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Abstract In this article, we determine the integral transforms of several two-
boundary functionals for a difference of a compound Poisson process and a com-
pound renewal process. Another part of the article is devoted to studying the above-
mentioned process reflected at its infimum. We use the results obtained to study a
G?|M*|1|B system with batch arrivals and finite buffer in the case when § ~ ge(}).
We derive the distributions of the main characteristics of the queuing system, such as
the busy period, the time of the first loss of a customer, the number of customers in
the system, the virtual waiting time in transient and stationary regimes. The advan-
tage is that these results are given in a closed form, namely, in terms of the resolvent
sequences of the process.

Keywords Busy period - Time of the first loss of the customer - First exit time -
Value of the overshoot - Linear component - Resolvent sequence
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1 Introduction

The queueing models with batch arrivals and a finite buffer of the G*|M*|1|B type
arise in telecommunication networks, transportation systems and manufacturing sys-
tems. One of the most important performance issues of the queue with finite buffer
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is losses which are caused due to the buffer overflow, see [1, 13]. In this article, we
address the problem of losses by determining the Laplace transforms of the time of
the first loss and the number of lost customers. In addition, we consider other per-
formance characteristics such as the busy period and the virtual waiting time. We
propose a probabilistic approach based on the solution of the boundary problems for
a two-component Markov process which governs functioning of the above-mentioned
queueing system.

Experience shows that finding the aforementioned characteristics is not an easy
task. So far, the embedded Markov chain approach has been widely used for their
analysis (see [4] and references therein). The idea to use embedded Markov chains
for studying queueing systems was introduced by Erlang in the 1930s. The main
disadvantage of this approach is that the analysis of the evolution of the system is
performed only on the states of the system which constitute a countable set. So far,
major efforts of the researches were focused on establishing the equivalence between
the stationary distribution of certain characteristics of the system and stationary dis-
tribution of the corresponding characteristics of the embedded Markov chain. It is
clear that many characteristics cannot be determined based only on the states which
constitute the countable set.

A two-component Markov process with continuous time appears naturally to
mathematically describe the evolution of a queueing system. The first component of
this process describes the phase state of the system, whereas the second component
ensures the Markov property of the process.

The evolution of the number of customers in such systems is described by a
process with two reflecting boundaries. In the general case, this process is a dif-
ference of two renewal processes. Reflections from the upper boundary are generated
by the supremum (infimum) of the process. Reflections from the lower boundary
govern the server’s behavior. In general, such processes are not Markovian, but by
adding a complementary linear component we obtain a Markov process which de-
scribes the functioning of the queueing system. Determining primary performance
characteristics of the queueing system translates to studying boundary functionals of
this governing process. We have followed this approach for the queueing systems
G®|M*|1|B with a finite buffer in the case when § ~ ge()).

For the queueing systems of M*|G®|1|B and G?|M*|1|B type, the governing
process is the difference of the compound Poisson process and the compound renewal
process complemented with a linear component. The main two-boundary character-
istic of this random process is the joint distribution of {x, L, T}, i.e., of the first
exit time from the interval, the value of the overshoot and the value of the linear
component at this instant. Other two-boundary characteristics, such as the number of
intersections of the interval, the joint distribution of the supremum, infimum and the
position of the process, the sojourn time of staying inside the interval, the first entry
time into the interval and also boundary characteristics of the reflected process can
be derived in terms of this functional. In order to determine the Laplace transforms
of the main two-boundary characteristic for the difference of a compound Poisson
process and a compound renewal process [8, 9], we employ the method suggested
in [7] for general Lévy processes. The main contribution of this approach is that the
joint distribution of {y, L, T} is derived in terms of more simple joint distributions
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of the one-boundary functionals of the process which are known. For an overview of
the existing results on the two-boundary problems, we refer to [5, 19]. For the state-
of-the-art in queueing systems with batch arrivals and finite buffer, see [16-18, 22]
and the references therein.

The rest of the article is structured as follows. In Sect. 1 we introduce the process
and necessary notations. In Sect. 2 we consider the lower and upper one-boundary
characteristics of the process. The main result is the solution of the two-sided exit
problem for the underlying process. Section 3 deals with the process reflected at its
infimum. We then consider the first passage time of the upper boundary, the dis-
tribution of the increments of the process and its asymptotic behavior. Finally, in
Sect. 4 we apply the results obtained in the previous sections to study primary perfor-
mance characteristics of the queueing system G?|M*|1|B, such as the busy period,
the time of the first loss of a customer, the number of the lost customers, the number
of customers in the system and the virtual waiting time in transient and stationary
regimes. In addition, we derive the above-mentioned characteristics for the partial
case of G%|M*|1|B, namely when P[§ = 1] = 1.

2 Preliminaries

Let 5, § e N={1,2,...} be positive independent integer random variables, and
n € (0, 00) be a positive random variable independent of sz, § with the distribution
function F(x) =P[n < x], x > 0. We will assume that Es¢, E§, En < co. Introduce
the sequences {1, n,}, {3, 54,}, {8.8,}, n € N, of i.i.d. (inside of each sequence)
variables and define the monotone sequences

no(x) =0, n1(x) =Ny,

M1 (xX)=nx+ny+---+mn,, nel, "

sy =0, %,,:%/1+~-~+%;;
30 =0, Sh=8+-+68,; neN,
where 1, € (0, 00) is a random variable with the following distribution function
Fe@) =Pl <ul=[Fx+u)— FO](1 - F) ™', u=0.
Denote by {(t)};>0 € ZT ={0, 1, ...} a compound Poisson process
E"0 =% k() =p(Ez*—1), |z =1,

where © > 0 is the intensity of the jumps and s is a jump size. For all ¢ > 0 define a
renewal process generated by the random sequence {1, (x)},cz+:

N:(t) =max{n € Z" :n,(x) <t} € Z*, x=>0.
Introduce a right-continuous step process

D ()=7(t)—n, 0y €Z={0,%1,...}, 1>0; D,(0)=0. (2
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Note, that inter-arrival times of the positive jumps are exponentially distributed with
parameter (., the positive jumps themselves are of a random size s, and there occur
negative jumps of size §), at time instants 7, (x), n € N. We will call the process
{D,(#)};>0 a difference of the compound Poisson process and a compound renewal
process. Observe, that this process is not a Markov process in general. For all # > 0,
introduce a right-continuous linear component

t+x, 0<t<ny,
UNIGES = R, =[0,00), x>0. 3)
t—nn,n(X), =y

The process {n;r (t)}s>0 increases linearly on the intervals [1, (x), n,4+1(x)), n € AR
it is killed to zero at the points 71,(x), n € N, and the value of the process at the
instant #y > 7, is equal to the time elapsed from the moment of the last negative jump
of Process (2) until #y. We will call Process (3) a linear component. By adding this
linear component to the process {D,(¢)};>0, we obtain a right-continuous Markov
process

{Xihi=0= {Dx(f), 77;(1‘)}[20 €Z xRy,
Xo={0,x}, x=0,

“

which governs the process {Dy(t)};>0. The process defined in (4) is a Markov
process. Note, that it is homogeneous with respect to the first component [6]. This
fact will be used constantly when setting up the equations.

Forall x e Ry, |z] <1, denote

fes)=Ee™™, f(s)= fols),

fx(s7 Z)= ];x (s — k(z)) — E[e—sﬂxzﬂ(ﬂx)].
Lemma 1 (Kadankov et al. [10]) Ler D, (t), nj‘ (t), t > 0 be the random processes
defined by (2)—(3), and vy ~ exp(s) be an exponential random variable independent

of these processes. Then for all x e Ry, s > 0, |z| =1, p > 0 the following equality
holds

D (z, p) = BP9 = Pix (%)

se P* 1 ~
= - S + )
s+p—k(z)( S p Z))
s r — 1 - f(s + p, Z)
4+ fils, B — 5)
s+p—k(2) S 1— f(s,2)Ez ™0
In particular, for all x e R, s > 0, the following formulae are valid
s sfe(s,2)  Ez7%—1
DS (z) = EzP+0) = . lZl=1. (6

s—k(z)  s—k@ 1— f(s,2)Ez=%
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Here, and in the sequel, we will assume that the random variable 6 € N is geomet-
rically distributed with parameter A € [0, 1):

Ps=nl=(1—-M)A""!, neN,
1_

EZ =
Z Zl_)LZ

.zl =L

This assumption means that the process { D, ()};>0 has geometrically distributed neg-
ative jumps which occur at time instants {1, (x)},en. Here, and in the sequel, we
will use the following short notation § ~ ge(X). In this case, it is possible to obtain
closed-form solutions for the one- and the two-sided boundary problems. In order
to determine the main two-boundary characteristic of the process, we will require
the one-boundary functionals of the process. These are the Laplace transforms of the
joint distributions of the upper and lower one-boundary functionals of the process
{X:}s>0. In the sequel we will use the following result.

Lemma 2 Let f(s) = Ee™". Then for s > 0 the equation
z—)»z(l—)»)f(s—k(z)), Izl <1, 1€l0,1) @)

has a unique solution z = c(s) inside the circle |z| < 1. This solution is positive
and c(s) € (A, 1). If E[5],E[n] < 0o, p = u(l — ME[sx]E[n], then for p > 1,
lims_,gc(s) =c € (A, 1); and for p <1, limg_,gc(s) = 1.

A detailed proof of an analogous proposition for semi-continuous random walks
can be found in the monograph of Spitzer [20]. The reasoning in that proof can be
also applied to (7) (see also Lemma 1, [9]).

3 One- and two-sided exit problems
Let Xo=1{0,x}, x € R, k € Z". Define
T(x) = inf{t : Dy (t) < —k},

Ti(x) = =Dy (tr (x)) — k,
inf{#} = oo,

i.e., the first undershoot time of the negative level —k by the process { Dx (t)};>0. We
will use the convention that on the event {tx(x) = 0o} Ty (x) = 0o. Denote By (x) =
{tr (x) < oo}. We define the lower one-boundary functional of the process as follows

fele,m, s) =E[e % Ti(x) =m, Br(x)], meN.
This functional is determined by means of the following lemma.

Lemma 3 (Kadankov and Kadankova [8]) Let { D, (t)};>0 be the difference of a com-
pound Poisson process and a compound renewal process, § ~ ge(A). Then

@ Springer



180 Queueing Syst (2010) 65: 175-209

(i) The Laplace transform of the joint distribution of {t(x), Ty (x)}, k€ ZT, x >0
satisfies the following equality for s >0, m € N

fite,m,s) = fi(s —k(c()))e)F A = a1, )

where c(s) € (A, 1) is the unique solution of (7) inside the circle |z| < 1, f;(s) =
Ee™5x, f(s) =Ee™ ¥ = fo(s).

@) If p > 1, then Pt (x) < o0] = f;(—k(c)) k<1, and T (x), for all k € ZT,
x >0, is a defective random variable; if p < 1, then Pltx(x) < oo] = 1, and
14 (x) is a proper variable for all k € 7", x > 0.

Note that the value of the overshoot T;(x) does not depend on 7 (x) for any k €
7, and it is geometrically distributed: Ty (x) ~ ge(}).

We now introduce a sequence which will be used to obtain the results in the se-
quel. The idea to employ this sequence for semi-continuous random walks and semi-
continuous Lévy processes is due to Takacs [21]. Since the function

fx(s - k(z)) = E[g—mxzﬂ(nx)]

o0
= Zzi/ e_”P[nxedt,n'(t):i], lz] <1
0

ieZ+t

is analytic inside the unit circle for all s, x > 0, the function

(1—2) fr(s — k(2))
I=Afs—k@)+r—z

Qlx) = 5, x>0, [z] <c(s) &)

is analytic on the open set |z| < c(s). In this region, it can be represented as a power
series

Qix) = Z sz‘,i(x), 5,x>0, |z] <c(s).

keZ+

The coefficients of this expansion can be calculated by means of the inversion formula

0} (x) = if ! A=W k@), e (0, c(s)). (10)

27i Jigma N (1= fls — k(@) + A2

We will call the sequence { Qj (x)}iez+, X > 0, defined by Formula (10), the resolvent
sequence of the process { Dy (t)}/>0-

We now explain a probabilistic meaning of this sequence. Introduce a random
sequence as follows (see [10]):

Yo(x) =0, Yi(x) =m(ny) =9,

n
Yar1()=Y1()+ Y Y. Yy =X,(0),
i=1
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where Y =n(n) —8 € Z, {Y,Y,}, n € N, is a sequence of ii.d. random variables.
Define a right-continuous step process in the following way:

R} o= {YN0(®)},o0 €2, R:(0)=0, xeRy.

The sample paths of the process are constant on the time intervals [, (x), 7,41 (X)),
n € Z* and they jump at the instants 7,(x), n € N. These jumps have the same
distributionas Y = (n) — 6, wheren € {2,3,...},and Y1 (x) =7 (n,) — 6 forn = 1.

Here, and in the sequel, we will call the process {R(f)};>0 a semi-Markov random
walk generated by the sequences {1, (x)}, {Y,(x)}, n € ZT. Let R, =sup, <, Ro(u)
be the supremum of {R(?)};>0. The generating function of R,+ was found in [10]:

EoRE — 1—2 (1= f(s)(z—c(s)) 2l <1,

l—c() z—a—(1=21)f(s —k(2))

where vy is an exponential variable with parameter s > 0, independent from the
process { Ry (t)};>0. It follows from (9) and from the latter formula that for |z| < c(s)

sy L7 fels k@) b gs
LW =170 o= L lel <.

Comparing the coefficients of 7%, k € Z*, on both sides yields

0in = ;((S)) Z ()1 k IZE e () = JP[RE =i — f].

Denote by 7% (1) € Z*, s > 0, a random variable given by its distribution:

P[NS(UX)Zk]: f‘l(s)E[e_”lx’n(nx):k]’ k€Z+.

Then the previous equality implies that

= k
Qi(x): fx(@s) 1 —c(s) ZC(S)iP[JTS(nX)+RI:i], kEZ+,

1— f(s) ek ~

which explains the probabilistic meaning of the resolvent sequence. Asymptotically,
one has that Qj (x) ~ c(s)7% as k — oo.

Let Xo = {0, x}, x >0, k € Z*, and introduce the upper one-boundary functionals
of the process {X;};>0:

t(x) =inf{r: Dc(t) > k},
TF(x) = Dy (zF (0)) -
n* () =} (* (),
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i.e., the instant of the first crossing of the level k by the process {Dy(t)};>0, the
value of the overshoot across the upper level and the value of the linear component
;¥ (+) at the instant of the first crossing (time since the last renewal). Denote BE(x) =
{zh(x) < o0},

Free,dlm,s) =E[e™ " ®; nf(x) edl, T*(x) =m, BF(x)], meN.

We will now determine the Laplace transforms of the upper one-boundary functionals
of the process {Dy(r)};=0. Let k € ZT and 7% = inf{r : 7(r) > k}, T* =2 (%) — &k
be the first crossing time through the upper level k by the compound Poisson process
{7 (t)};:>0 and the value of the overshoot at this instant. Denote by

o0
o) =Plr@)=kl, Y Fpt)=EV =", |z <1,
k=0
k
pidn =Pt edt, T"=m]=p)_ pi(OPlx=k—i+mldt, meN.
i=0

Lemma 4 (Kadankov and Kadankova [8]) Let {Qj (x)}iez+ be the resolvent se-
quence of the process {Dyx(t)};>0 given by (10), k € Z*, s,x > 0. The following
equalities hold:

5=y 1= F )
k s(l—x) m _
fr(x,dl,m,s)=e I (x)I{l > x}py (d(l x))

k
+ @50, dlm) Q4(x) — eI [1 = F(D] > Q5 pfsdD), (1)
i=0

where @35 (0, dl,m) = e™'[1 — F()] Y22 c(s)* pi(dl);

s 03 (x)
s—k(c(s) 1—1°

FHee,s) =Ee ™" @ = 1 — Ak(s) — (12)

and A¥(s) = 3o i ()[1 — Qf_; ()1 = V)71, prls) =5 [5° e pi() dt.
For E[x], E[n] <ococand p < 1, *(x)isa defective random variable and
P[r(x) <oo]=1—-(1-p)(1 =N Q(x) <1,

where {Qk(x)}rez+, X > 0 is the resolvent sequence of the process {Dx(t)};>0 given
by (10) for s =0:

1
Ok(x) = =—

2mi

y{ dz (=1 (k@) ae(0.c0);  (13)
|z|]=a €

LA =0 f(—k@)+r—2

if p > 1then, forallk € Z+ and x > 0, K (x) is a proper random variable.
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Along with Expression (13) there exists another way to calculate Q(x), which
is more applicable from a practical point of view. We will now derive the recurrence
formula for Qy(x). It follows from (9) for s, z = 0 that

Qo(x) = (1 =M (A + (1= fo) " folx),

where, for all k € ZT, fi(x) =Pln(n,) = k] = fooo Pln, edt, n(t) = k], fi =
fx(0). Again, it follows from (9) for s = 0 that

(1= 1) fe (k@) = (1 =2 f (=, @) Q. (x) + (h — 2)Q; (x).

Comparing the coefficients of z¥, k € N, on both sides implies that

k
A= fix)=01—=2) Z Qi (®) fr—i + 20k (x) — Qr—1(x).

i=0
Combining similar terms yields
k—1
(A4 (=1 £0) Q) = (1 = 1) fix) + Qk1(x) = (1 = 1) Y Qi (x) fi—i.
i=0

The latter formula is a recurrence relation which allows to calculate successively the
terms Qy(x) given the previous terms Qo(x), ..., Qr—1(x). For instance, given the
expression for Qg(x) one finds that

A
01(x) = m[fl(x)‘i‘

1-0-Mfo

(=) fo f‘)m]'

Denote by D (t) = inf|g ;] Dx(-) the running infimum of the process on [0, ¢].

Theorem 1 Letr € ZT, E; (x,z,5) = E[zP"); D (v5) > —r], |z] < 1 be the gen-
erating function of the joint distribution of { Dy (vy), D (vs)}. Then

(1) The generating function E (x, z,s) is such that

E - (x,z,8) =1 =A%)+ (1 —2) fr(x,5)

11—

: Aj()z™",  (14)

Z

where f,(x,s) =E[e™7®: B, (x)] = cx(s)c(s)", cx(s) = fels — k(c(s)),

A= Y KAk = —2 ( S @;(x)).

o s—k(0)\1—2z 1—2A

(ii) The joint distribution K (x,u,s) =P[Dy(vy) > u, D (vg) = —r], u € [—r, 00)
satisfies the following equality

E; (x,u,8) =1— A1) = fr(x,9)(1 — EAZT T 1(s)), (15)

where EAKF (s) = (1 — 1) Y oy A 1A (5), A%(s) =0 foru < 0.
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(iii)) Under Condition (A), namely,

p=~0=2pEnEx=1,
(A)

’

2 ExEn?
c“=u|Ex(—1)+

(1 —2)(En)?
the following limiting equality holds as B — oo, r > 0,

u+2r
—v2/202t dv
9

P[Dy(tB*) > [uB), Dy (tB*) = [-rB]] > \/_
o

where [a] is the integer part of the number a, u € [—r, 00).

Proof In accordance with the total probability law and Markov property of . (x) for
all r € Z, we derive the following equation

EzP<0) = B[P DT (v) = —r] + fr(x, s)i — iz—’EzDOW |zl = 1.

To write this equation, we used the path decomposition principle. It means that the
increments of the process D, (vy) on the interval [0, v,] are realized either on the sam-
ple paths which do not cross the negative level —r, or on the sample paths which do
intersect the level —r, and further evolution of the process is its probabilistic replica
on [0, vs]. From the latter equation, we find that

11—
E; (x.2.8) = DY@ — fr(x.8) = 2 DY(a).
Observe that the function which enters the left-hand side of the equation is analytic in
{z : |z| < 1}. Therefore, the right-hand side is also an analytic function for all |z| < 1.
Employing (6) and the definition of the resolvent (9), we get

E - (x,z,5) =1 —2A%(s)+ (1 — z)f,(x,s)i:); Aj()z™", Jzl =1

It is not difficult to establish the following equality

ad fr(x,s) z
Z z“IEr_(x,u,s)—% 77— ——E (x,2,5), |z]<1.
1—z 1—2z

U=—r

In view of the latter and the previous equality, we find that

Z Z"E; (x, u, s)—M _r—ZA)ZC(S)—fr(X,S)i:

u=—r

s
- Ad(s)z7"

Comparing the coefficients of z“, u € [—r,00), and taking into account that
A%(s) =0, we obtain (15).
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Denote &.(x,u, B) = P[Dy(tB?) > [uB], Dy (tB*) > [-rBll, r >0, u > —r. It
is clear that
im [ e U yim w72
im Cx,u, Bydi = — lim Eyp, (x,[uB]).

B—o0 Jg

To be able to perform asymptotic analysis and verify the third statement of the theo-
rem we will use the following equalities (see [10] where they were derived)

c(s/B*) =1-B""V2s/o +0(B7"),

2 sinh(k+/2
Jim B~ QS,{g]( ) 28inhkyi2s/o) V25/9) _ B'EQVE

o /25K —Bﬁm S+[kB]’

Bli_)moo A&kB](s/Bz) =1 — cosh(k+/2s /o) = Bli_)moo EAngB](s/Bz).

(16)

Employing these equalities and also (15), we find that

e¢]

lim el (x,u, B)dt

B—o0 Jo

:S—ll{u>0}(e—um/0/2_e—(2}’+u)«/E/0'/2)
u\/E/O'/z_ e—(2r+u)\/ﬂ/o/2)

+S_11{ue[—r,0]}(1 —e u>—r.
Denote by wy;>0) the symmetric Wiener process with dispersion o. Let 7% = inf{z :
w; > a} be the first passage time of the level a € Ry. The Lévy identity P[t <¢] =

2P[w; > a] implies the following relation for the Laplace transforms
1 (,¢]
Z e s/o 2/ e S"P[w,; > aldt.
$ 0

Using this formula to invert the Laplace transforms in the previous equality, we obtain
the limiting equality of the theorem. g

We will now consider the two-sided exit problem for the underlying process (2).
Let B € Z* be fixed, k € [0, B], r = B — k, Xo = {0, x}, x > 0, and introduce the
random variable

xE ) =inf{t: Do(1) ¢ [—r, K1} <

as the first exit time from the interval [—r, k] by the process { Dy (¢)};>0. This random
variable takes values from a countable set {£,, n € N} U {n,(x), n € N}, and it is
a Markov time of the process {X;};>0. (Here &,, n € N, is a sequence of the jump
times of the compound Poisson process.) Observe that exit from the interval can occur
either through the upper boundary k, or through the lower boundary —r. In view of
this remark, we introduce the events: 2% = {D,(x) > k}, i.e., the process {Dx(¢)}:>0
exits the interval [—r, k] through the upper boundary k; 2, = {D,(x) < —r}, i.e., the
process { Dy (¢)}:>0 exits the interval [—r, k] through the lower boundary —r.
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Denote by
T = (Dx(x) — k)lgu + (= Dx(x) — r)Ia,,
L=n7 0Ly +0-Ig,,
P +2,] =1
the value of the overshoot through the boundaries of the interval [—r, k] by the

process {Dy(t)};>0 and the value of the linear component at the instant of the first
exit. Here Iy = Iy (w) is the indicator function of the event 2[. Denote

VE(x,dl,m,s)=E[e™*; Ledl, T =m, "],
Vi(x,m,s) = E[e_sx; T =m, er].

Theorem 2 (Kadankov and Kadankova [8]) Let {Dx(t)}:>0 be the difference of the

compound Poisson process and the renewal process (2), § ~ ge(A), O3 dof 01(0).

Then

(1) The Laplace transforms of the joint distribution of {x, L, T} satisfy the following
equalities for all x,s > 0, m € N,

0r(x)

EQ; 5

Vi(x,m,s) = (1—a)am=t
05 (x) (an
(X
Ve, dlm,s) = [ dlm,s) — —5
E §+B

E 5+8(0,dl, m,s),

where the function f*(x,dl, m, s) is given by (11),

EQ2§+B = 2(1 - )‘))‘k_l Qi+37

keN

EfTE0.dlm, )= (1= B0, dlm, ).
keN

(ii) For the Laplace transforms of the first exit time y, the following formulae hold

E[e™%; 2] = ka(X) ’
EQ;s. 18
0 ) (18)
E[e 2 =1 Al(s) - A= (1 - EAGTP (),
§+B

where EASTE (5) = Y (1 — MAK 1 ARTE (s).

It is worth noting that the Laplace transforms V,(x,m,s), yk (x,dl,m,s) were
determined in [8] for the case when § € N is a positive arbitrarily distributed random
variable. The results of Theorem 1 were obtained as a corollary for § ~ ge()). In
the following section we will employ this joint distribution to study the boundary
characteristics of the process reflected from the boundaries.
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4 Reflections from the boundary

Denote by D’ (t) =r 4+ Dx(t), t > 0, the process starting from r € Z when nj‘ 0 =
x>0.Letr € Z*, and for all > 0 we define a right-continuous process reflected at
the boundary 0 as follows:

D{(x, 1) = DY (t) — minJ0, inf D’ (- VAR
Bitw.)= D4~ minfo. of DL} 19

D(x,0)=r.

The reflection from the lower boundary 0 is generated by the infimum of the process
Dy (). Observe that the first hitting of 0 by the process Dg(x,?) occurs at time
7, (x). Subsequent time periods between the hitting times have the same distribution
as 19(0).

Note that reflections from the boundaries generated by the infimum (supremum)
were introduced by Lévy for a standard Wiener process. Applying the symmetry
principle and the mirror reflection principle, Lévy determined the distributions of the
boundary functionals of the reflected standard Wiener process. It appears that these
distributions are the limit distributions for the reflected process after an appropriate
scaling of time and space.

4.1 Passage of the upper boundary

We will now determine the one-boundary functionals for Process (19). For B € Z™*,
r € [0, B], denote by

L{B(x) = inf{t :Dy(x, 1) > B} défz,

") =D - B, L =ni@

the first crossing time of the upper level B by the process Dj(x, 1), the value of the
overshoot and the value of the linear component at this instant.

Note that these boundary functionals were studied in [14] for the reflected Lévy
processes generated by the infimum (supremum). The reflected spectrally one-sided
Lévy processes generated by the infimum (supremum) of the process were considered
in [2, 15]. An interesting application in queueing theory for the spectrally one-sided
Lévy process reflected by its infimum was given in [3].

Lemma 5 Let D{y(x,t){;>0; be the process reflected by infimum (19). Then

(1) The Laplace transform v'.(dl,m,s) = E[e‘slf(x); L edl, T =m)] of the joint
distribution Of{zf (x), L, T} satisfies the following equality for s > 0

Vi(x,s)

— 2" vB,dl,m,s), 20
= Vo0.5) ( m,s) (20)

vi(dl,m,s) =V (x.dl,m,s)+
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where k = B — r, V,(x,s) = Zf;,oeN Vi(x,m,s), and the functions
Vk(x, dl,m,s), V.(x,m,s) are determined by (17); in particular,
EASB (s) — AB(s)
V() =Ee T ™ =1 — Ak (s) + 03 (x) 13 _ 0@
Q8+B - QB

(ii) Under Condition (A), the following equality is valid

e 5 (t3)0)

T—}—l Sln(k(Zn + 1)7T/2),

, 4
BleOOP[LfB(x)/BZ >t]= — >

neZ*

wherer € (0,1), k=1—r.
(iii) The random variable 25 (x) is proper (P[Lf (x) <oo]l=1) and

5 ) A6+B AB
Erf () =A + 02— <o,
EQs+p — 05(0)
where Qi(x) = Q) (x), EQs43 =EQf 5.
k
=Y p[l—0=0""0i )],
i=0
o
Pi =/ P[n(t) = i] dt < oo.
0
Let us verify Formula (20). It follows from the definition of the process Dy (x, t)

(see (19)), the total probability law and the Markov property of x that the following
equation is valid:

vl m,s) = VE(x dlm, s)+ V,(x, 5)vo(dl, m, 5).
Letting x = r = 0 in this equation, we find that
v)(dl, m, s)=VE0,dl,m,s)(1—Vy(0,s) "

Substituting the expression for the function 58 (dl, du, s) into the previous equation,
we get Formula (20). Formula (21) follows from (20) and (18).

Lemma 6 Under Condition (A) and for k > 0 the next limiting equalities hold

Jim B2 ) = n(cosh(k«/—/a)—l)_ lim BES) g

) 2 s/B2 2uEs
Blimw[EQfgka] ~ o= =5 cosh(kv/2s/0). 22)
V2
Jim_B[AG (s/B%) —BAG ) (s/B%)] = (1_—;)0 sinh(kv/2s/0),

where S} (x) = Zf:o 03 (x), S (x) =0 fork <0.
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The proof of the lemma can be found in the Appendix. Formulae (21), (16) and
the latter equalities imply, for B — oo, k € (0, 1), r = 1 — k, that

2sinh(kv/2s/0)  /2s

Ee S 13(0)/B* _, cosh(kv/2s /o) —
/ ov2sEn  (1=1)o

2
X sinh(VZs/a)G—/cosh(«/ 2s/o0)
2ux
_ cosh(r«/2s/o)
B cosh(~/2s/0) ’

It is obvious that

o 1 1cosh(rv/2
/ e lim P[zB;(x)/B* > t]dt = - — 1 coshlr2s/a)
0 B—o0 N S cosh(+/ 25/(7)
Inverting the Laplace transforms on both sides of the latter equality, we get the limit-
ing equality of the theorem.

4.2 Increments of the process reflected at its infimum

Letr € Z™, and denote by Q(lr (x,1) = Dy (t) —min{0, infjp ;] Dx(-) +r} € [—=r, 00),
the process reflected from the lower boundary —r. The reflections are generated by
its infimum. Introduce

0
PS(x,2) =Ez2= ) <1,

P u)= P[Q(lr(x, ve) >ul, u€l-r 00),

i.e., the generating function and the distribution function of the increments of the
process sampled at the exponential time vg. The following statement holds.

Theorem 3 Let {D® +(x, D)}i=0 be the process reflected at the lower boundary. Then

(1) The following equalities are valid for r € Zt, x>0, ue[—r, 00),

A
Pl(x, z)—(l—z)[Az(S)+z_rfr(x 5) AG(s )]
—c(s) A —
(23)

1— filx, S)[Alﬁ_r 1( ) — EA3+Lt+r—1 (S)],

Pl )y =1— A" (s) - ——— — ( )

where A% (s) =0, foru <0.
(i) Under Condition (A), forr >0, u > —r,

u+2r 2 2
lim P[D{_,  (x.1B%) > [uB]] = f e V2 du. (24)

B—0

G\/ZT[
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@Gii) If p = (1 — M) UEnEsc < 1, then the ergodic distribution

p, ()= lim P[D? (x,1) > u]
exists, and the limiting equality

l—p u+tr—1 S+u+r—1
pw)y=1- Ey (AT —EAG ]

holds, where Ak =3 %_ pi[1 — (1 = )1 Qxi (0)], pi = Jo Plr (1) =ildt.

Proof In view of the total probability law, Markov property of 7, (x) and homogeneity
property of the process with respect to the first component, we can write the following
equation for the function PJ (x, z):

sfr(x,8)z27"
S+ u

pfrx, )" /
+ idhPid, , 25
L et %a( )Pl 2)7! (25)

ai(dl) = e '“TH[1 — F()|Px = idl,

Pi(x,2)=E, (x,2,9) +

where the generating function E (x, z,s) = E[zP<s): D (vs) = —r], 2] <1, is
determined by (14).

This equation reflects the following fact. The increments of the process { Q(lr (x,1)}
can take place either on the sample paths which do not hit the lower boundary —r,
(the first term on the right-hand side), or on the sample paths which hit the lower
boundary —r and stay there (the second term), or finally, on the sample paths which
hit the boundary —r and then are reflected from the boundary (the third term). Denote

X (s, idhPid
(5.2)= 1—f(s+m/ %a() (t.2)2"

Setting x = 0 in (25) and performing necessary calculations, we get

-2 1— f(s+p) s
X(s,2) = c(s)[ / rEZNar(dx)E (x,z,8)7 +s —— ]_s—l-,u'

Inserting this expression for the function X (s, z) into (25) yields

Pi(x,2) =E (x,2,5)

+ fr(x,8)z27" l_c?s)[ / Zar(dx)E (x,2,97"

reN

+s1—f(s+u)]
S+ u
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Inserting Expression (14) for the function E; (x, z, s) into the latter equality and
performing necessary calculations, we find that

1=
Pl(x,2)=( —z)[AZ(S)JrZ_’fr(x §)——— pr (S)]

It is not difficult to derive the following relation

—r

l—z 1-—

o
P, =Y pxu)=

u=—r

Po(x,2), lz|=1.

The latter and the previous equality imply that

" 1—-x 1—¢
— 7AZ 1+l ,
—7 ¢ () =2 (x8) 5 o) Ao

pL(x,2) = “A5().

Comparing the coefficients of z, u € [—r, 00), we get the second formula of (23).
We now verify (24). The first formula of (23) and (8) imply that

lim fip(x,s/BY) =eV2 r>0
B—o0

Denote ]35 (x,u, B) = P[Q?_rB](x, th) > [uB]], r >0, u > —r. It is obvious that

o0

1
lim e pt(x, u, B)dL_; hm.p”B(xJuBD.

B—o0 Jg

Employing (16) and Lemma 6, we obtain

e¢]

lim ' pi(x,u, B)dt
0

B—oo

=5 Miuso) (e Y217 /2 4 = @rHIVE )
+ 5 Mueporon (1 — V209 /2 4 o= Crov/o gy -y > .

In view of the formula s~ e=9V25/7 =2 fooo e S'Plw; > a]dt, we invert the Laplace
transforms on the right-hand side of this equality, which yields the limiting equality
of the theorem. For p < 1 the mathematical expectation of 7 (x) is finite. It follows
from (8) that

E7,(x) = [Enx +r(1 = MEn](1 —p)~' <00

Moreover, the process Q(lr (x,1) is of regenerative type [12]. The instants of the
passages of the lower boundary are the regeneration times. Due to this property (see
[12]) there exists an ergodic distribution of the process pi (1) = lim;_, P[Ql(‘) (x,1)
< u]. To determine this distribution it suffices to apply the Tauberian theorem to
Formula (23). Here pi(u) = lim;_,¢ g]‘((x, u). O
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Let {Q(lr(x,t)}tzo be the process reflected from the lower boundary —r,
r, k € ZT. Introduce the following random variables

Lr,k(x) :lnf{t :Qgr(x, t) > k} :zﬁ

T,,x)=D° (x.1)—k, L. (x)=ni(),

i.e., the first exit time from the interval [—r, k] by the process Q(lr (x, 1), the value
of the overshoot through the upper boundary k and the value of the linear compo-
nent at this instant. Since the process X; is homogeneous with respect to the first
component, then the random variables {z, ;, (x), T, ; (x), L, ; (x)} have the same dis-
tributions as {t. f (%), Zf (x), L.(x)}, B=k+ r. And hence their joint distribution is
given by (20).

Theorem 4 Let { Q(lr (x,1)}s>0 be the process reflected from the lower boundary —r.
Denote by E‘;’k(x, u) = P[Q(lr (x,v5) S u; T, (x) > v5l, u € [—r, k], the distribu-
tion of the increments of the process sampled at the exponential time vg, s > 0, given
that the event {t, ; (x) > v} takes place. Then

(i) The following equality is valid for r,k € Z, u € [—r, k],

EASTT (5) — ABTT (s)
EQ% s — 0%

Py () = AL(s) — Qp(x) (26)

(i1) Under Condition (A), the limiting equality
: kB 2 . 2
Jim P[DIPN(1B%) < (uBl; Ty, p) oy (x) > 1B]

e~ 3 T(+3)0)?

def 4
= )= — -
P nz 1

neZt
. 1 1
x sin| (r + u) n~|—§ b4 cosrn—}—i b4 27
holds, wherer € (0,1), k=1—r, u e[—r,k].
Proof Introduce the generating function
0
P (e, ) =E[27 0 1 (0 > v
According to the total probability law, the homogeneity property of the process X;

with respect to the first component, Markov property of z, ; (x), and properties of the
exponential variable v, we can write the following equation

o
Ei(x,z)zﬁi,k(x,z)+/ > o vidlm, )P, gL, 2l <1,

meN
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where V'.(dl,m,s) = E[e_ser("); L €dl,T = m] is determined by (20), and
Pi(x,z) = E[ngr(x*”f)] is found in Theorem 3 by (23). This equation is written
using the path decomposition principle. In other words, the increments of the process

(i, (x,vs) can be realized on one of the following self-excluding events: (1) the
sample paths do not cross the upper boundary k, (2) the sample paths do intersect the
upper boundary and then the evolution of the process is just a probabilistic replica
of the process on [0, vs]. Inserting Expression (23) for the function PJ(x, z) into the
latter equation, we find that

1 o0
1—£jk(x,z)=A;(s)—zk/ 0h(dl, z, 5)A (s)
—2Z ) 0

1—A 1—z2

+2TAG ) T s

S FCUED BY ANV e

meN

where v.(dl, z,s) = E[e’slf(x)zlg L € dl]. Performing necessary calculations and
taking into account (8) and (20) yields

—c(s) 03 (x)
=0 EQy, - 0y

Z/ vi(dlm,s) fuip(l,5) = fr(x.s) —

meN

In view of this equality and (28), we find that

P (x,2) =N =00 (s)

1—2

o
= Ai(s) — zk/ Uh(dl, z, )AL (s)
0

- v(s)) -z Qi)

- AN -,
l—z 0" —zEQy 5 — 0%

lzZl <1, (29)

where v} (s) = E[e“‘lf ()], Then it is easily verified that

k+1

1
1—_Z£§7k(x,z)— (1-2(s)) = Z 2p! xw).

u=—r

Comparing the coefficients of z*, u € [—r, k], on both sides of (29), we obtain (26).
Forre(0,1), k=1—r, u e [—r, k], denote

prk(x u,B) = [ kB](tB ) [uB]; T1rBL.[kB] (x)>th]

Employing Formula (26) and the limiting equality of Lemma 6, we find that
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L. /B2 : X st
;Bli)mmgii{B]v[kB](x’[uB]) = Bll)moo A e "' Pyi(x,u, B)dt

_ 1 —cosh(utv/2s/0)

S
1 sinh(k+/2s/0) |
- T sinh 2
S cosh(\/ﬂ/o) sin ((u—i—r)«/—s/cr)
L p*s), (30)

where uT = max{0, u}. When u € [—r, 0], we derive from this formula that

1 sinh(kv/2s /o)

=5 cosh(v2s /o) sinh((u +r)v2s/0), ue[-r,0l.

P*(s)

It is clear that s = 0 is not a singular point (pole or point of branching) of the function
p*(s). On the half-plane R(s) < 0, this function has simple poles at

[ 1\’ +
__ ) cZ",
Sp = 20‘7‘[ n+2 nez

and it is analytic on the whole plane apart from these points. Hence, for o > 0,

1 a+ioco )
p(t)= %/ 6”}7*(5) ds = Z ReSS:snp*(S).
o

—i00
nezZ*

Calculating the residues of the function p*(s) at s,, we obtain the right-hand side of
Formula (27) for u € [—r, 0]. On can see that for u € (0, k] the first term on the right-
hand side of (30) is analytic on the entire plane. Applying the inversion formula, we
find that the contour integral of this term is equal to zero. The second term of (30) is
the same also for u € [—r, 0]. Thus, Formula (27) holds for u € [—r, k]. O

5 Applications for the G3|M*|1|B system
Before considering the queueing system of interest, we stress the following facts.

Remark 1 Let B € Z* be fixed, k € [0, B], r = B — k. Introduce the process

Dyl .y=—D% (x.1)+k+1e[—o0, B+1],

Dyl 0) =k + 1.

€1y

This process is reflected at the upper boundary B + 1, due to the infimum of the
process Dy (¢). Introduce the following random variable:
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T () =inf{r: Dy (x,0) < 1) =inf{e: DO, (x,1) > k}
=inf{t: Dj(x,t) > B} =2 (x).

This defining chain of stochastic equalities implies that Ty (x) and 72 (x) are iden-
tically distributed. And hence, by (21),

EASTE(s) — AB(s)
EQ5, 5 — 0%

T (s) =Ee W =1 — A1) + 03 | (0) , ke[l,B+1].

Remark 2 Denote by ﬁi+l’x(u) = P[ijll(x,vs) > u;Tryr1(x) > v], u €

[1, B + 1], the Laplace transform of the increments of the process 5,?:11 (x,t) on
the event {Ty+1(x) > t}. The definition of the process and Remark 1 imply that

—B+1 _
P[Dk.H (x,v5) > u; Tpg1(x) > Vs]
=P[D%, (x,v) <k+1—u; 2P (x) > 5],
It follows from the latter equality and from (26) that for k, u € [1, B + 1]

§+B+1—u B+1—u
_ _ (s) — Ay (s)
Pra () = Ay (5) = Qf_ (1) — :

k,x X k—1 EQ%+8 _ QSB

(32)
We now introduce the process describing the functioning of the queueing system.
Let BeZ%t, k €[0, B+ 1], x > 0. Define the Markov process
Yo ) ={di ), nf (O} €10, B+11x Ry, Y1 (0) = (k, x)

by means of the following stochastic recurrences

—B+1 —
D JOunE@), 0<t ,
Yix () = | P G000 0) SEST B,
YO,,];!'(?,{(X))(I —Tr(x)), t=Tr(x),
O, ny (1)), 0=<t<ny,
Yox(r) = | Yot — ne) with probability (1 — 2)251, k=[1, B], 1 = nx,
Yp41.0(t — ny) with probability A5, =

The process Y x(t){:>0; serves as a mathematical model of the functioning of the
G’ IM*|1|B system with (§ ~ ge(A)). Let us describe how this system works.

(1) Customers arrive into the system in batches according to the renewal process
Ny (t){r=0y. The number of customers in every batch is a random variable iden-
tically distributed as § ~ ge(A) € N.

(i1) The system has a finite buffer whose size is equal to B + 1 < co. Suppose that
upon arrival of a new customer of size §, there are k € [0, B + 1] occupied places
in the waiting room. Then min{r, §} customers join the queue, and loss of size
max{0, § — r} occurs, where r = B + 1 — k is the size of the empty space in the
buffer;
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(iii) The duration of service completion is exponentially distributed with parameter
u > 0. Suppose that at time ¢ the service cycle is accomplished. Then the oc-
cupied space in the buffer is reduced by min{k, sc}, where k € [1, B 4 1] is the
number of the occupied places in the waiting room at time ¢ — 0. If at the instant
of the service completion k — min{k, »¢} > 0, then a new service cycle starts. If
at the instant of the service completion kK — min{k, ¢} = 0, then the new service
cycle starts upon arrival of a new customer (batch of customers).

For all £ > 0, the event {Y; x(¢t) = (i, y)}, i € [1, B 4+ 1], y > 0, means that at time
t there are i customers in the buffer and that time y has elapsed since the last arrival
up to time 7. We assume that (k, x) is an initial state of the system.

The event {Yx x(¢) = (0, y)} means that at time ¢ the buffer is empty and the system
is idle, and time y has elapsed since the last customer’s arrival (up to time 7). Hence,
1y is the duration of the idle period (state (0, y)).

Thus, d x (¢) is the number of customers in the buffer at time 7, n; () is the time
elapsed since the last arrival of the batch up to time ¢. Note that the definition of the
process Yk x(¢) (homogeneity of the process X,;with respect to the first component)
implies that the linear component 7} (¢) does not depend on k.

In the next part of this paper, we will determine the Laplace transforms of the main
performance characteristics of the system. The Laplace transform of the busy period
of the system is the subject of the next subsection.

5.1 Busy period of the system

Suppose that the system starts functioning at time #y = 0 from the state (k, x), where
k € [1, B + 1] is the number of customers in the buffer, x > 0 is the time elapsed
since the last arrival up to time fy = 0. Denote by

br(x) =inf{t :di » (1) =0}, n(x) =n; (bx(x))

the instant at which the system becomes empty for the first time and the value of the
linear component at time by (x), respectively. Hence, the interval [0, bg (x)] is a busy
period of the (k, x)-type.

Corollary 1 Let b} (x) = E[e 52 by (x) < oo] be the Laplace transform of the

busy period of the (k, x)-type. Then

(i) The following equality holds

EASTE(s) — AB(s)
EQ; ;- 0j

bi(x)=1—A1s)+ 0 (x) , kel[l,B+1], (33)

the random variable by (x) is proper (P[br(x) < oo] = 1), and it has a finite
mathematical expectation given by

5+B B
EASTE — Al

Ebi(x) = A1 — 041 (x) —2— ~ 0
k(x) = Ay o I(X)EQ5+B_QB <

0. (34)
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(i) The Laplace transform by (x,dy) = E[eW: pn(x) e dy] of the joint distribu-
tion of {bx(x), n(x)} is such that for k € [1, B + 1]

Ef3B(0,dy,s) — £B(0,dy,
B dy) = [ o dys) — @) (o2l Q) = [ 0.4y 5) - 35
EQ8+B_QB

where the function fk(x,dy,s) = E[e’”k(x); Tk(x) edy, %k(x)], keZ", is
determined by (26).

Proof Formula (33) follows straightforwardly from (21) and Remark 1. Equalities
(20) and (17) imply (35). 0

5.2 Time of the first loss of a customer

Suppose that the initial state of the system is (k, x), k € [0, B + 1], x > 0. Introduce
Ix (x) as time of the first loss of a customer (group of customers); i . (¢) as the number
of the lost customers on the time interval [0, ¢]; and ix » = ik x (/k(x)) as the number
of the lost customers at time /; (x).

Corollary 2 Let I} (x) = E[e %™ [} (x) < 00] be the Laplace transform of Iy (x).

Then the following relations hold

L@ +A=F6)S @)
F©+A=FENESS, »

Lie,m)=E[e ™" i =m] =1{ ()1 =A™, meN,

l]i(x) ) k€[07B+1]9

(36)
where S} (x) = Zf:o Qi (x), S;(x) =0 for k < 0. The random variable I;(x) is
proper with a finite mathematical expectation

El;(x) =Enc — En+En[ESs1p — Si—1(x)] < 00,
where S(x) = SP(x), ESs 5 =ESJ p.

Proof The functions [} (x), k € [1, B + 1], [;(y) obey the following system of equa-
tions:

oo
Li(x)= VB+1—k(x,S)+/0 VL, dy, )5 (),

B+1

) = feAET 4 fi9) Y (1= 0a 15 0),

k=1

(37)

where the functions V,(x,s), V¥(x,dy,s) are given by (17) and (18). Substituting
the expression for the function /3(y) from the second equation into the first, we get

o0
B0 = Vaai_i(x, ) + 257! /O VA (x, dy, ) 7, (s)
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B+1

(0.¢]
+ / VE (e, dy, 5) fy () Y (= AR 0).
0 k=1
Letting x = 0 in the latter equation, we find for the function X (s) = fill 1 -
MAK=1IE(0) that
)LB-Q—l ‘7 A,
X(s) + 251 = +Vp@,5) (38)

L= [ VB, dy,s) fy(s)
where Vg(h,s) = (1 —2) P A 1vp 40, 9),

B+1
VB dy,s)=(1-1) Y A0, dy, s).
k=1

Employing Formulae (11), (17), (18) and performing necessary calculations, we ob-
tain

AL V(L) = (=M (EQS, 5)
o
v = -1
1- /0 VEM.dy, ) fy(s) =1 —=1Ss(L. $)(EQS 5)
where Sg(A,s) = f(s) + 1 - f(s))ES§+B. These equalities, Formula (38) and the
second equality of (37) imply that
) = fr(©)Ss(. 97"
Inserting the right-hand side of this equality into the second equality of (37), we get

Q}i_l(x)
EQ;. 5

In view of (11), (17) and (18), we find that

I (x) = +SB()\,S)*‘/ Vil (x, dy, s) fy(s), kell,B+1].
0

/ VE G, dy, ) fy(s) = fe () + (1= £(9))Si_; (x) — MSB(A, 5).

0 EQ5. 5

The latter and the previous equality imply the first equality of (36). We now verify
the second equality. Observe that i; , ~ ge(}). This can be formally derived from the
first formula of (17) and from the following system of equations

o0
I (x,m) = Vp1—k(x, s)(1 — A" ~! +/ VE N (x, dy, ) (y, m),
0

B+1
I5(y.m) = fy ()1 =025 4 f(5) Y (1 = A0, m).
k=1
To solve this system, one can apply a similar reasoning as for the system (37). O
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Corollary 3 Let v; ~ exp(s) be an independent from the process Yy (t) exponential
variable with parameter s > 0. Denote by I,f’x (n) =Plixx(vs) =n], n € 77, the
distribution of the number of the lost customers on the time interval [0, vs]. For all
k e[l, B+ 1], x >0, the following equalities are valid

I ) =11 (x),
1

(39)
I ) =0A =01 =15,,0) A+ 0 =i 0)" ", neN.

Proof Let i,f’x (z) = E[z#%+(")], |z] < 1, be the generating function of the distribution
of the number of the lost customers. Then it obeys the equation

[@=1-0)+L, I Q. (40)

where (see (36))

- ; 1-
Li,x(Z) _ E[e—slk(x)zlk.x] — l}z(x)z m

Letting k = B + 1, x =0 in (40), we find that
~ ~ -1
Iy 0@ =1=13,0)(1 - Ly, )
Inserting the right-hand side of this equality into (40) implies

1—-z
1—2zx—2z(1 —A)lsBH(O)'

I (@=1-1x)

Comparing the coefficients of z”*, n € Z*, we obtain (40) of the corollary. O
5.3 Number of customers in the system

Let vg ~ exp(s) be an exponential r.v. with parameter s > 0. Introduce the transient
probabilities of the process di x(t);>0y, k € [0, B+ 1], x >0,

i () =Pdi () =0], g @) =P[d () =u], uell,B+1].

Theorem 5 The distribution of the number of customers in the system sampled at the
exponential time vy is such that

g; (0)=1— A1) — (Af (s) —EAYP (s >) Ci_ (x),

EQ(HB

gl o) = A (5) + (AD 1 (5) — BAY P ) 2

41)
C: (%),
EQHB !
where A];(s) =8,(x)=0fork <0,
i) = i) (1= 7)) + Si(0).

@ Springer



200 Queueing Syst (2010) 65: 175-209

Under Condition (A), the following limiting equality holds
Blimwp[d[kg],x(th) > [uB]]

2 7%(7“7)’!)2
Yot =1-u—- 23 S sinkan)sinurn), kue©1). @2
T neN n

Corollary 4 Let gy = lim;_ oo Pld()(t) = 0], g, = lim;oo Pld(\ () > u], u €
[1, B + 1], be the stationary distribution of the number of customers. Then

1—A _
qo=1- E—n(Ag —EA)TP)(EQs15) 7

1—A

gy (AT AT ) € Qs

qu =

where p; =lims_os~" pi(s) = [; Pln(1) =ildt < 00, Qx = 0,

A“:limlA“(s)zf pi | Qui
0= Zos 0 " -]
1=

Proof In view of the definition of the process Y () and Remark 2, we can write the
following equations for the function q,ix (u), qg’ L) forue(l, B+1]

g5 () = p}., () +/ L0 dy)gd, @), kell, B+11,
0
. (43)
40,y () = fy(s) [quigﬂ,o(m +d=n Zxk—lqz,o(u)},

k=1

where the function b (x, dy) = Ele %@ n(x) e dy] is given by (35). Inserting the
right-hand side of the second equation into the first, we get

o]

4 () = pi () + fo bhCe. dy) f () Or ),

where g3 (A, u) = )”qu?ﬂ o) + (1 —24) Zle )\k_lq,i o(u). After some manipula-
tions, we get

a0 ) = ply O, ) (1= b(s, 1)) ",

where py (1) = 28 ply o) + (1= 1) S0, A1 pf ),
b5 3 = A8 /O By 0.dy) (o) + (1 — 1) 3k /0 B0, dy) fi ().
k=1
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Employing (11), (32), (35) and performing necessary calculations, we obtain

Q1)  EQ§ g )
0% /)

/0 bi(x,dy) fy(s) = (1= £(s)) (C,i_]u) -

1—% EQj,,—
~ - E
1—b(s, =1 —f(s))EQSQ%,
5+B B
B+1—u 8+B+1—u
(s) —EA (s)
Py =(1—-2x) =2 0 :
i EQs. 5 — 0O
1—x _
qé(k,u) Tf‘()(ABﬁ*l u() A5+B+]7u(s))(EQg+B) 1

In view of these equalities and the equations of the system (43), we derive the sec-
ond formula of (41). Taking into account the definition of the process Y ,(#) and
Remark 2, we find for the functions q,i’ L(0), qéq . (0) that

0O = [ bl dyas ),
0 (44)

45,0 =1= fy(s) + fy(s) [ABq;H 0(0) + (1= 1) Zxk 'q} 0(0)}.

k=1

Inserting the right-hand side of the second equation into the first, we get
o - o -
g (0) = /0 By (1 - Fo(0) + /0 B dn) fr()gy (), (@45)

where g5 (A) = )\quﬂ 00 + (1 —4) Zk | Ak 1qk 0(0). After some transforma-
tions of the latter equation, we obtain

gy =1—(1=b(s, M) (1=b(s, 1),

where

B
b(s, 1) =2by (0 + (1 =21) Y 2 'b(0)

k=1
AB _ EAB-HS
_1—q-pt OB )
EQ;5 5~ Op
The latter and the previous equality imply that
, I- -1
bR =1 TTF (AB+<> E4y" () (EQ5. 5)

Inserting the right-hand side of this equality into (45) yields the first equality of (41).
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For k,u € (0, 1), denote g} (x, u, B) = P{djp) x(t B*) > [uB]]. Employing (41),
the limiting equality (16), as well as (22), we find that

[e.e]

1 B2
- lim ¢% B]) = li “Stgl(x,u, B)dt
l)mooq[kB]’x([u ]) im A e qy(x,u, B)

1 —cosh((k —u)*+/2s/0)

N

1 cosh(k+/2s/0) . wt .
+ s sinh(v/2s/0) sinh(( M)«/—S/U) g*(s), (46)

where u+ = max{0, u}. When u € [k, 1), we derive from this formula that

_ lcosh(k\/Z_s/a)

= inh((1 — u)v/2s/0), k, 1).
o) sinh((1 —w)v/2s/0), uelk,1)

q”(s)
It is clear that so = 0 is a simple pole of the function ¢*(s). On the half-plane

N(s) < 0, this function has simple poles at s, = —% (on)?, n €N, and it is an-
alytic on the entire plane apart from these points. Hence, for o > 0,

1 a+ioco
1O =5 [ ©ds = Y Resem a0

oa—io0
neZ*

Calculating the residues of the function ¢*(s) in s,, we obtain the right-hand side of
Formula (42) for u € [k, 1). One can see that for u € (0, k] the first term on the right-
hand side of (46) is analytic on the whole plane. Applying the inversion formula, we
find that the contour integral of this term is equal to zero. The second term of (46) is
the same also for u € [k, 1). Thus, Formula (42) holds for u € (0, 1).

Observe that lims_,g A%(s) = lims_.q EAg"'“ (s) =0, limg_,¢o b‘,i (x) = 1. It follows
from (41) and the properties of Laplace transforms that

Y]l_l;I})qlix(l/t) = }E}I})qé!x(u) =q, = tgrgoP[d()(t) > M], uell,B+1],
lim g¢ ,(0) = lim g3, (0) = g0 = lim P[d(,(5)=0].

Calculating the limits on the right-hand sides of (41) as s — 0 yields the equalities of
Corollary 4. d

5.4 Virtual waiting time

Suppose that at time fy = O the system is at the state (k, x), k € [0, B+ 1], x > 0.
Denote by W; . (¢) time required to serve the customers present in the system at
time ¢. Formally, this random variable can be determined in the following way. Let
T(k) =inf{t : w(t) > k}, k € Z*. Then
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Wi x )= 'E(dk,x (t))»

B+1
Ee PWex® — Z Pld. () =i|Ee 7" p>o.
i=0

Corollary 5 Let k € [0, B + 1], x > 0. The following equality holds

B
P[Wi () <v]=1- Plr@)=i]g; i+,
i=0
B
Jim P[Wec () <v] =1 Pr() =i]gi+1.

i=0

where the distributions q;, (1), qu, u € [0, B + 1] are given by (41) and (42).

Proof 1tis clear that P[7 (k) > t] =P[n(¢) < k]. Hence,

k-1
Ee 7"® =1 -P[r(vy) <k]=1- Zf)i(p),
i=0
~ 0 _py .
where p;(p) = p [, e P'P[(v) =i]dv. Then
B+1 i-1
Ee Wi ®) = 1 = 3" Pldc(vy) =i] D 5 (p)
i=0 j=0

B
=1-)Bi(p)gi i +1).
i=0

The right-hand side of this equality implies the formulae of Corollary 5. g
5.5 G|M*|1|B system

In this subsection, we consider a partial case of the G*|[M*|1|B system, namely when
P[§ = 1] = 1. This translates to the queueing system where the customers are served
one by one. Technically, one has to set the parameter A = 0 for the geometrical dis-
tribution: P[§ = n] = (1 — A)A”_l, neN, A e€[0,1) of the random variable §. In
other words, it means that the process { D, (#)};>0 has unit negative jumps at the time
instants {1, (x)},en and Sy, ) = Ny (¢). Then, it follows from (2) that

D.,(t)=n(t)—N(t)eZ, t=>0. “mn
We will call this process a difference of a compound Poisson process and a simple

renewal process. Setting the parameter A = 0 in the statements of Lemma 2 leads to
the following result.
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Lemma 7 For s > 0 the equation z = f(s — k(2)) has a unique solution c(s)
inside the circle |z| < 1. This solution is positive, c(s) € (0, 1). If E[x], E[n] <
oo, p = uE[x]E[n], then for p > 1, limg_gc(s) = c € (0,1); and for p <1,
limg_,gc(s) =1.

Statements of the lemmas and theorems derived in the previous subsections can

be reformulated in a similar way. Letting A = 0 in the defining Formula (10) for all
s,x >0, we get

Op(x) =

1 f 1 fr(s —k(2)) dz, aec (0’ C(S)), (48)

271 Jijjma 2T (s —k(2) — 2

which is a resolvent sequence of the process { D (¢)};>0 defined by (47). This resol-
vent sequence was introduced in [11]. Setting A = 0 in (11) and (12), we obtain

—st—x) L = F(@) m
e, dl,m,s) = e 50— )T Il > x}pf (d(l — x))
k
+ @yl m) Qf(x) — e [1 = F(D] Y 05 (x) p(dD),  (49)
i=0
—srk(x) _ k
Ee —1 s—— k( ( )) Qk(x) Ax(S),

i.e., the Laplace transforms of the upper one-boundary functionals of the process
{Dx(#)}t>0 in (47), where p;(s) = fooo e S'P[r(t) = ildt,

k
Al =" ms)[1- 05 )],
i=0
®3(dl,m)y=e"*'[1 - F()] Z c(s)* pirdi).

keZ+

We have introduced the auxiliary functions and the resolvent sequence of the process
(47); therefore, we can state the following result.

Corollary 6 Let {D,(t)};=0 be the difference of the compound Poisson process and
the renewal process (see (47)), let {Q}(X)}kez+,» X = 0, be the resolvent sequence

of the process given by (48) with Q} s def 07(0). The Laplace transforms V} (m, s),

Vf (dl, m, s) of the joint distribution of {x, L, T} satisfy the following equalities for
allx,s >0, meN,

N
X
Vi(x,i,8) = Qﬁ( )31'1,
B+1
S x
VE(x,dli,s) = f¥(x,dl,i,s) — %fB“(O, dl,i,s),
B+1

where §;; is the Kronecker symbol and fr(x,dl, m, s) is given by (49).
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For the Laplace transforms of the first exit time x from the interval by the process
{Dy (t)}t=0, the following formulae hold

E[e_sx; Q{r] — Qﬁ(x) ,
B+1
E[e 2] =1 Al(s) + %(1 —4571®).
B+1

In order to prove the corollary, one has to put A = 0 in the statements of Theorem 1.
We now illustrate how the results obtained in Corollaries 1-5 can be applied for
studying the queueing system G|IM*|1|B (P[§ = 1] = 1) with a finite buffer.

Corollary 7 Let bj(x) = Ele ™ b, (x) < 00] be the Laplace transform of the
busy period of (k, x) type of the GIM*|1|B system. Then

(i) The following equality holds

A8 sy — AB(s)

bi(x)=1-A1)+0f (0"~ 0 ke[l,B+1],
QB+1 — 0%
the random variable by (x) is proper with a finite mathematical expectation
’ ot —Af
Eb(x) = AV — Qi1 (x) 5 g - < 0.

(i1) The Laplace transform b,sC (x,dy) = E[e—sox(), n(x) € dy] of the joint distribu-
tion of {byx(x), n(x)} is such that for k € [1, B + 1]

fB+l(Ovdy7S) - fB(Oﬂ dy,s)
Q%H - Qi; '

bi(x,dy) = ff (x,dy,s) — 05, (x)

Corollary 8 Let I (x) be the time of the first loss of a customer in the GIM*|1|B
system, i x (Vs) be the number of the lost customers on the time interval [0, vs]. Then

(i) The Laplace transform I} (x) = Ele %™ [ (x) < 00 of [y (x) is such that

fi®) + A= fsNSE_ ()
F@+ A= f)Sy,

l,i(x)z s ke[07B+1]1

where S} (x) = Zf'(:o Qi (x), S;(x) =0 for k < 0. The random variable Iy (x) is
proper with a finite mathematical expectation Ely (x) = Eny —En+En[Sp4+1 —
Sk—1(x)] < o0.

(i1) The distribution I,f,x(n) = Plix..(vs) = nl, n € Z" of the number of the lost
customers on the time interval [0, vg] obeys the equality

10 = Yo (1 = 100) + Ly} () (1 = 1 (0)) (11, (0)"
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Corollary 9 The distribution of the number of customers in the system GIM*|1|B at
time vy is such that

g} (0 =1— A1) — (A8 (s) — AT () Ci_1 (¥)/ Q41
g () = A () + (AFT ) = AFTH9)) I (1)) Q%41
where Ak(s) = S(x) =0 fork <0, C{(x) = fi(s)(1 — f(s))™! + S§(x). Let g0 =

lim; _, oo Pld( (1) =01, gy =lim;_, oo P[d((¢) = ul, u € [1, B + 1] be the stationary
distribution of the number of customers in the GIM*|1|B system. Then

U B 4B+
go=1— E_r;(AO — Ay ")/ OBt

1 By B+2—
qu:E_n( 0 M_A() M)/QBJrlv

B
. 1 . —i —i
lim P[wk,x(nsv]:l—E—nl§ZOP[n(v)=z](A€ — A5 )/ QB

where p; = limy_,0s~ ! 5i(s) = fooo P[n(t) =ildt < 0o, Qi = Qg,
1 u
AY = Tim ~A4(s) = > pill — Qu—il.
o= lim =Ag(s) i_opz[ Qu-il

In order to prove Corollaries 7-9, it suffices to set A = 0 in the formulae of Theo-
rem 5 and of Corollaries 1-5. The resolvent coefficients Qy, k € Z*, can be obtained
form the following recurrence relation

k=1
1
Qo=1, OQi= —<fk + Q-1 — E Qifk—i), keN,
fo =

where fi = Pln(n) = k] = fooo P[n € dt]P[n(t) = k]. For the system G|M|1|B,
P[sc=1]=1, so that P[z(¢) = k] = (ut)ke ™" /k!.
Appendix

Let us verify Equalities (22) of Lemma 6. Suppose that Condition (A) is satisfied.
Then for s, p — 0 the following expansions hold

- 1

fi(s)=1—sEny + EszEn)zc —i—o(sz), x>0,
1 (50)
Ee P77 =1-— pEx+ Esz%Z +0(p2).
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We now derive the asymptotic expansions for the function S[k B] (x) as B — oo. The
generating function

k
Sy =Y 05> 05 (x)

keZ+ i=0

_ 1 A=MAG—kO)
1—0 Q=0 Ff(s—k(®)+r—0

€ (0,c(9),
is such thatfor =e™?, p > —Inc(s),

o0
5 (x) = Z 0% S; ()| g_p-p :/O e MM S (x) dk

keZt

o0
= fo eMre=Phss (1) dk =S5, (x), p>—Inc(s),

where {a} is the fractional part of the number a. By 65 x) = fo e‘ka[Sk](x) dk,
p > —Inc(s), we denote the Laplace transform of the functlon S[k] (x). It is clear
that

6;(x) < Sz,p x) < ePG;,(x). (51)

Employing the limiting equalities (50) and the definition of the function Sj(x), we
obtain

B3 (1= 24) fe(s/B* = k(e”/B))
B _ .
hm SS{p/B(x)B 3= lim —7F = 2x — —
B—>ool—e (1=2)f(s/B? —k(e=P/B)) + 1 —eP/
1 1
= > A/2s/0.
spEn %pzaz—s P /
It follows from the chain (51) that
1 1
lim — &% (1) = Jin 1ot = 1 52
A 53 Opis ()= i3S () spEn 3plo? —s 62

Inverting the Laplace transforms (with respect to p) on both sides, we obtain

1
Jim — Ak/,f]( )= cosh(kx/_ 2s/0 — 1).

In order to invert the Laplace transforms, we have calculated the residues on the
right-hand side of (52) at the simple poles p = 0, £+/2s/0. The second part of the
first equality (22) can be verified analogously:

1
lim B2ES}!% ;= —— cosh(kv/2s/o — 1)
En

B—oo
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We will now verify the second formula of (22). Denote g =EQ5,, — O}, k € AR
Employing (9) and (10), we determine the generating function of this sequence:

_ 1= = f(s —k(@®
quzgkqiz ( YA — f(s —k(9)))

A L 0e(0,c()).
(=) FG—k@)+Ar—0 €(0.c)

keZ+

This generating function is such that for 6 =e™?, p > —Inc(s),
© k * k k
qj—p :/O e Pl ]q[sk] dk:/O etkipp=p ‘I[Sk] dk.

By q}, = fooo e‘pkqfk] dk, p > —1Inc(s), we denote the Laplace transform of the
function gj,. It is clear that

Oy <4, < e’y (53)

In view of the limiting equalities (50) and the definition of the function g;, we find

lim cifff/ZBB‘l = d=»a- S/ B — ke VBB
B—oo ¢ B—oo (1 —A) f(s/B?> —k(e=P/B)) 4+ ) —e~P/B
_ puEx
= W.

It follows from the chain (53) that

fm, O = i e =

s/B _ e Lo p uEs«
B—oo B zpzaz — 5 ’

Inverting the Laplace transforms (with respect to p) on both sides, we obtain

. s/B> .. 5/ B2 s/B27 _ MWEsx
Bli)mooq[kB] = Bli)moo[EQ[HkB] — Q[kB]] =7 cosh(kv/2s /o).

The third formula of (22) can be verified analogously.
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