes come in Section 6.

2. Model description

We consider a single server queueing system with infinite capacity. The server takes exactly one vacation immediately at
the end of each busy period. If it finds no customers in the system upon returning from the vacation, it becomes idle until a
customer arrives. When a customer arrives, it immediately starts to serve it. We assume that inter-arrival times, service
times and vacation times are mutually independent. In addition, the queueing system follows First-Come-First-Served
(FCFS) service discipline. Suppose Se be the mean sojourn time of a customer in equilibrium and Be be the expected net
benefit.

Our interest is in the behavior of customers when they decide whether to join or to balk upon their arrival. To model the
decision process we assume that every customer receives a reward of R units for completing service. This may reflect his
satisfaction and the added value of being served. On the other hand, there exists a waiting cost of C units per time unit that
the customer remains in the system (in queue or in service). Customers are risk neutral and maximize their expected net
benefit. From now on, we assume the condition

c C
R>ﬁ+§, (])

where p is the service rate and 0 is the vacation rate. This condition ensures that the reward for service exceeds the expected
waiting cost for a customer who finds the system empty. Otherwise, after the system becomes empty for the first time no
customers will ever enter. Finally, the decisions are irrevocable: retrials of balking customers and reneging of entering cus-
tomers are not allowed.

3. Analysis of continuous queue

We first consider the continuous-time queueing system. Suppose that customers arrive according to a Poisson process
with rate /. Service times of the customers and vacation times are assumed to be exponentially distributed random variables.
We denote the service rate and vacation rate by u. and 0. respectively.

We represent the state at time t by the pair (N(t),I(t)), where N(t) denotes the number of the customers in the system and
I(t) denotes the state of the server. Define the system is in a regular busy period as state 1 and in a vacation period as state 0.
Thus, state (0,1) indicates that the system is in the idle period; state (n,1), n=1,2, ..., indicates that the system is in the
regular busy period and there are n customers; state (n,0), n=0,1,2, ..., indicates that the system is in the vacation period
and there are n customers. Hereinafter, the subscript c means the continuous-time queue, fo means fully observable and ao
means almost observable.

3.1. Fully observable case

We begin with the fully observable case in which the arriving customers not only know the number of present customers
N(t) but also the state of the server I(t) at arrival time t. It is obvious that the process {(N(t),[(t))|t > 0} is a continuous-time
Markov chain with state space Qg = {(n,i)[n > 0, i=0,1}. In equilibrium, a customer who joins the system when he observes
state (n,i) has the mean sojourn time Se = % + 1,)—;’ which is composed of two parts: the mean service time and the mean
vacation time.
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Thus his expected net benefit is
Cn+1) C€A-i
.uc HC .

The customer strictly prefers to enter if Be is positive and is indifferent between entering and balking if it equals zero. We
thus conclude the following.

Be =R —

Theorem 3.1. In the fully observable M/M/1 queue with single vacation, there exist thresholds

(ne0)me(1)) = (| P Be| 1. |Be] 1), 2

such that the strategy 'observe (N(t)I(t)), enter if N(t) < n.(I(t)) and balk otherwise’ is a unique equilibrium in the class of the
threshold strategies.

Remark 1. n.(0) is the threshold when an arriving customer finds the system is in a vacation period and n.(1) is the thresh-
old when it is in a regular busy period. We get n,(0) and n.(1) from the condition Be > 0 when i =0 and 1 respectively. The
symbol || indicates rounding down.

For the stationary analysis, we note that if all customers follow the threshold strategy in (2), the system follows a Markov
chain with state space restricted to Q. = {(n,i)|0 < n < n,(i) + 1,i= 0,1} and identical transition rates. The transition rate dia-
gram is depicted in Fig. 1.

The corresponding stationary distribution {p(n,i)|(n,i) € Q,} is obtained as the unique positive normalized solution of the
following system of balance equations.

p(0,0)(2 +0c) = p(1, )iy, 3)
pn,0)(A+0.)=p(n—1,0)2, n=1,2,...,1(0), (4)
p(ne(0) +1, 0)6c = p(n(0), 0)4, (3)
p(0, )4 = p(0, 0)0., (6)
p(nzl)()+ ):p(nflvl))"+p(n7 0)06+p(n+171)1um n=1,2,~--,ne(0)+1, (7)
pn, HY(A+pu)=pn-1,1)A+pn+1,1)u., n=n.(0)+2,.--,n.(1), (8)
p(ne(1) + 1, )i, = p(ne(1), 1)A. 9)
Define p = -, 0 =/
By iteratiﬁg (4) and (8), taking into account (3), (5) and (9), we obtain
pn.0) = e a"p(1.1), n=1.2.-.n(0), (10)
p(ne(0) +1,0) = 7= - Fe ™01, 1), (1)
p(n, 1) = p" O p(ne(0) +1,1), n=ne(0)+2, -, ne(1) +1. (12)

From (7) we observe that {p(n,1)jn=1,2,---,n,(0) + 1} is a solution of the nonhomogeneous linear difference equation
with constant coefficients

) 6 n
HoXet = (24 HO%a + 2y = —0cp(n,0) = = HE-0"p(1,1), n=2,3, -+, n(0), (13)

where the last equation is due to (10). Using the standard approach for solving such equations, we consider the correspond-
ing characteristic equation
UX* — (A+ U)X+ 2 =0,

which has two roots 1 and p. Then the general solution of the homogeneous version of (13) is x*™ = A1" + Bp" (we assume
p # 1). The general solution x5 of (13) is given as x5 = x"°m + xP*, where x;* is a specific solution of (13). Because the

b A,
I o

Fig. 1. Transition rate diagram for the (n.(0),n,(1)) threshold strategy in the fully observable queue under continuous case.
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nonhomogeneous part of (13) is geometric with parameter ¢, we can find a specific solution Co" (we assume ¢ # p and both
are different from 1). Substituting x,”* = Co™ into (13) we obtain

_ He
C—'uc_/l_etp(l,l). (14)
Hence the general solution of (13) is given as
X" =A1"+Bp"+Ca", n=1,2,---,n(0) +1, (15)

where C is given by (14) and A, B are to be determined.
From (15), for n =1 it follows that
Hebe — (2.4 6c)°
(+ 0c) (e — 7= 0c)

Furthermore, substituting (15) into (7) for n =2 and taking into account (3), (4) and (6), it follows after some rather te-
dious algebra that

A+Bp =

p(1, 1). (16)

2 :u“c A : 7l _ _
A+Bp +m (—i—&- 9c> p(1,1)= T [(4+ p)p(1,1) = Ap(0,1) — 6cp(1, 0)],

which is equivalent to the form:

s A Pl —(A+0:)°
A = L G 00— 7~ 00)
Solving (16) and (17), we obtain
A=0,
M0 — pe(2 A+ 0.)*
20+ 00) (U, — 7 — 0c)

Then, from (15),

p(1,1). (17)

p(1,1).

2
Helle ~ (0" Be _gnlpq 1), n=1,2, - n(0) + 1. (18)

P D =G 00t — - 00" Th—io

We have thus expressed all stationary probabilities in terms of p(1,1) in relations see (3), (6), (10)-(12) and (18). The
remaining probability p(1,1) can be found from the normalization equation
ne(0)+1 ne(1)+1
p(n,0) + p(n,1)=1.

n=0 n=0

After some algebraic simplifications, we can express all stationary probabilities in terms of p and ¢ in the following
theorem:

Theorem 3.2. Consider a fully observable M/M/1 queue with single vacation and o # 1 # p # o, in which customers follow the
threshold policy (ne(0), n.(1)) given in Theorem 3.1. The stationary probabilities {ps(n,i)|(n,i) € Qcs} are as follows:

1

1 O-2 1— pne(l)ﬂ 0-2(1 _ O-nE(O)H) ang(0)+2(p _ pne(l)—ng(O)H) _ 0-2(1 _ pne(l)ﬂ) -
(1, 1) = [+ + + 19

oL D=t oa—a T 1-p Te-pi-o) (= p)d-p) (19)
n+1

Po(n 0) =7 pu(1 1), n=0.1,2,-,ne(0), (20)

1

pﬂ,(ne(O) + 1, O) :WG”"(OHZP)@(L 1)7 (2])
1

P, 1) = 5= [0 =07 = p)p" ' 40" p(1, 1), n=0.1,2,- ne(0) + 1, (22)
1 o ne(0)+1

pn D=1 lo=or=prap(7) |0 1D, nem0) 42, ) 1. 23)

Because of the PASTA property, the probability of balking is equal to pg(ne(0)+ 1,0) + pp(ne(1) + 1,1). In addition, every
customer receives a reward of R units for completing service and there exists a waiting cost of C units per time unit when
the customer remains in the system (in queue or in service). Hence the social benefit per time unit when all customers follow
the threshold policy (n.(0),n.(1)) given in Theorem 3.1 equals
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(0)+1 ne(1)+1
SBo = RA(1 —pfo(ne(O) +1,0) —pfo(ne(l) +1,1)) - C( Z npfo (n, 0) + npfu (n, 1) )

n=0 n=0

3.2. Almost observable case

Next we consider the almost observable case where arriving customers only know N(t) before making decisions. Hence
the stationary distribution of the corresponding Markov chain is from Theorem 3.2 with n.(0)=n.(1)=n,. and state space
Q0 ={n|0<n< n.+1} as well as identical transition rates. The transition diagram is depicted in Fig. 2.

Theorem 3.3. Consider an almost observable M/M/1 queue with single vacation and ¢ # 1 # p # o, in which customers follow
threshold policy n.. The stationary probabilities {p,o(n)in € Qcq0} are as follows:

n+1 a2 n—1 n+1
pua(n)=1<[a—+((7 oo te } n=012n,,
o—p
O-ng+2 (G_az_p)pne+ang+2
Pao(e +1) = K| 71 i p ]

where

pao(n):pfo(na 0)+pf0(n7])7 n:011727"'7n2+]7

and

p pi-0) @-p-0 (@-pd-p

The mean sojourn time of a customer who finds n customers in the system is
n+1 70N
+ - b
:uc HC

where 7;,,(0|n) is the probability that an arriving customer finds the server at state 0, given that there are n customers.
Therefore, if such a customer decides to enter, the expected net benefit is

Cn+1) Cnf\N(O\n).

K— |:1 0-2 0—2(1 _ O—ne+1) (O' _ 0-2 _ p)(l _ p”f“ ):| -1

Se =

Be=R - 24
U, 0. (24)
We get m;y(0|n) = % =0,1,2,---,ne + 1. Using the various forms of ps,(n,i) from (19)-(23) we obtain
om=fis (1= e Ny o2
m(O) = 142 (L2020 m=012m (25)
B B p 1-0 p p ne+1 -1
n,w(0|ne+1)_{1+(1—a)<a_p+< - —0_p>(5) . (26)
In light of (24)-(26), we introduce the function
_, Cn+1) C p 1-a  p \\"\]" . B
flnx) =R-=22 {1+x(o__p+< o s (G) , xe[l-0,1,n=0,1,2, -, 27)
which will allow us to prove the existence of equilibrium threshold strategies and derive the corresponding thresholds. Let
_ _g S+ ChL p (=0 _p Ny -
fotm =fm, ) =R-SEED 2y P (120 P AO)] o2 (28)
B . _p Cin+1) C B p 1-a p P\" - B
fim =fn1-0)=R-CEL Ll -0 (Los (5022 (8))] L 02 )

Fig. 2. Transition rate diagram for the n, threshold strategy in the almost observable queue under continuous case.
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It is easy to see that
c C

fu(O):f(O,1):R__C_6_CO_>07
and
ﬁ(0)=f(0,1,a):R7£7£ 1+(10)2}1 Y
J o
In addition,

lim fy () = lim (1) = ~oc.
Hence there exists ny such that
fu(0), fu(1), fu(2), -+, fy(nu) > 0 and fy(ny +1) < 0. (30)

The function f{n,x) is clearly increasing with respect to x for every fixed n, thus we get the relation f;(n) < fy(n),n=0,1,2, - - -.
In particular, fi(ny + 1) < 0 while f;(0) > 0. Hence, there exists n; < ny such that

fuln) >0 and fy(n, +1), -+, fi (), fi(nu +1) <0 1)

We can now establish the existence of the equilibrium threshold policies in the almost observable case and give the follow-
ing theorem.

Theorem 3.4. In the almost observable M/M/1 queue with single vacation, all pure threshold strategies 'observe N(t), enter if
N(t) < n. and balk otherwise’ for ne=n;,n; + 1, - - - ,ny are equilibrium strategies.

Proof. Consider a tagged customer at his arrival instant and assume all other customers follow the same threshold strategy
‘observe N(t), enter if N(t) < n. and balk otherwise’ for some fixed n. € {n;,n. +1, ---,ny}. Then 7, (0|n) is given by (25), (26).
If the tagged customer finds n < n, customers and decides to enter, his expected net benefit is equal to

R_qnu—tl)_ﬁgc{Haff(1;0—_661))@”}_1 = >0,

because of (24), (25), (27), (28) and (30). So in this case the customer prefers to enter.
If the tagged customer finds n =n, + 1 customers and decides to enter, his expected net benefit is

) (b (1200 ey
R Lea-a (Gl (50 2) @))] =aima <o
because of (24), (26), (27), (29) and (31). So in this case the customer prefers to balk. [

Because the probability of balking is equal to pg(ne + 1), the social benefit per time unit when all customers follow the
threshold policy n, given in Theorem 3.4 equals

SBcaa = R’“(l - pao(ne + 1)) - C(% npao (Tl)) .

n=0

4. Analysis of discrete queue

Now we discuss the equilibrium customer behavior in discrete-time queue. Assume that customer arrivals occur at the
end of slot t=n",n=0,1,-- - Inter-arrival times are independent and identical distributed sequences following a geometric
distribution with rate p. The beginning and ending of service occur at slot division point t=n,n=0,1, - -- . The service times S
and vacation times V are geometrically distributed with rates p; and 0,4 respectively. Thus,

P(T=k)=pp*', k>1,0<p<1,p=1-p,
PS=k) =", k=1,0<p,<1, Gg=1-p,
PV=k =60" k=>1,0<0;<1, 03=1—06,.
Let L, be the number of customers in the system at time n*. According to the assumptions above, a customer who finishes
service and leaves at t =n" does not reckon on L, while arrives at t =n~ should reckon on L,. We assume
I = { 0, the system is in a vacation period at time n™,
" |1, the system is in a service period at time n*.
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Parallel to the analysis of continuous queue, we show that there also exist equilibrium threshold strategies for customers.
However, the stationary behaviors of the system are more difficult to acquire than those in the continuous queue. Herein-
after, the subscript d means the discrete-time queue.

4.1. Fully observable case
The arriving customers know both the queue length L, and the state of the server J, at arrival instant. Evidently, {(L,.J,)|

n > 0} is a discrete-time Markov chain with state space Qg5 = {(k,j)|k > 0,j =0,1}. The mean sojourn time and expected net
benefit when a customer observes state (k,j) are

Se:k+1+g,
Hq 04
Be:R,C(k+1),C(1 —J).
Uy 0d

The customer strictly prefers to enter if Be is positive and is indifferent between entering and balking if it equals zero, which
is identical to the continuous case. We thus conclude the following theorem.

Theorem 4.1. In the fully observable Geo/Geo/1 queue with single vacation, there exist thresholds

(0e(0),Le(1) = (|- B 1, [Be] 1), (32)

such that the strategy 'observe (L,,],), enter if L, < L¢(J,) and balk otherwise’ is a unique equilibrium in the class of the threshold
strategies.

For the stationary analysis in discrete time, note that if all customers follow the threshold strategy in (32), the system
follows a Markov chain with state space restricted to Qgz, = {(k,0)|0 <k < Lo(0)+ 1} U{(k,1)|0 <k <L1)+1}. We show
the transition diagram in Fig. 3. The one-step transition probabilities of (L,,]J,) are as follows:

Case 1: if X;,=(k,0), 0 < k < Le(0),

(k, 0), with probability 6;p

X (k, 1), with probability 6,p
"7 ) (k+1,0), with probability 0zp
(k+1,1), with probability 04p

Case 2: if X, =(L,(0) + 1,0),
X (L:(0) + 1, 0), with probability 04
"7 (Le(0) +1,1), with probability ¢

Case 3: len =(0,1),
X {(0, 1), with probability p
"7 1(1,1), with probability p
Case 4: if X,,=(1,1),
(0, 0), with probability pu,
Xne1 =4 (1, 1), with probability 1 — pu; — py,
(2,1), with probability pfi;

I-puy—py, l=puy—puy l=pry—py I=py—ny, I=py—ny, I=py—py, 1y

Fig. 3. Transition rate diagram for the (L¢(0),L¢(1)) threshold strategy in the fully observable queue under discrete case.
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Case 5: if X, =(k,1), 2 <k <Lg(1)
(k—1,1), with probability pu,
X1 =1 (k, 1), with probability 1 — pit; — i,
(k+1,1), with probability pu,
Case 6: if X, =(Ls(1)+1,1),

X { (Le(1), 1), with probability p,
"7\ (Le(1) + 1, 1), with probability 7.

Based on the one-step transition situation analysis, using the lexicographical sequence for the states, the one-step tran-
sition probability matrix of (L,,J,,) can be written as

B, Ao
B] A1 C]
Bz A1 C]
_ B, Ai G
p_ , (33)
Bz A2 C2
Bg A3 C3
B; A; G
L B4 A4_
where
B, 0P 0P| 4 _[0p o)
|0 p 0 p
0 0 [ D 0a
B, = | _ }, A = Uap %p _ , G = ap Hﬂ ,
Lpyg O 0 1-pi;—ply 0 pHy
B, = 0 70 }7 A, = ba ﬁj i , C={g}
L0 puy 0 1-ppi;—Dply Pl

and

B3:ﬁ’ud7 A3:1_pl’Td_ﬁ:ud7 C3:pm7 B4::ud7 A4:‘LTd
Let (L,]) be the stationary limit of (L,,J,) and its distribution is denoted as

i =P{L=k ]=j}, (kJ)eQup

, 7{(%., ), 0<k<L(0)+1,
S Le(0) +2 < k < Le(1) + 1

= (T, T1, -+, TLp(1)41)-

We solve for the stationary distribution m,; by noting that the vector = satisfies the equation 7P = 7 and have the following
system of steady-state equations:
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w
N

Tloo = 0aPTloo + PU4T11,
o = 04PToo + 0aPT10,
Ttko = 0aPT—1.0 + 0aPTiro, kK =2,3,---,Lc(0),

w W w
N Oy »

T, (0)+1,0 = H_deCLg(O).O + 9_d7'CLe(0)+1.o7

Tor = 0aPTloo + PTlo1,

M1 = 04PToo + PTor + 0aPTio + (1 — pliy — DUy)T11 + DU4TC21,

Ty = 0aPT_1,0 + DU Tk-1,1 + 0aPToho + (1 — PRy — Pg) Tt + PUgThi1,1, k=2, 3, -+, Le(0),
T 0)+1,1 = 0aPTr, 00 + PR 0)1 + 0aTr,0)+1,0 + (1 — Py — PUg) e 0)+1,1 + DUy T (0)42,15

T = PgTh-1.1 + (1 — Py — PUg) Tkt + PUgTks1.1, K =Le(0) +2, -+, Le(1) — 1,

w
o

N N N N~~~ o~~~ o~
SOw
(=]

NG AN NN SN AN N2

O
N =

Tre),1 = PHgTey-1,1 + (1 = Plg — PR Loy, 1 + HgTe(ty+1,1, 43
TLe(1)+1.1 = PRgTL 1)1 + HgToLe(1)+1,1- 44
Define
uPla g Oab
puy’ 1—04p
By iterating (36) and (42), taking into account (35), (37), (43) and (44), we obtain
T = f*mtoo, k=1,2,---, L(0) (45)
1-04p
T, (0)41,0 = Tddpﬂh(omnom (46)
T = O o011, k=Le(0)+2, -+, Le(1), (47)
Toyp1,1 = potteW O o014, (48)

From (40) we observe that {m;|k = 1,2, --- ,L,(0) + 1} is a solution of the nonhomogeneous linear difference equation with
constant coefficients

_ . _ _ 0
DPlaXiir — (Dt + Dlg) Xk + DlgXk—1 = —0aPTk 1,0 — 0aPToxo = —szﬂkﬂ?om k=23, L(0), (49)
d

where the last equation is due to (45). We consider the corresponding characteristic equation

Plgx* — (Dig + Plg)X + Pty = 0,

which has two roots at 1 and ¢.. Then the general solution of the homogeneous version of (49) is xiom = D1* + Eak (we assume
o # 1). The general solution x¢™" of (49) is given as x" = xJo™ + xiP*°, where x;P*° is a specific solution of (49). Because the non-
homogeneous part of (49) is geometric with parameter g, we can find a specific solution Fg (we assume 8 # « and both are
different from 1). Substituting x¥" = Fg* into (49) we obtain

Fot=0b oo (50)
04p — I
Hence the general solution of (49) is given as
X = D1* 4 Eok + FB*, k=1,2,---,L(0) +1, (51)

where F is given by (50) and D, E are to be determined.
From (51) for k =1, we obtain

1-04p
Pl

Furthermore, substituting (51) into (39) for k = 2, it follows after some rather tedious algebra that

D+ Eo+Fp= Too- (52)

o a2 5 a2
(PHg)" (1~ 0ap)

Solving (52) and (53), we obtain
D=0,
E = Gmgo,
G — Fi0d04°P* (Fg — P — PPOa + 2p) + q040aP(P* Hy + 244 — 3P) + 14403040 (1 — Pl — 0ab®) + Figla(P — )
PH404(POa — [tg) (POa — 1)(P — Hy)
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Then, from (51),
T = (cocuﬂ_ k)noo, k=1,2,--, L(0)+1. (54)

We have thus expressed all stationary probabilities in terms of g in relations see (38), 45,46,47,48 and (54). The remaining
probability g can be found from the normalization equation

Le(0)+1 Le(1)+1
Z Tko + Z T = 1.
k=0 k=0

After some algebraic simplification, we can express all stationary probabilities in the following theorem.

Theorem 4.2. Consider a fully observable Geo/Geo/1 queue with single vacation and 8 # 1 # o # f3, in which customers follow the
threshold policy (Le(0),L¢(1)) given in Theorem 4.1. The stationary probabilities {mj|(k,j) € Qqz} are as follows:

Too = {] ;%p+@+c( Py PP aLe(l)H)
a

p Ha—P Hgq—
. _ o - -1
+l* 0qp {Gdipi <9d7p7 DUy n bp aLe(l)—Le(O))ﬁLe(O)+1:| . (55)
0ap — Ty 0d  Hg—D Mg—D i
T = B0, k=1,2,---, Le(0), (56)
Lo(0)+1
T (0)+1,0 = ﬁﬂom (57)
0.5
Tlo1 = LpTl?oo, (58)
p
T = (Gt e 170 ) km1 2 L) 11, (59)
9dp —Hy
T = Gock + Hdp k LO-1 ﬂLele Tloo, k= LE(O) + 27 B L€(1)7 (60)
0ap — g
- Gole(D+1 gdP Le(0) pLe(0)+1
L)+1,1 =P G +9—p ,“ B oo, (61)
d d
where
_PHy oy Oab
pPUy 1-0ap’

G _ Ba0a04°P* (Ftg — P — PP0a + 2p) + [14040aD(P* g + 2144 — 3P) + 14403040 (1 — ity — 0ab?) + Figla(P — ptg)
PE404(POa — Ftg)(POa — 1)(P — Hg)

Because of the PASTA property, the probability of balking is equal to 7, 0)+1,0 + Tr.(1)+1,1. In addition, every customer re-
ceives a reward of R units for completing service and there exists a waiting cost of C units per time unit when the customer
remains in the system (in queue or in service). Hence the social benefit per time unit when all customers follow the threshold
policy (L¢(0),L¢(1)) given in Theorem 4.1 equals

k=0

Le(1)+1
SBys, = Rp(1 — Tp,0)+1,0 — ToLe(1)+1,1) ( Z ko + Z kTCk1>~

4.2. Almost observable case

Finally we focus on the almost observable case, where arriving customers only observe the queue length at their arriving
instant. Similar to the discussion in the case of continuous-time queue, the stationary distribution of the corresponding Mar-
kov chain is from Theorem 4.2 with L,(0) = L,(1) = L. and state space Q,,={k|0 < k < L.+ 1}. The transition diagram is de-
picted in Fig. 4.

Theorem 4.3. Consider an almost observable Geo/Geo/1 queue with the single vacation and § # 1 # o # B, in which customers
follow the threshold policy L. The stationary probabilities {7k € Qqq,} are as follows:
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P 1= pp, = pu, 1= pu, - piy L= pp, —pi Hy

Fig. 4. Transition rate diagram for the L. threshold strategy in the almost observable queue under discrete case.

ng:K’(H%”),

n—;<:1<’<(;a’<+L/3">, k=1,2,---, L,

0P — Iy
_ _1-0,p 1-04p
7 _ K/ GOCLEH + = d + Le+1 ,
Le+1 p b — 10, 0, B
where 7, = Ty + Ty, k=0,1,---, L. + 1, G is the same in Theorem 4.2 and

_ — __ _ — -1
1+9d_P+ HOap +G< piy _ _pp aLg+1>+ 1—04p <_£ﬂLE+1>:| O

K = L —— P
O 04(0ap—p) \Hg—P Hg—P 0D — g \ Oa

The following analysis is similar with the almost observable case in continuous queue. Because the expected net benefit of a
customer who finds k customers in the system, if he decides to enter, is

C(k+1) Cmy(0lk)
Hq Oa

Be=R - , (62)

where 7, (0[k) is the probability that an arriving customer finds the server in a vacation time, given that there are k custom-
ers. Using the various forms of m;; from (55)-(61), we get

N\ -1
1, (000) = 2 = (1+%2)

" PToo+PTo1 p
_ — k — 11
- — P _ bgp _ 1-0gp \ (2 1-64p —
nJ\L(O‘k) T PP [1 + (p/Ta Ep—u_d) </f) + Gp—y—,,} , k=1,2,-L, (63)

_ — Le+1 — 1y!
— _ = 04p 1-04p o 1-04p
nf‘L(O‘LeH)*{1“1_5)1’[(:}}%_@%)(%) +ﬁ” '

In light of (62), (63), we introduce the function

— — -1
Ck+1) C 0p 1—04p (cx) k10

k,y)=R- — A1ty || === () === )
gley) Hy 0q { y Kplld 0ap — g ) \P 0ap — Iy

yell-pp,1], k=0,1,2,---, (64)
which will allow us to prove the existence of equilibrium threshold strategies and derive the corresponding thresholds. Let
= e k el
gull) =gl 1) =R - SEEL gy (S0 BP0, LW 012, (65)
Hy Oa plty  0q4p— 1z ) \B 0ap — Iy

— — -1
_ Ck+1) C (f(osp 1-04p (oc)" 1—04p
k) =g(k,(1-p)p)=R— =14 (1- L — ) 4= . k=012
8u(k) =g(k. (1~ p)p) s Hd{ +( ﬁ)pKWﬂ Oap—u_d> ) oo

(66)
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Fig. 5. Equilibrium thresholds for the fully observable and almost observable systems. The three figures on the left are in continuous case. Sensitivity with
respect to: a;. 4, for u=1,6,=0.05,C=1,R=25; by. 6, for A1=0.8, u=1,C=1,R=20; c;. R, for 1 =04, ;1= 0.9, 6. = 0.05, C = 1. The three figures on the right are
in discrete case. Sensitivity with respect to: a,. p, for u=0.7, 04=0.05, C=1, R = 40; b,. 04, for u=0.2,p=0.6,C=1, R=30;c,. R, for p=0.4, u=0.9,0,=0.05,

C=1.
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It is easy to see that

c C odﬁ]*l
OZR____1+: 0
80(0) = R— 5| e
and
c C ,odﬁr
0)=R—-———[1+(1-pp—=| >o0.
80 =R— = [14+(1 - pp

In addition,
lim gy, (k) = lim g; (k) = —oo
Hence there exists ky such that

£u(0), gu(1), &u(2), -+, u(ky) > 0 and gy(ky +1) <O. (67)

The function g(k,y) is clearly increasing with respect to y for every fixed k, thus we get the relation g;(k) < gy(k),
k=0,1,2,--- In particular, g;(ky + 1) < 0 while g;(0) > 0. Hence, there exists k; < ky such that

g(k)>0and g (ky+ 1), -, g (kv), g.(kv+1)<0. (68)
We can now establish the existence of the equilibrium threshold policies in the almost observable case and give the follow-

ing theorem.

Theorem 4.4. In the almost observable Geo/Geo/1 queue with single vacation, all pure threshold strategies 'observe L,, enter if
L, < L. and balk otherwise’ for Le=k;, k; + 1, - - -, ky are equilibrium strategies.

Proof. Consider a tagged customer at his arrival instant and assume all other customers follow the same threshold strategy
‘observe Ly, enter if L, < L. and balk otherwise ’ for some fixed L. € {k;, k. +1,--- ky}. Then 7;;(0lk) is given by (63).
If the tagged customer finds k < L. customers and decides to enter, his expected net benefit is equal to

J— J— -1

Ck+1) C 00 1-—0gp (oc)k 1-04p

R- 1+ === (2) +=—| =&l >0
Hy Gd{ (Pud Hdp—ud> B) 04D — Ty £o(l)

because of (62),(63),(64),(65) and (67). So in this case the customer prefers to enter.
If the tagged customer finds k = L. + 1 customers and decides to enter, his expected net benefit is

_ I -1
Cle+2) C [(op 1-0sp (oc)“” 1-04p
R-—————— 1 4+(0-p|| === (= R — =g (L+1)<0
Wy 9d{ ( ) [(Pﬂd 9dP—.“d) p 0ap — Tty ! :

because of (62),(63),(64), (66) and (68). Therefore in this case the customer prefers to balk. O

Equilibrium Social Benefit

A

Fig. 6. Equilibrium social benefit in continuous case. Sensitivity with respect to 4, for x=1.5, 0.=0.8, C=1, R=40.
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Because the probability of balking is equal to 7;_,,, the social benefit per time unit when all customers follow the thresh-
old policy L. given in Theorem 4.4 equals

Le+1
SBiao = Rp(l — TEI’.eH) — C(Z kTE;() .
k=0

5. Numerical experiments

In this section, according to the results obtained, we present a set of numerical experiments. Here we concern about the
values of the equilibrium thresholds and the social benefits per unit time in both the continuous-time queue and discrete-
time queue. We illustrate the effect of the information level as well as several parameters on the equilibrium thresholds and
the social benefits.

In Fig. 5 we observe the effect of the information level on the equilibrium thresholds and explore the sensitivity of the
equilibrium thresholds with respect to 2, p, 6 and R. It shows that in all of six diagrams the equilibrium thresholds {n;, - - - ,ny}
and {k;, - - - ,ky} for the almost observable case always locate respectively in (n.(0),n,(1)) and (L.(0),L.(1)) for the fully obser-
vable case. In other words, no matter in continuous case or discrete case, the thresholds in the almost observable model have

Equilibrium Social Benefit
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201

Fig. 7. Equilibrium social benefit in discrete case. Sensitivity with respect to p, for ©=0.9, 65=0.5, C=0.2, R=150.
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Fig. 8. Equilibrium social benefit in continuous case. Sensitivity with respect to 0, for 1=0.8, u=1, C=1, R=25.
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intermediate values between the two separate thresholds when the arriving customers are informed of the state of the ser-
ver. This property is also held for the models with multiple vacations or interruptible setup/closedown times (see references
[10] and [12]).

Concerning the sensitivity of the equilibrium thresholds, we can make the following observations. Comparing the figures
in continuous case with discrete case in Fig. 5, we find that the curves have the same shape and trend. Under varying arrival
rate the fully observable thresholds remain fixed since the arrival rate is irrelevant to the customer’s decision when he has
full state information. On the other hand, the almost observable thresholds increase with the arrival rate, which means that if
an arriving customer is told the information of the present queue length, then he is more likely to enter when the arrival rate
is higher. This phenomenon that customers in equilibrium tend to imitate the behaviors of other customers in the almost
observable model is of the 'Follow-The-Crowd’ (FTC) type. The reason is that when the arrival rate is high, it is probably that
the server is active, therefore the expected delay from server vacation is reduced. However, the vacation rate varies, all
thresholds increase, expect that the equilibrium threshold of the server being working remains constant. Evidently, this is
intuitive, because when the server vacation gets shorter, customers generally have a greater incentive to enter both in
the fully and almost observable models. Finally, along with the rising of the service reward R, the thresholds increase in a
linear fashion. In addition, the values of R are identical when the parameters are as the same in continuous case as in discrete
case. It is easy to explain, because the continuous-time model can be looked as the limit of the discrete-time model.

Equilibrium Social Benefit

50 : : : :
40 1
E
301 1
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0 ‘ ‘ ‘ ‘
0 02 0.4 06 038 1

%

Fig. 9. Equilibrium social benefit in discrete case. Sensitivity with respect to 04, for p=0.5, £ =0.9, C=0.1, R=100.
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Fig. 10. Equilibrium social benefit in continuous case. Sensitivity with respect to R, for 1=0.8, u=1; 6,=0.1,C=1.
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Equilibrium Social Benefit
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Fig. 11. Equilibrium social benefit in discrete case. Sensitivity with respect to R, for p=0.5, u=0.9; 64=0.1, C=0.1.

Furthermore, we consider the social benefits for the fully and almost observable cases under the corresponding equilib-
rium strategies in both the continuous case and discrete case. The results are presented in Figs. 6-11. In the almost obser-
vable case, we have seen that there are multiple equilibrium strategies corresponding to thresholds {n,, - - - ,ny} in continuous
model or thresholds {k;, - - - ,ky} in discrete model. For this reason we only present the social benefits under the two extreme
thresholds. In figures we observe that the curves in continuous case have roughly the same trend as in discrete case. The
difference in equilibrium social benefit is almost invisible between the fully and almost observable case, especially in
Fig. 11 where the three pieces of curves nearly overlap each other. Moreover, Fig. 7 shows that in discrete model the equi-
librium social benefit in the fully observable case is bigger than that in the almost observable extreme cases. However, in
Fig. 10 the equilibrium social benefit in the fully observable case has an intermediate value between the social benefits under
the two extreme thresholds. Even in Figs. 6 and 9, some certain values of the social benefit in the fully observable case are
smaller than the other two values in the almost observable case. Thus, it may be argued that the additional information on
the server state is not always helpful for increasing equilibrium social benefit.

As to the sensitivity of the equilibrium social benefit, we find that it increases with respect to the vacation rate and service
reward R, both of which are intuitive. Regarding the arrival rate, regardless of whether in continuous case or discrete case, the
social benefit achieves a maximum for intermediate values. This can be explained that when the arrival rate is small the system
is rarely crowded, therefore customers can be served soon and the social benefit improves. However, with the increasing of the
arrival rate, a smaller percentage tends to enter because of the longer delays, which bring negative effect to the social benefit.

6. Conclusion

In this paper we studied the equilibrium customer behavior in observable M/M/1 and Geo/Geo/1 queueing systems under
single vacation policy. To the best of the authors’ knowledge, this is the first time analyzing the queueing system with single
vacation from an economic perspective. Customers have the right to decide whether to join or to balk according to the accu-
rate situation, which is more sensible than the classical viewpoint that the decisions are made by the servers and the cus-
tomers are forced to follow them. In observable models, customers are informed of the queue length at arriving instant. We
classified two subcases: fully observable and almost observable, depending on the additional information, or lack thereof, the
state of the server. The equilibrium strategies and resulting stationary system behavior were explored from continuous and
discrete perspective and we comparatively analyzed the results of both. Moreover, we discussed the effect of the information
level as well as several parameters on the equilibrium thresholds and social benefit.

The study could offer the customers with optimal strategies to reduce the loss of queueing. Besides, the results could pro-
vide reference information on the pricing issues in queueing systems. Further extensions would be researched about the
equilibrium customer strategies in unobservable models. Furthermore, we can also explore equilibrium behavior under
working vacation policy.
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